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RESUME

Ce projet de recherche a pour objectif principal de caractériser la distribution spatiale
des éléments majeurs et traces dans les sédiments marins de 1’ Arctique canadien dans le but
de faire une évaluation de la contamination métallique. Pour y parvenir, de multiples
¢chantillons de sédiments marins de surface collectés a travers la zone d’étude ont été
analysés pour leur composition chimique.

Le premier chapitre de ce projet cherche a définir la dynamique sédimentaire de
I’Arctique canadien. La provenance, les mécanismes de transport et les conditions de
déposition des sédiments ont été déterminés a partir de la concentration totale des éléments
majeurs et traces, du contenu en carbone organique et de la granulométrie des échantillons.
Puis, la zone d’étude, étant vaste et présentant des contextes océanographiques et géologiques
hétérogenes, a été délimitée selon ces parametres. Ainsi, les données obtenues combinées a
des analyses multivariées ont révélé une grande variabilité dans la composition chimique du
fond marin, qui a pu étre décrit selon trois groupes chimiques. Cette caractérisation
géochimique a permis d’identifier le fleuve Mackenzie comme ¢étant la principale
contributrice de métaux et le plateau de la mer de Beaufort comme la zone la plus sensible
aux enrichissements. L’applicabilité des indices de pollution a été évaluée a partir de
différents fonds géochimiques, dont un fond régional basé sur des sédiments marins
préindustriels. Le facteur d’enrichissement et 1’indice de géo-accumulation ont révélé des
niveaux généralement faibles d’enrichissement et de contamination en métaux dans les
sédiments de surface par rapport aux valeurs régionales naturelles.

Le deuxiéme chapitre établit une base de référence des concentrations en métaux trace
dans les sédiments de surface de I’ Arctique canadien. L’objectif est d’acquérir une meilleure
compréhension de leurs sources et transports dans l'environnement marin arctique et
d’évaluer leur risque écologique. Les métaux ont ét€ mesurés dans la fraction extractible a
I’acide des sédiments, ciblant la part la plus biodisponible. La variabilité régionale des
métaux extractibles refléte bien celle des concentrations totales des ¢léments majeurs et
traces, indiquant que la lithologie et les processus sédimentaires naturelles controlent leur
répartition. Le fleuve Mackenzie constitue la principale source de métaux et les
concentrations les plus élevées se trouvent dans la délimitation de son panache. Toutefois,
les terres rares se concentrent surtout le long de la cote de 1’ile de Baffin, ceux-ci provenant
des lithologies du Bouclier canadien. Les indices de pollution indiquent des niveaux
d'enrichissement ou de contamination généralement faibles, mais des niveaux modérés d’As
sont mesurés dans les sédiments de la mer de Beaufort et le détroit de Jones. D’apres les
Recommandations canadiennes pour la qualité¢ des sédiments, la plupart des échantillons
présentent des concentrations inférieures au seuil d’effets probables, bien que celui-ci soit



dépassé pour I’As et le Ni dans certains échantillons des golfes d’Amundsen et de
Coronation, du détroit de Jones et de la baie de Baffin. Globalement, la composition en
¢léments traces des sédiments reflétent des niveaux naturels liés a la géologie et aux
dynamiques sédimentaires régionales.

Finalement, le troisieme chapitre évalue la contamination métallique a 1’échelle locale
dans les communautés nordiques de I’Arctique canadien. Les concentrations totales et
extractibles a I’acide des métaux ont été mesurées dans les sédiments cotiers de six
communautés inuites et de Milne Inlet, site du port de Mary River. Globalement, les résultats
concordent avec la variabilité régionale. Les sites de Tuktoyaktuk, Resolute Bay, Grise Fiord,
Qikiqtarjuaq et Milne Inlet présentent des niveaux naturels de métaux. Toutefois, des effets
biologiques négatifs sur la faune aquatique sont possibles a Tuktoyaktuk en raison des
apports naturels élevés du fleuve Mackenzie. A Pond Inlet, la composition chimique des
sédiments refléte principalement la géologie locale. Toutefois, la variabilité lithologique le
long de la cote entraine parfois des concentrations élevées en ETM, et des apports
anthropiques ponctuels sont également suspectés. A Kugluktuk, les résultats ont révélé des
concentrations totales élevées en V et Cr possiblement résultant d'un mélange de sources
naturelles et anthropiques locales. Les principales sources seraient 1’érosion d’intrusions
ultramafiques transportées par la riviere Coppermine et les décharges des eaux usées a
proximité. Toutefois, les concentrations de métaux extractibles sont nettement plus faibles,
ce qui suggere que les niveaux ¢élevés de métaux sont probablement liés a des phases
détritiques et que leur mobilité et leur biodisponibilité sont limitées.

Mots clés: Arctique canadien, sédiments marins, ¢léments traces métalliques,
dynamique sédimentaire, indices de pollution, communautés nordiques
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ABSTRACT

The main objective of this research project is to characterize the spatial distribution of
major and trace elements in marine sediments in the Canadian Arctic in order to assess metal
contamination. To achieve this, multiple samples of surface marine sediments collected
across the study area were analyzed for their chemical composition.

The first chapter of this project aims to define the sedimentary dynamics of the
Canadian Arctic. The provenance, transport mechanisms and depositional conditions of the
sediments were determined from the total concentration of major and trace elements, organic
carbon content and grain size of the samples. Then, the study area, being vast and presenting
heterogeneous oceanographic and geological contexts, was delimited according to these
parameters. The data obtained, combined with multivariate analyses, revealed great
variability in the chemical composition of the seabed, which could be described according to
three chemical groups. This geochemical characterization identified the Mackenzie River as
the main contributor of metals, and the Beaufort Sea shelf as the area most sensitive to
enrichment. The applicability of pollution indices was assessed using different geochemical
backgrounds, including a regional background based on pre-industrial marine sediments. The
enrichment factor and geo-accumulation index revealed generally low levels of enrichment
and metal contamination in surface sediments compared with natural regional values.

The second chapter establishes a baseline of trace metal concentrations in surface
sediments in the Canadian Arctic. The aim is to gain a better understanding of their sources
and transport in the Arctic marine environment, and to assess their ecological risk. Metals
were measured in the acid-extractable fraction of sediments, targeting the most bioavailable
part. The regional variability of acid-extractable metals closely mirrors that of total
concentrations of major and trace elements, indicating that natural lithology and sedimentary
processes control their distribution. The Mackenzie River is the main source of metals, with
the highest concentrations in its plume boundary. However, rare earth elements are mostly
concentrated along the Baffin Island coast, originating from the lithologies of the Canadian
Shield. Pollution indices indicate generally low levels of enrichment or contamination, but
moderate levels of As are measured in the sediments of the Beaufort Sea and Jones Sound.
According to the Canadian Sediment Quality Guidelines, most samples show concentrations
below the Probable Effects Level, although it is exceeded for As and Ni in some samples
from Amundsen and Coronation gulfs, Jones Sound and Baffin Bay. Overall, the trace
element composition of sediments reflects natural levels linked to geology and regional
sedimentary dynamics.



Finally, the third chapter assesses local metal contamination in northern communities
of the Canadian Arctic. Total and acid-extractable metal concentrations were measured in
coastal sediments from six Inuit communities and from Milne Inlet, home to Mary River
harbor. Overall, results were consistent with regional variability. The sites of Tuktoyaktuk,
Resolute Bay, Grise Fiord, Qikiqtarjuaq and Milne Inlet show natural levels of metals.
However, adverse biological effects on aquatic fauna are possible at Tuktoyaktuk due to high
natural inputs from the Mackenzie River. At Pond Inlet, the chemical composition of
sediments primarily reflects the local geology. However, lithological variability along the
coast leads to occasionally elevated concentrations of trace metals, and localized
anthropogenic inputs are also suspected. At Kugluktuk, results revealed high total V and Cr
concentrations, possibly resulting from a mixture of natural and local anthropogenic sources.
The main sources would be the erosion of ultramafic intrusions carried by the Coppermine
River and nearby wastewater discharges. However, concentrations of acid-extractable metals
are significantly lower, suggesting that elevated metal levels are probably related to detrital
phases, and that their mobility and bioavailability are limited.

Keywords: Canadian Arctic, marine sediments, trace metals, sediment dynamics,
pollution indices, northern communities
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INTRODUCTION GENERALE

1. CONTEXTE ET PROBLEMATIQUE

Les éléments traces métalliques (ETM) regroupent les métaux et les métalloides
retrouvés en trés faible concentration (<1000 mg/kg) dans la croiite terrestre ou tout autre
milieu naturel donné (Alloway, 2012). Certains sont connus sous le nom de métaux lourds,
un terme imprécis définissant les ETM ayant une densité supérieure a 3.5-7 g/cm?® (Duffus,
2002), comme le cuivre (Cu), le zinc (Zn), le cadmium (Cd), le mercure (Hg) et le plomb
(Pb). Parmi les ETM, on retrouve aussi I’important groupe des éléments des terres rares
(ETR) qui est composé des lanthanides, de 'yttrium (Y), et parfois du scandium (Sc), bien

que ce dernier ait un comportement géochimique différent (Barrat & Bayon, 2024).

Les ETM se retrouvent et circulent naturellement dans toutes les réservoirs terrestres
via différents processus, tels que 1’érosion du socle rocheux, les €éruptions volcaniques ou
encore les feux de forét (Figure 1). La lithosphére, soit la crolite continentale et océanique,
représente la source initiale des métaux et aussi le réservoir principal qui les stocke a des
échelles géologiques (Alloway, 2012). Ainsi, la géologie exposée (roche mere et dépots
superficiels) influence indirectement la concentration d’ETM retrouvée dans les milieux
environnants. Les sols et les s€diments sont également d’importants réservoirs d’ETM a long
terme, suivis par I’hydrosphére et ’atmosphere (Simon, 2014). Les ETM sont retrouvés sous
forme élémentaire, ionique et sous forme de différentes molécules organiques ou
inorganiques. La forme dans laquelle se trouve un élément trace va influencer son mode de
transport, son interaction avec les organismes vivants et sa déposition (Bini & Bech, 2014).

Certains ETM comme le Cu et le Zn sont des nutriments essentiels en faible concentration,



mais a des concentrations élevées et sous certaine spéciation, tous les ETM peuvent étre

toxiques pour la flore et la faune, incluant les humains (Alloway, 2012).

Bien que les ETM puissent étre introduits dans I’environnement par des processus
naturels, les activités anthropiques sont devenues, au cours des derni¢res décennies, une
source majeure de plusieurs de ces éléments (Alloway, 2012; Pacyna & Pacyna, 2001; Sen
& Peucker-Ehrenbrink, 2012; Zhu et al., 2020). Les humains perturbent les cycles
biogéochimiques naturels en augmentant la remobilisation et la redistribution des ETM,
notamment par le biais d’activités minic¢res et industrielles (Macdonald et al., 2000;
Macdonald & Bewers, 1996). La combustion des énergies fossiles constitue aujourd’hui la
principale source anthropique. Ainsi, la contamination en ETM, définie comme la présence
de concentrations anormalement élevées, est un phénomeéne observé depuis plusieurs années

dans différents milieux naturels (Nriagu & Pacyna, 1988).

Tout comme les autres ETM, les ETR sont considérés comme des contaminants
préoccupants (Gonzélez et al., 2015). Depuis les années 1980, la demande industrielle de
ETR a augmenté de maniere exponentielle (US EPA, 2012). Ces métaux sont désormais
considérés comme hautement stratégiques et sont indispensables dans de nombreux
domaines critiques, tels que la fabrication d'aimants et de catalyseurs (NRCAN, 2024). La
constante augmentation de [’extraction et du traitement des ETR a pour conséquence
I'émergence de nouvelles voies de pollution. En effet, les cas de contamination par les ETR
sont récemment apparus dans la littérature (Gonzdlez et al., 2015). Au Canada, il y a
d'importantes réserves d'ETR et plusieurs projets d'exploration sont déja en cours, mais

I’ Arctique canadien (AC) reste largement intouché pour l'instant (NRCAN, 2024).

Bien que les régions arctiques soient ¢€loignées des grands centres urbanisés et
demeurent faiblement peuplées, elles sont également confrontées a des problémes de
contamination en métaux. A la fin des années 1990, le Arctic Monitoring and Assessment
Programme (AMAP) a conclu que les ETM représentaient un risque pour les écosystémes et
les communautés biotiques de I’ Arctique (AMAP, 1998, 2005). Au Canada, le Programme

de lutte contre les contaminants dans le Nord a également identifié¢ les métaux tels que le Cd,



Hg et Pb comme des contaminants préoccupants pour I’AC (Jensen et al., 1997). Plusieurs
¢tudes ont depuis démontré la présence de contaminations en Cd, Pb, Hg et Zn dans les
régions arctiques, en lien avec diverses activités anthropiques (AMAP, 1998, 2005, 2011,
2021; Bartley et al., 2024; Cai et al., 2011; Choudhary et al., 2023; Macdonald et al., 2005;
Zheng et al., 2022).

Depuis plusieurs années, des programmes tels que I’AMARP et le Programme de lutte
contre les contaminants dans le Nord assurent le suivi de la pollution par les ETM dans les
écosystemes arctiques. Leur objectif est d’approfondir les connaissances sur le
comportement et les effets des ETM dans ces milieux sensibles (AMAP, 1998; 2005; 2021 ;
Bidleman et al., 2003; Chételat and Braune, 2012; Jensen et al., 1997; Stow et al., 2017).
Pour ce faire, il est essentiel de documenter les niveaux et tendances actuels, les voies
d’entrée, ainsi que les processus qui contrdlent leur distribution et leurs impacts sur la faune,
la flore et les populations humaines. Malgré les nombreuses études menées, d’ importantes
lacunes subsistent, notamment dans I’AC. Cette thése s’inscrit dans le cadre de ces suivis en
fournissant de nouvelles données sur les niveaux actuels d’ETM dans les sédiments marins
d'une grande partie de I’AC. Ces données contribuent a une meilleure compréhension des

sources et processus naturels, ainsi que des risques associés aux changements climatiques.

2. LES ETM DANS L’ENVIRONNEMENT

2.1 Origines et processus

2.1.1 Sources naturelles

La crofte terrestre est composée a ~99% de dix éléments majeurs (O, Si, Al, Fe, Ca,
Na, K, Mg, P et Ti), alors que les 1% restant est composé des autres ¢léments du tableau

périodique, les éléments traces, dont la majorité sont des ETM (Alloway, 2012). Les



concentrations en ETM dans la crolite varie significativement selon le type de roches
retrouvées. Ainsi, les roches mafiques comme le gabbro et le basalte sont riches en Cu, Mn,
V and Zn, alors que les roches ultramafiques (péridotites, serpentinites) sont riches en Co, Cr
et Ni. Le tableau 1 présente la composition de différents types de lithologies. Les ¢léments
traces sont incorporés dans la structure des minéraux primaires des roches lors de leur
cristallisation, souvent par substitution d’ions (Alloway, 2012). Il y a également les minéraux
lourds qui peuvent étre composés a partir de métaux, comme la chromite (FeCr204) ou la
galéne (PbS). Les minéraux ferromagnésiens comme les pyroxénes sont associés a un
nombre important d’ETM, alors que les roches felsiques sont plus pauvres en métaux
(Turekian & Wedepohl, 1961). Les roches sédimentaires sont héritées de I’altération
physique et chimique des roches ignées et métamorphiques. Ainsi, selon la roche initiale et
le type d’altération, le contenu en ETM varie grandement d’une roche sédimentaire a I’autre.
Par exemple, les grés, composés de minéraux primaires résistants comme le quartz, ont
tendance a contenir peu de métaux alors que les schistes, composés de minéraux secondaires
fins comme les argiles, peuvent avoir des concentrations €levées en As, Cd, Cu, Mo, Pb, U,
V et Zn (Turekian & Wedepohl, 1961). Il y a également les gisements métalliques, une
accumulation substantielle de métaux se trouvant dans différents contextes naturels, tels que

les sulfures massifs volcanogenes (Yardley, 2005).

L’érosion et I’altération des roches sources transferent les métaux vers les sols. Comme
les minéraux ferromagnésiens, riches en ETM, s’altérent relativement rapidement, les sols
dérivés des géologies mafiques sont généralement riches en ETM. Les roches felsiques, plus
pauvres en métaux, s’alterent plus difficilement, résultant en des sols plus pauvres en métaux.
Le volcanisme joue également un role clé dans la circulation des ETM entre la lithosphere et
les autres spheres terrestres. Les éruptions volcaniques émettent dans 1’atmosphere et
I’hydrosphére des gaz riches en métaux volatils, parfois en quantités comparables a celles
présentes dans certains gisements minéraux (Edmonds et al., 2022). Par la suite, ces éléments
sont redistribués entre les sols, les masses d’eau, I’atmosphere et la cryosphére par le biais

de processus tels que I’évaporation, les précipitations, le gel-dégel et 1’érosion (Figure 1).
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Figure 1. Principaux processus liés aux cycles biogéochimiques des ETM dans
l'environnement. Figure adaptée de Paasivirta (1991) et Pelletier (2021). Les fleches en
pointillé indiquent les processus se produisant a I'échelle géologique et les fleches pleines
représentent des processus plus rapides (a 1'échelle annuelle ou centennale).

L’absorption biologique des plantes et des microorganismes joue un rdle important
dans les cycles biogéochimiques de plusieurs ETM. En effet, plusieurs ETM, tels que le Ni,
Cu, Zn, V, et Co sont des micronutriments essentiels, tandis que d’autres, comme la As et le
Se, bien que non essentiels, peuvent tout de méme étre utilisés par certains organismes (€.g.
Duncan et al., 2015; Glabonjat et al., 2021). Les processus biotiques peuvent entrainer
I’accumulation d’ETM dans la biomasse. La bioaccumulation, définie comme
I’augmentation progressive de la concentration d’une substance chimique dans un organisme

au fil du temps, est un phénomene bien documenté pour les ETM (Rainbow, 2007). Qu’ils



soient essentiels ou non, ces ¢léments ont tendance a s’accumuler plus rapidement qu’ils ne
sont excrétés par les organismes. Ce phénomene peut aussi se transmettre le long de la chaine
alimentaire, et donc certains métaux s'accumulent dans les tissus des prédateurs. Les
composés organométalliques sont particuliérement connus pour leur capacité a subir une
bioamplification (Jenkins, 2004). Par ailleurs, bien que I’utilisation des ETR par les
organismes ait été observée, les connaissances a ce sujet demeurent encore limitées (Barrat

& Bayon, 2024).

La biosphére peut réémettre les ETM a I’environnement par la décomposition de la
maticre organique (MO) et par les feux de foréts (Isley & Taylor, 2020; Sutton et al., 2024).
Toutefois, les métaux peuvent demeurer stockés dans la MO réfractaire. Ceci est observé a
moyen terme (échelle centennale a millénaire) dans les milieux humides (Gambrell, 1994),
le pergélisol (O’Donnell et al., 2024; Skierszkan et al., 2024) et les sédiments marins (Faust
etal., 2021) et a long terme (échelle géologique) dans les schistes noirs (Alloway, 2012).

2.1.2  Sources anthropiques

Une évaluation globale des émissions anthropiques d’ETM a été publiée en 2001
(Pacyna & Pacyna, 2001). Elle a révélé¢ les secteurs ayant le plus d'impact sur I'environnement
dans les années 1980 et 1990. Zhu et al. (2020) ont ensuite dressé€ un inventaire des émissions
mondiales de 12 ETM entre 1995-2012 (Figure 2). Dans leur inventaire, les auteurs ont
conclu qu’il y a une diminution globale des €émissions anthropiques d’ETM entre 1995 et
2012, avec un déclin annuel de 1%. Selon ces ¢tudes, la combustion d’énergie fossile
demeure le secteur émettant les plus grandes quantités d’ETM (notamment de Cr, Hg, Mn,
Mo, Ni, Se, V). En effet, les métaux ont tendance a s’accumuler dans la MO et peuvent y étre
stockés a long terme. Les énergies fossiles sont issues de la combustion de cette MO
préservée, sous forme de charbon, d’hydrocarbure ou de schistes bitumineux (Schobert,
2014). Ce processus libére des métaux qui étaient jusque-la séquestrés dans les roches
sédimentaires. Apres la combustion des énergies fossiles, 1’étude de Zhu et al. (2012) révele

que la production de métaux non ferreux constitue le secteur industriel le plus polluant. Des



¢léments tels que 1'As, le Cd, le Cu, le Ni et le Zn proviennent principalement de ce secteur.
En troisieme position parmi les principales sources d’émissions, on retrouve la circulation
automobile, notamment en ce qui concerne les particules fines. L’usure des freins
contribuerait pour 42 a 75% des émissions de Sb et Cu en 2012. La production de métaux
ferreux ainsi que la gestion des déchets solides et des eaux usées figurent également parmi

les sources principales d’émissions métalliques.

.:| —
= Globe Co = Globe
Co — mm Africa  —— - By
= Europe [, 1 - RIAI\SA\I‘\’AVI‘VI
sb E =3 North America  Sb e E NFMS
—1 South America — = FMS
T — = Asia —_—— = LFC
cd .—‘_‘ Cd r = CC
B "
Se === Se —
T
N rs
— [
i =
| | | | |
0 2000 4000 6000 8000 0 2000 4000 6000 8000
—— e
-
Cris cr ‘E‘
Mg Mn =
e e —
Ni i Ni —
Pb e — Pb Ee———
[
= 1 e
Zn [ I e—
L _uh
Cu | e
| | I | T T T T T 1
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Tons Tons

Figure 2. Emissions anthropiques d’ETM selon I’inventaire de 2012 par Zhu et al. (2020).
Graphiques de gauche : Emissions selon les continents. Graphiques de droit : émissions
selon les secteurs. BW : usure des freins; MSWI : incinération des déchets solides
municipaux; NMMM : fabrication de minéraux non métalliques; NFMS : fusion de métaux
non ferreux; FMS : fusion de métaux ferreux; LFC : combustion de combustibles liquides;
CC : combustion de charbon.

Le transport des ETM issus de sources anthropiques vers les milieux naturels s’effectue
a la fois par des rejets directs provenant de sources ponctuelles et par des rejets indirects,
mobilisés par les processus de transport naturels. L’atmosphere, les océans et les rivieres
constituent les principaux vecteurs de dispersion des contaminants a grande échelle
(Macdonald et al., 2000). Parmi ces mécanismes, le transport atmosphérique est le plus

important, car les vents dominants peuvent entrainer les contaminants sur de trés longues



distances en quelques jours. Les ETM peuvent étre sous forme gazeuse ou particulaire (ex.
aérosols), et leur transfert vers les sols ou les milieux aquatiques s’effectue par échange
gazeux, déposition seéche ou déposition humide via les précipitations. Le transport océanique,
notamment par les courants de surface, peut également disperser les contaminants sur de
grandes distances. Par exemple, des polluants émis dans les zones industrialisées des basses
latitudes peuvent atteindre 1’ Arctique en quelques années. Finalement, les riviéres jouent un
role crucial dans le transfert des contaminants provenant de sources terrestres vers les milieux
marins. Les métaux y sont transportés soit sous forme dissoute, soit associés a des particules

ou a des complexes organiques dissous.

2.2 Les sédiments marins

En milieu aquatique, les éléments traces peuvent se retrouver dans la colonne d’eau,
dans le biote ou dans les sédiments (Figure 3). Les ¢éléments traces dissous dans la colonne
d’eau s’associent rapidement aux particules en suspension, puis sont transportés vers le fond,
ou ils s’accumulent dans les sédiments (Smrzka et al., 2019). A la mort des organismes, les
¢léments traces présents dans le biote, apreés plusieurs cycles de captation biologique, sont
également transférés vers les sédiments (Tessier & Campbell, 1987). Par conséquent, les
sédiments lacustres et marins constituent un puits important pour les éléments traces, jouant

un role clé dans leur stockage a long terme (Calvert & Pedersen, 1993).

La répartition des ETM entre les phases liquide et solide dans la colonne d’eau et les
sédiments dépend de plusieurs facteurs environnementaux, comme le potentiel redox, le pH
et ’activité biologique (Tessier & Campbell, 1987). En effet, les ETM peuvent passer d’une
forme dissoute, sous forme d’ions libres ou de complexes moléculaires, a une forme
particulaire, en se fixant & d’autres particules. La spéciation d’un métal, soit sa forme
chimique et structurale, influence ses interactions avec les particules, et par conséquent sa
solubilité, sa mobilité et sa biodisponibilité. Les particules capables de transporter et retenir

les métaux dans les sédiments, appelées les phases porteuses, incluent principalement les



(oxyhydr)oxydes de Fe et Mn, les sulfures de Fe, la MO et les argiles (Tessier & Campbell,
1987; Tribovillard et al., 2006). Les ETM peuvent étre : adsorbés a la surface des oxydes,
des argiles ou de la MO, coprécipités avec les carbonates, les sulfures ou les oxydes ou encore
complexés avec des ligands organiques (ex. substances humiques) ou inorganiques (ex. ions
carbonates), ce qui influence leur maintien en phase dissoute ou particulaire (Smrzka et al.,

2019).

Les métaux dans les sédiments peuvent étre inertes, non-labiles ou labiles, ¢’est-a-dire
maintenus dans les sédiments sous une forme trés résistante, stable et instable face aux
changements des conditions environnementales, respectivement (Alloway, 2012). La
fraction la plus labile représente les métaux adsorbés faiblement aux particules par
I’intermédiaire de molécules d’eau (physisorption). Il s’agit de la fraction dite échangeable
(Tessier et al., 1979). Les métaux associés aux carbonates sont également labiles, car une
faible diminution du pH peut mener a la dissolution des carbonates et la libération des ETM
dans I’eau. Les ETM adsorbés directement aux oxydes de Fe-Mn (chimiosorption) sont plus
stables que ceux fixés par physiosorption, mais les oxydes sont sensibles aux conditions
redox et peuvent se dissoudre en conditions réductrices. Les oxydes amorphes ou mal
cristallisés (minéraux authigéniques) sont plus sensibles que les formes cristallines (ex.
goethite). Inversement, la MO et les métaux adsorbés a sa surface ou absorbés par captage
biologique sont sensibles a 1’oxydation (Tessier, 1979). La fraction résiduelle représente la
fraction non-labile des métaux. Elle correspond aux ETM intégrés dans le réseau cristallins
des minéraux primaire ou secondaires, notamment dans les aluminosilicates. Dans ce cas, les
métaux sont fixés par chimiosorption dans la structure interne des feuillets argileux. On
considere que ces métaux ne peuvent pas €tre libérés dans des conditions environnementales
normales (Tessier et al., 1979). Finalement, les métaux inertes sont ceux dans la structure

interne de minéraux résistants, comme les minéraux lourds, ou de MO réfractaire.
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Figure 3. Schéma illustrant les principaux mécanismes contrdlant la distribution et la
spéciation des éléments traces dans la colonne d’eau, les sédiments et les eaux
interstitielles. Schéma modifié de Smrzka et al. (2019). Les fléches noires représentent les
processus de sorption et les fleches de couleur représentent le trajet des éléments. Les
sources relarguant les ¢léments traces dans les eaux interstitielles sont schématisé par un
encadré noir, alors que les puits a long terme sont schématisés par un encadré blanc.

Les sédiments ne sont pas seulement une archive enregistrant les conditions
géochimiques du milieu aquatique sus-jacent. Ils participent activement a ces conditions,

notamment lors de la diagenese précoce. A la surface des sédiments, la MO est reminéralisée
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par les bactéries, d’abord en utilisant I’oxygéne dissous, puis, une fois I’oxygeéne épuisé, en
recourant a d’autres oxydants comme les nitrates, les oxydes de Fe-Mn, ainsi que les sulfates
(Figure 3). La dégradation de la MO entraine la libération d’éléments traces qui y étaient
associés (ex. Cd, Cu, Zn) dans les eaux interstitielles. Ce processus s’accompagne également
de la réduction des oxydes de Fe-Mn, ce qui libére d’autres ¢léments traces, comme 1’As et
le V (Tribovillard et al., 2006). Les ¢léments dissous dans les eaux interstitielles peuvent
ensuite diffuser vers la colonne d’eau ou se fixer a des minéraux authigénes comme des
sulfures, des carbonates et des argiles (Smrzka et al., 2019; Tribovillard et al., 2006). Les
¢léments traces piégés en profondeur dans les minéraux authigénes ou dans la MO réfractaire
se trouvent alors dans une phase stable et peu mobile, ce qui permet leur séquestration a long
terme. Par contre, des changements dans les taux de sédimentation, I’apport en MO,
I’oxygénation ou le pH de la colonne d’eau, ainsi que des processus comme la bioturbation
ou la remise en suspension des sédiments, peuvent modifier 1’activité diagenétique et
entrainer la libération d’¢léments traces vers la colonne d’eau (Chapman et al., 1998; Tessier

& Campbell, 1987).

Un enrichissement ou un appauvrissement en ETM dans les sédiments dépend non
seulement de leur concentration dans le milieu aquatique, mais aussi de plusieurs facteurs
biotiques et abiotiques. Les conditions d’oxydo-réduction, tant dans les sédiments que dans
la colonne d’eau, influencent la solubilité des phases porteuses ainsi que celle des ETM eux-
mémes (Yuan et al., 2021). Plusieurs ETM sont sensibles aux conditions redox (p. ex. As,
Cr, V), car ils tendent a étre plus solubles en milieu oxydant et moins solubles en milieu
réducteur, ce qui entraine leur enrichissement dans les environnements anoxiques
(Tribovillard et al., 2006). La minéralogie et la granulométrie des sédiments influencent
I’affinité¢ des ETM pour les particules. D une part, la présence de phases porteuses favorise
leur élimination de la colonne d’eau par sédimentation. D’autre part, il est bien reconnu que
les sédiments fins contiennent généralement davantage d’ETM, en raison de leur surface
spécifique plus €levée qui favorise 1’adsorption (Chen et al., 2016). Enfin, la productivité

primaire dans les eaux de surface joue un role important, car elle capte plusieurs ETM
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dissous, qui sont ensuite transférés vers les s€diments a la mort des organismes (Smrzka et

al., 2016).

Cette dynamique des ETM entre les phases dissoutes et les phases solides labiles et
non-labiles est importante pour étudier leur mobilité et biodisponibilité. La biodisponibilité
d’un métal est la capacité de ce dernier a étre absorbé par un organisme. Par exemple, la
forme la plus biodisponible est les ions libres (Cd**, Cu®*, Zn?, etc.), qu’on peut retrouver
dans les eaux interstitielles ou encore a I’interface eau-sédiment (Alloway, 2012). Les
composés organiques comme le méthyl-mercure sont également facilement assimilables pour
les organismes (Pickhardt & Fisher, 2007). Les risques écotoxicologiques lié¢s aux ETM dans
I’environnement marin peuvent donc étre estimés par la mesure des concentrations dans les
sédiments de surface et par 1’évaluation de la toxicité via la spéciation, la mobilité et la

biodisponibilité (Chapman et al., 1998).

2.3 Les ETM a P’étude

La grande majorité des éléments traces ont été évalués dans le cadre de cette étude.
Toutefois, certains ETM ont fait I’objet d’une évaluation plus approfondie, en raison de leur
potentiel écotoxicologique €levé et/ou de leur présence a des concentrations anormalement
¢levées dans I’AC. Toutes les concentrations discutées ci-dessous sont présentés sous forme

de microgramme (pug) par gramme (g) de poids sec.

2.3.1 Arsenic (As)

L'As est un métalloide jugé non essentiel aux organismes vivants (CCME, 1999), mais
il est tout de méme utilis¢é comme micronutriment par le phytoplancton dans I’océan
(Andreae, 1979; Azizur Rahman et al., 2012). On retrouve I’ As dans quatre états d'oxydation
(5+, 3+, 0 et 3-) et sous formes inorganique et organométallique. L'arséniate AsO4> et

I'arsénite AsOs>" sont les deux espéces dissoutes les plus courantes dans les eaux oxiques et
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anoxiques, respectivement (Andreae, 1979; Kalia & Khambholja, 2023). En milieu oxique,
I’As a tendance a s’associer avec les (oxyhydr)oxydes métalliques et tout particuliérement
avec les oxydes de Fe (Chaillou et al., 2003). La spéciation de I’As, dépendante du pH et du
potentiel d'oxydoréduction (Belzile, 1988; Belzile & Tessier, 1990; Edenborn et al., 1986)
contrdle sa mobilité et sa toxicité (De Vitre et al., 1991; Kalia & Khambholja, 2023). Une
fois dans les sédiments, 1'As est mobilisé¢ dans la zone de réduction du Fe (Chaillou et al.,
2003). L’ As dissout diffusant vers le haut peut se fixer par adsorption ou coprécipitation dans
la zone oxique ou étre libéré dans la colonne d’eau. L’ As qui diffuse vers le bas est incorporé
dans les sulfures de Fe, qui deviennent des puits a long terme (Acquavita et al., 2021; Belzile
& Lebel, 1986; Chaillou et al., 2003). Les micro-organismes présents dans les sédiments
peuvent aussi transformer 1'As inorganique en une forme organique, telle que des acides,
pouvant s'accumuler dans les organismes aquatiques (Azizur Rahman et al., 2012;

Francesconi & Edmonds, 1996).

La concentration d’As dans les différentes lithologies varie entre 1 et 10 pg/g
(Tableau 1) et entre 5 et 10 pg/g dans les sédiments marins (CCME, 1999). Des
concentrations variant entre 1 et 140 pg/g ont été mesurées dans les sédiments marins de
I’ Arctique (Budko et al., 2017; Budko et al., 2022; Holemann et al., 1999; Loring et al., 1998;
Naidu et al., 2005; Trefry et al., 2013; Trefry & Neff, 2019; Wang et al., 2022; Zheng et al.,
2022). Au Canada, des concentrations ¢levées d'As dans les sédiments ont été rapportées
dans plusieurs zones affectées par des activités industrielles ou miniéres : de 6 a 3500 pug/g
dans des lacs pres de Yellowknife (Wagemann et al., 1978), de 3 a 74 pg/g dans la baie des
Chaleurs a proximité de fonderies (Parsons & Cranston, 2006) et de 4 a 568 ug/g dans le port

de Wine en Nouvelle-Ecosse, prés d’une ancienne mine d’or (Little et al., 2015).

2.3.2 Cadmium (Cd)

Le Cd est un élément non essentiel et hautement toxique pour les organismes vivants
(Bernhoft, 2013; CCME, 1999, 2014). Dans I’eau et les sédiments, il présente un unique état

d’oxydation, soit Cd**. En milieu marin, il se trouve principalement sous forme dissoute,
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associé a des complexes de chlorure (Bini & Bech, 2014). Une fraction subsiste toutefois
sous forme d’ion libre Cd*", peu soluble, mais représentant la forme la plus biodisponible et
toxique (CCME, 2014). Bien qu’il ne soit pas un nutriment, le Cd présente un comportement
similaire a celui de certains éléments nutritifs, avec un appauvrissement dans la zone
photique (Tribovillard et al., 2006). Il est principalement apporté aux sédiments marins en
association avec la MO, puis libéré dans les eaux interstitielles lors de la dégradation de celle-
ci (Piper & Perkins, 2004). Le Cd tend a s’enrichir dans les sédiments sous conditions
faiblement ou fortement réductrices (Rosenthal et al., 1995), probablement sous forme de
sulfure (CdS; Bryan et al., 2021; Gobeil et al., 1987). Sa remobilisation a partir des sédiments
est influencée par plusieurs facteurs, notamment le pH, les conditions d'oxydoréduction et la

présence d’agents complexant dans l'eau (Gobeil et al., 1987).

La concentration moyenne du Cd dans la lithosphere est de ~0,1 ng/g (Tableau 1) et il
est fortement chalcophile (Callender, 2005). Dans les sédiments marins canadiens, les
concentrations moyennes varient entre 0.16 et 4.24 pg/g (CCME, 1999), alors que dans les
sédiments marins arctiques, les concentrations se trouvent entre 0.01 et 0.9 pug/g (Budko et
al., 2017; Budko et al., 2022; Cai et al., 2011; Choudhary et al., 2020; Holemann et al., 1999;
Loring et al., 1998; Lu et al., 2013; Lu & Kang, 2018; Naidu et al., 2005; Trefry et al., 2013;
Trefry & Neff, 2019; Wang et al., 2022). Les concentrations de Cd dans les sédiments marins
contamingés sont de 0.2-64 nug/g dans les ports de Colombie-Britannique (Garrett, 1985) et de
0.02-69 ng/g a proximité de fonderies dans la baie des Chaleurs (Parsons & Cranston, 2006).

2.3.3  Cobalt (Co)

Le Co est un micronutriment essentiel pour le phytoplancton. Dans les environnements
oxiques, le Co est présent sous les formes dissoutes de Co** et de complexes avec la MO
(Bini & Bech, 2014; Ellwood & van den Berg, 2001). Il est rapidement ¢limin¢ de la colonne
d’eau par les oxydes de Mn. Dans les eaux anoxiques, le Co forme le sulfure insoluble CoS
(Huerta-Diaz & Morse, 1992). Dans les sédiments, le Co est préférentiellement libéré dans

la zone de réduction du Mn (Stockdale et al., 2010), puis se fixe au matériel clastique, qui
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constitue un puits a long terme (Tribovillard et al., 2006). Par contre, le Co demeure trés
mobile dans les sédiments anoxiques, notamment lors de la dissolution des particules

détritiques (Tribovillard et al., 2006).

La crofte terrestre supérieure contient une concentration moyenne de 10 pg/g, mais les
concentrations peuvent dépasser 40 pg/g dans les roches mafiques et 100 ug/g dans les roches
ultramafiques (Tableau 1). Le Co varie entre 0.1 et 42 pg/g dans les sédiments marins
arctiques (Budko et al., 2017; Budko et al., 2022; Campbell & Loring, 1980; Choudhary et
al., 2020; Holemann et al., 1999; Loring et al., 1998; Lu et al., 2013). Des concentrations
autour de 89 pg/g ont été mesurées dans les sédiments marins de Little Bay Arm, a Terre-

Neuve, dix ans apres un déversement de résidus miniers (Veinott et al., 2003).

Tableau 1.

Composition chimique moyenne de différentes lithologies et de sédiments marins en pg/g,
sauf pour Fe en %. UCC : crolite continentale supérieure. 1- données tirées Taylor and
McLennan (1985); 2- données tirées de Turekian and Wedepohl (1961); 3- tableau modifié
de Alloway (2012); 4- données tirées de Wedepohl (1971). ND : non-disponible.

Roches ignées Roches sédimentaires Sédiments profonds

ucc! g;;iac;uez Mafique? g?rﬁ?giorite’ Schiste** Carbonate’  Gres® ig?liste Charbon® | Carbonate>  Argile?
As |15 1 2 3 10 1 0.5 <500 10 1 13
Ba |550 0.4 330 600 580 10 300 67 250 190 2300
Cd |0.098 ND 0.22 0.1 0.8 0.035 <0.04 <240 1 ND 0.42
Co |10 150 48 4 19 0.1 0.3 67 10 7 74
Cr |35 1600 170 10 90 11 35 <700 20 11 90
Cu |25 10 87 12 45 4 2 <300 20 30 250
Mn | 600 1650 1500 400 850 1100 100 ND 40 1000 6700
Fe* |3.5 9.43 8.65 ND 4.72 0.38 ND ND ND 0.9 6.5
Mo |15 0.3 1.5 1.5 2.6 0.04 0.3 <570 3 3 27
Ni |20 2000 130 5 68 20 2 <300 20 30 225
Pb |20 1 6 20 20 9 10 <100 20 9 80
Se ND 0.05 0.05 ND 0.6 0.08 ND ND ND 0.17 0.17
Sb 0.2 0.1 0.2 0.3 1.5 0.2 0.05 <10 2 0.15 1
\Y 60 40 250 70 130 20 20 <2422 40 20 120
Zn |71 50 105 50 95 20 20 <2314 50 35 165
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2.3.4 Chrome (Cr)

Le Cr est considéré comme un micronutriment essentiel par certains (CCME, 1999; US
EPA, 2000) et non essentiel par d’autres organismes (Smrzka et al., 2019). En milieu marin
oxique, le Cr est présent principalement sous la forme soluble de Cr®* (CrO4>). Dans des
conditions anoxiques, le Cr®" est réduit en Cr’*, et peut se complexer avec la MO ou
s'adsorber sur des oxyhydroxydes de Fe-Mn, puis est exporté vers les sédiments (Bruggmann
et al., 2023; Calvert & Pedersen, 1993; Gorny et al., 2016). Dans les sédiments anoxiques, le
Cr*" libéré de la MO reminéralisée n'est pas facilement piégé dans les sédiments sous forme
de sulfure et peut étre perdu dans la colonne d'eau sus-jacente (Bruggmann et al., 2023). Le
Cr est modérément toxique pour les organismes aquatiques et le Cr®" est beaucoup plus

toxique que le Cr** (CCME, 1999).

Le Cr, un élément trace abondant dans la crolte terrestre, ses concentrations varient
entre 35 pg/g dans la crolte continentale supérieure, 90 ng/g dans les shales et <1000 ug/g
dans les roches ultramafiques (Tableau 1). Dans les sédiments marins du Canada, les
concentrations varient entre 20 et 85 ng/g a travers le Canada (CCME, 1999) alors que dans
I’ Arctique, elles varient entre 9 et 149 pg/g (Budko et al., 2017; Budko et al., 2022; Cai et
al., 2011; Campbell & Loring, 1980; Choudhary et al., 2020; Holemann et al., 1999; Loring
etal., 1998; Lu et al., 2013; Lu & Kang, 2018; Naidu et al., 2005; Trefry et al., 2013; Trefry
& Neff, 2019; Wang et al., 2022; Zheng et al., 2022). Prés des sites industriels, des
concentrations entre 89 et 31 000 pug/g ont été mesurées dans la région des Grands-Lacs

(Nriagu & Kabir, 1995).
2.3.5 Cuivre (Cu)

Le Cu est un micronutriment essentiel, mais il devient toxique a des concentrations
aussi faibles que 10 pg/g (Callender, 2005). En milieu marin oxique, le Cu est principalement

présent sous forme de complexes organiques, mais aussi sous forme de complexes

inorganiques et d’ions libres. Les ions libres Cu® et Cu®* figurent parmi les formes les plus

16



toxiques pour les organismes marins (Buck et al., 2007). Le Cu présente une distribution
verticale typique des micronutriments, mais il est également transporté vers les sédiments par
adsorption sur la MO et les oxyhydroxides de Fe-Mn (Calvert & Pedersen, 1993; Fernex et
al.,, 1992). Dans les sédiments, la décomposition de la MO et/ou la réduction des
oxyhydroxydes de Fe-Mn peuvent entrainer la libération du Cu dans les eaux interstitielles.
En conditions réductrices, le Cu®" est réduit en Cu”, qui peut alors étre incorporé dans la

pyrite ou former des sulfures CuS (Huerta-Diaz & Morse, 1992).

Le Cu est un métal modérément abondant dont la concentration moyenne dans la
lithosphere supérieure est de 25 pg/g (Tableau 1). Des concentrations entre 4 et 123 pg/g ont
¢été mesurées dans les sédiments marins du Canada (CCME, 1999), et entre 2 et 96 pg/g dans
I’Arctique (Budko et al., 2017; Budko et al., 2022; Cai et al., 2011; Campbell & Loring,
1980; Choudhary et al., 2020; Holemann et al., 1999; Loring et al., 1998; Lu et al., 2013; Lu
& Kang, 2018; Naidu et al., 2005; Trefry et al., 2013; Trefry & Neft, 2019; Wang et al.,
2022; Zheng et al., 2022). Des sédiments pollués ont enregistré des teneurs de 3 — 200 ug/g
dans la baie des Chaleurs (Parsons & Cranston, 2006) et en moyenne 373 pg/g a Little Bay
Arm (Veinott et al., 2003).

2.3.6 Plomb (Pb)

Le Pb est un micronutriment non essentiel. Il se retrouve majoritairement sous forme
d’ion libre Pb**, mais peut également exister sous les formes Pb* et Pb*". Le Pb peut former
des composés organométalliques, qui sont biodisponibles, toxiques et bioaccumulants
(Denton et al., 1997). Le Pb tétraéthyle, un composé¢ organométallique, constituait la
principale source de Pb atmosphérique avant 1990, lorsqu'il était encore utilisé comme agent
antidétonant dans 1'essence (Lavallée & Fedoruk, 1989). Selon le pH, le Pb peut fortement
s’adsorber sur les oxydes de Fe-Mn, les argiles et la MO (Fernex et al., 1992; Nelson et al.,
1999). Dans les sédiments, il est mobilis¢ prés de la surface des sédiments lors de la

dégradation aérobique de la MO, ainsi qu’a des profondeurs intermédiaires, lors de la
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réduction des oxydes (Loring, 1978). Il peut étre recapté par les sulfures (Huerta-Diaz &
Morse, 1992).

La concentration moyenne de Pb de la crolte continentale supérieure, des schistes et
des granites est de 20 pg/g (Tableau 1), et est comprise entre 15 et 50 pg/g des sédiments
cotiers et estuariens dans le monde entier (Denton et al., 1997). Dans les sédiments marins
canadiens, les concentrations moyennes varient entre 7 et 23 ug/g (CCME, 1999). Dans
I’ Arctique, les concentrations se situent entre 1 et 37 pg/g (Budko et al., 2017; Budko et al.,
2022; Cai et al., 2011; Campbell & Loring, 1980; Choudhary et al., 2020; Holemann et al.,
1999; Loring et al., 1998; Lu et al., 2013; Lu & Kang, 2018; Naidu et al., 2005; Trefry et al.,
2013; Trefry & Neft, 2019; Wang et al., 2022; Zheng et al., 2022). Des concentrations
atteignant 341 pg/g ont été mesurées dans des sédiments lacustres a proximité d’une mine
d’or des Territoire du Nord-Ouest (Pelletier et al., 2020) et 2000 pg/g dans la baie des

Chaleurs, a proximité de fonderies (Parsons & Cranston, 2006).

2.3.7 Nickel (Ni)

Le Ni est un micronutriment essentiel recyclé dans la colonne d'eau (Dupont et al.,
2010). Les invertébrés constituent le groupe taxonomique le plus sensible a la toxicité du Ni
et les connaissances sont limitées pour les espéces arctiques (Gauthier et al., 2021). Dans les
milieux marins oxiques, le Ni se comporte comme un micronutriment et peut étre présent
sous forme de cations Ni** solubles, mais il est surtout présent sous forme de carbonate de
Ni soluble (NiCOs3) ou adsorbé/complexé avec la MO et les oxydes de Mn (Calvert &
Pedersen, 1993). Lors de la décomposition de la MO, le Ni peut étre libéré des complexes
organiques dans les eaux interstitielles. Dans les sédiments modérément réducteurs, le Ni est
libéré des eaux sus-jacentes en raison de I'absence de sulfures et d'oxydes de Mn. Dans les
sédiments anoxiques, le Ni peut €tre incorporé dans la pyrite et co-enrichi avec le Cd, Co, Zn
et Cu (Bruggmann et al., 2024; Huerta-Diaz & Morse, 1992). Dans des conditions oxiques,
le Ni est capté par les oxydes de Mn (Bruggmann et al., 2024).
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La concentration moyenne de Ni dans la crolite continentale supérieure est de 20 ug/g,
mais elle peut atteindre 2000 pg/g dans les roches ultramafiques (Tableau 1). Dans les
sédiments marins de I’ Arctique, les concentrations varient entre 6 et 164 pg/g (Budko et al.,
2017; Budko et al., 2022; Campbell & Loring, 1980; Choudhary et al., 2020; Holemann et
al., 1999; Loring et al., 1998; Lu et al., 2013; Lu & Kang, 2018; Naidu et al., 2005; Trefry et
al., 2013; Trefry & Neft, 2019; Wang et al., 2022; Zheng et al., 2022). Les sédiments pollués
de Little Bay Arm présentent une teneur moyenne de 77 pg/g (Veinott et al., 2003).

2.3.8 Vanadium (V)

Le V est un nutriment essentiel pour le phytoplancton (Osterholz et al., 2014). Ces
derniéres années, le V a été classé comme un élément potentiellement toxique dans la méme
catégorie que le Pb, I'As et le Hg, selon I'Agence américaine de protection de I'environnement
(USEPA; Naeem et al., 2007). Il posséde différents états d'oxydation, mais il est
principalement sous les formes oxydées V°* et V4*. Le V°* est plus mobile, soluble et toxique
que le V** (Pinto et al., 2013). Dans les eaux oxiques et les océans de surface, le V°' est sous
forme de vanadate et est facilement adsorbé sur les oxyhydroxydes de Fe-Mn (Tribovillard
et al., 2006). Dans 1’océan Arctique, le V dissout est majoritairement éliminé de la colonne
d’eau et transporté vers les sédiments par les oxyhydroxydes de Fe (Whitmore et al., 2019).
Dans les environnements fortement réducteurs, le V>* est réduit en V**, puis transféré vers
les sédiments par adsorption ou complexation avec la MO. Lors de la réduction des oxydes
dans les sédiments, le V est libéré sous forme de V**, qui peut ensuite s’associer a la MO. Le
V est fortement enrichi dans les sédiments réducteurs, car il peut étre réduit par le HoS en
V3. Sous cette forme, il précipite en phases insolubles ou s’incorpore dans les argiles

authigéniques (Breit & Wanty, 1991; Wanty & Goldhaber, 1992).

Les concentrations naturelles du V est de 60 pg/g dans la crolite continentale
supérieure, 130 pg/g dans les schistes et 250 pg/g dans les basaltes (Tableau 1). Les
concentrations en V dans les sédiments de surface varient entre 22 et 210 pg/g dans les

sédiments marins arctiques (Budko et al., 2017; Budko et al., 2022; Campbell & Loring,

19



1980; Holemann et al., 1999; Loring et al., 1998; Naidu et al., 2005; Trefry & Neff, 2019).
A Little Bay, les sédiments contaminés présentaient une concentration moyenne de 246 pg/g

en V (Veinott et al., 2003).

2.3.9 Zinc (Zn)

Le Zn est un micronutriment essentiel, présentant un profil vertical typique dans la
colonne d’eau, soit un appauvrissement dans les eaux de surface. En milieu marin oxique, le
Zn est principalement présent sous forme de complexes avec la MO, mais il peut également
exister sous forme d'ions solubles tels que ZnCl" et Zn?", cette derniére étant la forme la plus
biodisponible (Calvert & Pedersen, 1993). Le Zn peut aussi étre adsorbé sur des hydroxydes
de Fe-Mn (Fernex et al., 1992). Lors de la décomposition de la MO et de la réduction des
oxydes, il peut étre libéré dans les eaux interstitielles. En conditions réductrices, le Zn peut
étre incorporé dans des phases sulfurées (Huerta-Diaz et Morse, 1992 ; Morse et Luther,

1999).

La teneur moyenne en Zn de la lithosphere est d'environ 80 pg/g (Callender 2003),
variant de 50 pg/g pour les roches granitiques a ~100 pg/g pour les schistes et les roches
basaltiques (Tableau 1). Les sédiments non contaminés contiennent généralement une
concentration de Zn de I'ordre de 5-50 png/g. Les concentrations varient de 8 a 391 pg/g dans
I’ Arctique (Budko et al., 2017; Budko et al., 2022; Cai et al., 2011; Campbell & Loring,
1980; Choudhary et al., 2020; Holemann et al., 1999; Loring et al., 1998; Lu et al., 2013; Lu
& Kang, 2018; Naidu et al., 2005; Trefry et al., 2013; Trefry & Neft, 2019; Wang et al.,
2022; Zheng et al., 2022), mais peuvent aller jusqu’a 1170 pg/g dans certaines régions du
Canada (CCME, 1999). A proximité de sources polluantes, les valeurs sont de 11-1343 pg/g
dans le lac Ontario, ou sont présents des effluents industriels (Forsythe et al., 2010) et de 22-

3200 pg/g dans la baie des Chaleurs, a proximité de fonderies (Parsons & Cranston, 2006).
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2.3.10 Fer (Fe) et manganese (Mn)

Le Fe n’est pas un élément trace, mais il interagit fortement avec ces derniers. Il est un
macronutriment essentiel, limitant dans certains environnements marins (Sunda, 2012), mais
ne I’est pas dans les eaux arctiques canadiennes, qui sont naturellement enrichis en Fe
(Colombo et al., 2020; Jensen & Colombo, 2024). Dans I'eau de mer, Le Fe existe sous deux
états d'oxydation : Fe?" et Fe’*. En conditions oxiques, la forme dominante est Fe**, mais
celle-ci devient rapidement insoluble en formant des oxyhydroxydes, qui sont éliminés de la
colonne d'eau. Le Fe*", plus soluble, s'oxyde rapidement pour former également des
oxyhydroxydes (Bruland & Rue, 2001). La majorité du Fe*" dissous est complexée par des
ligands organiques produits par le phytoplancton en situation de carence en Fe (Gledhill &
Buck, 2012). Dans les sédiments oxiques, les oxydes de Fe jouent un role important en tant
que piéges pour les ETM. En conditions anoxiques, ces oxydes se dissolvent et le Fe*" est
réduit en Fe**, qui peut soit diffuser vers la surface et se réoxyder, soit précipiter sous forme
de sulfures de Fe, tels que la pyrite, un important picge a ETM a long terme (Huerta-Diaz &
Morse, 1992). Les concentrations varient entre 0.7 et 6.9 % en poids sec dans les sédiments
marins de I’océan Arctique (Budko et al., 2017; Budko et al., 2022; Holemann et al., 1999;
Loring et al., 1998; Naidu et al., 2005; Trefry et al., 2013; Trefry & Neff, 2019; Wang et al.,
2022).

Le Mn est un élément mineur essentiel aux organismes marins. Le Mn existe sous les
états d’oxydations Mn**, Mn** et Mn*". Le Min>" est la forme la plus soluble et biodisponible,
tandis que Mn>" et Mn*" forment des oxydes insolubles. Dans les sédiments marins de
surface, soit la couche oxique, les oxydes de Mn*" dominent, alors que les oxydes de Mn**
se retrouvent principalement a la base de cette couche (Madison et al., 2013). Les oxydes de
Mn possedent une forte capacité d’adsorption des métaux, ce qui en fait une importante phase
porteuse, tant dans la colonne d’eau que dans les sédiments. En milieu anoxique, ces oxydes
sont dissous et le Mn est réduit en Mn?", qui peut étre diffusé vers la colonne d'eau et s’y

reprécipiter sous forme d’oxydes (Calvert & Pedersen, 1993). Dans les s€diments anoxiques,

le Mn?" peut également étre enfoui sous forme de carbonates (Mucci, 1988). Dans ’océan
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Arctique, les concentration en Mn varient entre 62 et 27 100 pg/g I’ Arctique (Budko et al.,
2017; Budko et al., 2022; Campbell & Loring, 1980; Holemann et al., 1999; Loring et al.,
1998; Lu et al., 2013; Naidu et al., 2005; Trefry et al., 2013; Trefry & Neft, 2019; Wang et
al., 2022).

2.3.11 Les éléments des terres rares

Les ETR sont un groupe d’éléments ayant des comportements géochimiques similaires.
I1s sont constitués des lanthanides (La-Lu), de I’'Y et parfois du Sc, bien que ce dernier ait un
comportement différent (Barrat & Bayon, 2024). Les ETR ont une configuration électronique
comparable, mais leur rayon ionique diminue avec le numéro atomique : il s’agit de la
contraction des lanthanides (Shannon, 1976). Les ETR sont tous trivalents (3+), toutefois le
Ce et I’Eu ont un deuxiéme état d’oxydation : Ce** et Eu**. Ces caractéristiques font en sorte
que la composition en ETR d’une source mere est modifiée par des processus géochimiques
et physicochimiques au cours de I’altération, du transport et du dépdt des sédiments (Bossé-

Demers et al., 2025; Su et al., 2017).

Afin de faciliter les interprétations et d'éliminer I'effet Oddo-Harkins, les
concentrations en ETR sont normalisées (Barrat & Bayon, 2024). Plusieurs valeurs de
référence sont utilisées dans la littérature pour la normalisation, soit la chondrite CI (Barrat
et al., 2012), le schiste australien post-archéen (PAAS; Pourmand et al., 2012) ou encore le
schiste nord-américain (NASC; Gromet et al., 1984). Les ETR sont également subdivisés en
trois sous-groupes pour les interprétations : les ETR légers (LREE; La-Nd), ETR moyens
(MREE; Sm-Dy) et ETR lourds (HREE; Ho-Lu).

Dans I’eau de mer, les complexes ETR-carbonates sont la forme dissoute dominante,
avec une augmentation de la complexation avec le numéro atomique (Sholkovitz et al., 1994).
Cette complexation préférentielle des HREE occasionne 1’adsorption préférentielle des
LREE et MREE sur des oxides de Fe-Mn et la MO (Bayon et al., 2004). L’oxydation du Ce**
en Ce*" favorise également son adsorption sur des oxides de Mn (Sholkovitz et al., 1994). La

signature dans 1’eau de mer, lorsque normalisée, est donc un enrichissement en HREE and
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une anomalie négative en Ce (Smrzka et al., 2019). Dans les sédiments, on retrouve les LREE

associés a la MO et aux oxides, les MREE associés oxides et les HREE associés aux zircons

(Sholkovith, 1990).

La concentration totale des lanthanides du PAAS est de 224.6 pg/g. Dans les sédiments
marins des mers arctiques russes, les concentrations varient entre 115 et 239 pg/g (Astakhov

et al.,2018; Ruban et al., 2024).

3. CONTEXTE GEOGRAPHIQUE

3.1 Arctique canadien

L’AC est une vaste région englobant le plateau polaire canadien, qui relie le bassin du
Canada a la baie de Baffin, ainsi que les iles de 1’archipel Arctique canadien (Figure 4). Dans
le cadre de cette étude, la région se situe entre 60 et 83 °N et 55 et 140 °O. Elle s’étend de la
mer de Beaufort et du plateau du Mackenzie a 1’ouest, en passant par les chenaux étroits et

peu profonds de I’archipel, jusqu’a la baie de Baffin et le détroit de Nares a I’est.

L’AC est I’'une des régions les plus arides du monde (Brown, 1972). 1l est entierement
recouvert d’un pergélisol continu, occupant entre 90 et 100% du sol (Heginbottom, 1995).
Par conséquent, I’hydrologie y est fortement influencée par le gel hivernal et la fonte estivale,
et reste largement contrainte par la présence du pergélisol. On y trouve un ensemble de petites
rivieres saisonnicres (ex. Freshwater Creek), ainsi que quelques grandes riviéres s’écoulant
a longueur d’année (ex. riviere Coppermine; Figure 4). Le débit total de ces rivieres est
d’environ 257 km?/a (Alkire et al., 2017). On retrouve aussi le fleuve Mackenzie, le plus long
et grand systéme fluvial du Canada, avec un débit annuel d’environ 290 km>/a (Rood et al.,

2017). La contribution des rivires est ainsi significative dans le bilan en eau douce de I’AC.
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Figure 4. Carte de la région d'étude.AG : golfe d’ Amundsen; JS : détroit de Jones; LS :
détroit de Lancaster; MS : détroit de M’Clure; NS: détroit de Nares; QEI : iles de la Reine-
Elizabeth; QMG : golfe de la reine Maud. ACC : courant cotier d’Alaska; BC : courant de

Baffin; WGC : courant ouest groenlandais.

La région d’étude est approximativement composée des régions Inuvialuit et Nunavut
(Figure 5). Un peu plus de 40 000 personnes habitent dans ces régions (Statistics Canada,
2023). L’1le de Baffin est la plus populeuse de I’archipel, avec plusieurs villes et villages
dont Iqgaluit (capitale du Nunavut) et Mittimatalik (Pond Inlet). Des communautés inuites
sont aussi présentes sur plusieurs iles et sur la partie continentale (Figure 5). Quelques mines
d’or, de diamant et de fer sont présentes dans I’AC. Un gisement de gaz est situ¢ au niveau
du delta du Mackenzie et un gisement pétrolier est situé plus au sud le long de la riviére.
Selon I’Inventaire des sites contaminés fédéraux (Government of Canada, 2022), plusieurs
localisations dans I’AC ont été répertoriées pour la présence de contaminations en métaux,
métalloides et organométalliques dues a d’anciens sites d’exploration minieres, a des

réservoirs de stockage ou encore a des sites d’enfouissement.
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3.1.1 Océanographie et glace de mer

Dans I’AC, et I’océan Arctique en général, la colonne d’eau est composée de trois
masses d’eau (Niemi et al., 2024): ’eau Arctique (ou couche polaire de mélange), I’eau
pacifique (PW) et I’eau atlantique (AW). L’eau Arctique occupe les 50 a 100 premiers métres
de la colonne d’eau et est formée dans I’océan Arctique d’un mélange d’eaux Pacifique et
Atlantique et d’eau douce issue de la fonte de la glace de mer et des rivieres. Elle est donc de
faible salinité et température (<31; < 0°C). Elle est isolée de I’AW par une halocline froide
occupant les profondeurs de 100 a 300 métres et correspondant a la PW (31 a 33; -1.5a 3°C)
qui est légérement saline. La PW est une masse d’eau provenant de I’océan Pacifique
introduite par le détroit de Béring qui a incorporé de 1’eau douce des rivieres Yukon et
Mackenzie en longeant la cote via le courant cotier d’Alaska (ACC, Figure 4). L’AW (34,5
a 34,95; 0 a 3°C), qui est tres saline comparativement a la PW, occupe la couche la plus
profonde de I’océan Arctique. Cette masse d’eau provient de la dérive nord-atlantique qui est

entrée par le détroit de Fram et la mer de Barents.

Les eaux situées dans le bassin du Canada transitent vers 1’océan Atlantique en
traversant les chenaux de I’archipel Arctique canadien. Les trois masses d’eau se retrouvent
dans les chenaux ouest, dont les profondeurs d’environ 500 meétres le permettent. Toutefois,
seules les eaux Arctique et Pacifique peuvent traverser les passages peu profonds de
I’archipel pour rejoindre la baie de Baffin, c’est-a-dire le détroit de Barrow (125 m de
profond), le détroit de Jones (190 m) et le détroit de Nares (250 m) (Niemi et al., 2024). Ces
eaux, s’étant mélangée pendant le trajet, forment la couche de surface de la baie de Baffin.
Sous cette couche, du c6té est de la baie, on retrouve les eaux amenées par le courant ouest
groenlandais (WGC) qui remonte la cote ouest du Groenland. Il s’agit d’un courant amenant
des eaux chaudes (~4°C) et salines (~34.8) de I’ Atlantique. Le long de cote, les eaux du WGC
se mélangent aux eaux cdtieres, puis traverse la baie de Baffin et se mélangent aux eaux de

I’archipel et du détroit de Nares pour former le courant de Baffin (BC).
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Figure 5. Carte géologique de la région d'étude avec la délimitation de la région
d’Inuvialuit et du Nunavut.

Chaque hiver, la totalité des chenaux est couvert par la glace de mer saisonniére et de
la glace de mer pluriannuelle est présente dans le nord-ouest de I’AC (Canadian Ice Services,
2023; Michel et al., 2015). Dans le restant de 1’archipel, la glace se forme généralement vers
la mi-septembre et font a la fin du mois de mai. Le couvert de glace de mer minimum est
observé a la fin aolt (Canadian Ice Services, 2023). La circulation de la glace de mer dans
I’AC est principalement gouvernée par les vents dominants, les courants de surface et la
configuration géographique de I’archipel. De fagon générale, la glace de mer circule de fagcon
anticyclonique dans la mer de Beaufort, puis entre dans I’ AC principalement par le détroit de
McClure, mais aussi via le golfe d'Amundsen et les iles de la Reine-Elizabeth. Les voies de
sortie de 1’archipel vers la baie de Baffin sont les détroits de Lancaster et de Jones. La glace
circule également de 1’Océan Arctique vers la baie de Baffin via le détroit de Nares

(Terwisscha van Scheltinga et al., 2010; Wang et al., 2012). Plusieurs polynies récurrentes
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sont présentes dans les eaux de I’AC, dont la polynie des eaux du Nord (NOW;
Pikialasorsuaq) et les polynies du détroit de Lancaster et de 1'ile Bylot (Figure 4; Hannah et
al., 2009; Stirling & Cleator, 1981). Celles-ci sont maintenues par la chaleur latente et les
arcs de glace formés dans le détroit de Nares et le détroit de Lancaster (Vincent, 2023). Ces
polynies, en particulier la Pikialasorsuaq, sont des zones trés productives (Ribeiro et al.,
2021) avec des flux élevés de carbone organique vers les sédiments (1.1 — 1.5 mg Corg cm™

yr''; Hamel et al., 2002).

3.1.2  Géologie

Quatre grandes régions géologiques caractérisent 1’AC, soit le Bouclier canadien, les
plateformes intérieure et arctique, I’orogeéne Innuitien et I’orogéne des Cordilléres (Figure 5;
de Kemp et al., 2006). Trois provinces du Bouclier canadien occupent le centre et ’est de
I’AC. La province de Churchill couvre la majeure partie de I'ile de Baffin ainsi que 1’est du
continent. Les provinces de Slave et Bear s’étendent sur le centre continental et une partie de
I’ile de Victoria. Le Bouclier est principalement composé de roches ignées précambriennes,
telles que les granites et les granodiorites, ainsi que de roches métamorphiques comme les
gneiss (Harrison et al., 2011). Les plateformes intérieure et arctique couvrent les iles de
I’ouest et du centre de 1’archipel, ainsi que la partie continentale située entre les Cordilleres
et le Bouclier. Elles sont composées de roches sédimentaires, avec une dominance de
carbonates détritiques d’age Cambrien a Silurien sur la plateforme arctique, et des roches
clastiques d’dge Dévonien-Crétacé sur la plateforme intérieure. La partie occidentale du
continent est caractérisée par la Cordillere nord-américaine, qui comprend les chaines de
montagnes des Rocheuses et du Mackenzie. Cette région est constituée d’un assemblage de
roches sédimentaires et volcaniques (Harrison et al., 2011). Le fleuve Mackenzie (Figure 4),
qui se jette dans la mer de Beaufort, draine une grande superficie de I’ouest de 1’ Amérique
du Nord, incluant des portions du Bouclier canadien, de la plateforme intérieure et de la
Cordillere (Millot et al., 2003). Enfin, la région montagneuse Innuitienne, située dans la
partie nord de I’archipel, est formée de roches sédimentaires, volcaniques et métamorphiques

intensément déformées, d’age variant du Protérozoique au Tertiaire (de Kemp et al., 2006).
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Cette région comprend également le bassin de Sverdrup, une séquence sédimentaire
composée de schistes riches en pétrole et gaz naturel du Paléozoique supérieur au Cénozoique

inférieur (Embry & Beauchamp, 2019).

3.1.3 Dynamique sédimentaire

Letaief et al. (2021) ont divisé I’AC en trois provinces distinctes selon les processus
sédimentaires dominants. Les sédiments marins de 1’ouest de 1’Arctique canadien sont
principalement influencés par les apports du fleuve Mackenzie. La gyre de Beaufort joue
¢galement un role important dans la composition des sédiments du fond marin. Le centre sud
de I’AC, incluant les golfes de la Reine-Maud et de Coronation, est dominé par les apports
des petites rivieres qui traversent le Bouclier canadien du sud vers le nord. Quant a I’est de
I’AC, il est caractérisé par 1’érosion cotiere et les apports sédimentaires par la glace de mer.
La glace de mer joue un role prédominant dans le transport des sédiments, tant dans I’AC
que dans I’océan Arctique en général (Darby et al., 2011; Eicken et al., 2005). Lors de la
formation de frasil en milieux peu profonds, les sédiments en suspension, provenant de
rivieres ou de 1’érosion cotiere, s’incorporent a la glace. Ces sédiments peuvent ensuite étre
transportés sur de longues distances par les courants de surface, puis déposés lors de la fonte
estivale. Par exemple, la glace de mer amene des sédiments provenant de la mer de Laptev
jusqu’a la gyre de Beaufort via la dérive transpolaire (Darby, 2003). Enfin, le transport éolien

dans I’AC est limité, localisé et saisonnier (Lewkowicz & Young, 1991).

3.2 Les éléments traces métalliques de sources anthropiques dans I’Arctique

La contamination des régions arctiques provient de sources locales a globales. Elle peut
provenir de sources locales comme les villes nordiques, ou encore I’exploration et
exploitation miniere et pétroliere (Macdonald et al., 2000). Les communautés établies dans
les régions arctiques contribuent a la pollution en ETM par leur gestion des eaux usées et des
déchets, par la présence d’industries sur place (ex. activités minieres, entreposage de pétrole,

tourisme) et par le transport. Par exemple, les mines et les fonderies dans 1’ Arctique russe
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représentent une source locale majeure en ETM et la pollution en découlant peut étre sévere
(Poland et al., 2003). Le développement minier intensif de la péninsule de Kola (Russie) est
un bon exemple (Yakovlev et al., 2022). Ces activités anthropiques perturbent
I’environnement adjacent, comme les sols, le milieu cotier, les riviéres et les eaux
souterraines. L’ AC n’est pas aussi développé que 1’ Arctique eurasien, mais les émissions de
ces activités anthropiques trés polluantes peuvent aussi atteindre I’AC par les courants
océaniques et la glace de mer (AMAP, 2011). Les métaux peuvent se fixer a la MO ou aux
sédiments en suspension, et étre transportés sur de longues distances par les eaux Atlantiques
dans les courants de bord de I’océan Arctique (Aarkrog, 2003; Macdonald et al., 2005). Les
émissions en milieu marin, comme le transport maritime et 1’exploration pétroliére en mer
via la combustion de carburant, les déversements, la peinture antifouling, causent la
contamination des régions arctiques a I’échelle régionale (AMAP, 1998). Plusieurs grandes
rivieres drainent les régions nordiques de I’Asie, I’Europe et I’Amérique du Nord, et se
déchargent dans I’océan Arctique. Ces rivieéres peuvent constituer d’importants vecteurs de
contaminants provenant de sources situées en amont (Macdonald et al., 2005). En Russie, les
apports en ETM dans les mers arctiques via les rivieres sont particulierement élevés et

dépassent les flux atmosphériques (Vinogradova & Kotova, 2019).

Le transport atmosphérique de longue distance est un mécanisme majeur de dispersion
des ¢éléments traces, entrainant la pollution de régions tres éloignées des sources d’émission
(Macdonald et al., 2005). Les régions arctiques sont particulierement vulnérables aux
émissions anthropiques de Hg, Cd, As et Pb provenant de régions trés éloignées (AMAP,
2005). Par exemple, il a été établi que 1’ Asie représente la principale source de Hg se déposant
dans 1’océan Arctique, si I’on considére seulement les émissions d’origine anthropique
(AMAP, 2021; Chen & and Taylor, 2018). Le phénomeéne de la « brume arctique » (Arctic
haze) favorise leur déposition de ces polluants au printemps, période ou les conditions
atmosphériques facilitent leur transport et leur accumulation dans I’ Arctique (Quinn et al.,

2007).
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Indirectement, les activités humaines perturbent ¢galement les cycles biogéochimiques
des ¢éléments traces par le biais des changements climatiques. En région arctique, le
réchauffement climatique entraine le dégel du pergélisol, ce qui provoque la libération de
MO, de nutriments et de contaminants, parmi lesquels on retrouve les ETM accumulés au fil
du temps (Hugelius et al., 2014). La dégradation de la MO stockée dans le pergélisol libérera
les €éléments traces accumulés au cours du temps. Le pergélisol contient des quantités
importantes de plusieurs ETM (Antcibor et al., 2014; O’Donnell et al., 2024; Skierszkan et
al., 2024), et constitue un réservoir majeur de mercure a 1’échelle mondiale (Schuster et al.,

2018). Cet enrichissement est particuliérement marqué dans 1’ouest de I’AC et en Alaska.

4. OBJECTIFS DE LA THESE

L’objectif principal de cette thése est d’évaluer 1’état actuel de la contamination
métallique dans les sédiments de 1’Arctique canadien. Pour ce faire, un portrait spatial
exhaustif de la composition géochimique des sédiments de surface a été établi, afin
d’approfondir nos connaissances sur le comportement des ETM et d’évaluer leur risque
écotoxicologique dans 1’environnement marin arctique. La réalisation de cet objectif
principal repose sur trois objectifs spécifiques, chacun apportant un éclairage
complémentaire sur la composition géochimique des sédiments, tant pour la fraction totale
que pour la fraction extractible a 1’acide, a différentes échelles spatiales, allant du niveau

régional jusqu’a celui des communautés inuites locales.

Objectif 1 : Documenter la dynamique sédimentaire régionale et évaluer [’applicabilité

d’indices de pollution

L’AC est une vaste région aux lithologies et aux conditions océaniques tres variées, ce
qui mene a une composition chimique du fond marin hétérogéne. Afin d’évaluer 1’état des
lieux en termes de contamination en ETM dans les sédiments de la région, il est important

9

de préalablement caractériser la dynamique sédimentaire et comprendre comment celle-ci
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régit la distribution des ¢léments majeurs et traces. Dans ce contexte, le premier objectif de
cette thése est d’établir un portrait général spatial de la dynamique sédimentaire
moderne de ’Arctique canadien en analysant une centaine d’échantillons de sédiments

marins de surface collectés a travers la région.

Les sédiments marins dans I’AC sont principalement issus d’apports continentaux
présentant des signatures géochimiques et sédimentologiques distinctes (Deschamps et al.,
2018; Gamboa et al., 2017; Letaief et al., 2021). Ainsi, la provenance des sédiments peut étre
déterminée a partir de leur composition chimique, de leur granulométrie et de leur contenu
en matiere organique, puisque ces propriétés reflétent la géologie des régions sources, les
mécanismes de transport et les cycles biogéochimiques impliqués. La concentration en
¢léments majeurs et en certains éléments traces (V, Zn, Sr, Zr) est mesurée par spectrométrie
de fluorescence X a énergie dispersive (ED-XRF). Les propriétés chimiques et physiques des
sédiments marins de surface permettent de caractériser la variabilit¢ régionale de la
composition chimique du fond marin et d’approfondir notre compréhension des processus
sédimentaires et géochimiques modernes qui contrdlent la distribution des éléments majeurs
et traces dans 'AC. Combinées a des analyses multivariées, ces données serviront également
a caractériser et délimiter spatialement les différentes provinces géochimiques de I’AC. Les
analyses de regroupement (clustering) permettent de subdiviser la région selon les
compositions chimiques dominantes, tandis que 1’analyse en composantes principales
regroupera les variables présentant des comportements similaires. Pour évaluer la
contamination et I’enrichissement en ETM, les concentrations en Zn, V, Fe et Mn dans les
sédiments de surface seront comparées a des valeurs de référence telles que celles de la crotite
continentale supérieure (Taylor & McLennan, 1985), du schiste moyen (Turekian &
Wedepohl, 1961) ainsi qu’a des teneurs régionales préindustrielles, a 1’aide d’indices de
pollution. L'applicabilit¢ de deux indices de pollution sera évaluée dans le cadre de cette

étude a grande échelle.
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Objectif 2 : Etablir une base géochimique de référence

Le deuxieme objectif de cette theése est de d’établir une base de référence des
concentrations des ETM dans la fraction extractible a D’acide des sédiments de
I’Arctique canadien. Cette base de référence permettra de compléter la couverture spatiale
de la composition géochimique des fonds marins avec de nouvelles données, d’évaluer 1’état
actuel de la contamination par les ETM et d'identifier les facteurs naturels et/ou anthropiques
qui influencent leur distribution. A plus long terme, ces données serviront a suivre 1’évolution
temporelle des concentrations en ETM et a évaluer les impacts des perturbations
anthropogéniques croissantes. Une meilleure compréhension de la distribution des ETM, de
leur comportement et des processus qui les contrdlent contribuera a une évaluation plus
précise des risques écotoxicologiques associés aux changements environnementaux actuels

et futurs dans les milieux marins arctiques.

Ce portrait plus détaillé sera établi a partir d’une digestion partielle des sédiments
marins de surface (les mémes que ceux utilisés pour 1’Objectif 1), a ’aide d’'un mélange
d’acides nitrique et chlorhydrique concentrés, suivie d’analyses par spectrométrie de masse
a triple quadrupole (ICP-QQQ). Cette méthode compléete les analyses par ED-XRF
permettant la quantification des concentrations en ¢€léments traces extractibles a I’acide,
incluant ceux potentiellement accessibles aux organismes. Les ETM extraits proviennent
principalement des phases réactives telles que la phase échangeable, les (oxyhydr)oxides de
Fe-Mn, la MO, les sulfures, les carbonates et les aluminosilicates hydratés. En revanche, les
ETM associés a la MO réfractaire, aux silicates ou aux minéraux lourds ne sont pas extradés
et quantifiés par cette méthode (Xu et al., 2012). Les concentrations ainsi obtenues reflétent
principalement les contributions anthropiques et les échanges biogéochimiques actifs dans le
milieu marin. L’influence lithogénique y est donc moins marquée, mais celle-ci ayant déja
bien caractérisée dans 1’Objectif 1, elle est intégrée a [Dinterprétation globale du

comportement des ETM.
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Objectif 3 : Réaliser une étude a l’échelle locale des communautés inuites

Les populations de I'Arctique figurent parmi les plus exposées aux contaminants
métalliques, 1’alimentation représentant la principale voie d'exposition (Basu et al., 2022).
Or, dans I’ Arctique canadien, la grande majorité des apports anthropiques en métaux et autres
contaminants provient de sources situées aux basses latitudes, transportés par voie
atmosphérique, océanique et fluviale (Macdonald et al., 2000). De plus, les changements
environnementaux rapides en cours dans I'Arctique, tels que le dégel du pergélisol et la fonte
de glaciers, contribuent a la libération de ces contaminants métalliques jusque-la stockés a
long terme dans les sols et les glaces. En réponse a ces enjeux, plusieurs études et
programmes de recherche ont été mis en place depuis plusieurs années afin de surveiller les
polluants environnementaux dans I’Arctique, en ¢évaluant les voies d’entrée, leurs
concentrations, les tendances temporelles ainsi que leurs effets sur la sant¢ humaine (AMAP,

2005, 2011, 2021; Dudarev & Odland, 2022; Palaniswamy et al., 2024).

Cependant, la contribution de contaminants métalliques provenant d’activités
humaines locales dans les communautés nordiques a suscité moins d'attention et demeure
largement sous-¢tudiée. Ces communautés, peu nombreuses et faiblement peuplées par
rapport aux centres urbains du sud, sont souvent percues comme représentant un enjeu
environnemental moindre. Pourtant, au-dela des sources régionales et a longue distance, les
sources locales, telles que les eaux usées, les sites d’enfouissement, les activités miniéres et
les rejets liés aux infrastructures aéroportuaires peuvent avoir des impacts substantiels sur les
milieux naturels avoisinants. Afin d’évaluer la contribution des activités anthropiques
locales, I’Objectif 3 de cette thése vise a déterminer les teneurs en éléments majeurs et
traces dans les sédiments coétiers situés a proximité de six communautés inuites de
I’Arctique canadien. Ces sédiments ont accumulé, au fil du temps, des apports métalliques
d’origine locale et régionale, qu’ils soient naturels ou anthropiques. L’analyse de ces
sédiments par ED-XRF (fraction totale) et par ICP-QQQ (fraction extractible a 1’acide)

permettra de dresser un portrait de 1'état actuel de la contamination métallique locale.
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5. METHODOLOGIE

5.1 Echantillonnage

Des échantillons de sédiments ont été collectés a 141 sites entre la baie de Baffin et la
mer de Beaufort, et ont été analysés dans le cadre de ce projet (Figure 6; voir Annexe I). Un
total de 128 carottes boites a été prélevé en milieu marin, ainsi que 17 échantillons terrestres
ont été collectés a proximité de glaciers et de rivieres. Tous ces échantillons ont été recueillis
dans le cadre des expéditions estivales d’ArcticNet, a bord du navire de la Garde cotiere
canadienne et brise-glace Amundsen, entre 2016 et 2022. Les échantillons terrestres ont été
collectés a 1’aide de I’hélicoptere du navire. Les carottes boites ont été sous-échantillonnées
dans le premier centimétre afin d’avoir les sédiments de surface, considérés comme
« modernes ». Letaief et al. (2021) ont utilisé les taux de sédimentation disponibles dans
I’AC, étant tres variables d’une région a I’autre, ainsi que la susceptibilité magnétique pour
conclure que les sédiments de surface se sont accumulés apres 1900. Par ailleurs, des carottes
push cores ont été prélevées a partir de certaines carottes a boites (Figure 6), et la base de ces
push cores a été sous-échantillonnée pour permettre 1’établissement d’un fond géochimique

régional.
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Figure 6. Cartes présentant la localisation des échantillons de sédiments.
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Des échantillons de sédiments cotiéres ont également été prélevés le long des cotes de
Tuktoyaktuk (n=12), Kugluktuk (n=49), Qausuittuq (Resolute, n=11), Ausuittuq (Grise
Fiord, n=11), Mittimatalik (Pond Inlet, n=30) et Qikiqtarjuaq (n=7). D’autres échantillons
ont été prélevés a Milne Inlet, prés de Ragged Island (n=6), ainsi qu’a proximité du port de
Mary River (n=4; Figure 6; voir Annexe I). Les sédiments de surface ont été¢ échantillonnés
a l'aide d'une benne Petite Ponar déployée manuellement. A Kugluktuk et Pond Inlet,
I'échantillonnage a été réalisé respectivement en aott 2022 et 2023, avec le soutien de guides
locaux. L'échantillonnage preés de Qikiqtarjuaq a été réalisé lors du leg 2 de ’expédition
Amundsen 2022, tandis que ceux de Grise Fiord et Resolute I’ont été¢ durant le leg 3 de
I’expédition Amundsen 2023. Enfin, les échantillons de sédiments de surface du port de
Tuktoyaktuk et de Milne Inlet ont été prélevés dans le cadre d'autres projets de recherche

menés par I'Alfred Wegener Institue et ’'UQAR, et I'ISMER-UQAR, respectivement.

5.2 Analyses en laboratoire

La totalité des échantillons de sédiments marins de surface et terrestres utilisés dans les
Chapitres 1 et 2 (n=141) a été analysés pour la granulométrie, la teneur en carbone organique
total (COT) et la géochimie élémentaire au ED-XRF et a I'ICP-QQQ. Une partie des données
sur le COT utilisées dans cette these provient de Corminboeuf et al. (2021). Les analyses du
COT effectuées dans le cadre de cette thése ont été réalisés selon la méme méthodologie et
en utilisant le méme instrument. Pour l'analyse du COT et la géochimie ¢lémentaire, tous les
¢échantillons ont d'abord été tamisés avec un tamis Nitex® de 150 pm en utilisant de 'eau
distillée, puis séchés au four (<60 °C) pendant 72 heures, broyés et homogénéisés a l'aide
d'un mortier en agate. Les sédiments cotiers de surface utilisés dans le Chapitre 3 ont été
analysés de la méme maniere. Toutefois, certains échantillons de Kugluktuk (n=4) et de Pond
Inlet (n=8) n'ont pas été analysés, car la fraction < 150 pm était insuffisante. Ainsi, 118
¢échantillons cotiers ont été analysés pour la granulométrie et la géochimie au ED-XRF. Pour
les analyses a ’ICP-QQQ, une sélection d’échantillons (n=68) a été effectuée a partir des

résultats obtenus au ED-XRF.
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5.2.1 Granulométrie

Les analyses granulométriques ont été réalisées sur la fraction détritique. Les
¢chantillons ont d’abord €té traités avec 5-10 mL de peroxyde d’hydrogene (30% H20:) pour
¢liminer la MO. Puis, la fraction détritique obtenue a été diluée avec ~30 mL
d'hexamétaphosphate de sodium (20% v/v), agissant comme agent défloculant, et tamisée a
<2 mm. Avant les mesures granulométriques, les échantillons ont ét¢ mélangés pendant 12
heures pour désagréger les particules a 1’aide d’un rotateur. Les mesures ont été prises a I’aide
d’un analyseur granulométrique a diffraction laser Malvern PANalytical Mastersizer 3000
équipé d'un module Hydro LV en suivant les conditions instrumentales décrites dans Belzile
and Montero-Serrano (2022). Les résultats ont été traités a l'aide du logiciel GRADISTAT
v.9.1 (Blott et Pye, 2001).

5.2.2 Contenu en carbone organique total

La teneur en carbone total et COT de la fraction <150 um a été mesurée au laboratoire
de géochimie des isotopes stables légers du Geotop (Montréal, Québec) avec un analyseur
¢lémentaire Carlo-Erba NC 2500 et en suivant la méthode d'acidification en solution décrite
dans Hélie (2009). Chaque échantillon de sédiment est divisé en deux aliquotes. La premiere
aliquote de sédiment est utilisée pour déterminer la teneur en carbone total. La seconde
aliquote est acidifiée avec 1 M HCl pour ¢liminer les carbonates, puis séchée et broyée. Celle-
ci est utilisée pour déterminer la teneur en COT. Pour tenir compte de la perte de masse de
carbone inorganique, une correction a été¢ appliquée aux résultats en suivant la méthodologie

décrite dans Hélie (2009).

5.2.3 Analyses géochimiques

La composition en ¢éléments majeurs (Mg, Al, Si, K, Ca, Ti, Mn, Fe) et ¢léments traces
(Cr, V, Zn, Sr, Zr) a été analysée sur la fraction < 150 um des sédiments par ED-XRF en
utilisant un PANalytical Epsilon 3-XL (Croffie et al., 2020). Avant I’analyse, 2 g
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d’échantillon de sédiment ont été pesés avant et apres incinération dans un four a moufle a
950 °C pendant 4 heures afin de déterminer la perte au feu (Loss on Ignition, LOI). Ensuite,
environ 1,1 g d’échantillon incinéré a été mélangé avec 5,5 g de fondant au tétraborate de
lithium (CLAISSE, pur, 99 % Li2B4O+, 1 % LiBr), puis fondu a 1’aide d’un four de fusion
automatisé CLAISSE M4 dans des creusets en platine-or pour former des pastilles vitrifiées.
Ces pastilles ont ensuite été analysées pour leur composition géochimique ¢lémentaire a
I’aide du spectrometre Epsilon 3-XL. L’analyse par ED-XRF permet d’obtenir la
concentration totale de ces éléments dans les échantillons et ainsi fournir des informations
essentielles sur la dynamique sédimentaire de la région. Cependant, les limites de détection

¢levées de cet instrument ne permettent pas de mesurer la majorité des éléments en trace.

La teneur en éléments majeurs (Mg, Al, K, Ca, Ti, Mn, Fe) et éléments traces (Cr, Co,
Ni, Sc, Cu, Zn, V, As, Sr, Cd, Pb, lanthanides, Y) dans les sédiments a également été
déterminée par digestion acide partielle en suivant une version légerement modifiée de la
méthode 3051A de I'US EPA (US EPA, 2007). La digestion acide partielle, ou digestion a
I’eau régale inverse, consiste a dissoudre les sédiments avec un mélange de trois volumes
d’acide nitrique concentré (HNO3) et d’un volume d’acide chlorhydrique concentré (HCI).
La solution obtenue est ensuite analysée avec un ICP-QQQ dont la sensibilité permet la
mesure de la majorité des éléments traces. Cette technique permet de dissoudre les sulfures,
les carbonates, certains sulfates, certains oxydes de Fe-Mn et la MO, et donc de mesurer les
ETM vy étant associés. Les oxydes métalliques bien cristallisés et les silicates ne sont pas
affectés par cette digestion (Krasnodgbska-Ostrega et al., 2001; Xu et al., 2012). Les données
acquises, soit les concentrations extractibles des ¢léments traces et majeurs, nous renseignent

sur la fraction des ETM accessible aux organismes.

Les concentrations en ETR ont été normalisées sur le schiste précambrien australien (PAAS;
Pourmand et al., 2012). Les ETR ont ¢été subdivisés en ETR légers (La-Nd), moyens (Sm-
Dy) et lourds (Ho-Lu +Y) pour les interprétations. Les anomalies en Ce et en Eu ont été

calculées avec les formules suivantes (Barrat & Bayon, 2024; Barrat et al., 2023) :

(1)  Ce/Ce* = Cepaas/ / (Lapaas X Prpaas)'’?
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(2)  EwEu* = Eupaas / (Smpaas x Gdpaas)'’?

5.3 Traitement de données

5.3.1 Analyses statistiques

Le traitement des données et les analyses statistiques ont été effectués avec le logiciel R (R
Core Team, 2024). Une imputation lognormale multiplicative (Palarea-Albaladejo & Martin-
Fernandez, 2013, 2015) a été appliquée aux données ED-XRF pour imputer les valeurs
inférieures a la limite de détection. Puisqu’il s’agit de données compositionnelles, soit des
données quantitatives relatives a un tout, une transformation centrée-log ratio (clr) a été
appliquée aux données ED-XRF et ICP-QQQ pour supprimer les contraintes statistiques
reliées a cette relativité (Aitchison, 1982). Des analyses multivariées ont ensuite été utilisées

afin de structurer les informations obtenues.

Etant donné sa grande superficie, la zone d’étude présente différentes provinces
sédimentaires, chacune définie par leurs propres processus sédimentaires dominants (Letaief
et al., 2021). Pour identifier et délimiter ces provinces, des analyses de partitionnement de
données ont été appliquées aux données géochimiques, permettant de regrouper et
hiérarchiser les échantillons en fonction des concentrations en éléments majeurs et en traces
caractérisant la composition des sédiments. Les analyses de K-means clustering, ou
partitionnement de données par K-moyennes, ont été réalisées a partir des données
géochimiques, de la perte au feu et du COT. Par la suite, des analyses en composantes
principales ont été effectuées sur I’ensemble des données afin d’extraire les tendances
communes entre les ¢éléments majeurs, les ¢éléments traces et les parametres
sédimentologiques (granulométrie, COT). Le but est d’associer les éléments ayant une

variabilité spatiale similaire, dans le but d’identifier les paramétres environnementaux

influencant le comportement des ETM en milieu marin. Enfin, des matrices de corrélation de
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Spearman ont été utilisées pour comparer les variables entre elles et ainsi mettre en évidence

les affinités entre les ETM et les différentes phases porteuses.

Finalement, les cartes de distribution géochimique ont été générées a 1'aide du logiciel QGIS
version 3.40.6. Une interpolation spatiale Empirical Bayesian Kriging a ¢été réalisée sur les

données de Kugluktuk a I’aide de ArcGIS Pro.

5.3.2  Qualité des sédiments

Trois indices de pollution ont été utilisés pour évaluer la contamination,
I’enrichissement et le risque écologique potentiel associé aux ETM dans les sédiments marins
(Tableau 2). De maniére générale, ces indices visent a déterminer 1’éventuelle contribution
anthropique dans un milieu en comparant les valeurs mesurées a un fond géochimique

représentant les concentrations naturelles.

Le facteur d’enrichissement (EF) permet d’identifier s’il y a eu une augmentation des
niveaux d’un métal par une contribution anthropique en utilisant la formule
suivante (Sutherland, 2000) :

Xech/Ye
(3) EF= #ﬁn’;d

ou Xeh est la concentration de I'¢lément trace dans I'échantillon et Yen est la
concentration d'un élément de normalisation dans le méme échantillon. Xfnd €t Yonda sont les
concentrations de 1'élément trace et de I'élément normalisateur, respectivement, dans le fond
géochimique. L’élément normalisateur est un élément utilisé pour compenser les effets liés
a la granulométrie et a la provenance sur la variabilité naturelle des métaux. Les ¢léments
normalisateurs les plus couramment utilisés dans la littérature sont I’ Al et le Fe (Birch, 2020).
Cependant, l'utilisation d'un élément unique comme normalisateur a été critiquée, car sa
variabilité naturelle peut parfois dépasser celle du métal étudi¢ (Desaules, 2012; Poh & Tahir,
2017; Reimann & de Caritat, 2000, 2005). Par exemple, le Fe est sensible aux conditions
d’oxydo-réduction et est impliqué dans des processus diagénétiques pouvant entrainer son

enrichissement dans les sédiments de surface (Birch, 2020). De plus, les interactions entre
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I’océan Arctique et les marges continentales peuvent générer des zones fortement enrichies
en Fe (Colombo et al., 2021; Jensen & Colombo, 2024). L'Al a été utilis¢ comme élément
normalisateur dans le Chapitre 1, car il n'est généralement pas affecté par les perturbations
anthropiques directes ni par les conditions redox. Il constitue un composant majeur des
sédiments détritiques et a été couramment utilisé¢ dans des études géochimiques antérieures
portant sur 1'Arctique canadien (Trefry & Neff, 2019). Toutefois, la distribution de 1’Al peut
varier considérablement en raison des hétérogénéités lithologiques dans ’AC. C’est
pourquoi le Ti, un autre élément normalisateur fiable et fréquemment utilis¢ (Boés et al.,
2011), a également été testé afin d’évaluer les divergences par rapport a I'Al. Dans le Chapitre
2, le Sc a été utilis€ comme élément normalisateur (Bergamaschi et al., 2002; Shotyk et al.,
2002), car I’Al n’a pas été mesuré par ICP-QQQ et certaines concentrations en Ti dépassent

la plage de calibration.

L’indice de géo-accumulation (Igeo) classe le niveau de contamination d’un ETM en
sept classes (Miiller, 1969). Les valeurs de I’indice sont calculées a partir de la formule

suivante :
(4)  Igeo=logx(Cn/1,5Bn)

ou Cn est la concentration en pg/g en poids sec de 1'élément trace dans I'échantillon et
Bn est la concentration (pug/g) en poids sec de cet élément dans le fond géochimique. La
constante 1,5 est le facteur qui prend en compte les variations possibles des valeurs du fond

géochimique générées par les changements lithologiques.

Le facteur de risque écologique (ER) combine le facteur de contamination (CF) avec
un facteur de réponse toxique (Tr). Le CF est la comparaison entre la concentration mesurée
dans I’échantillon (Cmeta)et le fond géochimique (Ctona), alors qu’un Tr est une valeur
attribuée a chaque ETM selon leur toxicité. Ainsi, le Tr est de 1 pour Mn et Zn; 2 pour V; 5

pour Cu, Pb et Ni; 10 pour As; et 30 pour Cd (Hakanson, 1980). Le ER est calculé ainsi :

(5 ) ER = (Cmetal/ Cfond) *Tr
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Les résultats ont été interprétés avec les Recommandations canadiennes pour la qualité
des sédiments : protection de la vie aquatique établies par le Conseil de Ministres de
I’Environnement du Canada (CCME, 1999). Ces recommandations fournissent des critéres
de qualité sous forme des valeurs de références, exprimées en grammes par kilogramme de
sédiment sec, pour certains ETM. Ces repéres permettent d’évaluer le risque d’occurrence
d’effets biologiques nuisibles dans les milieux aquatiques. A partir de base de données sur
I’occurrence et les concentrations, deux critéres principaux ont été définis pour les milieux
lacustres et marins : la concentration seuil produisant un effet (CSE) et la concentration
produisant un effet probable (CEP). En dessous de la CSE, la probabilité d’observer des effets
biologiques nuisibles est faible, tandis qu’au-dessus de la CEP, cette probabilité est
considérée comme élevée. Les valeurs des recommandations représentent les concentrations

totales dans les sédiments des 5 premiers cm.

6. ORGANISATION DE LA THESE

Cette these est structurée en trois chapitres présentés sous forme d’article scientifique,
chacun correspondant a I'un des trois objectifs spécifiques de la theése. Les références
bibliographiques de I’introduction et de la conclusion générales sont regroupées a la fin de la

these, tandis que celles propres a chaque article figurent a la fin des chapitres concernés.

Le premier chapitre présente une étude géochimique spatiale des sédiments de surface
de I’Arctique canadien qui permet d’établir la dynamique sédimentaire régionale.
L’utilisation d’indices de pollution, souvent critiquée dans les études €écotoxicologiques, a
été évaluée en utilisant différents fonds géochimiques et éléments normalisateurs. Les

résultats de ce chapitre ont été publiés dans la revue Applied Geochemistry en mai 2025.

Brice, C., Montero-Serrano, J.-C., & Saint-Louis, R. (2025). Regional geochemical survey
of Canadian Arctic sediments: insights into provenance, sediment dynamics and
trace  metal  enrichment.  Applied  Geochemistry, 189, 106432.
https://doi.org/https://doi.org/10.1016/j.apgeochem.2025.106432
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Le deuxieéme chapitre vise a fournir les concentrations de références des métaux dans
I’Arctique canadien. A 1’aide de 1’étude géochimique régionale préalablement réalisée, les
teneurs, la répartition et le comportement des métaux traces dans la fraction extractible a
I’acide des sédiments de surface sont analysés et définis. La contamination métallique et le
risque écologique associé sont également étudiés avec les indices de pollution et les directives
sur la qualité des sédiments. Cet article a ¢été¢ publi¢ dans la revue internationale Marine

Pollution Bulletin en novembre 2025.

Brice, C., Montero-Serrano, J.-C., St-Louis, R., & Rosabal, M. (2026). Establishing
baseline levels of extractable trace metals in marine surface sediment of the Canadian Arctic.
Marine Pollution Bulletin, 223, 119043.
https://doi.org/https://doi.org/10.1016/j.marpolbul.2025.119043

Le troisieme chapitre porte sur I’évaluation de la contamination métallique le long des
cotes de communautés inuites de 1’ Arctique canadien. La distribution des éléments majeurs
et traces a ¢té étudiée a la fois dans la fraction totale, par ED-XRF, et dans la fraction
extractible a ’acide, par ICP-QQQ. Cet article a été soumis a la revue Environmental

Pollution en décembre 2025.

Brice, C., Montero-Serrano, J.-C., St-Louis, R., & Rosabal, M. (soumis). Spatial
distribution of trace metal and pollution assessment in surface coastal sediments of
Canadian Arctic communities. Soumis a Environmental Pollution.

La conclusion générale synthétise les principaux enseignements tirés des trois chapitres
de cette these. Elle prend la forme d’une discussion résumant I’ensemble des thématiques
abordées dans le cadre de cette these. Cette section met en lumicre les résultats majeurs, les

limites de I’étude, ainsi que les pistes de recherche envisagées pour la suite.
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7. COMMUNICATIONS ET AUTRES REALISATIONS

Au cours de ce projet de thése, j’ai pu participer a un congres national (ArcticNet 2023),
deux congres internationaux (SETAC et Arctic Frontiers), ainsi qu’a 11 conférences
institutionnelles (ArcTrain, Geotop et Québec Océan), ou j’ai présenté les résultats de mon
doctorat (liste détaillée ci-dessous). Dans le cadre de mon doctorat, j’ai eu la chance de
participer a deux missions en mer a bord du NGCC Amundsen dans I’ Arctique canadien. J’ai
¢galement organisé deux campagnes d’échantillonnage a Kugluktuk (2022) et Mittimatalik
(2023), et participé a une campagne de terrain a Cambridge Bay (2024). J’ai participé a

I’école d’été de I’Institut France-Québec Maritime 2022 a Bordeaux (France).

Brice, C., Montero-Serrano, J.-C., St-Louis, R., & Rosabal, M. (14-16 mars 2025).
Distribution of labile rare earth elements in surface sediments in the Canadian
Arctic [présentation orale, conférence institutionnelle]. Congrés des étudiants du
Geotop 2025. Montréal (QC), Canada.

Brice, C., Rosabal, M., St-Louis, R., & Montero-Serrano, J.-C. (25-26 février 2025).
Spatial distribution and pollution assessment of metals in surface sediment along
the coasts of Canadian Arctic communities [présentation par affiche, conférence

institutionnelle]. Rencontre Scientifique Annuelle 2025 de Québec Océan. Riviere-
du-Loup (QC), Canada.

Brice, C., Rosabal, M., St-Louis, R., & Montero-Serrano, J.-C. (2-5 février 2025). Spatial
distribution and pollution assessment of metals in surface sediment along the coasts
of Canadian Arctic communities [présentation par affiche virtuelle, conférence
internationale]. Arctic Frontiers 2025 Beyond Borders, Tromse, Norway
(conférence hybride).

Brice, C., Rosabal, M., St-Louis, R., & Montero-Serrano, J.-C. (20-24 octobre 2024).
Distribution of trace metals and rare earth elements in surface sediments in the
Canadian Arctic: establishment of a geochemical baseline [présentation par affiche,
conférence internationale]. SETAC North America 2024. Fort Worth (TX), USA.

Brice, C., Montero-Serrano, J.-C., & St-Louis, R. (22-24 mars 2024). Trace metal
assessment in coastal sediment near Inuit communities of the Canadian Arctic

[présentation orale, conférence institutionnelle]. Congrés des étudiants du Geotop
2024. Lac Delage (QC), Canada.
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CHAPITRE 1
ETUDE GEOCHIMIQUE REGIONALE DES SEDIMENTS DE L'ARCTIQUE
CANADIEN : APERCU DE LA PROVENANCE, DE LA DYNAMIQUE
SEDIMENTAIRE ET DE L'ENRICHISSEMENT EN METAUX TRACES

1.1 RESUME EN FRANCAIS DU PREMIER ARTICLE

Les teneurs en éléments majeurs et traces, la granulométrie et les teneurs en carbone
organique total ont ét¢ mesurées dans 141 échantillons de sédiments marins de surface et
terrestres afin d'étudier la dynamique moderne des sédiments dans I'Arctique canadien (AC)
et de fournir une évaluation de l'enrichissement en métaux pour V, Zn, Mn et Fe. Les
échantillons ont été prélevés dans différentes zones entre la baie de Baffin et la mer de
Beaufort au cours des expéditions ArcticNet 2016-2022 a bord du brise-glace Amundsen de
la Garde cotiere canadienne. Les données géochimiques combinées a des analyses
statistiques multivariées ont permis de diviser I'AC en trois groupes chimiques (CC) et quatre
provinces régionales. L’ AC central (CC#1) et ’AC du sud-est (CC#2) sont principalement
composées de sédiments relativement grossiers riches en carbonates détritiques (Ca, Mg) et
en ¢léments silicoclastiques (Si, K, Zr), respectivement, reflétant I'érosion cotiere des terres
environnantes (par exemple, I'lle Victoria, I'lle de Baffin) et le transport de la glace de mer
chargée de sédiments. Les sédiments du CC#3, qui comprennent I'AC de I’ouest et de ’est,
sont caractérisés par du carbone organique et des oxyhydroxydes de Fe-Mn. L'ouest de ’AC,
qui est également caractérisée par des aluminosilicates a grains fins, est influencé par le débit
du fleuve Mackenzie, tandis que l'est de I’ AC est définie par les polynies et I'érosion glaciaire.
Les concentrations les plus élevées de V et de Zn sont enregistrées dans I'AC de 1’ouest. Dans
I'ensemble de la région, des corrélations positives significatives entre Al et Zn, V et Fe
suggerent que les apports lithogéniques influencent la distribution de ces métaux dans les

sédiments de I'AC et que les oxydes de Fe représentent la principale phase porteuse. Dans



'ouest de 1'AC, le Mn présente des relations positives mais plus faibles avec Al et Fe, ce qui
suggere une source mixte d'oxyhydroxydes de Mn liée a la fois a des fractions détritiques et
a des processus authigéniques prés de l'interface eau-sédiment. Les apports élevés
d’oxyhydroxydes de Mn terrestres provenant de la riviére Mackenzie sont remobilisés et
transportés vers des zones ou la consommation d'oxygeéne dans les sédiments est plus faible,
c'est-a-dire les cotes du golfe d'Amundsen et de 1'lle Banks, ce qui entraine un enrichissement
des sédiments de surface en Mn. Le facteur d'enrichissement et 1'indice de géo-accumulation,
deux indices de pollution couramment utilisés pour identifier les apports anthropiques de
métaux, ont également été étudiés afin d'évaluer leur pertinence dans le cadre de cette étude.
Les divergences résultant de la normalisation des métaux avec un fond géochimique et un
¢lément de normalisation ont révélé que les indices de pollution doivent étre utilisés avec
prudence. Dans 'ensemble, selon les indices de pollution et I'étude régionale, les sédiments
de surface de I'AC montrent un enrichissement mineur en métaux traces et présentent donc

des concentrations naturelles par rapport aux valeurs de fond régionales.
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1.2 REGIONAL GEOCHEMICAL SURVEY OF CANADIAN ARCTIC SEDIMENTS: INSIGHTS
INTO PROVENANCE, SEDIMENT DYNAMICS AND TRACE METAL ENRICHMENT

Major and trace element contents, grain size distribution and total organic carbon
contents were measured in 141 marine surface and terrestrial sediment samples to study
modern sediment dynamics in the Canadian Arctic (CA) and to provide an assessment of
metal enrichment for V, Zn, Mn and Fe. Samples were collected from different areas between
Baffin Bay and the Beaufort Sea during the ArcticNet 2016-2022 expeditions onboard the
Canadian Coast Guard icebreaker Amundsen. Geochemical data combined with multivariate
statistical analyses allowed the division of the CA into three chemical clusters (CC) and four
regional provinces. Central CA (CC#1) and southeastern CA (CC#2) are mainly composed
of relatively coarse sediments rich in detrital carbonates (Ca, Mg) and siliciclastic elements
(Si, K, Zr), respectively, reflecting coastal erosion of surrounding land (e.g., Victoria Island,
Baffin Island) and transport of sediment-laden sea ice. The sediments of CC#3, comprising
western and eastern CA, are characterized by organic carbon and Fe—-Mn oxyhydroxides.
Western CA, which is also characterized by fine-grained aluminosilicates, is influenced by
the Mackenzie River discharge, while eastern CA is shaped by polynyas and glacial erosion.
The highest concentrations of V and Zn are recorded in the western CA. Over the whole
region, significant positive correlations of Al with Zn, V and Fe suggest that lithogenic-
derived inputs influence the distribution of these metals in sediments from the CA and that
Fe oxides represent the main carrier phase. In western CA, Mn displays positive but weaker
relationships with Al and Fe, suggesting a mixed source of Mn oxyhydroxides linked to both
detrital fractions and authigenic processes near the sediment-water interface. High terrestrial
Mn oxyhydroxide inputs from the Mackenzie River are remobilized and transported to areas
with lower oxygen consumption in sediment, i.e., the Amundsen Gulf and Banks Island
coasts, which leads to surface sediment enrichment in Mn. The enrichment factor and the
geo-accumulation index, two pollution indices commonly used for identifying anthropogenic
metal inputs, were also studied to evaluate their suitability in the context of this study.
Discrepancies from the normalization of metals with a geochemical background and a

normalizing element revealed that pollution indices should be used with caution. Overall,
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according to the pollution indices and the regional survey, the surface sediments of the CA
show minor enrichment in trace metals and thus present natural concentrations relative to

regional background values.

1.3 INTRODUCTION

Trace metals naturally occur in the environment, and some are essential elements for
biological systems. However, some of them, also known as heavy metals, have become
contaminants of concern affecting all systems (AMAP, 1998, 2005), including aquatic
environments, because human activities disrupt their natural cycles (Macdonald & Bewers,
1996). Arctic coastal environments and shelves are particularly important areas for
biogeochemical cycles and are recognized as regions that are naturally rich in trace elements
(Stein & Macdonald, 2004). High inputs of land-derived dissolved and particulate trace
elements make these areas sensitive to metal enrichment (Brown et al., 2020; Colombo et al.,
2019; Jensen & Colombo, 2024). Indeed, scavenging of dissolved trace metals from the water
column to sediments by adsorption, precipitation or complexation with mineral phases (such
as clays), Fe-organic colloids, particulate organic carbon and Fe-Mn oxyhydroxide coatings
can be very high in the Arctic Ocean (Jensen & Colombo, 2024), making sediments a major
sink for those metals. Despite limited human settlements in the Arctic, and thus limited
localized direct anthropogenic trace metal emissions, Arctic environments are nonetheless
affected by important inputs of inorganic (e.g., Hg, Pb, and Cd) and organic (e.g., polycyclic
aromatic hydrocarbons and persistent synthetic organic compounds) contaminants via long-
range atmospheric transport (AMAP, 2005, 2021a, 2021b), making anthropogenic emissions

a substantial source of trace metals in the region.

Properly assessing trace metal contamination in Arctic marine sediments requires a
clear understanding of the natural geochemical variability across the region. Therefore,
analyses of sediment provenance, transport pathways, and depositional conditions are

essential, as they establish the geochemical and sedimentological framework needed to
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distinguish natural background levels from potential anthropogenic inputs (Domingo et al.,
2023; Loring, 1991). Studies on the trace metal concentrations and sediment dynamics in
Arctic Ocean have been performed in Chukchi and Beaufort seas and Siberian Shelf (e.g.,
(Budko et al., 2022; Crecelius et al., 1991; Kondo et al., 2016; Myers & Darby, 2022; Naidu
et al., 2012; Trefry & Neff, 2019; Viscosi-Shirley et al., 2003; Zhang et al., 2021) and in
Canadian Arctic rivers (Brown et al., 2020; Colombo et al., 2019; Grenier et al., 2022).
However, the vast network of channels, continental shelves, and slopes within the CA
remains comparatively understudied (e.g., (Deschamps et al., 2018; Gamboa et al., 2017;
Kutos et al., 2021; Kuzyk et al., 2017; Letaief et al., 2021). The spatial distribution of major
and trace metals in surface sediments within the CA is influenced by a complex interplay of
factors, including the diversity of surrounding geological provinces, the nature of terrigenous
source material, the grain size variability, and the presence of geochemical carriers such as
metallic oxides and organic matter (Letaief et al., 2021). These factors, governed by sediment
provenance and transport dynamics, ultimately control the natural variability of trace metal
concentrations and must be accounted for when evaluating potential contamination (e.g.,

(Domingo et al., 2023).

Chemical pollution indices are a widespread technique for assessing the level and
impact of sediment contamination by metals, and discerning the human impacts (e.g.,
(Reimann & de Caritat, 2000). These indices attribute a value that reflects the level of
contamination or pollution in the sample by normalizing the elements to a natural
geochemical background and a conservative element. Even though the pollution indices have
been used in multiple environmental studies, the concept of normalization has been
questioned because of the natural variability of chemical composition of the natural
background and geochemical processes (e.g., redox conditions and bottom scavenging)
modify elemental concentrations (Anderson & Kravitz, 2010; Desaules, 2012; Poh & Tahir,
2017; Reimann & de Caritat, 2000, 2005; Tribovillard et al., 2006; Van der Weijden, 2002).

In this context, major and trace elements content, grain size and total organic carbon

(TOC) content were measured in this study on marine surface and terrestrial sediment
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samples from the CA to (1) establish a portrait of the spatial regional variability of the
chemical composition of the seafloor, (2) acquire a better understanding of the sediment
provenance and the sedimentary and geochemical processes that govern the distributions of
major and trace elements, and (3) evaluate the applicability of commonly used pollution
indices for assessing trace metal enrichment in surface sediments. Additionally, this study
provides a geochemical baseline and contribute to a comprehensive understanding of

sediment transport processes that operate across the Canadian Arctic.

1.4 STUDY AREA

The study area comprises the Canadian mainland north of 65°N and the Archipelago,
a network of islands, and narrow and shallow channels connecting the Arctic Ocean to the
Labrador Sea (Fig. 7). It is entirely covered by a continued permafrost (Heginbottom, 1995),
which stores large amounts of soil organic carbon, especially in the western part of the CA
(Hugelius et al., 2014). Hydrology is restricted and controlled by seasonal freezing and
thawing of the permafrost. Located on the western coast of the mainland (Fig. 7), the
Mackenzie River is the most important river of the CA. It drains an area of approximately
1.78 x 10° km? and has a mean discharge of ~300 km*/yr (Millot et al., 2003). It is also the
largest Arctic river in terms of suspended sediment flux and the second largest in terms of
dissolved material to the Arctic Ocean (Millot et al., 2003). Smaller rivers also contribute
significantly to the global discharge in central CA (Fig. 7), with an annual discharge
estimated to be ~260 km?/yr (Alkire et al., 2017). This includes the Coppermine River,
whose outlet is situated in the community of Kugluktuk (~8.77 km?/yr), the Ellice River
(~2.82 km®/yr), the Back River (~15.52 km?/yr) and the Anderson River (~4.72 km?/yr;
(Déry et al., 2016).
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Figure 7. Map of the Canadian Arctic showing the main geographical setting, i.e., surface
currents, polynyas and active and abandoned mines and gas/oil fields. AG: Amundsen Gulf,
BS: Barrow Strait, CG: Coronation Gulf, JS: Jones Sound, LS: Lancaster Sound, NS: Nares

Strait, QMG: Queen Maud Gulf and SS: Smith Sound. ACC: Alaska Coastal Current, BC:

Baffin Current, BG: Beaufort Gyre and WGC: West Greenland Current. P.W.I.: Prince of

Wales Island.

Within the CA, three water masses are found (McLaughlin et al., 2005; Steele et al.,
2004): the Polar Mixed Layer (PML), the Arctic waters of Pacific origin (ApW) and the
Atlantic waters (AW). The PML is found in the upper 50-100 m of the water column and
consists of summer meltwater and river discharge. The ApW occupy the 100—300 m water
depth layer. It is a fresh and nutrient-rich water mass dominating the western CA that flows
eastward along the coast via the Alaska Coastal Current (ACC; Fig. 7). The saline and
warmer AW are found beneath the ApW in the Canada Basin and in the Baffin Bay. The
shallow channels in central CA are composed of only the first two water masses. A prevailing
west-east current flows through the islands of the Canadian Arctic, transporting Arctic and
Pacific waters eastward toward the Atlantic, propelled by the elevated sea level in the Pacific.

Sea ice completely covers the CA waters seasonally, with freeze-up starting in September
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and break-up starting in June (Canadian Ice Services, 2023). First-year sea ice is predominant
in the CA and covers most of the area, except in areas such as the northern Beaufort Sea and
channels north of the Parry Channel, where old ice predominates (Canadian Ice Services,
2023). Freshet from the Mackenzie River combined with wind and summer temperatures
lead to ice-free waters on the Beaufort Shelf and slope in July/August (O’Brien et al., 2006).
Multiple polynyas are present in Canadian Arctic waters, namely the well-known North
Water Polynya (NOW; Pikialasorsuaq), and the Lancaster Sound and Bylot Island Polynyas
(Fig. 7; Hannah et al., 2009; Stirling & Cleator, 1981). They are maintained by latent heat
and ice arches formed in the Nares Strait and Lancaster Sound (Vincent, 2023). These
polynyas, especially the Pikialasorsuaq, are highly productive areas (Ribeiro et al., 2021)
with high resulting fluxes of organic carbon (Hamel et al., 2002).
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Figure 8. Geological map of the Canadian Arctic (data from Harrison et al., 2011) with the
location of the samples. Comparative bedrock samples include carbonates from Victoria
Island (Bédard et al., 2016) and igneous rocks from the Jungersen River in the Churchill

Province (Lebeau, 2022).

Three main regional geological units characterize the CA: the Canadian Shield, the

Interior Plains and the Innuitian Orogen (Fig. 8; Brown, 1972; Harrison et al., 2011). The

54



Canadian Shield, which occupies the eastern part of the study area, is divided into the
provinces of Churchill, Bear and Slave, and is mainly composed of Archean and Proterozoic
gneiss, granites and gabbros (Harrison et al., 2011). Younger interior and Arctic platforms
form the Interior Plains, which are made up of carbonate rocks, mostly dolostones, in central
CA and sedimentary rocks, such as siltstone and sandstone, in western CA. The Silurian-
Devonian Innuitian Orogen consists of mildly to strongly folded and deformed sedimentary
units (Harrison et al., 2011; Trettin et al., 1989). It occupies the islands of northern CA, i.e.,
the Queen Elizabeth Islands.

Modern sedimentary processes across the CA are dominated by river discharge,
entrainment by sea ice, and coastal and glacial erosion (Letaief et al., 2021). The Mackenzie
River, along with the small rivers of the CA, are exporting significant amounts of land-
derived inorganic and organic material to the ocean originating from the surrounding
geology, i.e., Precambrian igneous and metamorphic rocks to central and eastern CA and
younger sedimentary rock to western CA (Millot et al., 2003). The erosion of Arctic coasts
and the resulting sediment inputs are substantial, mainly because of permafrost thaw. On
average, Arctic coastal erosion rate is 0.5 m.yr !, though rates can exceed 3 m.yr ! along the
Beaufort Sea coast. This process contributes to significant fluxes of material, including
contaminants, to the marine environment (Lantuit et al., 2012). Although data on coastal
erosion within the Canadian Arctic Archipelago remain limited, the existing studies suggest
that most coastlines are relatively stable (Lantuit et al., 2012; St-Hilaire-Gravel et al., 2012).
Letaief et al. (2021) however identified coastal erosion as a key driver for sediments transport
for the Banks Island area, the M'Clure Strait and the Barrow Strait/Lancaster Sound.
Suspended fine-grained sediments coming from rivers and coastal erosion can also be
entrained by frazil and anchor ice (Darby et al.,, 2011; Reimnitz et al., 1993). The
incorporation of sediments into sea ice during its formation is an important sedimentary
transport process, mainly in the Beaufort Sea. As sea ice is transported by surface currents
and subsequently melts, the entrained particles are redistributed, with their presence observed

further east, as interpreted by Letaief et al. (2021). Finally, several glaciers are present along
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the eastern coasts of Ellesmere, Devon and Baffin Islands, which highly contribute to the

sediment supply, mainly in fjords (Normandeau et al., 2019; Syvitski & Normandeau, 2023).

1.5 METHODOLOGY

1.5.1 Sampling

A total of 128 surface sediment samples and 13 terrestrial samples (including glacial
till and sediments from riverbanks) were collected from different areas between Baffin Bay
and the Beaufort Sea as well as in the Nares Strait during the ArcticNet summer expeditions
(20162019 and 2022) onboard the Canadian Coast Guard Ship (CCGS) icebreaker
Amundsen (Fig. 8; Table 3). The terrestrial sampling sites were accessed with the ship
helicopter as the CCGS Amundsen traveled through the CA. The marine sediments were
sampled with a box corer (50 cm x 50 cm x 60 cm) and the surface uppermost 1 cm of each
box core was sampled onboard using a plastic spatula and stored in plastic bags at 4 °C. Push
cores (10 cm diameter) were taken from each box core collected during the expeditions; they
were subsequently subsampled in the laboratory. The bases (lowermost 1-1.5 cm) of 37 of
these push cores were used in this study to establish a regional geochemical background
(Table S2). Based on a compilation of sedimentation rates from various studies within the
CA (modified from Letaief et al., 2021), we estimate that the basal sediments of the push
cores correspond to pre-industrial times (pre-1900 Common Era or CE; Table 4), and

therefore to natural values.

1.5.2  Laboratory analyses

All samples were analyzed for major and trace element contents and grain size. While
most of the TOC data used in this study are from Corminboeuf et al. (2021), additional TOC
analyses were performed on new sediment samples to enhance regional coverage, following

the same methodology and using the same instrument. For TOC analysis and elemental
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geochemistry, all samples were first wet-sieved through a 150-um Nitex® mesh using
distilled water and then oven-dried (<60 °C) for 12 h, crushed and homogenized with an
agate mortar. The <150 um fraction includes fine-grained sediments, such as clay, silt and
fine sand, which allow not only to avoid spatial biases in elemental concentrations linked to
coarse-grained size variations, but also to capture the regional geochemical signature of the

environment and the different sediment transport processes operating across the CA.

The total carbon (TC) and TOC contents in the <150 pm sediment fraction were
measured at the Geotop Light Stable Isotope Geochemistry Laboratory (Montreal, Quebec)
with a Carlo-Erba NC 2500 elemental analyzer following the acidification in solution method
described in Hélie (2009). Briefly, each sample was divided into two aliquots. The first one
(bulk sediment) was used to determine the TC content. The second aliquot was acidified with
1 M HCI to remove carbonates, dried and milled. This carbonate-free aliquot was used to
determine the TOC content. To account for inorganic carbon mass loss, a correction was
applied to the results (Hélie, 2009). Analytical precision and accuracy were determined by
duplicate analyses of samples and replicate analyses of in-house and international standards
(low organic content soil, cyclohexanone-2,4-dinitrophenylhydrazone, atropine and

acetanilide) and were better than £0.02 % (10).

Grain size analysis was performed with a Malvern PANalytical Mastersizer 3000 laser
diffraction grain size analyzer equipped with a Hydro LV module following the instrumental
conditions outlined in Belzile and Montero-Serrano (2022). Before measurement, an aliquot
of the bulk fraction of each sediment sample was treated with 5—10 mL 30 % H>O- to remove
organic matter. The dry residues were then diluted with ~30 mL of sodium
hexametaphosphate (20 % v/v), sieved at <2 mm, and disaggregated using an in-house rotator
for 12 h prior to particle size measurements. The grain size data obtained was processed using

the GRADISTAT software version 9.1 (Blott & Pye, 2001).

A total of eight major elements (Mg, Al, Si, K, Ca, Ti, Mn, and Fe) and five trace
elements (V, Cr, Zn, Sr, and Zr) were measured in the <150 um sediment fraction using a

Malvern PANalytical Epsilon 3-XL energy dispersive X-ray fluorescence spectrometer (ED-
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XRF). Prior to ED-XRF measurements, the loss on ignition (LOI) was determined
gravimetrically by weighing an aliquot of 2 g before and after heating it for 4 h at 950 °C.
Following the LOI, ~1.1 g of the ignited samples were mixed with 5.5 g of lithium tetraborate
(CLAISSE, pure, 99,00 % Li2B4O7, and 1,00 % LiBr) and fused with a CLAISSE M4 Fluxer
automated fusion furnace to form glass disks. The glass disks were analyzed for elemental
geochemistry with the ED-XRF. The acquired ED-XRF spectra were treated with the
Malvern PANalytical Omnian standardless software package calibration, and the acquired
data are expressed as percent mass (wt.%) for major elements and micrograms per gram
(ng/g) for trace elements. Procedural blanks were prepared with synthesized silicon oxide
powder (99.999 % SiO2; American Elements; SI-OX-05M-P.325 M). The SiO> blank
concentrations are less than the detection limit (DL; Fig. 16; Table 5) for most major and
trace elements, except for Al2O3; (~0.83 %; Table 6). This Al contamination is probably
derived from the ceramic crucibles used for LOI determination. Thus, the Al concentrations
in the sediment samples are corrected by subtracting the mean Al values of the procedural
blanks. The accuracy of the overall method, including the digestion and glass disks
preparation, was assessed by analyzing the USGS certified material SDC-1 and BCR-2. The
results obtained for these reference materials are in good agreement with reference values
from the GeoREM database (http://georem.mpch-mainz.gwdg.de/; Fig. 16). Except for MgO
in the analysis of SDC-1, the recovery values (accuracy) for all the measured elements were
between 91 and 118 % (Table 7), which corresponds to the usual acceptable deviation limits
(Thompson et al., 2002). The reproducibility of ED-XRF analysis, based on replicate analysis
of USGS standards SDC-1 and BCR-2 every 9 samples, was <8 % relative standard deviation
(RSD, Io) for major elements, <11 % for V and <5 % for the other elements (Table 7). Cr
was excluded from the statistical analysis because the majority of the results were below the
DL, and the accuracy with certified material was not acceptable; however, few results were

kept as qualitative values in the interpretation.
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1.5.3 Pollution indices

Two pollution indices were used to determine metal contamination/enrichment in the
sediment and to assess anthropogenic influence. Different geochemical backgrounds were
employed for the calculation of the indices to consider the warnings mentioned by several
studies (Anderson & Kravitz, 2010; Desaules, 2012; Poh & Tahir, 2017; Reimann & de
Caritat, 2000, 2005; Tribovillard et al., 2006; Van der Weijden, 2002). Three geochemical
backgrounds were used in the calculations of the pollution indices for comparison: 1)
Average Shale (AS; (Turekian & Wedepohl, 1961), 2) Upper Continental Crust (UCC;
(Taylor & McLennan, 1985), and 3) a regional geochemical background obtained from basal
sediment samples from 37 push cores collected in the CA representing pre-industrial times.
This pre-industrial background was subdivided into local backgrounds according to the
clusters determined with the surface samples. The pollution indices used in the study are as

follows, and the sediment quality classification levels are shown in Table 2:

Tableau 2.
Classes of pollution indices used in this study. EF: enrichment factor, Igeo: Geo-

accumulation index.

Indice Classes Values Sediment quality References
EF EF <1 No enrichment Hakanson
EF=1-3 Minor enrichment (1980)
EF =3-5 Moderate enrichment
EF =5-25 Moderately severe enrichment
EF =25-50  Very severe enrichment
EF > 50 Extremely severe enrichment
Igeo 0 Igeo <0 Uncontaminated Miiller
1 0 <Igeo < 1 Uncontgminated to moderately (1969)
contaminated
2 1 <Igeo<2  Moderately contaminated
3 2<Igeo<3  Moderately to heavily contaminated
4 3<Igeo<4  Heavily contaminated
5 4 <Igeo <5  Heavily to extremely contaminated
6 5>1Igeo Extremely contaminated
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Enrichment factor - The enrichment factor (EF) is used to determine if there has been
an increase in the levels of that element by an anthropogenic contribution using the following

equation:

Xsample/Ysample
EF= 2 2

Xbackground/ybackground

where Xsample 1 the concentration of the trace element in the sample and Y sample 1s the
concentration of a normalizing element in the same sample. Xpackground and Ybackground are the
concentrations of the trace element and the normalizing element, respectively, in the
geochemical background. Iron and aluminum are both proposed in the literature as
normalizing elements (Birch, 2020), but iron is involved in diagenetic processes that can lead
to its enrichment in the first layers of marine sediment. Also, large land-ocean interactions
are rapidly evolving in the Arctic, which impact the iron inputs to coastal marine sediments
(Colombeo et al., 2021; Jensen & Colombo, 2024; O’Donnell et al., 2024). Thus, to study the
biogeochemical processes that influence the metal composition of surface sediment,
including iron, another element should be used as the normalizer. Aluminum is the
normalizing element used here because it is not affected by direct anthropogenic disturbance
and redox conditions, it is a major component of detrital sediments and Al has been used as
a normalizing element in previous geochemical studies on the Canadian Arctic Archipelago
(Trefry & Neft, 2019). Ti, a frequently used and reliable normalizing element (Boés et al.,
2011), was also tested to assess discrepancies with Al (Fig. 19).

Geo-accumulation index - The geo-accumulation index (Igeo) classifies the
contamination level of a trace element into seven classes (Miiller, 1969), as reported in Table

1. The index is calculated with the following equation:
Igeo =logz (Cn/1.5Bn)

where Cn is the concentration in pg/g of the trace element in the sample and Bn is the

concentration (pg/g) of that element in the geochemical background. The constant 1.5 is a
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factor that considers the possible variations in the geochemical background values generated

by lithological changes.

1.5.4  Statistical and spatial approach

Statistical analyses were performed on the ED-XRF data using R software (R Core
Team, 2024). A multiplicative lognormal imputation (Palarea-Albaladejo & Martin-
Fernandez, 2013, 2015) was implemented to impute values below the DL of the data. Prior
to multivariate analysis, a centered-log ratio (clr) transformation was applied to remove the
statistical constraints on the compositional data (Aitchison, 1982) using the R package
“compositions” (van den Boogaart & Tolosana-Delgado, 2008). A K-means clustering
analysis was performed with ED-XRF, LOI and TOC data to group samples with similar
chemical compositions within the CA. The cluster analysis was conducted with the R
package “stats” (R Core Team, 2024). The quality of the analysis was evaluate using a
silhouette plot (“factoextra” R package; Kassambara & Mundt, 2020), where negative values
indicate an incorrect and/or questionable assignment (Borcard et al., 2011). Principal
component analysis (PCA) was performed with the package “FactoMineR” (L¢ et al., 2008)
to identify elemental associations with similar relative variation patterns and to extract
common trends between all variables and clusters. A Spearman correlation matrix was also
applied to data, using the package ‘corrplot’ (Wei et al., 2017) to compare major and trace
elements with Do particle size, LOI and TOC data. Nonsignificant correlation coefficients
(p-value >0.05) are not shown in the matrix. Geochemical distribution maps were generated

using QGIS version 3.22.10.

1.6 RESULTS AND INTERPRETATIONS

The elemental concentration revealed significant spatial variation within the CA.
Values for major elements ranged from 0.2 to 11 wt % for Mg, 0.6 to 9 wt % for Al, 3 to 38
wt % for Si, 0.1 to 21 wt % for Ca, 0.3 to 6 wt % for Fe, and 0.01 to 2 wt % for Mn (Fig. 9).
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The LOI also presents important variability, with values ranging from 2 to 43 %. Central CA
and Foxe Basin are marked by the highest values for Mg and Ca and the lowest values for
Fe, Al and Si, while the Beaufort Sea and Baffin Bay areas roughly show opposite results.
High Mn contents in sediment are observed in Amundsen Gulf and in northern Davis Strait.
For trace elements, V shows high variability, with concentrations ranging from <50 (DL) to
306 pg/g, with the highest concentrations found in samples located from the Beaufort Sea
and the Amundsen Gulf. Most samples had Cr concentrations <100 pg/g (DL), but some
samples from the Beaufort Sea, Amundsen Gulf and Baffin Bay recorded concentrations

between 100 and 135 pg/g.

The texture of the sediments (<150 um fraction) found in the CA range from silt, sandy
silt and silty sand (Fig. 17), which is consistent with previous regional studies performed
from the Beaufort Shelf to Baffin Bay (e.g., (Corminboeuf et al., 2021; Crecelius et al., 1991;
Gamboa et al., 2017; Letaief et al., 2021; Loring, 1984). The Dyo for the <150 um fraction
ranges from 12 to 212 pum, with a west-east increasing trend (Fig. 10a). The Beaufort Sea,
and the Amundsen and Coronation Gulfs are mostly composed of fine silt. A mix of fine to
coarse silt characterizes the Queen Maud Gulf and central channels. The grain size in Baffin
Bay and Nares Strait varies from fine silt to fine sand, depending on the proximity to the
coast and water depth. The coarsest material, i.e., very coarse silt to fine sand, is found in

Frobisher Bay and Baffin Island fjords.
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Figure 9. Distribution map of major elements (in wt %) and trace elements (in pg/g) in
surface marine and terrestrial sediments of the CA. Fig. 7 presents the geographical

information.
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Figure 10. (a) Distribution map of sediment grain size in um. (b) Distribution map of the
total organic carbon content in %. Fig. 7 presents the geographical information.
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The TOC content ranges from 0.1 to 2 % throughout the CA, with higher
concentrations observed in the fine-grained sediment samples (silt; Fig. 10b & 17). The
highest TOC content is found in Jones Sound, Lancaster Sound and Smith Sound, with
concentrations around 1-2 %. A gradient is observed in the TOC content in Western CA,
with values reaching 2 % close to the Mackenzie River mouth and decreasing when moving
away from it, i.e., to 0.4 % north of Banks Island and 0.7 % in Amundsen Gulf. Frobisher
Bay samples have values varying from 0.2 to 2 % and show an unclear decreasing trend from
the inner to the outer bay. The TOC content in Baffin Bay is within the same values range.
The samples from Baffin Bay fjords have low values and those from Davis Strait have values
around 0.7-1 %. The lowest concentrations are measured in the Foxe Basin and northern
Nares Strait. In terrestrial samples, the TOC content varies between 0.1 and 9 %, with the

highest content found in proglacial rivers and glaciers of southern Ellesmere Island.

K-means cluster analysis revealed that the marine surface sediment samples in the CA
can be divided into three chemical clusters (CC). A geographical component is clearly
observable in the distribution of the clusters within the CA (Fig. 11a). Except for two
samples, the clustering analysis correctly classified all the samples according to the silhouette
plot (Fig. 11b). The first CC regrouped samples in central CA, i.e., Barrow Strait, M'Clintock
Channel, Gulf of Boothia, Foxe Basin, and northern Nares Strait. CC #2 consists of samples
located in eastern Baffin Island fjords and Frobisher Bay, and Coronation and Queen Maud
Gulfs. The third and largest CC can be subdivided into two parts: western and eastern CA.
Western CA is represented by samples originating from the Beaufort Sea, western Banks
Island Coast and Amundsen Gulf, whereas eastern CA is mostly represented by samples
located around Lancaster and Jones Sounds, and Baffin Bay (south of Smith Sound and north
of the Davis Strait). PCA based on ED-XRF, LOI and TOC data indicates that the first two
principal components (PC) explain 79 % of the total variance (Fig. 12a). PC1 scores (52 %
of the total variance) are positively associated with Ca—Mg-LOI, whereas PC2 scores (27 %
of the total variance) are positively associated with Zr—Sr—Si—K—Al and negatively associated
with TOC-V-Fe and Mg-LOI (Fig. 12b). The samples are presented in the biplot as points

with size varying according to their grain size, which reveals that PC2 scores are mostly
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associated with coarse-grained sediments. Mn was not included in the PCA because of its
strong influence on elemental geochemical variability. The three clusters determined were
clearly distinct in the biplot. Samples in CC#1 are all located on the positive side of PC1 with
Ca, the samples in CC#2 are grouped in positive PC2, where coarse-grained sediments are

predominant, and the samples in CC#3 are roughly situated in the negative PC1/negative PC2

quadrant.

Clusters silhouette plot
Average silhouette width: 0.31 100°W

® CC#1
® CC#2 4

O cC#3 80°W
© Terrestrial

Silhouette width Si

Figure 11. (a) Map showing the repartition of the three chemical clusters. (b) Silhouette
plot resulting from the K-means clustering analysis of the marine surface sediments. Fig. 7
shows the geographical information.
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Figure 12. (a) Biplot of the first and second principal components of the principal
component analysis obtained from the ED-XRF, LOI and TOC data. The color of the
individuals represents the associated cluster and size of the individuals represents their
grain size (D9o). Colored ellipses were generated assuming a multivariate t-distribution. (b)
Contribution of all variables to the first and second principal components. The red dashed
line on the graph above indicates the expected average contribution.

For all clusters, the Spearman rank correlation matrix (Fig. 13a) shows a negative
correlation of all elements except Sr, Si and Zr, with Do, suggesting that they are more
concentrated in the fine-grained fraction (silt). In contrast, Si and Zr are indicators of coarse-
grained sediments (sandy silt and silty sand; (Rothwell & Croudace, 2015). Al and Ti are
closely correlated with each other (0.71), and with K (0.77 and 0.55), Fe (0.79 and 0.77) and
V (0.62 and 0.68), which suggests that lithogenic-derived inputs influence the distribution of
these elements (Askari Dehno et al., 2022; Choudhary et al., 2023; Rothwell & Croudace,
2015). However, the moderate positive correlations of Mn with Al (0.55), Fe (0.55) and the

absence of correlation with Ti may indicate that Mn likely derives from both continental and

67



authigenic sources (Macdonald & Gobeil, 2012). As shown in Fig. 13b, the correlation
between Mn and Fe can be divided into two main types reflecting the two sources. The light
gray circle highlights a linear Fe—Mn relationship, indicating lithogenic provenance, which
is observable in all the clusters, except for some CC#3 samples. These samples, mainly from
the Amundsen Gulf and Baffin Bay (dark gray circles), exhibit authigenic Mn enrichment.
The observed positive correlations of V and Zn with Fe (0.85 and 0.49) and with Al (0.62
and 0.47) suggest that their distributions are partly associated with aluminosilicates but are
mainly controlled by adsorption onto Fe oxides (Choudhary et al., 2023). Organic matter
accumulation seems also to be an important process influencing V sedimentation, as shown
by the positive correlation between V and TOC. Ca, Mg and LOI present good positive

correlations, highlighting their association with detrital carbonates.

The Si—Ca—Al ternary plot (Fig. 14) shows that the CC#2 and CC#3 samples consist of
detrital material similar to UCC and AS, whereas CC#1 samples plot along a mixing trend
between UCC/AS values, Nares Strait sediment composition (Caron et al., 2020) and the
carbonate endmember (Bédard et al., 2016). Compared with CC#3, CC#2 is slightly enriched
in Si, which is consistent with the composition of the UCC and the igneous rocks from the
Jungersen River (Lebeau, 2022), as well as the sediments from Baffin Bay (Loring, 1991).
In contrast, CC#3 exhibits a higher Al content than CC#2 and shows a chemical composition
similar to suspended sediment samples from the Mackenzie River Basin (Dellinger et al.,

2017), Mackenzie Shelf sediments (Gamboa et al., 2017) and AS.
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Figure 13. (a) Spearman rank correlation matrix of all variables measured in the study. The
red squares represent significant negative correlations, the blue squares represent
significant positive correlations, and the blank squares represent nonsignificant
correlations. (b) Correlation between Fe and Mn in the CA according to the provinces.
Samples within the dark gray circle are mainly from the Amundsen Gulf and close to it, or
from Baffin Bay.
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Figure 14. Si—-Ca—Al ternary plot of the marine and terrestrial samples. See Fig. 8 for
comparative bedrock information and locations. The reference sediments are from Gamboa
et al. (2017) for the Mackenzie Shelf, Caron et al. (2020) for Nares Strait, Loring (1984) for
Baffin Bay and Dellinger et al. (2017) for suspended sediment samples from the Mackenzie

River.

Compared with all three background levels, the EF and Igeo indices indicated that there
was no significant enrichment or contamination in Zn or Fe. However, there are some
indications of enrichment in V and Mn (Fig. 15). With the UCC values as background,
moderately severe enrichment in V is observed in four samples: two river samples from
southern Ellesmere Island (EF = 18 and 8; Fig. 19a) and two marine surface samples from
the Amundsen Gulf and southern Banks Island (EF = 5.4 and 5.2, respectively). The reason
for such high EF results in terrestrial samples is the very low Al content rather than the high
V content. All the samples from the Beaufort Sea and Amundsen Gulf, and most of the
samples from Jones Sound present moderate enrichment. When the AS values were used as
the background, the EF values decreased significantly compared with those of the UCC, with

only the river samples showing enrichment in V. The EF values, when the chemical
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composition of the base of push cores were used as the background, revealed no to minor

enrichment of V-Zn—Mn—Fe.
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Figure 15. Boxplots presenting the enrichment factor results and the geo-accumulation
index of V, Zn, Mn and Fe. The boxplots are divided into three clusters and three boxes are
shown per group, representing the three geochemical backgrounds used.

According to the Igeo with UCC as background, sediment samples from the Beaufort
Sea and Amundsen Gulf are moderately polluted in V, along with two samples from central
Jones Sound. The two river samples from southern Ellesmere Island show unpolluted levels
(Fig. 19a). When the AS values were used as the background, Igeo values differ, with values
significantly lower (Fig. 15). Without indicating any polluted samples, the Igeo values with
the basal samples from the push cores as background are generally higher for Zn and Fe than

for the AS and UCC values.

Regardless of the geochemical background used to calculate the EF, dozens of samples
present moderate to moderately severe enrichment in Mn throughout the CA, mainly south
of the Parry Channel (Fig. 15 & 18). Amundsen Gulf and Davis Strait contain the largest
number of moderately severely enriched samples in Mn. Similar results are observed with

Igeo, with samples classified as moderately to strongly polluted.
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1.7 DISCUSSION

1.7.1  Spatial variability and sediment provenance

A large regional variability is observed in the chemical composition of surface
sediments across the CA. The three chemical clusters identified four spatial zones in the study
area: CC#1 occupying central CA, CC#2 in southeastern CA, and CC#3 subdivided into

western CA and eastern CA.

The samples from CC#1 in central CA present sediment rich in calcite and dolomite
(Beltetal., 2010; Lakeman et al., 2018; Myers & Darby, 2022). The 32 samples found in this
cluster are associated with detrital carbonates derived from the erosion of the dolostone of
the Arctic platform and the limestone from the Innuitian Orogen in northern CA. These rocks
are predominant in multiples islands in central CA, such as Victoria, Prince of Wales, Devon
Islands (Fig. 7 & 8). It is therefore reasonable to conclude that the surrounding geology is the
main source for Ca and Mg in the central CA cluster. However, the notable variability
observed in grain size and Al-Si content in CC#1 (Fig. 10 & 14) indicates that different
transport processes are affecting the distribution of sediment. The sediments with the coarsest
grain size combined with the lowest Al content and highest Ca—Mg content are observed in
Nares Strait, Gulf of Boothia, Foxe Basin, where coastal erosion of nearby carbonate bedrock
predominates. The presence of finer sediments enriched in Al in Lancaster Sound and
M'Clintock Channel suggests a more distant source. The sediments are slightly better sorted
but, though still classified as poorly sorted (Fig. 20), indicating that they are likely transported
by surface currents flowing northward from the Amundsen Gulf and eastward through
Barrow Strait (Fig. 7), as well as by drifting sea ice. Indeed, sediment-laden sea ice is an
important process in the Arctic Ocean that transports fine particles over long distances
(Reimnitz et al., 1993), which was also observed by Letaief et al. (2021) in Lancaster Sound
and M'Clure Strait. The negative correlation between Ca—Mg-LOI and Al, along with all the

other wvariables (Fig. 13a), demonstrates that detrital carbonate sediments and
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aluminosilicates originate from distinct regions. These findings also reveal that these

sediments are poor trace metal carriers.

CC#2, in the southeastern CA region, includes Coronation and Queen Maud Gulfs,
eastern Baffin Island fjords and Frobisher Bay. This cluster is characterized by elements (Al,
Si, K, Sr and Zr; Fig. 12 & 14) that can be associated with K-feldspar, illite, quartz and zircon
(Gamboa et al., 2017). Zr contributes greatly to the total variance in this cluster, as shown in
the biplot (Fig. 12). This element, which is a ubiquitous mineral in the crust and occurs in
zircon grains in igneous and sedimentary rocks, is a coarse grain size indicator (Rothwell &
Croudace, 2015). In addition to terrestrial sediments, this cluster is indeed composed of the
coarsest sediment of the dataset (sandy silt to silty sand; Fig. 17), with finer sediments found
in the Queen Maud Gulf and coarser sediment found in eastern Baffin Island fjords and
Frobisher Bay. Proximity of the samples to the coast and to the Canadian Shield rocks
explains the composition of this cluster. For example, Queen Maud Gulf sediments are
particularly rich in Si (25-30 %, Fig. 14) and K (3.5-4.0 %), which is similar to the Tingmeak
and Simpson Rivers (Si: 29 % and K: 3.7 %, and Si: 38 % and K: 2.4 %, respectively),
draining granitoid rocks form the Slave and Churchill Provinces (McMartin et al., 2013).
Letaief et al. (2021) reported similar results in Coronation and Queen Maud Gulfs, with
dominant content of Si—Al-Zr—Sr-K. As suggested by these authors, the local seafloor of
these gulfs is primarily fed by sediments from surrounding rivers (such as Coppermine in
Coronation Gulf and Back, Hayes, Perry, Armark, Simpson, Hayes and Ellice rivers in Queen
Maud Gulf; Alkire et al., 2017) draining the Canadian Shield and flowing northward to the
gulfs, but also by sea ice transport that contributes finer sediments (Belt et al., 2010). The
sediments from Baffin Island fjords mostly originated from glacial erosion of Precambrian
granites and gneiss from tidewater glaciers. Sandy gravity flows resulting from summer chute
failures at the fjord head explain the sediment transport of coarse-grained sediment into
Baffin Island fjords (Fig. 10; Syvitski and Normandeau, 2023). In Frobisher Bay, the Si—Sr—
Zr—Fe-Ti sediment-rich seafloor is supplied by erosion of proglacial material (such as
monzogranite-derived till) and remobilization of postglacial mud (Deering et al., 2018;

Forbes et al., 2018). In addition, even though anthropogenic activities from Iqaluit have an
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impact on contaminant inputs in Frobisher Bay (Bartley et al., 2024; Corminboeuf et al.,
2021), our results indicate no enrichment in V, Zn or Fe. The absence or the negative
correlation between trace metals and Doo, Si and Zr (Fig. 13a) reveals that the relatively
coarse sediments characterizing Frobisher Bay do not serve as effective carriers for trace

metals and, therefore, do not favor their transport through the bay (Chen et al., 2016).

CC#3 is subdivided into two geographical zones: western and eastern CA. Even though
substantially different sources and processes affect the zones, both are characterized by high
TOC, trace metals and Fe contents and generally fine-grained sediments (Fig. 12). Most of
the western CA subcluster is located within the Mackenzie River plume, and the latter
represents the dominant source of sediment supply to the Canadian Beaufort Shelf (Fig. 14;
Deschamps et al., 2018; Gamboa et al., 2017; Hill et al., 1991; Kutos et al., 2021). The
sedimentary region is characterized by fine-grained sediments containing relatively high
concentrations of Al-Fe-Mn—-Ti and V-Zn—Cr, which can be related to clay minerals, such
as kaolinite and illite (Deschamps et al., 2018; Myers & Darby, 2022), and Fe-Mn
continental oxides derived from the Paleozoic to Mesozoic sedimentary rocks of the
Mackenzie Valley (Gamboa et al., 2017; Harrison et al., 2011; Kutos et al., 2021). These
interpretations are consistent with the chemical end-member calculations derived from
suspended sediment samples in the Mackenzie River Basin (Dellinger et al., 2017; Millot et
al., 2003), suggesting that the primary source of the Mackenzie River sediments is the shales
of the Interior Platform. Carbonates and calcareous shales (Fraser & Hutchison, 2017) and
igneous rocks from the Bear Province (Fig. 8) also contribute significantly to the composition
of the sediment. Likewise, significant abundances of magnetite (a Fe oxide mineral) are also
found on the Mackenzie Shelf (Gamboa et al., 2017) and may result from the intrusive dikes
on Banks Island (Myers & Darby, 2022). The high TOC content recorded in the sediments
in western CA is mainly terrigenous, i.e., of petrogenic origin and from soils and wetlands,
whereas the TOC from marine production accounts for a minor contribution (Drenzek et al.,
2007). The organic material is mainly delivered by the Mackenzie River discharge (Goiii et
al., 2013) which carry organic rich Devonian shale and coal material (Harrison et al., 2011;

Yunker et al., 2011), and by coastal erosion of organic rich permafrost (Couture et al., 2018).
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A decreasing gradient in Al-Fe-Ti—V and TOC contents is observed in an overall W-E
direction toward the Amundsen Gulf and toward Banks Island, confirming that the influence
of the Mackenzie River plume is likely diluted eastward by other sedimentary processes, such
as input from erosion of the coastal cliffs west of Banks Island (Gamboa et al., 2017). Mn
concentrations are however showing an opposite trend, with the highest concentrations
occurring in the Amundsen Gulf (Fig. 9 & 11b), indicating that other processes are
influencing its distribution, such as different redox conditions near the sediment-water
interface. Most Mn in the Arctic Ocean originates from rivers and coastal erosion, making
the Mackenzie Shelf an area with very high inputs (Macdonald & Gobeil, 2012). However,
high organic fluxes from the Mackenzie River maintain a shallow oxygen penetration depth
(<2 cm; Magen, 2008), which leads to the reduction of Mn oxides close to the sediment-
water interface and allows the dissolved Mn?* to escape into the overlying waters (Macdonald
& Gobeil, 2012). Particulate and dissolved Mn transported eastward by the Alaskan Coastal
Current to the Amundsen Gulf and along the Banks Island coast are enriched in surface
sediment because (1) the thicker oxygen penetration depth in the Amundsen Gulf (6 cm;
Magen, 2008) allows the stability of the oxides at the surface and (2) below the oxic zone,
reduced Mn diffuses upward and reprecipitates in the uppermost cm of sediment, causing
surface enrichment. Surprisingly, there is stronger stratification and lower oxygenation of
bottom waters in Amundsen Gulf and along Banks Island coast than the Beaufort Shelf
(Magen, 2008; Reagan, 2024). The Mn enrichment observed in our dataset is thus attributed
to the low oxygen consumption rates in the sediments resulting from low organic matter

inputs (Macdonald & Gobeil, 2012; Magen, 2008; Magen et al., 2010).

The highest trace metal (V, Zn and Cr; Fig. 9 & 15) contents are found in the western
CA subcluster, first because of important inputs from the Mackenzie River (Vonk et al.,
2015) and second because of the presence of phase carriers (such clays, organic matter, Fe—
Mn oxyhydroxides) that remove the dissolved trace metals from the water and scavenge them
to the sediments. The Mackenzie River discharges high contents of fine-grained clay
minerals, organic matter and Fe—Mn oxides. It is known that trace elements are preferentially

retained in the fine fraction of sediment, as a relatively high specific surface area favors their
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sorption (Chen et al., 2016). However, the moderate negative correlation between Doo, and
V and Zn highlights the association with clay minerals and reveals that other variables are
influencing the distribution of metals, such as the sediment composition. Indeed, the
adsorption of V and Zn onto Fe-Mn oxides, as well as their sorption/complexation with
organic matter, are important processes in the region (Jensen & Colombo, 2024). As shown
by their positive correlation with Al (Fig. 13a), it is likely that these metals have a lithogenic
provenance. However, because Mn is also strongly controlled by redox processes, its
influence on trace metal distribution is limited. This observation aligns with findings from
the Canadian Arctic waters, where particulate Fe and V, which correlate with particulate Al,
are primarily controlled by lithogenic sources, whereas the distribution of particulate Mn is

governed by oxidation conditions (Colombo et al., 2021; Jensen & Colombo, 2024).

High TOC concentrations primarily define the sediments from the eastern CA
subcluster. This sedimentary region is distinct from the western CA region by a higher
contribution of marine organic carbon than terrestrial organic carbon (Goiii et al., 2013). The
locations of the samples in northeast Baffin Bay correspond to the North Water Polynya and
the Bylot Island—Lancaster Sound Polynyas (Hannah et al., 2009; Stirling & Cleator, 1981),
a highly biologically productive region (Tremblay et al., 2012). The samples located close to
Davis Strait exhibit lower but still higher-than-average TOC contents, indicating less
biologically productive conditions. In addition to the relatively high concentrations of Si and
Al, the sediments from this region are particularly characterized by high Fe and Ti content.
Because Ti is not involved in any biological or redox processes, it principally indicates a
terrigenous continental source, specifically when associated with Fe (Calvert & Pedersen,
2007). Several glaciers and icefields are present on Devon Island, Sirmilik National Park, SE
Ellesmere Island (e.g., Manson and Prince of Wales Icefields) and west Greenland margin,
and thus impact the sedimentation in these areas by generating sediment-laden meltwater
plumes and iceberg rafting. These glaciers erode a mix of the Precambrian Canadian Shield
composed of igneous rocks and gneiss, and the Arctic platform composed of sedimentary
carbonate rocks, resulting in heterogeneous inputs composed of heavy minerals, quartz, K-

feldspar, plagioclase and detrital carbonates (Marlowe, 1966).
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Overall, low concentrations of Zn and V are observed in the eastern CA subcluster,
despite high concentrations of Fe, Ti, and TOC (Fig. 9, 10 & 15). However, Jones Sound
exhibits elevated V concentrations (150-228 ug/g), coinciding with the highest Fe and Mn
content. The low V and Zn content measured in river and glacier samples from the north
coast of Jones Sound (Fig. 9) suggest the absence of significant natural metal sources in the
area. These concentrations are likely explained by increased scavenging enhanced by metal

oxides.

Although Cr concentrations are mostly <DL, some samples display values between 100
and 135 pg/g in both the Canadian Beaufort Shelf and eastern CA regions (Fig. 9). These
concentrations are twice as high as those reported in the Chukchi Sea region for the <160 pm
sediment fraction (Cai et al., 2011) and higher than those reported in coastal and sound areas
of northern Baffin Bay. However, these concentrations are comparable to those observed in
deep-water mud from Baffin Bay (<50 pm; (Campbell & Loring, 1980; Loring, 1984). In
western CA, the highest concentrations are found close to the Mackenzie River mouth. Vonk
et al. (2015) measured lower concentrations in channel and bank sediments of the Mackenzie
Delta system (67-94 pg/g), but similar concentrations in shelf and lake sediments (96141
pg/g) and suggest a depositional sorting pattern. This implies that there is an enrichment
along the transect of fine particles (clay minerals, organic matter and metallic oxides)
carrying metals such as Cr, leading to their deposition on the shelf and slope. In eastern CA,
concentrations > DL are observed in central Nares Strait, outer Jones Sound, and northern
Davis Strait. Terrestrial samples from the southern Ellesmere region consistently show low
Cr concentrations. Thus, we infer that higher Cr scavenging by Fe—Mn oxides and organic

matter drives its distribution in these areas.

1.7.2 Pollution indices

Pollution indices revealed no general enrichment or contamination of V or Zn in the
CA sediments. However, EF and Igeo present divergent results depending on the

geochemical background used. The difference is clearly visible for V enrichment (Fig. 15),
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for which the EF presents moderately severe enrichment in western CA, with UCC as
background, while no enrichment is observed with local geochemical background. This
highlights that the regional concentration in V is naturally high, most probably related to the
discharge of the Mackenzie River, whose tributaries drain V-rich shales (Yukon Geological
Survey, 2023; Yunker et al., 2011). Thus, the choice of background is an important variable
that can significantly change the conclusions of a pollution study, and this is especially true
in large spatial studies, such as those where bedrock geology varies greatly. The use of a
local, onsite background is therefore more representative of the geological variability and
natural concentration of the areas. The local background used in this study was associated
with the chemical clusters identified with surface sediment data, and the difference between
the background values of each cluster is significant. The V background concentration in
CC#3 is indeed twice the values of the two other clusters. This highlights that the values from
UCC or AS, which are usually suggested for normalization, are therefore far from the local

background values in the CA.

Normalization is a method to consider the natural regional variability of trace metal
content in sediment, like granulometric and mineralogical variations, to enable the
identification and quantification of anthropogenic metal contributions (Loring, 1991). In the
calculation of EFs, a normalizing element is used to compensate for these variations (Loring,
1991). Aluminum is commonly used for chemical normalization because it is a major element
in marine sediments (generally composed of aluminosilicates). Additionally, it remains
unaffected by biological, diagenetic, and anthropogenic processes (Boés et al., 2011).
However, the use of a normalizing element has been criticized because its variability can be
greater than that of the evaluated metal (Desaules, 2012; Poh & Tahir, 2017; Reimann & de
Caritat, 2000, 2005). To evaluate this, EFs were also calculated with Ti as the normalizer,
and the results were overall similar but noteworthy differences were identified for all the
elements (Fig. 19b). Also, terrestrial sediment samples collected at southern Ellesmere Island
have high EF values because of their low Al contents. The pollution classification of those
sediments was very different from that of Igeo, which does not use a normalizing element

(Fig. 19a). Thus, our results suggest that the use of EFs can lead to misinterpretation of

78



contamination in the sediments if the reference metal/element ratio is not consistent with the
natural background (e.g., (Anderson & Kravitz, 2010; Poh & Tahir, 2017; Reimann & de
Caritat, 2000, 2005; Van der Weijden, 2002).

Another factor to consider when the pollution indices values are interpreted, especially
when deeper sediment values are used as a background, is the influence of early diagenesis
and other geochemical processes (e.g., bottom scavenging within the nepheloid layer; Casse
et al.,, 2019) within the sediment. Sediments at certain depths are naturally enriched or
depleted in trace elements due to the dissolution and precipitation of redox host phases, such
as Mn and Fe oxyhydroxides and sulfides (Kuzyk et al., 2017; Tribovillard et al., 2006). This
phenomenon was observed in this study with respect to the Mn distribution, which presented
severe enrichment in Amundsen Gulf sediments due to Mn remobilization and reprecipitation
during early diagenesis. In this context, and to avoid misinterpretations stemming from early
diagenesis, depth profiles of elemental concentrations in sediments and pore water should be
used to provide essential information on the natural enrichment and depletion of trace

elements required to assess anthropogenic influence (e.g., Trefry & Neff, 2019).

1.8 CONCLUSIONS

This study presents a vast geochemical survey of the Canadian Arctic, providing
valuable new data on the chemical composition of surface sediment and new insights into the
sedimentary dynamics of the region. The application of pollution indices in the assessment
of sediment contamination was also studied to review the benefits and drawbacks of the

method.

Geochemical data revealed a large regional variability in the seafloor composition of

the CA, shaped by the regional bedrock geology. Three chemical clusters define the CA:

1) CC#1 (central CA) is dominated by high detrital carbonate content originating from

the Arctic Platform though coastal erosion and sea ice transport.
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2) CC#2 (southeastern CA: Queen Maud Gulf and the Baffin Island fjords and bays) is
characterized by relatively coarse siliciclastic sediments influenced by small CA rivers and

glaciers from Baffin Island eroding Canadian Shield rocks.

3) CC#3 (western and eastern CA) is characterized by sediments rich in TOC and Fe—
Mn oxyhydroxides. The Western CA is highly influenced by the Mackenzie River discharge,
containing high terrestrial organic carbon as well as lithogenic aluminosilicates and metallic
oxides. The highest content of trace metals (V, Zn and Cr) are observed in this region and
are associated with Fe-Mn oxides and clay minerals derived from the weathering of shales
and siltstones that constitute the Mackenzie River Basin. In contrast, eastern CA is influenced
by the high primary production of polynyas and glacial discharge from the surrounding

glaciers of Devon and Ellesmere Islands.

Throughout the CA, the pollution indices suggest that trace metals originate from
natural sources and pose a low ecological risk for benthic or other organisms living near the
water-sediment interface. However, discrepancies were observed in the EF and Igeo results
depending on the background used. Thus, those indices should be interpreted carefully. In
addition, normalization of the metal data with a conservative element in the EF calculation
also revealed several flaws. To avoid potential misinterpretations, it is recommended that

EFs be validated with different conservative normalizing elements.

Finally, while pollution indices are useful for identifying elevated concentrations of
trace elements, they should not be solely relied upon to assess metallic contamination or
characterize human contributions in sediments. A regional geochemical survey, such as the
one conducted in this study, combined with spatial variations in EFs and Igeo, provides a
more comprehensive approach for wunderstanding metal distribution, natural
enrichment/depletion processes, and the impact of human activities on trace metal

contamination.
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Figure 16. Plots of energy dispersive X-ray fluorescence (ED-XRF) results for some major
and trace elements of the blanks and the USGS certified materials (SDC-1 and BCR-2).
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Figure 17. Ternary diagram sand-silt-clay showing Shepard's sediment classification
(Shepard, 1954) of the <150 pum fraction of the sediments. The color of the dots represents
the associated cluster and the size represents their TOC content (%).
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Figure 18. Map of the distribution of the enrichment factor values of Mn. Dots are divided

into three thirds representing results of the three geochemical backgrounds used in this
study.
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Figure 19. (a) Boxplots of the pollution indices values of terrestrial samples. Only the
Upper Continental Crust and the Average Shale were used as background. Note that EFs
using the base of push cores as background were not calculated for terrestrial samples
because background values come from marine sediments. (b) Boxplots the enrichment
factor values of marine surface samples using Ti as normalizing element.

97



Sorting

2.4 (poorly sorted)

1: 13 300 000

Author: Camille Brice

Date: 2025-01-27

Projection: WSG 1984 Stereographic

Figure 20. Map presenting spatial distribution of sediment sorting.
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Tableau 3.

Coordinates and depths for the studied sediment samples.

Expedition Year /leg Station Core name Type Longitude Latitude D(eIE;h
AMDI1603 2016 /leg 3a 165 AMD1603-165-BC Boxcore -75.761 72709 645

AMDI1603 2016 /leg 3a 177 AMD1603-177-BC Boxcore -63.801 67.475 385

AMDI1603 2016 /leg 3a 301 AMD1603-301-BC Boxcore -83.319 74.121 740
AMDI1603 2016 /leg 3a 304 AMD1603-304-BC Boxcore -91.521 74246 314
AMDI1603 2016 /leg 3a 307 AMD1603-307-BC Boxcore -103.014 74.102 350
AMDI1603 2016 /leg 3a 311 AMD1603-311-BC Boxcore -98.534 70280 170
AMDI1603 2016 /leg 3a 312 AMD1603-312-BC Boxcore -100.697 69.166 66

AMDI1603 2016 /leg 3a 314 AMD1603-314-BC Boxcore -105.475 68.971 89

AMDI1603 2016 /leg 3a 316 AMD1603-316-BC Boxcore -112.100 68.400 182

AMDI1603 2016 /leg 3a 407 AMD1603-407-BC Boxcore -126.090 71.009 390
AMDI1603 2016 /leg 3a 408 AMD1603-408-BC Boxcore -127.574 71303 205

AMDI1603 2016 /leg 3a 411 AMD1603-411-BC Boxcore -126.731 71.623 435

AMDI1603 2016 /leg 3a 420 AMD1603-420-BC Boxcore -128.491 71.066 43

AMDI1603 2016 /leg 3a 421 AMD1603-421-BC Boxcore -133.891 71399 1135
AMDI1603 2016 /leg 3a 434 AMD1603-434-BC Boxcore -133.544 70.174 46

AMDI1603 2016 /leg 3a 435 AMD1603-435-BC Boxcore -139.657 71.076 290
AMDI1603 2016 /leg 3a 472 AMD1603-472-BC Boxcore -138.227 69.611 124
AMDI1603 2016 /leg 3a 482 AMD1603-482-BC Boxcore -139.384 70.524 821

AMDI1603 2016 /leg 3a 525 AMD1603-525-BC Boxcore -128.952 72392 347
AMDI1603 2016 /leg 3a 535 AMD1603-535-BC Boxcore -128.192 73.416 289
AMDI1603 2016 /leg 3a 545 AMD1603-545-BC Boxcore -126.823 74.178 315
AMDI1603 2016 /leg 3a 575 AMD1603-575-BC Boxcore -125.874 76.156 318
AMDI1603 2016 /leg 3a 585 AMD1603-585-BC Boxcore -123.222 74513 382
AMDI1603 2016 /leg 3a 1402 AMD1603-1402-BC Boxcore -117.632 70.546 400
AMDI1603 2016/ leg 3b 0416-01 AMD1603-0416-01-BC Boxcore -122.170 74.885 505
AMDI1603 2016 /leg 3b 0416-02 AMD1603-0416-02-BC Boxcore -123.028 70.608 628
AMDI1603 2016/ leg 3b 0416-03 AMD1603-0416-03-BC Boxcore -120.348 70.513 330
AMDI1603 2016/ leg 3b 0416-04 AMD1603-0416-04-BC Boxcore -117.856 69.653 415
AMDI1603 2016/ leg 3b 0416-05 AMD1603-0416-05-BC Boxcore -115.071 67.864 60

AMDI1603 2016/ leg 3b 0416-07 AMD1603-0416-07-BC Boxcore -102.725 71.869 245
AMDI1603 2016 /leg 3a 2016-805-18 AMD1603-2016-805-18-BC  Boxcore -129.127 74.007 420
AMDI1603 2016/ leg 3a 2016-805-20 AMD1603-2016-805-20-BC  Boxcore -126.476 75.741 373
AMDI1603 2016 /leg 3a 310E AMD1603-310E-BC Boxcore -99.076 70.832 216
AMDI1603 2016 /leg 3a 310W AMD1603-310W-BC Boxcore -101.272 71459 163
AMDI1603 2016/ leg 3a BRG AMDI1603-BRG-BC Boxcore -135.462 70.992 664
AMDI1603 2016 /leg 3a FURZEO04 AMD1603-Furze04-BC Boxcore -103.389 73.648 245
AMDI1603 2016 /leg 3a FURZEOQ7 AMD1603-Furze07-BC Boxcore -97.195 74706 318
AMDI1603 2016/ leg 3a GSCLander2 AMD1603-GSCLander2-BC  Boxcore -135.000 70.875 200
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AMDI1603 2016/ leg 3a QMG2 AMD1603-QMG2-BC Boxcore -100.803 68.316 53
AMDI1603 2016 /leg 3a QMG3 AMD1603-QMG3-BC Boxcore -102.944 68.314 56
AMDI1603 2016/ leg 3a QMG4 AMD1603-QMG4-BC Boxcore -103.418 68.490 82
AMDI1603 2016/ leg 3a QMGM AMD1603-QMGM-BC Boxcore -101.765 68.310 107
AMD1702 2017 /leg2 OF-B2 AMD1702-01BC Boxcore -67.333  62.999 442
AMDI1702 2017 /leg2 OF-S23 AMD1702-03BC Boxcore -66.939 62.818 507
AMD1702 2017 /leg2 OF-B6 AMD1702-04BC Boxcore -66.705  62.745 493
AMDI1702 2017 /leg2 FB2-2-5d AMD1702-05BC Boxcore -68.420  63.663 82
AMDI1702 2017 /leg2 BELL12 AMD1702-07BC Boxcore -68.624  63.687 141
AMD1702 2017 /leg2 Al6 AMD1702-08BC Boxcore -68.626 63.639 140
AMDI1702 2017 /leg2 BELL11 AMD1702-09BC Boxcore -68.182 63.359 118
AMD1702 2017 /leg?2 OF-S22 AMD1702-10BC Boxcore -66.746  62.866 289
AMDI1702 2017 /leg2 OF-B9 AMD1702-11BC Boxcore -66.282  62.566 375
AMDI1702 2017 /leg2 OF-B14 AMD1702-12BC Boxcore -66.021 62.386 411
AMD1702 2017 /leg?2 OF-B5 AMD1702-13BC Boxcore -65.882  62.463 278
AMDI1702 2017 /leg2 DISKO FAN 1 AMD1702-14BC Boxcore -59.565 67.992 947
AMDI1702 2017 /leg2 DISKO FAN 3 AMD1702-15BC Boxcore -59.564 67.992 1012
AMD1702 2017 /leg?2 DISKO FAN 5 AMD1702-16BC Boxcore -59.485 67.964 873
AMDI1702 2017 /leg2 8.1 AMD1702-17BC Boxcore -64.732  69.407 1054
AMDI1702 2017 /leg2 176 AMD1702-18BC Boxcore -65.403  69.597 267
AMD1702 2017 /leg?2 BB2 AMD1702-19BC Boxcore -67.015 72.751 2373
AMDI1702 2017 /leg2 101 AMD1702-20BC Boxcore -77.516 76.357 378
AMDI1702 2017 /leg?2 105 AMD1702-21BC Boxcore -75.758 76.317 331
AMD1702 2017 /leg2 115 AMD1702-22BC Boxcore -71.254 76.331 668
AMDI1702 2017 /leg2 129 AMD1702-23BC Boxcore -76.647 76.331 521
AMDI1702 2017 /leg?2 TS-233 AMD1702-24BC Boxcore -76.686 77.755 396
AMD1702 2017 /leg?2 111 AMD1702-25BC Boxcore -73.207 76.308 593
AMDI1702 2017 /leg2 108 AMD1702-26BC Boxcore -74.606 76.264 448
AMDI1702 2017 /leg2  Belcher Glacier AMD1702-27BC Boxcore -80.752  75.702 623
AMD1702 2017 /leg2 323 AMD1702-28BC Boxcore -80.467 74.156 792
AMDI1702 2017 /leg2 301-1 AMD1702-29BC Boxcore -83.318 74277 715
AMDI1702 2017 /leg2 304 AMD1702-30BC Boxcore -91.515 74.246 315
AMD1702 2017 /leg2 5.1 AMD1702-31BC Boxcore -99.076  74.489 223
AMDI1702 2017 /leg2 3.9 AMD1702-32BC Boxcore -96.161  73.654 262
AMDI1702 2017 /leg2 QMGM AMD1702-33BC Boxcore -101.741 68302 114
AMD1702 2017 /leg?2 QMG4 AMD1702-34BC Boxcore -103.430 68.484 71
AMDI1702 2017 /leg2 QMG3 AMD1702-35BC Boxcore -102.941 68.244 46
AMDI1702 2017 /leg?2 QMGl1 AMD1702-36BC Boxcore -99.898  68.492 40
AMD1702 2017 /leg?2 QMG2 AMD1702-37BC Boxcore -100.807 68.306 95
AMDI1702 2017 /leg?2 312 AMD1702-38BC Boxcore -100.695 69.170 65
AMDI1702 2017 /leg2 3.7 AMD1702-39BC Boxcore -96.065 72.089 474
AMD1702 2017 /leg2 34 AMD1702-40BC Boxcore -91.993 71475 270
AMD1702 2017 /leg2 35 AMD1702-41BC Boxcore -91.236 70.436 224
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AMDI1702 2017 /leg2 5.11W AMD1702-42BC Boxcore -87.666 69.954 184
AMDI1702 2017 /leg2 5.11 AMD1702-43BC Boxcore -86.084 69.882 298
AMDI1702 2017 /leg?2 3.10-2 AMD1702-45BC Boxcore -78.162  68.878 52

AMDI1702 2017 /leg2 3.10 AMD1702-46BC Boxcore -80.847  67.797 96

AMDI1702 2017 /leg?2 1.1 AMD1702-47BC Boxcore -81.353  65.155 418
AMDI1803 2018 /leg3 QMGM AMDI1803-01BC Boxcore -101.741 68299 112
AMD1803 2018 /leg 3 1.4 AMDI1803-02BC Boxcore -78.740 76.480 124
AMD1803 2018 /leg 3 101 AMDI1803-03BC Boxcore -77.409 76382 373
AMDI1803 2018 /leg3 115 AMDI1803-04BC Boxcore -71.176 76331 662
AMDI1803 2018 /leg 3 1.5 AMDI1803-05BC Boxcore -63.910 67.284 609
AMDI1902 2019 /leg?2 2.6 AMD1902-01BC Boxcore -73.065 76318 575
AMD1902 2019 /leg?2 122 AMD1902-02BC Boxcore -75.014 77341 647
AMDI1902 2019 /leg?2 6.2 AMD1902-03BC Boxcore -65.764 79.514 378
AMDI1902 2019 /leg?2 134 AMD1902-04BC Boxcore -68.453 80356 377
AMD1902 2019 /1leg?2 Robl AMD1902-05BC Boxcore -62.247 81.802 716
AMDI1902 2019 /leg?2 6.4 AMD1902-06BC Boxcore -63.217 81.626 796
AMDI1902 2019 /leg?2 251b AMD1902-08BC Boxcore -61.557 81.042 1135
AMD1902 2019 /leg?2 6.1 AMD1902-09BC Boxcore -73.659 79.786 205
AMDI1902 2019 /leg?2 6.1 AMD1902-10BC Boxcore -73.095 79.692 245
AMD1902 2019 /leg?2 Talbot Inlet AMD1902-11BC Boxcore -77.075 77.843 515
AMD1902 2019 /leg?2 2.5 AMD1902-12BC Boxcore -77.505 76356 379
AMDI1902 2019 /leg?2 293 AMD1902-13BC Boxcore -80.689  75.728 627
AMDI1902 2019 /leg?2 22 AMD1902-14BC Boxcore -81.849 76.064 770
AMDI1902 2019 /1leg?2 2.3 AMDI1902-15BC Boxcore -83.023  76.129 827
AMDI1902 2019 /leg?2 24 AMD1902-16BC Boxcore -86.300 76.126 674
AMDI1902 2019 /leg?2 1.4 AMD1902-17BC Boxcore -84.571 76395 139
AMDI1902 2019 /1leg?2 1.4 AMD1902-18BC Boxcore -84.931 76.500 125
AMDI1902 2019 /leg?2 297 AMD1902-19BC Boxcore -81.314 76370 451

AMDI1902 2019 /leg?2 296 AMD1902-20BC Boxcore -79.753 75523 556
AMDI1902 2019 /1leg?2 2.7 AMD1902-21BC Boxcore -78.675 75482 521

AMDI1902 2019 /leg?2 302 AMD1902-22BC Boxcore -86.170 74234 553
AMDI1902 2019 /leg?2 303 AMD1902-23BC Boxcore -89.616 74368 294
AMD1902 2019 /leg?2 Wel02 AMD1902-25BC Boxcore -93.112 75.013 247
AMD?2202 2022 /leg?2 KEBABB A3 AMD?2202-01BC Boxcore -59.604 66.733 872
AMD2202 2022 /leg?2 195 AMD2202-04BC Boxcore -56.929  66.891 655
AMD2202 2022 /leg?2 KEBABB B6 AMD2202-06BC Boxcore -58.447 67.288 1134
AMD2202 2022 /leg?2 KEBABB B3 AMD2202-07BC Boxcore -60.272  67.326 1074
AMD2202 2022 /leg?2 KEBABB C3 AMD2202-09BC Boxcore -61.262  67.750 1558
AMD2202 2022 /leg?2 KEBABB D1 AMD2202-10BC Boxcore -63.853 67.395 464
AMD2202 2022 /leg?2 KEBABB D3 AMD2202-11BC Boxcore -62.594 68.241 1540
AMD2202 2022 /leg?2 Scott Inlet sill AMD2202-12BC Boxcore -71.259 71.152 459
AMD2202 2022 /leg?2 SI coringl AMD2202-13BC Boxcore -71.557 71.041 672
AMD2202 2022 /leg?2 SI coring2 AMD2202-14BC Boxcore -71.323  70.966 661
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AMD2202 2022 /leg?2 SI coring 3 AMD?2202-15BC Boxcore -71.661 70.875 682
AMD2202 2022 /leg?2 323 east AMD2202-16BC Boxcore -79.339  74.137 788
AMD2202 2022 /leg?2 115 AMD2202-17BC Boxcore -71.222 76329 652
AMD2202 2022 /1leg?2 111 AMD2202-18BC Boxcore -73.215  76.307 589
AMDI1803 2018 /leg3 Garnier River AMD1803-Garnier river River -92912  73.658 0
AMDI1803 2018 /leg 3 P“ncﬁi"v?r”ales AMD1803-Prince of Wales river River  -96.917 72.341 0
AMDI1803 2018 /leg3 Simpson River AMD1803-Simpson river River -100.568 67.676 0
AMDI1803 2018 /leg3  Tingmeak River AMD1803-Tingmeak river River -104.986 68.268
AMDI902 2019 /leg2  Chesmere South — AMD1902-Ellesmere south gy 0 g3504 76646 0
Central River central river
AMDI1902 2019/leg2  Eugenie Glacier AMD1902-Eugenie Glacier ~ Glacier -74.859  79.810 0
AMD1902 2019 /leg?2 Eugenie River AMD1902-Eugenie River River -74.996 79.792
AMDI902 2019 /leg2 RISG Rllfgr (Near AMD1902-RISGRiver River -84931 76610 0
AMDI1902 2019 /leg 2 Nezglfgig;me AMD1902-Near Eugenie glacier Glacier -74.356  79.893 0
AMDI902 2019 /leg2 NearHansIsland = AMD1902-Near Hans Island - p.0 o 6001 80846 0
River River

AMD1902 2019 /leg2 River Ellesmere East AMD1902-River Ellesmere East River -69.191  80.611
AMD1902 2019 /leg?2 River near 135 AMD1902-River near 135 River -71.263  80.246 0
AMD1902 2019 /leg2 Sydkap Glacier AMD1902-Sydkap Glacier River -84.939  76.605
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Tableau 4

List of the push cores basal samples used in this study for the regional geochemical

background with estimated age of the sediment based on sedimentation rates calculated

close to our sites. ** Sedimentation rates calculated for the push cores used in this study.

Core

AMD1603-0416-
01-BC
AMD1603-0416-
02-BC
AMD1603-0416-
04-BC
AMD1603-0416-
05-BC
AMD1603-0416-
07-BC
AMD1603-1402-
BC
AMD1603-165-
BC
AMD1603-2016-
805-018-BC
AMD1603-301-
BC
AMD1603-304-
BC

AMD1603-314-
BC

AMD1603-316-
BC
AMD1603-408-
BC
AMD1603-411-
BC
AMD1603-434-
BC
AMD1603-435-
BC
AMD1603-472-
BC
AMD1603-525-
BC
AMD1603-585-
BC

AMD1603-
FURZE04-BC
AMDI1603-
FURZE07-BC
AMDI1603-
QMG3-BC
AMDI1603-
QMG4-BC

AMD1702-04BC
AMD1702-07BC
AMD1702-12BC
AMD1702-16BC

Depth of basal

sample (cm)

39-40
39-39.5
42-42.5
37-37.5
39-39.5
39-40
42-43
44-44.5
37-38
44-45
35-36
40-41
40-41
42-42.5
48-49
38-38.5
39-40
39-40

37-37.5
31-31.5

43-44
39-40
37-38
34-35
28-29
25-26
34-35

-122.167

-123.028

-117.856

-115.071

-102.725

-117.632

-75.761

-129.127

-83.319

-91.521

-105.475

-112.100

-127.574

-126.731

-133.544

-139.657

-138.227

-128.952

-123.222

-103.389

-97.195

-102.944

-103.418
-66.706
-68.624
-66.021
-59.485

74.885

70.608

69.653

67.864

71.869

70.546

72.709

74.007

74.121

74.246

68.971

68.400

71.303

71.623

70.174

71.076

69.611

72.392

74.513

73.648

74.706

68.314

68.490
62.746
63.687
62.386
67.965

Longitude Latitude Cluster

3

WO NN

(cm/kyr)
88

23
160
276-178**
50
160
370-82%*
88
60

184%*
70

271-111**
g7k
87
139
27
320
88

88
50

50
164

164**

71
190

71
143
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Sedimentation rate Approximate basal
age (CE)

1561

299

1750

1823

1226

1766

1556

1510

1383

1791

1502

1682

1547

1527

1663

590

1891

1561

1590

1386

1136

1772

1744
1524
1864
1651

2450 BP

References for
sedimentation rate

Letaief et al. 2021
Gibb et al. 2009
Schell etal. 2008

Letaief et al. 2021

Kuzyck et al. 2013
Schell etal. 2008

Letaief et al. 2021

Letaief et al. 2021
Ledu et al. 2010b

Letaief et al. 2021

Belt et al. 2010; Ledu et
al. 2010

Letaief et al. 2021
Letaief et al. 2021
Letaief et al. 2021
Bringué & Rochon, 2012
Wu et al. 2020
Durantou et al. 2012
Letaief et al. 2021

Letaief et al. 2021

Kuzyck et al. 2013;
Piénkowski et al. 2017

Pienkowski et al. 2017
Letaief et al. 2021

Letaief et al. 2021*

Osterman & Andrews
Tremblay et al. 2020
Osterman & Andrews

Cofaigh et al. 2015




AMD1702-19BC
AMD1702-36BC
AMD1702-39BC
AMD1702-40BC
AMD1702-43BC
AMD1803-05BC
AMD1902-05BC
AMD1902-06BC
AMD1902-14BC
AMD1902-20BC

34-35
38-38.5
45-45.5
46-46.5

38-39

42-43

29-30

28-29

43-44

50-51

-67.015
-99.898
-96.065
-91.993
-86.084
-63.910
-62.247
-63.217
-81.849
-79.753

72.751
68.492
72.089
71.475
69.882
67.284
81.802
81.626
76.064
75.523

180
90
90
90
90
14.5
14.5
160
160

17500 BP
1803
1511
1500
1584
1540

2070 BP

19
1744
1700

Simon et al. 2016
Kuzyck et al. 2013
Kuzyck et al. 2013
Kuzyck et al. 2013
Kuzyck et al. 2013

Syviski etal. 2022
Jennings et al. 2019
Jennings et al. 2019

Mudie et al. 2006

Mudie et al. 2006
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Tableau 5
Detection limit for the Malvern PANalytical Epsilon 3-XL energy dispersive X-ray

fluorescence spectrometer (ED-XRF).

Detection limit Units
Na,O 4 %
MgO 0.1 %
ALO; 0.05 %
Si02 0.05 %
P,0s 1 %
K0 0.05 %
CaO 0.05 %
TiO; 0.05 %
A% 50 pug/g
Cr 100 png/g
MnO 0.05 %
Fe 03 0.05 %
Co 400 pg/g
Ni 50 pug/g
Cu 100 pg/g
Zn 50 pglg
Sr 50 pglg
Y 50 pglg
Zr 30 ng/g
As 50 uglg
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Tableau 6
ED-XREF results from the blanks (synthesized silicon oxide powder, 99.999% Si0»).

Blanks L.OI1.  ALOs; SiO: TiO2 \% Cr Zn Sr Y Zr
wt.%) (wt.%) (wt.%) (Wt.%) (ng/g) (ng/g) (ng/e) (ng/e) (ng/g) (ng/g)
1 0.95 0.50 98.55 0.001 0.5 19.6 9.1 2.5 5.5 6
2 1 0.97 98.02 0.001 0.2 34 10.1 4 8.2 5.9
3 0.88 0.86 98.26 0.001 0.2 6.8 8.2 2.1 7.8 7.1
4 0.93 0.89 98.18 0.001 3 1.9 15.2 4.5 3.8 10.6
5 0.89 0.76 98.34 0.001 0.9 7.4 7.6 24 43 5
6 0.95 0.98 98.07 0.002 0.7 5.1 6.2 2.7 4.3 4.7
Average 0.83 98.22 0.00 0.92 7.37 8.24 274 6.02 5.74
SD 0.16 0.18 0.00 0.97 5.78 2.86 0.89 1.74 1.97
DL 0.05 0.05 0.05 50 100 50 50 50 30
Below DL ? No NA Yes Yes Yes Yes Yes Yes
Samples minimum value 1.94 |
Samples mean 11.82
Blank/mean 7%
Blank/minimum 43%
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Tableau 7
ED-XRF results for the USGS certified materials SDC-1 and BCR-2. NA: Not available.

Certified  Uncertainty Average =*2¢ Unit RSD Accuracy

value (1o; %) (20; %)
SDC-1
MgO 1.69 0.1 1.32 0.2 % 7.9 78 £ 12
ALO; 15.8 0.3 15.3 1.3 % 1.3 9743
SiO; 65.8 0.4 67.1 0.8 % 0.3 102+1
CaO 1.4 0.1 1.4 0.1 % 1.3 102 +3
TiO; 1.0 0.0 1.1 0.0 % 33 108 +7
MnO 0.1 NA 0.1 0.0 % 4.4 109 £ 10
Fex0; 6.8 NA 7.0 0.5 % 0.8 104 +£2
\Y% 102.0 12.0 108.6 24.0 ug/s 10.4 107 £22
Cr* 64.0 7.0 72.2 24.0 ug/s 13.7 118 £32
Zn 103.0 8.0 93.7 9.9 ng/g 4.9 92+9
Sr 180.0 9.0 191.0 7.9 ug/s 4.8 107+ 10
Zr 290.0 30.0 343.3 13.7 ug/s 4.6 120+ 11
BCR-2
MgO 3.6 0.0 32 0.2 % 39 89+7
ALO; 13.5 0.1 14.2 0.3 % 1.1 105+2
SiO; 54.0 0.2 54.4 0.3 % 0.3 101+1
CaO 7.1 0.1 7.2 0.2 % 1.3 101 +3
TiO; 23 0.0 24 0.1 % 2.7 106 + 6
MnO 0.2 0.0 0.2 0.0 % 4.6 111+10
Fex0s 13.8 0.2 14.1 0.1 % 0.5 103 £1
v 417.6 4.5 463.4 35.1 ng/g 3.8 111+8
Cr* 15.9 0.4 35.7 24.8 ug/s 352 225+ 156
Zn 129.5 1.8 124.7 12.5 ng/g 5.1 96+ 10
Sr 337.4 6.7 360.3 26.9 ug/s 3.8 107 +8
Zr 186.5 1.5 194.8 19.0 ug/s 4.9 104+ 10
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CHAPITRE 2
ETABLISSEMENT DES NIVEAUX DE REFERENCE DES METAUX TRACES
EXTRACTIBLES DANS LES SEDIMENTS MARINS DE SURFACE DE
L'ARCTIQUE CANADIEN

2.1 RESUME EN FRANCAIS DU DEUXIEME ARTICLE

Une évaluation spatiale compléte de la distribution des métaux traces extractibles, y
compris les éléments de terres rares (ETR), dans 1'Arctique canadien a été réalisée a partir
d'échantillons de sédiments terrestres et marins de surface afin d'évaluer 1'état actuel de la
contamination par les métaux. Les concentrations en éléments majeurs et en éléments traces
ont été déterminées par digestion partielle a 'HNO3-HCI et par des mesures au spectrometre
de masse a plasma inductif a triple quadripdle. L’extraction partielle cible les fractions
métalliques réactives et biodisponibles qui sont sensibles aux variations environnementales
et aux contributions anthropiques. Les résultats ont révélé des variations régionales
importantes dans les concentrations de métaux traces (p. ex. : Cr = 5-96 ug/g ; Zn=9-139
ng/g ; ZREE = 21-358 pg/g), avec un gradient ouest-est clair. Les concentrations les plus
¢élevées de métaux non-ETR sont observées dans la mer de Beaufort et le golfe d'Amundsen,
ce qui souligne l'influence du fleuve Mackenzie. A I'inverse, les ETR sont concentrés prés
des cotes caractérisées par les roches du Bouclier canadien dans le centre-sud et l'est de
I'Arctique canadien. Les profils normalisés de distribution des terres rares montrent un
enrichissement en terres rares légeres par rapport aux terres rares lourdes. Les indices de
pollution indiquent un enrichissement ou une contamination généralement faibles, bien que
quelques échantillons présentent un enrichissement/une contamination modéré en arsenic
dans le plateau de Beaufort et le détroit de Jones. D'apres les recommandations canadiennes
pour la qualité des sédiments, la plupart des échantillons présentaient des concentrations en

métaux inférieures aux concentrations produisant des effets probables. Cependant, des



concentrations supérieures a ce seuil ont été mesurées pour l'arsenic (> 41,6 pg/g) et le nickel
(> 42,8 ng/g) dans les golfes Amundsen et Coronation, le détroit de Jones et la baie de Baffin.
Malgré des contaminations localisées, la répartition des métaux traces présente des
concentrations naturelles influencées par la géologie et les processus sédimentaires
régionaux. Cette base de référence géochimique offre de nouvelles perspectives sur des zones
jusqu'alors non caractérisées, améliorant ainsi notre compréhension des sources et du devenir
des métaux traces, ainsi que la précision de la surveillance environnementale dans I'Arctique

canadien.
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2.2 ESTABLISHING BASELINE LEVELS OF EXTRACTABLE TRACE METALS IN MARINE
SURFACE SEDIMENT OF THE CANADIAN ARCTIC

A comprehensive spatial assessment of extractable trace metal, including rare earth
element (REE), distribution in the Canadian Arctic was conducted based on terrestrial and
marine surface sediment samples to evaluate the current state of metal contamination. Major
and trace element concentrations were determined by HNOs-HCI partial digestion and triple
quadrupole inductively coupled plasma mass spectrometer measurements. Partial extraction
targets reactive and bioavailable metal fractions that are sensitive to environmental variations
and anthropogenic contributions. Results revealed significant regional variations in trace
metal concentrations (Cr=5-96 ng/g; Zn=9-139 pg/g; XREE=21-358 ng/g), with a clear
West-East gradient. The highest non-REE metal concentrations are observed in Beaufort Sea
and Amundsen Gulf, highlighting the influence of the Mackenzie River. Conversely, the
REEs are concentrated near the coasts underlain by Canadian Shield rocks in the south-
central and eastern Canadian Arctic. Normalized REE distribution patterns show an
enrichment in light REEs compared to heavy REEs. The pollution indices indicate generally
low enrichment or contamination, although few samples exhibit moderate arsenic
enrichment/contamination in the Beaufort Shelf and Jones Sound. Based on the Canadian
sediment quality guidelines, most samples had metal concentrations below the Probable
Effects Level. However, concentrations exceeding this threshold were measured for arsenic
(> 41.6 pg/g) and nickel (> 42.8 ng/g) in the Amundsen and Coronation gulfs, Jones Sound
and Baffin Bay. Despite localized contamination, the trace metal distribution exhibit natural
concentrations influenced by the regional geology and sedimentary processes. This
geochemical baseline offers new insights from previously uncharacterized areas, improving
our understanding of the sources and fate of trace metals and the accuracy of environmental

monitoring of the Canadian Arctic.
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2.3 INTRODUCTION

The Canadian Arctic is undergoing rapid environmental changes, including permafrost
thawing and reduced sea ice cover (Mudryk et al., 2018) driven by global climate warming
or increasing anthropogenic pressures, such as enhanced northern maritime traffic (Chénier
et al., 2017; ECCC, 2024) and the accumulation of contaminants via long-range transport
(Macdonald et al., 2000b). As a result, changes in biogeochemical cycles are observed in

Arctic marine environments (AMAP, 2005, 2011, 2018, 2021).

Trace metal(loid) concentrations (hereinafter referred to as trace metal) in sediments
are controlled by multiple natural processes, including the weathering of exposed geological
formations, aeolian dust deposition, rivers and groundwaters inflows, as well as grain size
distribution, diagenesis, and biological uptake (Chapman et al., 1998). Although trace metal
levels in CA sediments are mostly natural and influenced by the surrounding geology (Brice
et al., 2025), the rapid changes disrupt these processes, accelerating the remobilization and
redistribution of trace metals, which can result in increased concentrations in surficial

sediments and potential ecotoxicological issues to benthic fauna.

In the 1990s, the Arctic Monitoring & Assessment Program (AMAP) concluded that
trace metal pollution represents a potential ecotoxicological risk to the Arctic ecosystems and
ultimately to local communities via country food (AMAP, 1998). Since then, the trace metals
such as Pb, Cd and Hg have been monitored in the Arctic by the AMAP (AMAP, 2005, 2021)
and the Canadian Northern Contaminants Program (Bidleman et al., 2003; Chételat and
Braune, 2012; Jensen et al., 1997; Stow et al., 2017). These metals have shown different
temporal and spatial trends in soils, sediments, water and biota. For example, Hg has been
increasing in fishes in the Mackenzie River system since the 1990s (Stow et al., 2017). Pb
levels have been decreasing in the environment since the phase-out of leaded gasoline, but

in biota, the trend is less pronounced (AMAP, 2005).

In the CA, trace metal contamination in marine sediments has never been investigated

in the channels of the archipelago, and existing studies from the Baffin Bay region are very
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limited (Bartley et al., 2024; Campbell and Loring, 1980). Only the Beaufort Sea region has
been extensively studied for metal pollution because of oil exploration, which can emit
several metals such as Ba, Cd, Cr, Cu, Pb and V (e.g., Naidu et al., 2012; Trefry and Neff,
2019; Trefry et al., 2003). Besides some localized hot spots of metal contamination detected
in sediment cores near drilling sites, no overall contamination or significant increase in metal
concentrations was observed during and after offshore oil exploration. Enrichment in As,
along with Fe and Mn, was found on the continental margin of the Alaskan Beaufort Sea, but
diagenetic remobilization is likely the cause rather than anthropogenic inputs (Trefry & Neff,
2019). Trends in metal concentrations in the environment are not quite fully understood due
to the multiple processes involved, including both natural and anthropogenic inputs, local to
long-range atmospheric transport, biogeochemical reactions, among others, making metal

pollution monitoring a challenge.

Long time neglected in environmental studies, REEs are now metals of concern along
with legacy trace metal contaminants such as Hg, Pb and Cd (Gonzalez et al., 2015). It
includes the 15 lanthanides (from La to Lu), Y and some authors include Sc. In recent years,
there has been an increasing interest in the exploitation of REEs for multiple purposes, such
as energy transition, electronics devices, and other industrial sectors (US EPA, 2012). With
increasing anthropogenic inputs into the environment, the risks of REE enrichment and
contamination are expected to rise, making monitoring necessary (Gonzalez et al., 2015).
Canada has major REE reserves, and several exploration projects are already underway in
many areas of the country, but the CA remains largely untouched for now (NRCAN, 2024).

It is therefore essential to establish baseline trace metal including REE levels today.

In this context, to better understand trends and monitor changes associated with
increasing anthropogenic perturbations, a geochemical baseline for marine surface sediments
has been established across the CA. The primary objective of this study is to provide regional
acid-extractable geochemical data from marine surface sediments (fraction <150 um) — i.e.
the mobile fraction available to benthic organisms — for a large region of the CA, where

significant gaps remain. This baseline will then enable us to assess the current state of trace
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metal contamination and identify the factors controlling their distribution. Finally, by
improving our understanding of acid-extractable trace metal distribution, behavior, and the
processes involved, we aim to estimate the level of ecotoxicological risks associated with

ongoing and future changes in the marine environment.

2.4 METHODOLOGY

2.4.1 Regional setting

The CA region comprises an Arctic Ocean shelf that connects the Beaufort Sea to the
Baffin Bay through the channels and straits of the Arctic Archipelago (Fig. 21a). The seafloor
composition is heterogenous and characterized by different bedrock sources and sedimentary
processes (Campbell and Loring, 1980; Gamboa et al., 2017; Letaief et al., 2021). Brice et
al. (2025) divided the CA into three geochemical clusters forming four sedimentary
provinces, based on the chemical composition of marine surface sediment (fraction <150 um)
measured by Energy Dispersive X-Ray Fluorescence (ED-XRF; Fig. 21b). The first province
is mainly located in central CA and consists of sediments derived from the limestone and
dolostone of the Arctic platform, transported by small rivers and coastal erosion. These
sediments are rich in Ca and Mg and have low trace metal content. The second sedimentary
province (southeastern CA) includes sediments from Baffin Island fjords and bays, as well
as Coronation and Queen Maud Gulfs. These sediments, derived from the Canadian Shield,
are characterized by coarse grain size, Zr-Sr-Si-K-Al associations and low trace metal
content. Major mainland rivers and sea ice transport supply the gulfs, while glacial and
coastal erosion contributes to sediment deposition along Baffin Island coast. The last two
provinces, one in the Beaufort/Mackenzie Shelf and Amundsen Gulf, and the other in Baffin
Bay, were grouped into a single chemical cluster. The province in western CA 1is strongly
influenced by the Mackenzie River (Bossé-Demers et al., 2025; Gamboa et al., 2017), which
discharges fine-grained clay minerals, preformed metallic oxides, terrestrial organic carbon,
and dissolved metals (Mn, Fe, V, Zn). Strong Mn enrichment is observed in surface

sediments in the Amundsen Gulf and along Banks Island coasts. The last province (eastern

116



CA) includes sediments from Lancaster and Jones Sounds, the North Water Polynya (NOW)
area, and Davis Strait. These sediments are mainly characterized by high marine organic
carbon content, originating from the high productivity of the polynyas. Glacial erosion also

contributes with inputs of sediments of mixed composition derived from surrounding

bedrock.
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Figure 21. Maps showing the Canadian Arctic. (a) Map presenting the main geographical
settings and the location of the surface sediment samples. Push cores used for geochemical
background are circled in red. (b) Geological map with the sedimentary provinces.
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2.4.2 Sampling

To establish the baseline, trace metal concentrations in the seafloor sediments of the
CA were measured using 141 sediment samples. A total of 128 marine surface sediment
samples (uppermost 1 cm) were collected across the region with a box corer device during
the ArcticNet summer expeditions (2016-2019 and 2022) aboard the Canadian Coast Guard
icebreaker Amundsen. Additionally, sediments from 10 rivers and 3 glacial tills were
sampled as references of land inputs. To provide a regional geochemical background
representative of pre-industrial times, the base (lowermost 1-2cm) of 16 push-cores
subsampled from the box cores of different sedimentary provinces (Fig. 21b) were also

analyzed.

2.4.3  Analytical methods

The grain size (Dgo) and total organic carbon (TOC) data used in this study were
obtained from Corminboeuf et al. (2021) and Brice et al. (2025). Briefly, grain size analysis
was conducted using a Malvern PANalytical Mastersizer 3000 laser diffraction analyzer,
following the instrumental protocol described in Belzile and Montero-Serrano (2022), after
H202 pre-treatment, dispersion in sodium hexametaphosphate (20% v/v), and wet sieving at
<2 mm. For TOC content and elemental analysis, the samples were first wet-sieved using a
150-um Nitex® mesh and distilled water, and then oven-dried at <60 °C for 12 h and crushed
with an agate mortar. The TOC content in the <150 pm sediment fraction were measured at
the Geotop Light Stable Isotope Geochemistry Laboratory (Montreal, Quebec) with a Carlo-
Erba NC 2500 elemental analyzer and following the acidification in solution method

described in Hélie (2009).

The concentrations of six major elements (Mg, K, Ca, Ti, Mn, Fe), 14 trace metals (As,
Cd, Cr, Co, Cu, Mo, Ni, Pb, Sb, Sc, Sr, Th, V, Zn) and REEs (14 lanthanides + Y) in
sediments were determined using partial acid digestion following a slightly modified version

of the US EPA Method 3051A (US EPA, 2007). Henceforth, we will use the term 'trace
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metals' to refer to non-REE metals. This method primarily targets trace elements associated
with reactive phases such as organic matter, sulfides, Fe-Mn (oxyhydr)oxides, carbonates,
and hydrated aluminosilicates and does not attack refractory silicates and heavy minerals (Xu
et al., 2012). For this purpose, about 50 mg of the dry <150 pum fraction was mixed with 2
mL of concentrated HCI and 6 mL of concentrated HNOs3, both of TraceMetalTM Grade
(Thermo Fisher Scientific). Digestion was performed using CEM EasyPrep vessels and CEM
Mars 5 microwave system under the following conditions: ramp time= 18 min, temperature
=175°C, hold time = 4 min, maximum pressure = 400 PSI, and power = 1600W (75%). The
digested samples were diluted with Milli-Q water to a final concentration of 2% HNO3 and
<0.1% HCI. Trace metal concentrations were measured using an Agilent 8900 triple
quadrupole inductively coupled plasma mass spectrometer (ICP-QQQ-MS) at the
Laboratoire d'Analyses Environnementales (Université du Québec a Montréal). Falcon tubes
and laboratory glassware were pre-cleaned with 10% HNO3, and EasyPrep vessels were
soaked in 0.2 M HNO:; for 12h before analysis. For every eight samples, one procedural blank
was analyzed following the same method. For surface samples, if the average value of blanks
for an element exceeds the detection limit and is greater than 20 times the minimum sample
value, it is subtracted from all sample values (Table 10). For samples used for geochemical
background, which were processed at a different time, variable contamination was observed
for Cr and to a lesser extent Al and Ca in the blanks (Table 11). Therefore, blank values were
subtracted from the sample values measured within the same batch. Because Al and Ca
concentrations in most sediment samples are on average 150 and 70 times higher than the
contamination levels, respectively, these elements were retained, but Cr was excluded from
the geochemical background. All the elements analyzed in the samples were above the
detection limit. Quality control was ensured with replicates of certified reference materials
TILL-3 (for surface samples) and TILL-2 (for geochemical background), which are
characterized for partial extraction with concentrated HCI and HNO3. Good recoveries (80-
120%) were obtained for all elements, except for V, which showed recoveries between 133
and 147% (Table 12a). REEs are not certified for partial digestion in TILL-2 and TILL-3,

but digestion protocol and analysis were compared with total digestion certified values to
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assess reliability (Table 12b). Recoveries of 81-101% are observed for La, Ce, Nd, Sm and
Eu, and of 34-67% for Tb, Er, Yb, Lu and Y. It reveals that the lighter REEs are almost all

extracted, while only a fraction of the heavier REEs is extracted.

2.4.4 Data processing

A Spearman correlation matrix was performed on elemental data of surface sediments,
using the R package “corrplot’ (Wei et al., 2017) to compare major and trace element
concentrations with Doo sediment grain size and TOC content (data from Brice et al., 2025).
Nonsignificant coefficients (p-value > 0.05) were not shown in the matrix. Before the
multivariate statistical analysis, a centered log-ratio (clr) transformation was applied to the
surface sediment data (Aitchison, 1982) using the R package “compositions” (van den
Boogaart et al., 2023). K-means clustering analysis (R package “stats”’; R Core Team, 2024)
was performed on the chemical data to group samples with similar chemical composition
within the CA. The quality of the cluster analysis was assessed using a silhouette plot
(“factoextra” R package; Kassambara and Mundt, 2020), with negative values suggesting
potentially incorrect or questionable assignments. Next, principal component analysis (PCA)
was performed on the chemical data of surface sediments using the R package “FactoMineR”
(Husson et al., 2016; Lé et al., 2008), with the goal of identifying elemental associations
exhibiting similar patterns of relative variation. Geochemical distribution maps were

generated using QGIS version 3.22.10.

The REEs were grouped into light REEs (LREE; La - Nd), medium REEs (MREE; Sm
- Dy) and heavy REEs (HREE; Ho-Lu) and were represented by the element, La, Sm and Yb,
respectively. The REE measurements were normalized to the Post-Archaean Australian
Shale (PAAS; Pourmand et al., 2012) to facilitate interpration. Ce and Eu anomalies were

calculated using the following equations (Barrat and Bayon, 2024; Barrat et al., 2023):
Eq.l  Ce/Ce* = Cepaas / (Lapaas X Preaas)'’?

Eq.2 Ew/Eu* = Eupaas / (Smpaas X Gdpaas)'?
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Tableau 8.
Canadian Sediment Quality Guidelines for the Protection of Aquatic Life (CCME, 1999).

*Values from the Screening Quick Reference Table for Inorganics in Marine Sediments

(Buchmann, 2008).

Element TEL (pg/g) PEL (ug/g)
Cr 52.3 160
Ni* 15.9 42.8
Cu 18.7 108
Zn 124 270
As 7.24 41.6
Cd 0.7 4.21
Pb 30.2 112

The Canadian Sediment Quality Guidelines (CSQGs) for the Protection of Aquatic Life
(CCME, 1999) were used to provide an initial estimate of contaminant levels in the CA and
their potential adverse effects on aquatic life. The guidelines establish two main levels: the
threshold effect level (TEL), below which adverse effects are expected to occur only rarely,
and the probable effect level (PEL), above which adverse effects are expected to occur
frequently (Table 8). Since no guideline values for Ni are available in the CSQGs, National
Oceanic and Atmospheric Administration (NOAA) guidelines were used instead (Buchmann,
2008). The CSQGs values represent total concentrations in surficial sediments (top 5 cm).
While these guidelines help identify and assess potential contamination in sediments, they
could be of limited value as they do not account for natural regional variations. To improve
the assessment of metal contamination and associated ecological risks, pollution indices were
applied on trace metal data, comparing current concentrations (Csample) With pre-industrial
background values (Cpackground). These indices include the enrichment factor (EF), the geo-
accumulation index (Igeo), and the Ecological Risk Factor (ER). A regional geochemical
background was established based on the composition of the basal sediment samples from
16 push cores across the CA. This background, estimated to predate industrial activities, was
further subdivided into three local backgrounds according to the chemical clusters

determined in Brice et al. (2025). To assess risk potential with ER a toxic response factor
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(Tr) is assigned to each metal: 1 for Zn and Mn, 2 for V, 5 for Cu, Pb and Ni, 10 for As and
30 for Cd (Hakanson, 1980). Table 9 presents the calculations and classifications of these
pollution indices. Because Cr background concentrations could not be determined, the PAAS
value (Taylor and McLennan, 1985) was used as the background reference in the pollution
index. It is important to note that both CSQGs and pollution indices do not account for

environmental factors such as grain size, redox conditions, pH, bioavailability, or exposure

time (MacDonald et al., 2000a).

Tableau 9.

Description of the pollution indices used in this study

Indice Equation Values Sediment quality / Ecological risk
EF <1 No enrichment
EF=1-3 Minor enrichment
EF (Cmetal/Csc) l
EF = ——= Sl EF =3-5 Moderate enrichment
(Sutherland, (Cmetal/CSc)background
2000) EF =5-25 Moderately severe enrichment
EF =25-50 Very severe enrichment
EF > 50 Extremely severe enrichment
Igeo <0 Uncontaminated
0 <Tgeo < 1 Uncontgmlnated to moderately
I contaminated
geo Ieeo = log-* Csample 1 <Igeo<2 Moderately contaminated
(Muller’ g g2 1.5% Cpqck
ground . .
1969) 2<Igeo<3 Moderately to heavily contaminated
3<Igeo<4 Heavily contaminated
4<Igeo<5 Heavily to extremely contaminated
5> Igeo Extremely contaminated
CF CF<1 Low contamination
(Hakanson, CF = Csample 1<CF<3 Moderate contamination
1980) Cbackground 3<CF<6 Considerable contamination
CF>6 Very high contamination
ER <40 Low risk
ER ER=Tr * CF 40 <ER <80 Moderate risk
(Hakanson, P . -
1980) Tr=1 (Mn, Zn), 2 (V). 5 (Co, 80 <ER < 160 C(.)n51d'erable risk
Cu, Ni, Pb), 10 (As), 30 (Cd) |160 <ER <320 |High risk
ER > 320 Very high risk

122




2.5 RESULTS AND INTERPRETATIONS

2.5.1 Trace metals concentrations and spatial distribution

The chemical composition of surface sediments in the CA was highly variable. Trace
metal concentration ranges are 5-96 pg/g for Cr, 1-39 for Co, 3—88 for Ni, 2—116 for Cu, 9—
139 for Zn, 8-186 for V, 0.04-2 for Se, 0.8-60 for As, 0.01-0.44 for Cd and 2-38 for Pb
(Fig. 22). Low trace metal concentrations were observed in the central CA channels and
straits (e.g., M’Clintock Channel, Gulf of Boothia, Lancaster Sound) and in Nares Strait. The
fjords of Baftin Island, Frobisher Bay and the Queen Maud Gulf (QMG) generally recorded
low trace metal concentrations, but also the highest concentrations of REEs. The QMG,
however, displayed higher Cr and Zn concentrations (40—60 and 60—130 pg/g, respectively)
than sites located close to Baffin Island. In contrast, the western CA region, encompassing
the Canadian Beaufort Sea, Mackenzie shelf-slope, Banks Island shelf-slope and the
Amundsen Gulf, exhibited the highest concentrations of several trace metals, including Zn,
Ni, Cr, Pb, Cd, As, and Co. Near the NOW, in eastern CA, Se concentrations were the highest,

along with elevated levels of Cu, As, and Cr.

Fe concentrations, ranging from 0.3 to 4 wt.%, present a similar pattern to that of trace
metals, with the highest values observed in western CA and around the NOW. However, a
distinctly different trend is observed for Mn (68—11500 pg/g), Mo (0-26 pg/g) and Sb (0-2.7
ug/g). These elements generally exhibit low concentrations across the CA, with maximum
values of approximately 2000 pg/g for Mn, 5.5 pg/g for Mo, and 0.9 pg/g for Sb. The highest
concentrations are predominantly located in northern Davis Strait and, most notably, in

Amundsen Gulf (Fig. 22).
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Figure 22. Maps presenting the trace metal concentrations and the distribution in the CA
sediments.
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Figure 23. a) Map presenting the location of the clusters. a) Silhouette plot of the K-means
clustering analysis applied of marine surface sediments.

K-means cluster analysis indicates that the dataset can be subdivided into four main
clusters, regrouping 36, 17, 30 and 45 samples per cluster (Fig. 23). The spatial distribution
of these clusters aligns closely with the sedimentary provinces previously described in Brice
et al. (2025). Central CA straits and channels, and Nares Strait belong to cluster 1, while sites
along the Baffin Island coast are associated with cluster 2. Cluster 3 is located in the
Mackenzie/Beaufort Shelf and Amundsen Gulf region, whereas cluster 4 includes sites in
Jones and Lancaster Sounds, as well as southern Smith Sound. PCA analysis performed on
trace elements and TOC content revealed that the first two principal components (PC) explain
66% of the total variance (Fig. 24). Note that Mn was excluded from the PCA due to its
dominant influence on the overall geochemical variability. As shown in the biplot, PC1 (46%

of the total variance) highlights a clear opposition between trace metals and REEs. All metals
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and TOC are located on the negative side of PC1, whereas all REEs and Th are associated
with a positive PC1 scores. Grain size (Do), represented by the size of the individual dots in
the biplot, seems to be associated with a positive PC1 scores. The PC2, explaining 21% of
the total variance, primarily reflects the variability of the trace metals. Se exhibits the
strongest negative loading, followed by TOC, Cr and Cu. Most remaining trace metals are
positioned on the positive side of PC2, while As and REEs remain unaffected by this
component. PC scores reveal a clear spatial pattern (Fig. 30), with clusters distinctly
separated across the biplot quadrants. The first two clusters are located on the positive side
of PC1, with the cluster 1 in the positive PC2 quadrant. The other two clusters are more

influenced by PC2, each positioned on opposite sides of this axis.
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Figure 24. Principal component analysis applied on the marine surface sediments. Size of
the individuals represents their associated grain size (Do) composition.

126



2.5.2 REE distribution and pattern

The total REE content (XREE) ranges from 19 to 358 ug/g (Fig. 22). The lowest
concentrations are observed in terrestrial samples and marine samples located on Ellesmere
Island and in its fjords, respectively. In the marine environment, Lancaster Sound and Foxe
Basin also exhibit among the lowest levels. Relatively low XREE (~90-190 pg/g) are
observed in the western CA region, as well as in the central channels and straits, Nares Strait,
and the NOW region. The highest concentrations are mainly found in the cluster 2 (QMG,
Baffin Island bay and fjords), but interestingly also in terrestrial samples from Ellesmere
Island. LREE concentrations, ranging from 17 to 335 pg/g, follow a similar distribution
pattern as ZREE. HREE concentrations (455 pg/g) show a slightly different spatial pattern,
with highest concentrations in the Qikiqtarjuaq area and similar high content in the western

CA region, Frobisher Bay and QMG.

The PAAS-normalized REE pattern of surface sediments of the CA generally show an
enrichment in LREE, but with notable differences between the clusters (Fig. 25). Clusters 1
and 4 exhibit similar patterns with an LREE enrichment and no significant anomalies. Cluster
2 is characterized by a stronger LREE enrichment, along with pronounced negative Ce and
Eu anomalies. More precisely, the fjords of Baffin Island exhibit significant negative Ce (0.5)
and varying negative Eu (0.4-0.8) anomalies, whereas Frobisher Bay exhibits strong negative
Eu anomalies (0.5), but no Ce anomaly (Fig. 31). Finally, cluster 3 displays enrichment in

MREE and a positive Eu anomaly (1.2).
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Figure 25. PAAS-normalized REE pattern of the marine surface sediments subdivided by
clusters. Patterns in blue, purple, yellow and red represent the average of the associated
cluster. The pattern in green is the average detrital silt pattern from (Freslon et al., 2014),
the pattern in orange is the average organic matter pattern from (Bayon et al., 2015) and the
pattern in pink is the average pattern from the Mackenzie Region (Bossé-Demers et al.,
2025).

2.5.3 Sediment quality and pollution assessment

Trace metal concentrations were compared with the TEL and the PEL (Fig. 26), except
for Co and V, which do not have guidelines. Zn, Cd and Pb concentrations are mostly or
entirely below the TEL, indicating no risk of adverse biological effects. Cr content presents
a normal distribution roughly centered just below the TEL, with no samples exceeding the
PEL. Since third of the samples have concentrations above the TEL, adverse effects are
possible, but the overall risk remains low. However, a few sediment samples exceed the PEL
for Ni (n=21), Cu (n=1), and As (n=5). All sediments from Amundsen Gulf and half of those
from the Canadian Beaufort Sea exceed the PEL for Ni, as well as most of the samples located

north of Davis Strait (Fig. 22). This suggests probable risks of adverse biological effects in
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these areas. The only sample exceeding the PEL for Cu is located in central Lancaster Sound.

For As, the samples close to Banks Island and two samples in Jones Sound surpass the PEL.
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Figure 26. Barplots presenting trace metal concentrations in sampled sediments. Green
lines represent the TEL values and orange lines represent the PEL values shown in Table 8.
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Figure 27. Boxplots of the three pollution indices used in this study. Green lines refer to the

limit for “No enrichment” for the EF, “Uncontaminated” for the Igeo. Yellow lines refer to

“Minor enrichment” and “Uncontaminated to moderately contaminated” and “Low risk™ for
the ER. Orange lines refer to “Moderate enrichment” and “Moderately contaminated”.
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EF results indicate no to minor enrichment for most metals, except for a few samples
showing Cu enrichment and several samples exhibiting As enrichment (Fig. 27). Isolated
samples from the coast of Banks, Victoria, Ellesmere and Baffin Islands display moderate
As enrichment. In addition, two samples from Jones Sound and four from Coronation Gulf
show As enrichment with one sample in Coronation Gulf reaching a moderately severe
enrichment. Using Igeo, moderate contamination is observed in three samples for Co
(Victoria Island coast and central Baffin Bay) and in one sample for Cu (Lancaster Sound).
Multiple samples along Banks Island show moderate As contamination, as well as some in
Lancaster Sound, two in Jones Sound, two in Nares Strait, and one in Coronation Gulf. No
significant ecological risk was identified using ERI for most metals, except for Cd and As,
which presented values above 40. Moderate risk was mainly observed in Amundsen Gulf and
Lancaster Sound for Cd, while two isolated samples in the QMG and Canadian Beaufort Sea,

and two samples in Jones Sound showed moderate risk for As.

2.6 DISCUSSION

2.6.1 Metal distribution and controlling factors

The four K-means clusters representing the distribution of extractable trace metal and
REE concentrations in the sediment of the CA region closely align with the four sedimentary
provinces previously defined based on total concentrations of major and selected trace
elements (Brice et al., 2025). Our data highlight that lithologies remain the main controlling

factor for the extractable fractions.

Trace metal concentrations are low in central CA and Nares Strait compared to the rest
of the CA (Cluster 1; Fig. 22 & 24). The Ca-Mg-rich sediments composing this cluster are
associated with detrital carbonates, a mineral phase that is not a major carrier of metals (e.g.,
Tribovillard et al., 2006). Additionally, the surrounding limestone and dolostone formations

from the Arctic Platform are generally metal poor (Bédard et al., 2016).
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The cluster 2 also presents low concentrations in trace metals, but high levels in REEs.
The highest XREE are observed in the fjords of Baffin Island, in Frobisher Bay, and in the
QMG, where sediments are supplied by the surrounding REE-rich Canadian Shield rocks
(e.g., Lafreniére et al., 2023). LREE concentrations are particularly high compared to the rest
of the CA, whereas HREE concentrations exhibit comparable values with other regions such
as the Beaufort Sea Shelf. The LREE enrichment observed in cluster 2 reflects well the
signature of the surrounding igneous/metamorphic rocks, which was observed by Grenier et
al. (2022) in dissolved REEs in rivers of the Canadian Arctic Archipelago. Significant
concentrations of Fe, Zn and Cr occur in some samples, likely deriving from mafic to
ultramafic intrusions on Baffin Island (Liikane et al., 2015). Although mafic lithologies are
frequently exposed in the area, the coarse nature of the sediments and their quartz- and

feldspar-rich composition (Andrews et al., 2018) may limit metal scavenging.

High trace metal levels characterize the cluster 3. This region is strongly influenced by
the Mackenzie River inputs, which provide fine-grained sediment composed of clay
minerals, metallic oxides, and terrestrial organic matter, as well as dissolved and particulate
trace metals (Bossé-Demers et al., 2025; Gamboa et al., 2017; Vonk et al., 2015; Wagemann
et al., 1977). The cluster is thus spatially influenced by the Mackenzie River plume, which is
propelled to the east by the coastal currents (Fig. 21a), and can be roughly separated into
three zones. The Mackenzie Shelf, close to the river mouth, records the highest content Zn,
V, Pb and Cr, while the Amundsen Gulf has the highest content of Ni, Co, Cd, Mo, and Sb
(Fig. 22). Finally, the west Banks Island Shelf has among the highest As content as well as
high V concentrations. Brice et al. (2025) concluded that trace metals were delivered to the
seafloor primarily through adsorption onto organic matter, metallic oxides and
aluminosilicates. Consistent with this, the present study found that high trace metal
concentrations are mainly associated with easily mobilizable phases, such as amorphous
authigenic metallic oxyhydroxides and labile organic matter, highlighting the role of reactive
phases in trace metal accumulation in the CA. In cluster 3, the correlation plot reveals the
association of TOC with Cr, Zn, V and Pb, while Mn is highly correlated with Co, Ni, Cu
and Sb and Fe is correlated with Zn, V, As and Pb (Fig. 28). Given the distribution of the
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elements, Zn, V, Pb and Cr seem to settle relatively rapidly on the shelf with terrestrial
organic matter and detrital Fe oxides. Cr is also frequently derived and transported by
terrigenous material inputs (Tribovillard et al., 2006). Highlighted by its correlation with Sc,
Cr distribution seems indeed brought to the seafloor by the clastic fraction. The other metals
are associated with Fe and Mn cycles and are most probably remobilized and entrained by

the surface currents.
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Figure 28. Spearman correlation plots of the marine samples subdivided into the four
chemical clusters.
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Strong surface enrichment of Mn is observed in Amundsen Gulf (Fig. 22) and is
attributed to diagenetic processes that reduce, remobilize, and reprecipitate Mn farther from
the Mackenzie River, where deeper oxygen penetration in sediments allowed authigenic Mn
oxyhydroxide formation (Brice et al., 2025; Gamboa et al., 2017; Macdonald and Gobeil,
2012). Authigenic accumulation of Ni, Co, and particularly Mo and Sb seems thus driven by
Mn behavior. Cd, which presents high values in Amundsen Gulf and Mackenzie Shelf, shows
no correlation with any major host phases. This suggests that Cd is controlled by a mix of
factors, including association with organic matter and oxides. Along the Banks Island coast,
metal concentrations remain high (V > 100 pg/g; Zn > 75 pg/g; Cr > 34 pg/g), but it stands
out for the As concentrations (30-45 pg/g). Also observed in the Canadian Beaufort Shelf by
Trefry and Neff (2019), such surface enrichment is likely due to diagenetic processes
associated with Mn and Fe oxides. The authors associate the high As content with the
ferromanganese crust found in the area (Kuzyk et al., 2017; Macdonald and Gobeil, 2012).
In our area, high Fe content confirms the co-enrichment of As in surface sediments with

amorphous Fe oxyhydroxides, which are readily extractable (Fig. 22).

The cluster 4 is mainly defined by the TOC content, but also by the metals Se and Cu,
and to a lesser extent Cr and As (Fig. 24). These trace metals are all used as micronutrients
and are thus taken up by the phytoplankton in the photic zone (Duncan et al., 2015; Glabonjat
etal., 2021). In the NOW area, the phytoplankton biomass is substantial (Klein et al., 2002),
and upon the death of the organisms, scavenging of metals to the sediments by organic matter
can be very high (Hargrave et al., 2002). In the sediments, remineralization of the biomass
releases the metals, which can diffuse upward to the water or be captured by other phases
like Fe oxyhydroxides (Rico et al., 2023) or sulfides, depending on the redox conditions in
the sediments. Se presents a strong positive correlation with TOC (Fig. 28), suggesting that
it remains linked to organic matter. The correlation of As and Cr with Fe indicates that they
are likely captured by Fe-oxides/sulfides in this region. Terrigenous inputs from glacial

erosion might also contribute to high As and Cr values found in this cluster.
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2.6.2 REE spatial distribution

Marine sediment PAAS-normalized REE patterns are generally enriched in LREE,
because of preferential scavenging of LREEs over HREEs in seawater (Sholkovitz et al.,
1994). This general pattern is observed in most samples. However, the REE distribution
across the CA and the observed patterns also appears to be strongly influenced by the
underlying bedrock lithology. The highest concentrations of XREE and the strongest LREE
enrichments (Fig. 29a), found in cluster 2, reflect the geochemical signatures of Precambrian
igneous and metamorphic rocks that outcrop in Baffin Island (Fig. 21b). In contrast, the
western CA, where younger Cenozoic to Paleozoic sedimentary rocks are prevalent, shows
lower ZREE contents. The lowest ZREE concentrations are found in areas largely influenced
by the Paleozoic carbonate rocks (Fig. 21b). Grenier et al. (2022) observed similar
concentration variations and lanthanide profile in rivers are influenced by the Canadian
Shield and carbonate rocks. The lithogenic control of REEs in the CA is also confirmed by
the strong relationship of La (i.e., LREEs) versus Th present in the whole dataset (Fig. 29b).
This relationship was also observed in sedimentary rocks in Greenland and Australia and was
attributed to similar sedimentary behavior directly reflecting the Upper Continental Crust
(UCC; McLennan et al., 1980). A ratio of La/Th= 2.8 and 3.6 was calculated for post-
Archean and Archean sedimentary rocks, respectively (McLennan, 2001; McLennan et al.,
1980), while a median ratio of 6.1 was calculated in our dataset. The strong correlation
indicates that both LREEs and Th can be found in the same extractable phases, but the higher
La/Th ratio reveals that a fraction of Th is in refractory phases. Relatively good correlations
of La versus extractable Fe and total Al (Brice et al., 2025) in clusters 1, 2 and 4 (Fig. 32)
suggests that LREEs are associated with Fe—-Mn oxides and clays. The weak Th-Yb
correlation likely reflects the dominance of refractory heavy minerals as the main hosting

phase for HREE: .
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Figure 29. a) PAAS normalized plots of Sm/Yb versus Sm/La for marine sediments
samples studied here. b) Relationship between log La concentration and log Th
concentrations. ¢) Relationship between Ce anomalies and Th concentrations. Colors of the
dots, the trendlines and the r-Spearman correlation values represent the associated clusters
(blue for cluster 1, purple for cluster 2, yellow for cluster 3 and red for cluster 4). Black
trendline and r value represent the average of all samples.

The distribution and pattern of REEs can also reveal information about their carrier
phases across the region. Each type of carrier has a unique pattern, which can be identified
in the samples depending on which phase is most dominant. The average pattern in western
CA (cluster 3) present a MREE enrichment (Fig. 25 & 29a) that is very similar to the
sedimentary organic matter pattern (Freslon et al., 2014), suggesting that the REEs in the
region are bound to organic matter. However, the absence of correlation between REEs and
TOC in cluster 3 (Fig. 28) highlights that the patterns are attributed to other processes. Bossé-
Demers et al. (2025) established a leached Mackenzie River signature (Fig. 25), characterized
by a significant MREE enrichment and consistent with REEs-metal oxides-humic complexes
delivered by the river. The preferential scavenging of MREEs by leachable Fe-Mn
(oxyhydr)oxides and organic matter likely accounts for this signature (Gutjahr et al., 2007;
Lim et al., 2014). In cluster 2, because most sediments of this region are likely composed of
refractory detrital components that are not extracted by the acid-extractable digestion, the
concentrations and the patterns reflect only a fraction of the overall REE composition. The
relatively strong LREE enrichment and negative Eu anomaly may result from the fact that
the hosting phases of LREEs are efficiently extracted, whereas those of HREEs and Eu are
not mobilized by our partial acid-digestion method. Indeed, LREEs are preferentially bound

136



to extractable phases such as metallic oxides and organic matter, while HREEs are mostly
bound to zircons and Eu is typically an indicator of plagioclase (Lim et al., 2014; Sholkovitz,
1990). Both zircon and plagioclase are characteristic refractory minerals of this sedimentary
province (Andrews et al., 2018). LREEpaas exhibit values close to 1, thus similar to the
PAAS and also to detrital silt from rivers (Bayon et al., 2015), suggesting that they are likely
all extracted and are associated with detrital extractable phases such as preformed Fe-oxides
(Fig. 28 & 32). This difference in partitioning can lead to fractionation during extraction,

enhancing LREE enrichment.

Oxic conditions generally prevail in the CA bottom waters, consequently positive Ce
anomalies are expected in sediments, because dissolved Ce*" oxidizes to Ce*", and tends to
coprecipitate or be adsorbed onto Mn (oxyhydr)oxides (Sholkovitz et al., 1994; Ye et al.,
2019). Positive anomalies (1.1-1.2) are indeed observed in deep-water samples of the Baffin
Bay, where elevated Mn concentrations result from high scavenging (Colombo et al., 2020).
In western CA, Ce anomalies range from 0.96 near to the Mackenzie River to 1.04 in the
Amundsen Gulf and along the coasts of Banks Island (Fig. 31). The Mn-rich sediments in
these regions suggest that scavenging by Mn (oxyhydr)oxides has barely any impact. The Ce
signature is thus likely derived from the inputs of the Mackenzie River, such as shales within
the watershed that typically exhibit a slight negative Ce anomaly (Fraser et al., 2012; Fraser
and Hutchison, 2017; Hutchison, 2018; Strauss et al., 2020). As the influence of the
Mackenzie River on the shelf diminishes with increasing distance from the delta (Bossé-
Demers et al., 2025), Ce/Ce* becomes positive, probably due to the increasing influence of
redox processes. In eastern CA, the strong negative Ce/Ce* observed in Baffin Island fjords
are probably also inherited from the source rocks rather than caused by redox processes.
Indeed, Ce/Ce* versus Th concentrations (Fig. 29¢) shows that negative anomalies are

associated with high Th concentrations.
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2.6.3  State of pollution

Overall, extractable metal concentrations in the CA sediments fall within the natural
range expected for the Arctic Ocean (Table 13; e.g., Budko et al., 2017; Budko et al., 2022;
Cai et al., 2011; Campbell and Loring, 1980; Choudhary et al., 2020; Loring et al., 1998; Lu
et al., 2013; Lu and Kang, 2018; Naidu et al., 2005; Trefry and Neff, 2019; Trefry et al.,
2003; Zheng et al., 2022). However, several samples exceed the TEL values of the CSQG
and NOAA guidelines for Cr, As, Ni, and Cu, indicating that these sediments may
occasionally be associated with adverse biological effects (CCME, 1999). Furthermore,
concentrations of Cu, As and Ni exceed the PEL in 27 sediment samples, suggesting that
adverse effects are likely to occur frequently. It is important to note that the values in both
the referenced studies and the CSQG and NOAA guidelines represent total concentrations,
whereas our values reflect only extractable concentrations. As a result, total metal
concentrations are likely higher, meaning that assessment based on SQGs may underestimate
potential risks. Pollution indices, which are based solely on extractable concentrations,

indicate moderate enrichment and/or contamination in As, Cu, and Co.

Only one sample, located in central Lancaster Sound, exhibits a Cu concentration
above the PEL (115 pg/g; Fig. 22 & 28). However, this value has been classified as an outlier
(p <0.05) since it is inconsistent with both the surrounding data and the overall dataset. Given
that this sample is an outlier, only two samples show moderate Cu enrichment, but no
pollution was detected based on the Igeo index, and no values exceeded the PEL. This
indicates that Cu concentrations do not pose an ecological risk. Mean and median Co
concentrations in the CA are around 10 pg/g, which aligns well with the geochemical
background values. Only two samples showed moderate pollution - one in Coronation Gulf
and another in central Baffin Bay. In central Baffin Bay, Campbell and Loring (1980) also
observed Co enrichment in deep central Baffin Bay muds compared to coastal and sound
sediments. They concluded that the seafloor composition in deep Baffin Bay is more similar
to the Atlantic Ocean deep-sea clays (Turekian and Imbrie, 1966) than to the CA shelf and

coastal sediments. Indeed, overall high trace metal levels are observed in this sample, and to
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a lesser degree, in samples near Davis Strait. Thus, when comparing deep Baffin Bay data
with the regional background - established using shelf and coastal sediment data - pollution
indices indicate higher-than-natural concentrations. In Coronation Gulf, a sample close to
Victoria Island exhibits the highest content in Co (39 pg/g) and Ni (87 pg/g), which are three
times the regional background values. Both Co and Ni are mainly delivered to sediments in
association with Mn oxides, and to a lesser extent Fe-oxides (Audry et al., 2006; Stockdale
et al., 2010). Indeed, throughout the CA, both trace metals show strong correlation with Mn
and Fe, especially with Mn in cluster 3 (Fig. 28). In Coronation Gulf, which present high Fe-
Mn concentrations, enhanced scavenging of Co and Ni by Fe-Mn oxides, coupled with
surface enrichment during early diagenesis, are probably the main causes explaining the high
values. In sediments, Co and Ni are mainly released to pore water during Mn oxides reductive
dissolution and an important fraction undergo re-adsorption and/or re-precipitation with Mn
oxides in the oxic zone, leading to surface enrichment (Heggie and Lewis, 1984; Meinhardt
et al., 2016). The Co-Ni enrichment might also be favored by a source rich in these elements,

such as the Franklin Igneous Province that comprises lithologies rich in trace metals (Beard

et al., 2018; Bédard et al., 2016).

The majority of the samples present Ni concentrations above the TEL, and 21
exceeding the PEL. These higher concentrations are mainly found in the Mackenzie/Beaufort
shelf, Amundsen Gulf and Davis Strait. In contrast, lower Ni levels have been reported in
surficial sediments from the Russian and Norwegian Arctic (Budko et al., 2022; Choudhary
et al., 2020; Holemann et al., 1999; Loring et al., 1998; Lu et al., 2013) and in the coastal
Alaskan Beaufort Sea (Naidu et al., 2012; Trefry and Neff, 2019). However, similar Ni
concentrations were measured in Baffin Bay by Campbell and Loring (1980). Higher Ni
concentrations have been observed in deep waters of the Chukchi Sea (Lu and Kang, 2018;
Wang et al., 2022; Zheng et al., 2022), where moderate ecological risk has been identified.
The Ni concentrations measured in the CA are thus in agreement with the global Arctic
baseline, which ranges from 17 to 49 pg/g (Gauthier et al., 2021). However, Lu and Kang
(2018) reported that the labile Ni fractions account for ~40% of the total Ni in the Bering

Strait sector, suggesting that our extractable concentrations might exceed global baseline
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values. Nevertheless, when compared to the regional natural geochemical background, Ni
extractable concentrations in surface sediments do not show enrichment or pollution

(Fig. 26), highlighting natural Ni sources in the region.

More than half of the samples have As concentration above the TEL. However, with a
median of 11 ug/g and a mean of 14 ug/g (Fig. 26), the values from this study are consistent
with those reported for unpolluted sediments in other Arctic Ocean studies (Budko et al.,
2022; Trefry and Neff, 2019; Trefry et al., 2003; Wang et al., 2022). In cluster 3, the affinity
of As for Fe oxides leads to high deposition in the Mackenzie/Beaufort shelf and Amundsen
Gulf, where three samples exceed the PEL. This is likely due to the natural surface
enrichment during diagenesis in oxic conditions (Loring et al., 1998; Trefry and Neff, 2019).
The release of As into pore water during the reductive dissolution of Fe oxides, followed by
re-precipitation of Fe with co-associated As, can lead to the formation of a Fe—As enriched
layer within the oxic zone (Trefry and Neff, 2019). This layer typically forms below the Mn
oxide re-precipitation zone; however, this layer is not clearly observed along Banks Island.
A shallower oxygen penetration depth compared to the Amundsen Gulf - where Mn
enrichment is found - may promote Fe accumulation closer to the sediment surface. Although
sediments along Banks Island exhibit natural As enrichment, the potential for biological
effects remains high, as the measurements were derived from the labile fraction.
Additionally, two samples from Jones Sound also exceed the PEL for As, with concentrations
of 53 and 59 pg/g - the highest recorded in the dataset. These elevated values coincide with
high Fe concentrations and relatively high V and TOC concentrations. Absorption and
accumulation in phytoplankton and/or shuttling by Fe-(oxyhydr)oxides are hypothetical
processes that can explain high deliveries of As to the sediments (Rico et al., 2023;
Tribovillard et al., 2006). However, surface enrichment by diagenetic processes is not
probable, as revealed by low Mn and Mo concentrations (Fig. 22). It is likely derived from a
detrital input. As might be transported by glaciers meltwater draining Canadian Shield rocks

surrounding eastern Jones Sound.
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2.6.4  Ecotoxicological implications

Based on this study, surface metal concentrations in the CA are from natural sources
and processes. However, climate change is expected to increase the risks associated with
metal exposure in the Arctic due to geochemical changes in the environment (Macdonald et
al., 2005). Reduced sea ice and rising temperatures impact oxygen levels in the water column
and sediments, while the thawing of the permafrost affect the continental inputs to the Arctic
Ocean (Biskaborn et al., 2019). An increase in material exported by rivers and coastal
erosion, as well as an increase in reactive organic matter, Fe and trace elements, has already
been observed and is expected to continue (O’Donnell et al., 2024; Skierszkan et al., 2024).
Diagenetic reactions are affected by changing oxygen levels and organic matter inputs
(Macdonald et al., 2015), and their modification can enable the remobilization of metals and

affect their bioavailability and toxicity.

The Amundsen Gulf records the highest concentrations of Cd, Ni, Co, Mo, and Sb in
our dataset (Fig. 22), making it a zone of interest. This surface enrichment is linked to high
riverine inputs from the Mackenzie River and diagenetic Mn enrichment (Gamboa et al.,
2017; Brice et al., 2025) and is thus sensitive to redox conditions. The Amundsen Gulf
sedimentary dynamic is also influenced by small rivers from the mainland. An increase in
permafrost thawing would most likely increase inputs of old reactive organic matter via these
small rivers (Fouché et al., 2020), which could induce the reduction of Mn oxides closer to
the surface and the release of associated metals. Labile Ni and Co present on the Amundsen
Gulf seafloor, the most enriched area of the CA (Table 13), could be remobilized into the
water column, making them readily accessible to benthic organisms. Although labile Cd
concentrations remain below the TEL, significant flux to the water column through upward
diffusion has been observed during early diagenesis (Gobeil et al., 1987). The dissolved Cd
will contribute to the overall trace metals exposure to benthic organisms, mainly to

invertebrates.

141



In sediments, As is closely associated with metallic oxides, particularly Fe-oxides
(Chaillou et al., 2003; De Vitre et al., 1991; Tribovillard et al., 2006). Although adsorbed As
is not generally considered readily accessible (Wang and Mulligan, 2006), changes in redox
conditions, pH, bioturbation and microbial activity can lead to its mobilization. As observed
with acid digestion, significant As levels were extracted along the Banks Island coast
(Fig. 22). The As measured was most probably associated with authigenic amorphous Fe
oxides, which are less stable than preformed Fe oxides derived from the Mackenzie River
(Pierce and Moore, 1982). In addition to the release of As into interstitial waters due to oxide
reduction, anaerobic conditions promote the reduction of arsenate (As>") to the more mobile
arsenite (As>"), as well as As methylation by microorganisms, leading to the formation of
toxic and bio-accumulative organic species (Bright et al., 1996). In Jones Sound, the
increasing rate of glacier melt, which is already ongoing for Belcher Glacier (Wychen et al.,
2020), might result in increase in As inputs to the water column, resulting in a possible

increased uptake by the phytoplankton as well as an accumulation in marine sediments.

2.7 CONCLUSION

A spatial geochemical survey was conducted across the CA to provide new data on
seafloor sediment composition. Concentrations of trace metals and REEs, measured by
partial acid digestion, revealed a spatial distribution exhibiting a west-east trend influenced
by sourced bedrock, redox conditions, river inputs, ocean current and primary productivity.
Four clusters were determined to describe the spatial variability: central CA (central channels
and straits, and Nares Strait), eastern CA (Baffin Island coast), western CA (the
Mackenzie/Beaufort Shelf and the Amundsen Gulf) and northeastern CA (the NOW region).

The Canadian Beaufort Sea and the Amundsen Gulf record the highest concentrations
of trace metals in the CA. The discharge from the Mackenzie River is the principal source of
these elements, but their distribution is then influenced by the metal’s affinity with the carrier

phases, i.e. organic matter and Fe-Mn oxides, and redox conditions. V, Zn, Pb and Cr are
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rapidly scavenged onto the sediment by organic matter, whereas As, Ni, Co and Cd are
mobilized and transported by coastal currents further away from the river. High As
concentrations are observed in the Canadian Beaufort Sea, east of Banks Island, most likely
associated with detrital and authigenic Fe oxides. The Amundsen Gulf has high
concentrations of Ni, Co and Cd, and their association to Mn oxides seems to be the most

plausible explanation.

The REE concentration of the CA sediments are primarily controlled by the bedrock.
LREE are mainly found bound to metallic oxides that are acid-extractable while HREE seems
associated with refractory phases. In eastern CA, the Precambrian lithologies of the Canadian
Shield transfer their high concentrations, LREE-enriched signature and Ce negative anomaly
to the sediments close to the coast. In Western CA, the sediment samples exhibit a notable
MREE enrichment, characteristic of the leachable geochemical signature of the Mackenzie
River. The rest of the CA are generally characterized by a small LREE enrichment and a

small positive Ce anomaly reflecting typical marine sediment pattern.

No major ecological risks were identified in this study. The trace metals baseline of
surface sediments exhibits high regional variability, leading to values that occasionally
exceed sediment quality criteria. However, these values remain within the range of natural
sources. Only Jones Sound presented two samples with high As concentrations exceeding
the PEL, which were identified as polluted and enriched. Nevertheless, monitoring across the
region should be continued to assess the direct and indirect impacts of human activities on

the ecotoxicological risk of trace metals in CA marine sediments.

Overall, the findings from this study provide new insights into the sources and
pathways of metals and highlight areas that may be particularly sensitive to contamination
under future climate disturbances. These data will support policymakers in conducting
environmental risk assessments and developing evidence-based regulatory frameworks for
shipping and industrial activities within the CA. However, the present dataset represents only
a snapshot of current metal concentrations in CA sediments. To strengthen long-term

environmental protection and mitigation strategies, we recommend the continued
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implementation of sustained monitoring programs in collaboration with local communities.
Additionally, a more complete understanding of the geochemical behavior of metals in the
Arctic marine environment will require future work on sediment core profiles, including
sediment and pore water chemistry. A comprehensive ecological risk assessment should also
incorporate trace metal partitioning in sediments and measurements of metal accumulation

in benthic organisms
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2.10 SUPPLEMENTARY MATERIAL (FIGURES AND TABLES)
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Figure 30. Maps presenting the PCA scores for the individuals for the (A) first principal
component (PC1) and the (B) second principal component (PC2).
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Figure 32. Log-log plots of La versus Fe (a), and Al (b) and Yb versus Th (c¢) and Al (d).

Concentrations of Al are ED-XREF total concentrations from Brice et al. (2025).
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Tableau 10.
ICP-QQQ blank results (ng/L) for the terrestrial and marine surface sediments. Cells in

gray correspond to non-systematic contamination.

Blanks 24 Mg 44 Ca 39-39K 52 Cr 55Mn 57 Fe 59 Co 60 Ni 45-61 Sc
1 1.937 6.900 2.056 1.1511  0.0476  8.7727  0.0044 0.1033  0.0020
2 2.410 5.281 6.169 0.2419 0.0511 5.9477 0.0022 0.0447 0.0018
3 4.076 29.443  1.556 0.7192 0.0133  3.5528  0.0025 0.0405 0.0008
4 6.177 182.885 6.884 1.2615 0.0386 8.5508 0.0072  0.0355 0.0060
5 4.220 89.030  3.365 0.5646  0.0250 4.0624  0.0054 0.0325 0.0029
6 3412 89.095 3.814 0.1391 0.0246  1.6562  0.0045 0.0232 0.0032
7 7.186 290.562 10.533  0.1957 0.0729 3.9203 0.0117 0.0973 0.0113
8 3.922 147.853 5.930 0.1552  0.0371 29726  0.0066 0.0547 0.0048
9 2.440 78.534  3.933 0.0925 0.0229 1.6164 0.0044 0.0364 0.0025
10 2.773 93.849  3.544 0.0911 0.0217 1.4681  0.0055 0.0222 0.0023
11 2.315 78.393  2.874 0.0563 0.0171  1.1779  0.0052 0.0220 0.0024
12 2.223 72.920  3.367 0.0545 0.0204 1.3484  0.0053 0.0350 0.0011
13 0.655 8.941 1.231 0.0152 0.0104 0.1994 0.0000 0.0150 0.0000
14 0.812 8.010 1.332 0.0236  0.0053  0.2408 0.0000 0.0115 0.0000
15 1.771 62.290  3.024 0.0894 0.0245 1.3115 0.0043 0.0189 0.0000
16 2.830 86.518 3.514 0.1159 0.0269 1.4294  0.0050 0.0204 0.0002
17 2.044 37.866  2.268 0.0398 0.0189 09104 0.0017 0.0173  0.0000
18 1.829 18.300 1.519 0.0392 0.0120 0.6169  0.0022 0.0169 0.0000
19 1.834 4.399 1.084 0.0848 0.1002 0.4911  0.0011 0.0439 0.0000
20 1.744 5.763 1.187 0.0292  0.0185 0.3236  0.0009 0.0208 0.0000
LOD 0.001 0.008 0.001 0.0056  0.0045 0.0006 0.0003 0.0023 0.0049
LOQ 0.005 0.027 0.005 0.0185 0.0148 0.0021  0.0008 0.0075 0.0162
Mean blanks 2.831 45.619  3.459 0.2580 0.0304 2.5285 0.0040 0.0356 0.0021
SD blanks 1.633 72.094  2.375 0.3712  0.0229 2.5859  0.0028 0.0250 0.0028
LOD/Mean 0.001 0.000 0.000 0.0218 0.1470 0.0002  0.0642 0.0642 2.3824
Above LOD? Yes Yes Yes Yes Yes Yes Yes Yes No
Min value 188.486 36.701  77.311 0.510 4714 227.845 0.084 0.340

Min/Mean 67 1 22 2 155 90 21 10

Blanks > min x 20? [No Yes No Yes No No No Yes /
Correction /45.619 / 0.258 /// 0.036 /
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Tableau 10 (suite)

Blanks 63Cu 47-63Ti 66Zn 51-67V 78-78Se 88Sr 7591 As 98Mo 89-105Y
1 0.1523 0.3627 0.3826 0.0162 0.0000 0.0464 0.0061 0.1298 0.0012
2 0.5316 04114 0.0184 0.0124 0.0000 0.0617 0.0076  0.0235 0.0021
3 0.3058 0.1264 0.0371 0.0124 0.0000 0.2034 0.0099 0.0757 0.0018
4 0.1832 0.2472 0.0130 0.0588 0.0008 1.3601 0.0340 0.1492 0.0114
5 0.0290 0.1456 0.0000 0.0298 0.0023 0.6429 0.0179 0.0674  0.0063
6 0.0390 0.1510 0.2037 0.0261 0.0000 0.6325 0.0194 0.0125 0.0054
7 0.0715 0.5010 0.4468 0.0898 0.0000 2.1196 0.0572 0.0018 0.0183
8 0.0449 0.3038 0.0789 0.0482 0.0000 1.1207 0.0212 0.0037  0.0097
9 0.1026 0.1548 0.3687 0.0222 0.0075 0.5781 0.0145 0.0035 0.0055
10 0.0535 0.1142 0.0738 0.0266 0.0000 0.6791 0.0196 0.0008 0.0057
11 0.0401 0.1594 0.0499 0.0220 0.0000 0.5804 0.0204 0.0000 0.0050
12 0.0890 0.1898 0.1298  0.0215 0.0000 0.5199 0.0196 0.0000 0.0048
13 0.0227 0.0821 0.1401 0.0018 0.0042 0.0631 0.0081 0.0009 0.0001
14 0.0489 0.1408 0.1690 0.0020 0.0012 0.0549 0.0102 0.0000 0.0002
15 0.0458 0.1235 0.1575 0.0175 0.0000 0.4885 0.0142 0.0001 0.0040
16 0.0432 0.1359 0.1173  0.0257 0.0000 0.6739 0.0208 0.0012  0.0049
17 0.1091 0.2305 0.1035 0.0099 0.0059 0.2818 0.0136 0.0000  0.0025
18 0.1255 0.1151 0.1689 0.0056 0.0028 0.1320 0.0098  0.0000 0.0009
19 15.5141 0.0873 0.1278 0.0014 0.0000 0.0177 0.0060 0.0085 0.0017
20 0.0765 0.1682 0.1219 0.0024 0.0000 0.0339 0.0046  0.0000 0.0010
LOD (ug/L) 0.0002 0.0102 0.0283 0.0003 0.0023 0.0002 0.0032 0.0023 0.0003
LOQ (ug/L) 0.0008 0.0336  0.0935 0.0011 0.0077 0.0006 0.0105 0.0075 0.0011
Mean blanks 0.1113 0.1975 0.1454 0.0226 0.0012 0.5145 0.0167 0.0239  0.0046
SD blanks 34462 0.1137 0.1236  0.0218 0.0022 0.5314 0.0119 0.0451 0.0044
LOD/Mean 0.0022 0.0516 0.1949 0.0142 1.8805 0.0003 0.1904 0.0952 0.0711
Above LOD? Yes Yes Yes Yes No Yes Yes Yes Yes
Min value 0.3070 3.8180 0.6310  0.535 1.512 0.072 0.012 0.174
Min/Mean 3 19 4 24 3 4 1 38
Blanks > min * 20? | Yes Yes Yes No / Yes Yes Yes No
Correction 0.111 0.198 0.145 // 0.515 0.017 0.024 /
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Tableau 10 (suite)

139-155 140-156 141-157 146-162 147-163 157-173
Blanks 111Cd 121Sb 153 Eu La Ce Pr Nd Sm Gd
1 0.0000 0.0012 0.0003 0.0073 0.0216  0.0005 0.0026  0.0000 0.0007
2 0.0000  0.0008 0.0003 0.0109 0.0162 0.0016 0.0052  0.0004 0.0008
3 0.0000 0.0011  0.0003 0.0048 0.0110 0.0013 0.0047  0.0002  0.0003
4 0.0002  0.0005 0.0011 0.0309 0.0770  0.0098 0.0381 0.0066  0.0036
5 0.0000 0.0011 0.0008 0.0151 0.0376  0.0047 0.0188 0.0043  0.0013
6 0.0002 0.0035 0.0007 0.0146 0.0347 0.0048 0.0205 0.0031 0.0022
7 0.0005 0.0032 0.0022 0.0502 0.1237 0.0145 0.0638 0.0116  0.0062
8 0.0002  0.0023  0.0020 0.0264 0.0651 0.0081 0.0335 0.0055 0.0034
9 0.0015 0.0044 0.0008 0.0147 0.0335 0.0042 0.0180 0.0022 0.0014
10 0.0005 0.0083 0.0010 0.0159 0.0380 0.0048 0.0213  0.0024 0.0016
11 0.0000  0.0055 0.0009 0.0133 0.0326 0.0043 0.0165 0.0027  0.0008
12 0.0002  0.0053 0.0005 0.0184 0.0288 0.0035 0.0145 0.0032 0.0024
13 0.0009 0.0041 0.0000 0.0062 0.0022 0.0004 0.0011  0.0001  0.0001
14 0.0014 0.0031 0.0001 0.0066 0.0023  0.0004 0.0011  0.0000 0.0007
15 0.0000 0.0066 0.0006 0.0166 0.0270 0.0033 0.0141  0.0029  0.0025
16 0.0004 0.0087 0.0004 0.0202 0.0357 0.0042 0.0180 0.0039  0.0023
17 0.0000 0.0089 0.0003 0.0089 0.0147 0.0018 0.0071  0.0011  0.0009
18 0.0000 0.0066 0.0001 0.0056 0.0071 0.0010 0.0041  0.0006 0.0008
19 0.0000 0.0056 0.0001 0.0029 0.0011  0.0000 0.0003  0.0000 0.0007
20 0.0000  0.0020  0.0000 0.0039 0.0022  0.0002 0.0008  0.0000 0.0003
LOD (ug/L) 0.0006  0.0013  0.0004 0.0001 0.0002 0.0001 0.0005  0.0005 0.0003
LOQ (ug/L) 0.0018 0.0043 0.0012 0.0004 0.0007 0.0004 0.0016  0.0015 0.0011
Mean blanks 0.0003 0.0041 0.0006 0.0147 0.0306 0.0037 0.0152  0.0025 0.0016
SD blanks 0.0005 0.0027 0.0006 0.0112 0.0299 0.0037 0.0157  0.0029 0.0015
LOD/Mean 1.8380 03169 0.6031 0.0078 0.0065 0.0321 0.0311  0.1810 0.2051
Above LOD? No Yes Yes Yes Yes Yes  Yes Yes Yes
Min value 0.004 0.009 0.295 0.591 0.070 0.251 0.045 0.039
Min/Mean / 1 15 20 19 19 17 18 23
Blanks > min x 20? / Yes Yes No Yes Yes  Yes Yes No
Correction / 0.004  0.0006 / 0.031 0.0037 0.015 0.003/
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Tableau 10 (suite)

159-175 163-179 165-181 166-182 169-185 175-191

Blanks 174 Yb Th Dy Ho Er Tm Lu 208 Pb
1 0.0000  0.0000 0.0004 0.0001 0.0001 0.0000 0.0000 0.0082
2 0.0004 0.0001 0.0006 0.0001 0.0002 0.0000 0.0001 0.0061
3 0.0003  0.0001  0.0006 0.0001 0.0001 0.0000 0.0000 0.0106
4 0.0006  0.0005 0.0021 0.0004 0.0010 0.0001 0.0001 0.0657
5 0.0004 0.0002 0.0013 0.0002 0.0006 0.0000 0.0000 0.0328
6 0.0007  0.0002 0.0014 0.0001 0.0002 0.0001 0.0000 0.0312
7 0.0016  0.0009 0.0044 0.0008 0.0015 0.0002 0.0004 0.1181
8 0.0006  0.0004 0.0023 0.0004 0.0011 0.0001 0.0002 0.0583
9 0.0003  0.0001 0.0007 0.0003 0.0006 0.0001 0.0001 0.0278
10 0.0004 0.0004 0.0020 0.0003 0.0005 0.0000 0.0002 0.0334
11 0.0005 0.0004 0.0012 0.0001 0.0004 0.0001 0.0002 0.0281
12 0.0005 0.0002 0.0010 0.0001 0.0004 0.0001 0.0001 0.0267
13 0.0000  0.0000 0.0003 0.0000 0.0001 0.0000 0.0000 0.0041
14 0.0000  0.0000 0.0003 0.0000 0.0001 0.0000 0.0001 0.0036
15 0.0007  0.0002 0.0007 0.0002 0.0006 0.0001 0.0001 0.0248
16 0.0007 0.0003 0.0012 0.0002 0.0005 0.0001 0.0001 0.0331
17 0.0002  0.0001 0.0006 0.0001 0.0002 0.0001 0.0000 0.0126
18 0.0003  0.0001 0.0003 0.0000 0.0002 0.0000 0.0000 0.0069
19 0.0001  0.0001 0.0001 0.0001 0.0000 0.0000 0.0000 0.0017
20 0.0001  0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0009
LOD (ug/L) 0.0003  0.0002 0.0002 0.0001 0.0004 0.0001 0.0002 0.0007
LOQ (ug/L) 0.0011  0.0007 0.0008 0.0004 0.0012 0.0005 0.0005 0.0022
Mean blanks 0.0004 0.0002 0.0011 0.0002 0.0004 0.0000 0.0001 0.0267
SD blanks 0.0004 0.0002 0.0010 0.0002 0.0004 0.0000 0.0001 0.0281
LOD/Mean 0.8164 09503 0.2158 0.6340 0.8751 3.0866 1.8254 0.0246
Above LOD? Yes Yes Yes Yes Yes No No Yes

Min value 0.014 0.005 0.028 0.006 0.016 0.132
Min/Mean 32 25 26 34 38 / / 5
Blanks > min x 20? [No No No No No / / Yes
Correction / / / / / / / 0.027
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ICP-QQQ blank results (ng/L) for marine sediments used for the geochemical background.

Tableau 11.

Blanks  1(2024-07-18) 2 (2024-08-01) 3 (2024-08-02) LOD LOQ
24 Mg 8.0094 11.5936 2.5385 0.0014 0.005
27 Al 168.3574 270.1586 77.9201 0.2537 0.837
44 Ca 278.8566 467.9925 118.6490 0.0081 0.027
39-39 K 10.0400 15.8823 5.4889 0.0015 0.005
52 Cr 6.6719 3.5730 6.2730 0.0056 0.019
55 Mn 0.0633 0.1077 0.0196 0.0045 0.0148
57 Fe 46.4382 23.7756 32.7090 0.0006 0.0021
59 Co 0.0261 0.0236 0.0060 0.0003 0.0008
60 Ni 0.0752 0.1952 0.0331 0.0023 0.0075
45-61 Sc 0 0 0 0.0049 0.0162
63 Cu 0.2781 0.2559 0.1316 0.0002 0.0008
47-63 Ti 0.3107 0.4465 0.1648 0.0102 0.0336
66 Zn 0.8937 0.6690 0.3080 0.0283 0.0935
51-67 V 0.1182 0.1478 0.0790 0.0003 0.0011
78-78 Se 0.0621 0.0770 0.0398 0.0032 0.0105
88 Sr 0.0020 0.0000 0.0021 0.0023 0.0077
75-91 As 2.0640 3.4491 0.9729 0.0002 0.0006
98 Mo 1.4936 0.6009 1.2708 0.0023 0.0075
89-105 Y 0.0155 0.0267 0.0071 0.0003 0.0011
111 cd 0.0023 0 0 0.0006 0.0018
121 Sb 0.0173 0.0532 0.0084 0.0013 0.0043
153 Eu 0.0679 0.0696 0.0673 0.0004 0.0012
139-155 La 0.0504 0.0751 0.0218 0.0001 0.0004
140-156 Ce 0.1085 0.1792 0.0461 0.0002 0.0007
141-157 Pr 0.0129 0.0227 0.0061 0.0001 0.0004
146-162 Nd 0.1034 0.1431 0.0779 0.0005 0.0016
147-163 Sm 0.0093 0.0157 0.0033 0.0005 0.0015
157-173 Gd 0.0045 0.0085 0.0021 0.0003 0.0011
174 Yb 0.0008 0.0025 0.0001 0.0003 0.0011
159-175 Tb 0.0004 0.0008 0.0000 0.0002 0.0007
163-179 Dy 0.0067 0.0100 0.0051 0.0002 0.0008
165-181 Ho 0.0002 0.0010 0.0001 0.0001 0.0004
166-182 Er 0.0030 0.0041 0.0024 0.0004 0.0012
169-185 Tm 0.0086 0.0087 0.0085 0.0001 0.0005
175-191 Lu 0.0002 0.0004 0.0000 0.0002 0.0005
208 Pb 0.0940 0.1641 0.0468 0.0007 0.0022
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Tableau 12.
(a) Certified values for partial digestion with concentrated HCI and HNOs

TILL-3 (n=38) TILL-2 (n=3)
Analyzed  Certified Recovery = RSD | Analyzed Certified Recovery RSD
Cr 67.8 73 93% 3% Contamination
Mn 346.6 310 112% 3% 655.3 530 124% 4%
Fe 18080.8 20000 90% 6% 35909.3 32000 112% 4%
Co 10.5 11 96% 2% 12.6 13 97% 4%
Ni 31.8 32 99% 2% 32.0 31 103% 4%
Cu 21.7 23 95% 6% 149.8 149 101% 4%
Zn 394 43 92% 5% 105.1 116 91% 4%
A% 43.8 33 133% 3% 55.9 38 147% 4%
As 80.8 84 96% 3% 23.5 22 107% 3%
Mo 0.2 <2 NA 16%
Cd 0.1 <0.2 NA 2% 0.3 0.3 103% 14%
Pb 15.7 16 98% 2% 22.1 21 105% 3%
(b) Certified values for total digestion (for REE)
TILL-3 (n=8) TILL-2 (n=8)
Analyzed  Certified Recovery = RSD | Analyzed Certified Recovery RSD
Y 9.4 17 55% 3% 18.3 40 46% 5%
La 17.1 21 81% 6% 42.7 44 97% 5%
Ce 35.5 42 85% 6% 953 98 97% 4%
Nd 16.1 16 101% 5% 36.5 36 101% 5%
Sm 2.9 3.3 88% 3% 7.1 7.4 9%6% 5%
Eu 0.6 <1 NA 3% 1.0 1 100% 5%
Yb 0.8 1.5 55% 4% 1.6 3.7 42% 8%
Tb 0.3 <0.5 NA 4% 0.8 1.2 64% 4%
Er 0.9 1.4 67% 4% 1.8 3.7 50% 6%
Lu 0.1 0.2 60% 5% 0.2 0.6 34% 9%
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Tableau 13
Trace metal concentrations measured in marine surface sediments across the Arctic.

* Extractable concentrations from partial HNO3-HCI extraction.

Cd Cr Pb Cu Co Ni As Zn \'% Fe Mn

min / max

Zone Reference

0.01 5 2 3 1 3 1 9 8 3286 68

Canadian arctic This study *
0.44 96 38 116 39 88 60 139 186 42405 11501

Campbell & 56 12 12 11 19 34 63 260
Baffin Bay .
Loring, 1980 109 32 81 42 94 106 155 9450
_ 019 56 11 16 27 7 48 87 21700 182
Beaufort lagoon Naidu et al., 2005
062 8 29 55 54 20 111 136 35600 3132
0.03 13 3 4 6 1 225 7200 62
Beaufort shelf Trefty & Neff,
2013; 2019 075 106 22 46 48 116 136 174 69400 3390
Bering / Lu & Kang, 2017; 0.14 30 7 4 9 2 22
Chukchi Sea Zhengetal,2022 71 140 28 94 164 38 391
_ _ 009 9 1 3 21 33
Chukchi Sea  Caietal., 2011 *
092 47 15 49 168 187
Budko etal. 2017: 0.04 20 4 3 2 7 4 40 27 15300 130
Barents Sea . ’
2022 05 101 23 31 25 45 29 108 210 54000 490

Budko et al., 2022; 0.01 13 6 2 0 4 4 8 22 5600 90

Kara Sea .
Loringetal 1998 045 149 23 96 31 72 140 213 210 69100 27100
011 72 13 18 10 21 19 106 63 38500 420
Laptev & East o q10 et al., 2022
Siberian Seas 056 106 26 36 29 60 59 206 199 56000 9100
Holemann etal. 007 78 16 21 18 36 17 111 128 42000 500
Laptev Sea ?
1999 009 106 26 31 26 56 41 121 208 56000 1500
Krossfjorden, Choudhary et al., 0.2 12 9 19 12 138 50
Svalbard 2020 065 20 15 24 17 27 83
013 54 11 21 12 22 50 300
Kongsfjorden, /o o1 2013
Svalbard 063 8 37 37 22 35 199 683
ucc Taylor & 0098 35 20 25 10 20 2 71 60 35000 600
McLennan, 1985;
PAAS MecLennan, 2001 110 20 50 23 55 85 150 50500 850
TEL 07 52 30 19 6 7 124
CCME, 1999
PEL 421 160 112 108 43 42 271
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CHAPITRE 3
CARACTERISATION CHIMIQUE ET EVALUATION DE LA
CONTAMINATION DANS LES SEDIMENTS COTIERS DE SURFACE DES
COMMUNAUTES DE L'ARCTIQUE CANADIEN

3.1 RESUME EN FRANCAIS DU TROISIEME ARTICLE

L'état actuel de la contamination par les métaux a été étudié dans les environnements
cotiers a proximité de six communautés de 1'Arctique canadien. Des sédiments cotiers de
surface ont été prélevés au cours des étés 2022-2023 et analysés afin de déterminer leur
granulométrie et leurs concentrations en ¢léments majeurs et traces. La composition
¢lémentaire a d'abord été déterminée par fluorescence X a dispersion d'énergie afin de
déterminer les concentrations totales. Une sélection d'échantillons a ensuite été soumise a
une digestion partielle a l'acide et analysée par spectrométrie de masse a plasma inductif a
triple quadripdle afin de quantifier les concentrations extractibles a l'acide. Les résultats
obtenus a Tuktoyaktuk, Resolute Bay, Grise Fiord et Qikiqtarjuaq indiquent des niveaux
naturels de métaux, mais des effets biologiques néfastes occasionnels sur la faune aquatique
sont a prévoir a Tuktoyaktuk en raison de la teneur naturellement élevée en métaux du fleuve
Mackenzie. Les sédiments de Pond Inlet présentent des compositions élémentaires variables
qui sont influencées par les lithologies le long de la cote et d'éventuelles sources anthropiques
localisées. Pres de Kugluktuk, les résultats ont révélé des concentrations totales €élevées de V
et de Cr (< 50-1160 et < 100-1700 pg/g), qui proviennent probablement de matériaux érodés
provenant d'intrusions ultramafiques transportés par la riviere Coppermine, ainsi que des
décharges et eaux usées municipales. Cependant, les concentrations en métaux extractibles
par l'acide sont nettement inférieures (Cr < 180 pg/g, V < 640 ng/g), ce qui suggere que les
niveaux ¢élevés de métaux sont probablement liés aux phases détritiques et que leur mobilité

et leur biodisponibilité sont treés limitées. Cette étude souligne I'importance de distinguer la



concentration totale en métaux de la fraction biodisponible et de comprendre la dynamique
locale des sédiments, afin d'aider les communautés du Nord a gérer leur environnement cotier

et a préserver la qualité des ressources alimentaires locales.
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3.2 CHEMICAL CHARACTERIZATION AND CONTAMINATION ASSESSMENT IN SURFACE
COASTAL SEDIMENTS OF CANADIAN ARCTIC COMMUNITIES

The current state of metal contamination was studied in the coastal environments near
six communities in the Canadian Arctic. Coastal surface sediments were collected during
summers 2022-2023 and analyzed for grain size and major and trace element concentrations.
The elemental composition was first determined via energy dispersive X-ray fluorescence to
determine the total concentrations. A selection of samples was then subjected to partial acid
digestion and analyzed via triple quadrupole inductively coupled plasma—mass spectrometry
to quantify the acid-extractable concentrations. The results from Tuktoyaktuk, Resolute Bay,
Grise Fiord and Qikiqtarjuaq indicate natural metal levels, but occasional adverse biological
effects on aquatic fauna are expected to occur in Tuktoyaktuk due to naturally elevated metal
content in the Mackenzie River. Sediments from Pond Inlet present variable elemental
compositions that are influenced by the lithologies along the coast and possible localized
anthropogenic sources. Near Kugluktuk, results revealed high total concentrations of V and
Cr (< 50-1160 and < 100-1700 pg/g), which probably originated from eroded material from
ultramafic intrusions carried by the Coppermine River, and municipal landfills and sewage.
However, the acid-extractable metal concentrations are significantly lower (Cr < 180 pg/g,
V <640 ng/g), suggesting that the high metal levels are probably related to detrital phases
and that their mobility and bioavailability are very limited. This study highlights the
importance of discriminating the total metal concentration from the bioavailable fraction and
understanding local sediment dynamics, to support Northern communities in managing their

coastal environment and preserving the quality of country food resources.

3.3 INTRODUCTION

The Canadian Arctic (CA) is a vast territory, but less than 1% of Canada’s population
resides there. Pressures from urban and industrial centers are thus very limited. However, the

CA, similar to other Arctic regions, is subject to anthropogenic metal(loid) contamination
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(AMAP, 2005, 2011, 2021a, 2021b). The long-range atmospheric transport of contaminants
emitted worldwide has been identified as the main concern for the Arctic (Macdonald et al.,
2000; Macdonald et al., 2005). Consequently, pollution has been monitored in the last
decades through aerosols measurements (Becagli et al., 2020; Li & Cornett, 2011; Li et al.,
2003; Li et al., 2009) and atmospheric deposition in lakes (Bindler et al., 2001; Korosi et al.,
2018; Michelutti et al., 2009) and in snow and ice (Krachler et al., 2005; Macdonald et al.,
2017). Closer pollution sources within the Arctic and pan-Arctic regions also contribute to
high metal levels in the environment. It includes legacy sources, such as closed mines or
former oil exploration platforms (Langer et al., 2023), and new sources, such as increasing
commercial shipping and industrial development. In northern Canada, metal contamination
has been measured in sediments near mines (Pelletier et al., 2020) and offshore drilling sites
(Naidu et al., 2012; Trefry & Neff, 2019). Overall, trace metal enrichments were measured
in Ba, Pb, Cr, Cu Hg and V, close to the sites but decreased with distance. However, these
legacy contaminants that accumulate in sediments, soil and biomass can also be remobilized
through wildfires (Sutton et al., 2024) and permafrost thaw (Miner et al., 2021; O’Donnell et
al., 2024). The particulate matter emitted by ships represents a significant source of
contaminants in the Arctic that require monitoring (Conca et al., 2019). This has raised
emerging concerns for the CA, where increasing maritime traffic along corridors near
communities and protected areas poses environmental risks (Chénier et al., 2017; Dawson et

al., 2018).

On a local scale, trace metal contamination in northern communities has drawn less
attention. They are sparse and have low populations compared with southern cities; therefore,
they are considered a lower priority. However, in addition to long-range and regional sources,
local sources have substantial impacts. Traditional fishing and harvesting of marine resources
by the local people make them more vulnerable to metal pollution. Previous studies have
detected chemical contaminant issues linked to local human activities in the Arctic, including
pharmaceuticals and perfluorinated alkyl substances (Gunnarsdottir et al., 2013; Stroski et
al., 2020), and polycyclic aromatic hydrocarbons and trace metals (Bartley et al., 2024;
Corminboeufet al., 2021; Pedersen et al., 2015; Samuelson, 1998). These studies, along with
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others, have identified the management of solid waste and sewage as major contributors to
contamination in the Arctic. In similar settings, trace metal contamination linked to paints,
sewage and fossil fuel combustion has been observed in coastal sediments and soil near small

localized human settlements in Antarctica (Guerra et al., 2011; Santos et al., 2005).

Despite these observations and concerns from northern Canadian communities, the full
extent of trace metal contamination remains largely unknown, although much efforts were
directed to the study of some priority metal contaminants, in particular mercury (AMAP,
2021b). Coastal sediments near communities have accumulated past and present metal inputs
from both local and regional sources, as well as from natural and anthropogenic sources.
They can thus provide a good indicator of the current state of metal pollution. In this context,
the marine coastal environments of six Canadian arctic communities (Tuktoyaktuk,
Kugluktuk, Resolute, Grise Fiord, Pond Inlet and Qikiqtarjuaq) were investigated.
Additionally, sediments from Milne Inlet, which is close to Pond Inlet, were also studied to
evaluate the impact of the activity of the Mary River Mine on the community. The surface
sediment samples were analyzed via an energy dispersive X-ray fluorescence (ED-XRF) for
total concentration measurements, which provide information on major elements and some
trace elements and allow a comprehension of the nature and sources of coastal metal
contamination in sediments. The samples were subsequently analyzed by triple quadrupole
inductively coupled plasma—mass spectrometry (ICP-QQQ) following partial acid digestion,
which attacks and dissolves most phases with which the trace metals are bound. This
technique quantify the metal content that is more mobile and bioavailable, hereby referred to
as extractable concentrations, and thus provide information on the metal fraction originating
from human sources and/or that are sensible to environmental disturbances. Some silicates,
aluminosilicates and heavy minerals are partially attacked by this digestion, but most remain
undissolved and are not measured (Xu et al., 2012). When combined with ED-XRF analysis,
which provides concentration data linked to these minerals, this approach offers a

comprehensive framework for studying sediment dynamics and metal contamination.
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The purpose of this study is primarily to assess metallic pollution in surface sediments
of northern Canadian communities by determining and understanding the distribution of
major and trace elements. The findings will help identify areas that may pose
ecotoxicological risks to marine fauna and, consequently, to potentially affect country food
resources. In addition, the study seeks to improve our understanding of the sources, transport

mechanisms, and bioavailability of these elements.

3.4 METHODOLOGY

3.4.1 Sampling sites

Surface sediment samples were collected along the coasts of Tuktoyaktuk (n=12),
Kugluktuk (n=49), Resolute (n=11), Grise Fiord (n=11), Pond Inlet (n=30) and Qikiqtarjuaq
(n=7). Samples were also collected in Milne Inlet, near Ragged Island (n=6) and Mary River
port (n=4; Fig. 33 & 34). Approximately the first 5 cm of sediments were sampled using a
Petite Ponar grab deployed manually. Based on sedimentation rates measured near Iqaluit
(Bartley et al., 2024), and Kugluktuk and Pond Inlet (Letaief et al., 2021), the homogenized
sediment samples represent at most the last 10-15 years. In Kugluktuk and Pond Inlet,
sampling was conducted in August 2022 and 2023, respectively, with the assistance of local
guides. Sampling near Qikiqtarjuaq was done during Leg 2 of the 2022 Amundsen
Expeditions, while samples from Grise Fjord and Resolute Bay were collected during Leg 3
of the 2023 Amundsen Expeditions. Surface sediment samples from the Tuktoyaktuk Harbor
and from Milne Inlet were acquired through separate research initiatives led by Alfred
Wegener Institute (van Crimpen et al., 2025) and ISMER-UQAR (Dhifallah et al., 2022),

respectively.
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Figure 33. Geological map on the Canadian Arctic showing the locations of the Inuit
communities, identified by their name in Inuktitut, and Milne Inlet investigated in this
study. BI: Baffin Island; CG: Coronation Gulf; CI: Cornwallis Island; EI: Ellesmere Island;
JS: Jones Sound; PC: Parry Channel.
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Figure 34. Maps of the six Inuit communities, Ragged Island, and Mary River Port,
showing the locations of sediment samples analyzed in this study alongside the respective
community plans. Black dots indicate samples analyzed by energy-dispersive X-ray
fluorescence (ED-XRF) only, while white dots represent samples analyzed by both ED-
XRF and partial acid digestion followed by triple quadrupole inductively coupled plasma
mass spectrometry (ICP-QQQ).

Tuktoyaktuk is an Inuvialuit hamlet of 937 people (Statistics Canada, 2023) situated in
the Northwest Territories, in the Inuvik region (Fig. 33). It sits on the Mackenzie River delta,
in Kugmallit Bay. Tuktoyaktuk used to be a home base for workers in oil exploration between
1970 and 1986. During this time, Esso, Dome, Imperial, Gulf, etc. operated large oil
exploration projects in the Beaufort Sea (Adams, 1998). The hamlet was also the location of

the Distant Early Warning (DEW) Line site BAR-3 (Fig. 34) between the late 1950s and
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1993. Many of the oil companies and the BAR-3 site disposed of their waste in the municipal
landfill (Adams, 1998). BAR-3 is notably qualified as a high priority for action by the Federal
Contaminated Sites Inventory (Government of Canada, 2022). The solid waste facility is
located 3 km south of the hamlet (Fig. 34). Before 1984, the sewage lagoon was next to the
landfill but was relocated 3 km south of it. The natural harbor of Tuktoyaktuk is sheltered by
Tuktoyaktuk Island and originated from a river valley formed during the last deglaciation
and flooded afterward with relative sea level rise. The hamlet is experiencing high coastal
erosion rates because of exposure to storm surges and permafrost thaw (Whalen et al., 2022).
The geology of the region is dominated by sandstone and siltstone from the interior platform,
whereas the surficial geology is characterized by glaciofluvial material with numerous

thermokarst lakes and peatlands (Harrison et al., 2011).

Kugluktuk is located on the western side of the Coppermine River delta, on the
Canadian mainland shore of the Coronation Gulf (Fig. 33). Located in the Kitikmeot region,
it is Nunavut's westernmost community. Its population is approximately 1400 people
according to the 2021 Census of Population (Statistics Canada, 2023). Sewage and solid
waste disposal sites are located west of the airport, upstream of streams connected to the
coast (Fig. 34). The wastewater system is composed of a wastewater stabilization pond
(WSP) discharged once every summer into an engineered constructed wetland before it
reaches the Coronation Gulf. The hamlet lies on mafic igneous sills (i.e., diorite, gabbro)
intruding sedimentary rocks of the Hornby Bay and Amundsen Basins (Dredge, 2001;
Rainbird et al., 2020). Surficial sediments, which are discontinuous around the community,
consist mainly of marine sand and silt deposits (Smith, 2013). The Coppermine River
discharges great sediment loads to the coast, along with important dissolved metal
concentrations (Coulombe-Pontbriand et al., 1998). The high sediment transport capacity

during high flow has a great influence on the shoreline of Kugluktuk.

Resolute Bay, or Qausuittuq in Inuktitut, is located on Cornwallis Island, facing the
Parry Channel (Fig. 33). It is in the Qikiqtaaluk region. It is the second northernmost
community of Canada, after Grise Fiord and had a population of 183 in 2021 (Statistics

177



Canada, 2023). According to the 2024-2025 Integrated Community Sustainability Plans, the
sewage treatment plant needs to be replaced (ICSP, 2024). Resolute houses an Arctic training
facility for Canadian armed forces and a research station for the Polar Continental Shelf
Program from Natural Resources Canada. The Polaris Mine, an underground lead—zinc
mining site, was located on Little Cornwallis Island, approximately 100 km from the
community (Donald, 2005). It was in operation between 1982 and 2002. The carbonates of

the Arctic platform mainly compose the rocks around Resolute Bay.

Grise Fiord, or Ausuittuq in Inuktitut, is the northernmost community in both Nunavut
and Canada. It is located at the southern tip of Ellesmere Island, on the northern shore of
Jones Sound. This small hamlet of 144 residents (Statistics Canada, 2023) is surrounded by
mountains. It has a single-cell WSP located between the airport and the coast, approximately
670 m northwest of the community (Fig. 34). The WSP discharges wastewater into a tundra
wetland before reaching Jones Sound (Centre for Water Resources Studies, 2015). The local
geology is characterized by Proterozoic granite and tonalite from the Ellesmere-Inglefield
belt (Harrison et al., 2011; Harrison et al., 2014), with Paleozoic carbonates, such as

dolostone and limestone, dominating the area north of the intrusive rocks.

Pond Inlet, Mittimatalik in Inuktitut, is situated on northern Baffin Island in the
Qikiqtaaluk region. It lies on the southern shore of Tasiujaq (Eclipse Sound), which separates
Baffin Island from Bylot Island, and is bordered by the Sirmilik National Park (Fig. 33). The
population of Pond Inlet in 2021 was 1555 residents (Statistics Canada, 2023). Pond Inlet is
the most visited community by cruise ships in Nunavut (ECCC, 2024). The solid waste and
sewage infrastructures are located approximately 1.4 km east of the hamlet. The community
has a single-cell WSP discharging annually directly in the Tasiujaq (Centre for Water
Resources Studies, 2015). Northern Baffin Island is shaped by the Archean basement of the
Rae Craton, which mainly comprises tonalitic-monzogranitic gneiss hosting subsequent
quartzofeldspathic intrusions. The Pond Inlet area is characterized by monzogranite to
granodiorite intrusions containing potassic feldspar crystals and mafic minerals such as

garnet, biotite, orthopyroxene, hornblende and magnetite. Glacial till and other Quaternary
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deposits cover the bedrock outside of the community (Skipton et al., 2018). Tasiujaq is
continuously supplied with sediment carried from glaciers on both northern Baffin and Bylot

Islands.

In addition to the presence of the hamlet in the region, the Mary River Mine and its
shipping port are installed in Milne Inlet, approximately 80 km west of Pond Inlet (Fig. 33).
The outer inlet is composed of Proterozoic carbonates and clastic rocks and the inner inlet,
where the port is located, is composed of Archean gneiss (Harrison et al., 2011). The Mary
River Mine, 100 km southeast of the port, sits on the Mary River Group and features Archean
mafic to intermediate volcanic rocks with iron formations. The mine is an open pit that
extracts high-grade iron ore since 2014 and is operated by Baffinland Iron Mines Corporation
(Rodon & Bouchard, 2024). Iron is transported via a tote road to the Milne Inlet port facility
and is then shipped to European destinations. Shipping together with tourism results in the

Tasiujaq region recording the highest maritime traffic of the Canadian Arctic (ECCC, 2024).

Qikiqtarjuaq is located on Broughton Island, next to the coast of Baffin Island, and is
part of the Qikiqtaaluk region (Fig. 33). It is a small hamlet of approximately 600 inhabitants
(Statistics Canada, 2023) that sits at the entrance of the Auyuittuq National Park. Qikiqtarjuaq
is equipped with a WSP and a wetland located 3 km northeast of the hamlet (Fig. 34). The
regional geology is mainly composed of metamorphosed granitic rocks from the Cumberland

batholith of the Rae Craton (Sanborn-Barrie et al., 2013).

3.4.2  Laboratory analysis

Grain size analysis was performed on the <2 mm fraction following the instrumental
conditions outlined in Belzile and Montero-Serrano (2022). For this purpose, an aliquot of
the bulk fraction of each sediment sample was treated with 5 to 10 mL of 30% H>O:> to
remove organic matter. The dry residues were then diluted with ~30 mL of sodium
hexametaphosphate (20% v/v), sieved at <2 mm, and disaggregated via an in-house rotator
for 12 hours prior to the particle size measurements. The samples were measured with a

Malvern PANalytical Mastersizer 3000 laser diffraction grain size analyzer equipped with a
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HydroLV module. The grain size composition (clay, silt, and sand) and statistical parameters

(D9o) were extracted via GRADISTAT software version 9.1 (Blott & Pye, 2001).

For elemental geochemistry analysis, all sediment samples were initially wet-sieved
through a 150-um Nitex® mesh using distilled water. This process was performed to
minimize spatial biases in elemental concentrations associated with bulk grain size
variations. Some samples from Kugluktuk and Pond Inlet were excluded from the analysis
because their sediment particle sizes exceeded 150 pum. Ultimately, 45 samples from
Kugluktuk and 22 from Pond Inlet contained sufficient fractions of particles smaller than
<150 um and were retained for further analysis. These samples were then oven dried (<60°C)

for 12 h, followed by crushing and homogenization with an agate mortar.

The <150 um sediment fractions were measured for eight major elements (Mg, Al, Si,
K, Ca, Ti, Mn and Fe) and five trace elements (V, Cr, Zn, Sr and Zr) with a Malvern
PANalytical Epsilon 3-XL ED-XRF. For this, the loss on ignition (LOI) was initially
determined gravimetrically by weighing an aliquot of 2 g before and after heating it for 4 h
at 950°C. Following the LOI, ~1.1 g of ignited sample was mixed with 5.5 g of lithium
tetraborate (CLAISSE, pure, 99% Li,B407, and 1% LiBr) and fused with a CLAISSE M4
Fluxer automated fusion furnace to form glass disks. The glass disks were analyzed for
elemental geochemistry, and the acquired ED-XRF spectra were treated with the Malvern
PANalytical Omnian standardless software package calibration. The acquired data are
expressed as dry weight percentage mass (wt.%) for major elements and micrograms per
gram (ug/g) for trace elements. Procedural blanks were prepared with synthesized silicon
oxide powder (99.999% SiO2; American Elements; SI-OX-05M-P.325M). The blank
concentrations were less than the detection limit (DL) for most major and trace elements,
except for Al (~0.56%; Table 14). The Al contamination, probably derived from the ceramic
crucibles used for LOI determination, was corrected by subtracting the mean Al values of the
procedural blank concentrations in the sediment samples. The accuracy of the overall
method, including digestion and glass disk preparation, was assessed by analyzing the USGS-
certified materials SDC-1 and BCR-2 (Table 15). The results obtained for these reference
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materials are in good agreement with reference values from the GeoREM database
(http://georem.mpch-mainz.gwdg.de/). Except for Zr in the analysis of SDC-1, the recovery
values (accuracy) for all the measured elements were between 91 and 116%, which
corresponds to the usual acceptable deviation limits (Thompson et al., 2002). The
reproducibility of ED-XRF, determined through replicate analyses of USGS standards SDC-
1 and BCR-2 performed every 9 samples, showed a relative standard deviation (RSD, 1c) of
<1% for major elements and <13% for trace elements. Cr yielded less satisfactory results
with the certified materials, showing values of 126 + 14% for SDC-1 and 226 + 59% for
BCR-2. These suboptimal results are likely due to the certified values being below the DL,
which is 100 p/g.

Based on the data obtained by ED-XRF, a selection of sediment samples from all the
communities were made for trace element measurement (Fig. 34). The concentration of seven
major (Mg, Al, K, Ca, Ti, Mn and Fe), 11 trace elements (Cr, Co, Ni, Sc, Cu, Zn, V, As, Sr,
Cd and Pb) and rare earth elements (14 lanthanides + Y) in the sediments was determined by
ICP-QQAQ after partial acid digestion based on a slightly modified version of the US EPA
Method 3051A (US EPA, 2007). This digestion method primarily targets trace metals
associated with reactive components like organic matter, sulfides, Fe-Mn (oxyhydr)oxides,
carbonates, and hydrated aluminosilicates, while leaving refractory silicates and heavy
minerals unaffected (Xu et al., 2012). Briefly, approximately 50 mg of the dry <150 pm
sediment fraction was mixed with 2 mL and 6 mL of concentrated TraceMetal Grade
(ThermoScientific) HCl and HNOj3, respectively. The samples were then digested using CEM
EasyPrep vessels and CEM Mars 5 microwave system under the following conditions: ramp
time = 18 min, temperature = 175°C, hold time = 4 min, maximum pressure = 400 PSI, and
power = 1600 W (75%). The digested samples were diluted with Milli-Q water to a final
concentration of 2% HNOs3 and <0.1% HCI. Next, the concentrations of trace metals were
determined using an Agilent 8900 triple quadrupole inductively coupled plasma mass
spectrometer (ICP-QQQ) at the Laboratoire d’Analyses Environnementales (LAE,
Université du Québec a Montréal). The Falcon tubes and laboratory glassware were

precleaned with 10% HNOs3, and EasyPrep vessels were soaked in 0.2 M HNO3 for 12 h prior
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to digestion analysis. For every 8 samples, one procedural blank was analyzed following the
same method (Table 16). To account for background contamination, blank concentrations
were subtracted from the sample values measured within the same batch. Quality control was
assessed with the certified reference material TILL-3. Good recovery rates (80—120%, n =4)
were obtained for all the elements (Table 17a), except for Co (78%) and Cu (77%). Rare
earth elements and Y (REY) are not certified for partial acid digestion, but they have been
used with moderation. Recoveries were determined with certified values of total

concentration to provide an estimate (Table 17b).

3.4.3 Data processing

A centered log-ratio transformation was performed on the data (Aitchison, 1982) using the
R package 'compositions' (van den Boogaart et al., 2023) before performing a K-means
clustering analysis, utilizing the R package 'stats' (R Core Team, 2024). The clustering quality
was validated through a silhouette plot generated by the R package 'factoextra'(Kassambara
& Mundt, 2020), with negative values indicating questionable or incorrect assignments.
Subsequently, a robust principal component analysis (rPCA) was carried out using the R
package 'robCompositions' to identify elemental groupings with analogous relative variation
patterns (Filzmoser P, 2018; Templ M, 2011). Spatial interpolation was performed with
empirical Bayesian kriging (EBK) with ArcGIS Pro (Krivoruchko, 2012). The Canadian
Sediment Quality Guidelines (CSQGs) for the Protection of Aquatic Life (CCME, 1999)
were used to provide a first estimate of the contaminant level and the associated risk of
adverse effects on aquatic life. The CSQGs characterize the metal concentrations into two
main levels: the threshold effect limit (TEL) and the probable effect limit (PEL). Adverse
biological effects are expected to occur only rarely below the TEL, occasionally between the
limits, and frequently above the PEL. Because no data are available for Ni in the CSQGs,
NOAA guidelines were used (Buchmann, 2008). Notably, the PELNOAA for Ni is set to a
lower level than the average shale concentration (Turekian & Wedepohl, 1961). The natural
values used for comparison are the upper continental crust (UCC; Taylor & McLennan,

1985), the Post-Archean Australian shale (PAAS; Pourmand et al., 2012; Taylor &
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McLennan, 1985) and the median composition of the surface sediments of the Canadian
Arctic obtained via ED-XRF (Brice et al., 2025) and partial acid digestion (Brice et al., 2026).
Finally, a Spearman correlation matrix was applied to the elemental data using the R package
'corrplot' (Wei et al., 2017) to analyze the relationships between major and trace metals
acquired by ED-XRF and Dog sediment grain size data. Coefficients with p-values exceeding

0.05 were excluded from the matrix.

3.5 RESULTS AND DISCUSSION

Element concentrations obtained by ED-XRF and ICP-QQQ, as well as reference

values are presented in Table 18.

3.5.1 General sedimentological and geochemical characteristics of coastal
sediments

In Tuktoyaktuk, harbor sediments are silty and exhibit a uniform grayish-brown color
(Munsell color 2.5Y5/2). They are compositionally similar to PAAS, as shown by the Al-Si-
Ca and the Herron (1988) diagrams (Fig. 35). Trace metal and Al concentrations (6.9-9.5
wt.%) are higher than in most other communities (Fig. 36). V ranges from 169 to 264 pg/g,
with concentrations decreasing from the inner harbor toward the coast, a trend also observed
for Cr and Fe. Zn concentrations are elevated, with most samples exceeding the TEL, and the
highest concentrations occur near the hamlet and Tuktoyaktuk Island (Fig. 43). Eight samples
were analyzed for acid-extractable metals; all exceeded the TEL for Cr, As, Cu, and Zn
(Fig. 36). None surpassed the PEL, except Ni, which exceeded it in all samples but remained
below the PAAS benchmark.
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Figure 35. (A) Ternary diagram illustrating the sand—silt—clay composition of the <150 pm
fraction in coastal sediments,classified according to Shepard’s sediment texture
classification (Shepard, 1954). (B) Si—Ca—Al ternary diagram shows the overall

composition of surface sediments from the Inuit communities in comparison with Post-

Archaean Australian Shale (PAAS; Taylor & McLennan, 1985; Pourmand et al., 2012) and

upper continental crust (UCC; Taylor, 1985). (C) Herron (1988) geochemical classification

diagram. (D) diagram of acid-extracted concentrations normalized to PAAS.

Sediments along the Kugluktuk coast show high variability in sedimentological and
chemical properties. A bimodal grain size distribution is observed, with silty sand and sand
near the river mouth and silt dominating elsewhere (Fig. 35A & 44). Similarly, colors are

ranging from black (2.5Y2.5/1) near the river mouth to dark brown (10Y3/4) elsewhere, with
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very dark grayish brown (2.5Y3/2) with rust along the coast, west of the community. The
sediments are composed of clastic material classified from wacke and litharenite to Fe-sand
(Fig. 35C), which reflects large variations in total Fe content (1.8-20 wt.%). Wide
concentration ranges are also observed in Ti (0.3—5 wt.%), Mn (0.04—1 wt%), V (<50-1160
ng/g), Cr (<50-1700 pg/g) and Zr (120-1790 pg/g), while Zn, Sr, Mg, Al, Si, K and Ca show
much narrower ranges. The concentrations obtained through partial acid digestion and ICP-
QQQ measurements are generally lower (Fig. 36), but enrichment compared to PAAS is
detected for V and Fe (Fig. 35C). Extractable V and Fe range from 59 to 637 pg/g and 2 to
14 wt.%, respectively, indicating their notable mobility. In contrast, extractable Cr
concentrations vary between 19 and 114 pg/g, suggesting that Cr is primarily bound to stable
mineral phases (e.g., chromite, pyroxenes), which have limited bioavailability and minimal
impact on benthic organisms. Extractable Mn (0.03—0.07 wt.%) is markedly lower than total
Mn and exhibits an opposing spatial distribution (Fig. 44), highlighting different Mn-bearing
minerals phases. Most values for trace metals fall within natural background levels and below

PEL thresholds, except Ni, which exceeds the PEL in some samples.

Silty light yellowish brown (2.5Y6/3) sediments collected in Resolute Bay are the
richest in Ca (16—18 wt.%) and Mg (5—7 wt. %) of the dataset and the poorest in Al (2-3
wt.%), Fe (0.1-0.6 wt.%), Ti (0.08-0.15 wt.%) and Mn (0.01 — 0.02 wt. %) (Fig. 35). All
samples presented V, Cr, Zn and Mn values below the ED-XRF DL (Fig. 36). Because the
sediments from Resolute Bay presented very low metal concentrations, only two samples
were retained for partial acid digestion analysis. The two samples presented low
concentrations of all the metals, and all the values were below the TEL, indicating that there

was no ecological risk in the bay.

In Grise Fiord, sediments are sandy, with colors transitioning from very dark gray
(2.5Y3/1) near the coast to olive brown (2.5Y4/3) farther offshore. They are relatively
enriched in Ca (6-12 wt. %) and Mg (3—5 wt. %; Fig. 35). Aside from one sample, the
concentrations of Cr and Zn were below the ED-XRF DL, and the V levels were low

(<78 ng/g; Fig. 36). The Fe, Ti and Mn contents are also low, with ranges of 0.8-3 wt.%,
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0.3—-1 wt.%, and 0.02—-0.05 wt. %, respectively. However, the northernmost sample, located
close to the runway and dumpsite (Fig. 34), presented relatively high concentrations of
several metals. The concentrations are 355 pg/g for V, 127 ug/g for Zn, 3620 ng/g for Zr,
7.1 wt.% for Fe, 3.7 wt.% for Ti and 0.1 wt.% for Mn. Of the 11 ED-XRF-analyzed samples,
three — including the metal-rich sample — underwent further analysis using partial acid
digestion. Although metal concentrations were generally low, the highest levels still occurred
in the sample near the runway. Only the total concentration of Zn exceeded the TEL. All

three samples showed an enrichment in extractable REY and Th (Fig. 35D).
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Figure 36. Boxplots showing total (A) and acid-extractable (B) concentrations of trace
elements (ug/g), as well as Fe and Mn (wt.%), in coastal sediment from six Inuit
communities and Milne Inlet.

In Pond Inlet, coastal sediments are composed of clastic sands with heterogeneous
compositions, ranging from wacke and litharenite to Fe-sands (Fig. 35). Most sediments are
grayish brown (2.5Y5/2), although some samples display very dark grayish brown (2.5Y3/2)

and very dark gray (2.5Y3/1) colors, often with rust. Overall, the total metal concentrations
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measured are comparable to the UCC, PAAS and CA median values (Fig. 36). The median
concentrations are 25% for Si, 4.6% for Al, 3.5% for Fe, 1.8% for Ca, 0.06% for Mn, 74 ug/g
for V and 123 pg/g for Cr. Of trace elements, only Zr presented higher values, with a median
of 893 pg/g (compared with 210 pg/g for PAAS and 190 ng/g for UCC). However, three
samples presented significantly higher contents of Fe (10—-12 wt.%), Mn (0.11-0.14 wt.%),
V (221242 pg/g), Cr (359-385 ng/g) and Zr (3930-4170 pg/g). The samples are located at
different sites along the coast (Fig. 45), indicating that there is no common point source.
Partial acid digestion revealed an enrichment in REY and Th (Fig. 35D) and the same spatial
distribution for Fe, Cr and V, but smaller values, comparable to PAAS. The samples from
the eastern end of the coast presented the highest values, where Cr exceeded the PEL.
Additionally, another sample in the harbor presented higher-than-average concentrations of
multiple elements. The highest values were recorded for Co (18 pg/g), Ni (73 pg/g), Cu (51
ng/g), Zn (112 pg/g), As (6.1 pg/g) and Pb (114 pg/g). Only Ni is present at concentrations
above the PEL.

In Milne Inlet, the sediments consist of silty sand to sandy silt rich in detrital carbonates
(Fig. 35). The concentrations acquired with ED-XRF revealed values below the DL for V,
Cr and Mn for all the samples. The total Zn concentration above the DL (53 pg/g) was
recorded for only one sample. The four sediment samples collected near Milne Port were also
analyzed using partial acid digestion. The concentrations of acid-extractable metals were low
and comparable to natural background values (Fig. 36). However, the samples were collected
quite far from the port, with the closest located approximately 3 km away. If metal
contamination is present, it may be highly localized and therefore not captured in these

samples.

The coastal sediments from Qikiqtarjuaq are predominantly characterized by a mix of
Si (20-33 wt.%), Al (4.5-7.5 wt. %) and K (1.84.1 wt. %) that suggest arkosic sands.
Sediments are grey (2.5Y5/1) to greyish brown (2.5Y5/2). It contains low concentrations of
Mg (0.3-1.6 wt.%) and Ca (1.1-1.3 wt. %) as well as Fe and Mn (Fig. 35 & 36). The

concentrations of Cr and Zn were below the DL, and only two samples had V concentrations
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above the DL, but they remained low (6375 pg/g). The three samples analyzed using partial
acid digestion presented trace metal concentrations well below the TEL (Fig. 36). However,

a notable enrichment in REY + Th is observed in all samples (Fig. 35D).

3.5.2  Spatial geochemical characterization of the Canadian Arctic communities

K-means clustering applied to ED-XRF data from all sites identified four distinct
clusters (Fig. 37), enabling characterization of the spatial distribution of major and trace
elements and differentiation between natural and anthropogenic sources (e.g., Sakan et al.,
2011). To further explore these patterns, a rPCA was conducted (Fig. 38A & 39). Mn was
excluded due to its high variability, which masked trends in other chemical elements.
Distribution maps of Mn total concentrations are presented in the supplementary material
(Fig. 46). The first two robust principal components (rPC) explain 85% of the total variance.
rPC1 is defined by high loadings of Cr, V, Ti, Fe, and Zr on the negative axis, while the
remaining elements are associated with the positive axis. This component effectively
separates cluster 4 from the other groups. The rPC2 places Zr on the positive axis and V, Zn,
K, and Al on the negative axis, and probably reflects variations in grain size. A second rPCA
was performed on the acid-extractable concentrations, and the resulting biplot is visualized
using the same cluster structure (Fig. 38B & 40). In this rPCA, rPC1, which explains 59% of
the total variance, separates As, Cd, Sr and Ba from the other trace elements, while rPC2
(accounting for 17% of the variance) mainly separates Th, REY, As and Pb from Ba,

suggesting distinct geochemical behaviors within the acid-leachable fraction.

Cluster 1, found along the coast of Grise Fiord, Pond Inlet and Qikiqtarjuaq, is defined
by a mix of geochemical associations, such as Ca-Mg-Sr-LOI, Si-Al-K and Zr. It regroups
communities presenting coarse-grain sediments (Fig. 35) overlying the Canadian Shield
bedrocks (Fig. 33). Cluster 2, found in Resolute Bay, Milne Inlet, and parts of Grise Fiord,
overlaps with Cluster 1 in the biplot, suggesting similar geochemical signatures. However, it
is primarily defined by Ca-Mg-Sr-LOI, indicative of carbonate-rich sediments mainly

derived from the Arctic Platform. Samples corresponding to cluster 3 are coming from
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coastal Tuktoyaktuk and Kugluktuk and are primarily characterized by Zn and Al-K, with
secondary associations of Fe-Ti-V and Si. This cluster reflects fluvial inputs and the presence
of clay-rich lithogenic material. Cluster 4 appears on the opposite side of rPC1 relative to the
other groups and includes samples with elevated metal concentrations near Kugluktuk and
Pond Inlet. Its distinct position in both rPCA biplots, combined with its strong association
with trace metals, suggests a potential anthropogenic influence, particularly since these

patterns cannot be fully explained by local geology.
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Figure 37. Spatial distribution maps of the identified clusters and corresponding silhouette
plot (bottom right) obtained from energy-dispersive X-ray fluorescence (ED-XRF) and loss
on ignition (LOI) data.
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Figure 38. Biplots of the first and second robust principal components analysis (rPCA)
obtained from the total (A) and acid-extractable (B) elemental concentrations. Clusters are
indicated in different colors. The labels Tuk (Tuktoyaktuk), Kug (Kugluktuk), Res
(Resolute Bay), GF (Grise Fiord), PI (pond Inlet), Qik (Qikiqgtarjuaq) and MI (Milne Inlet)
indicate the general regrouping of the sites.

3.5.2.1 Natural sources: cluster 1, 2 and 3

Cluster 1 — Precambrian igneous/metamorphic rocks influences

Grise Fiord is surrounded by numerous glaciers that erode a combination of Proterozoic
granites and Paleozoic carbonates (Fig. 33). This glacial activity most likely contributes to
coastal inputs of quartz, plagioclase, K-feldspar, calcite, dolomite, and other minerals, which
are reflected in the sediment composition of the coastal Grise Fiord. Elemental associations
such as Al-K-Si, Ca-Mg and Fe-Ti-Mn-Zr are commonly observed (Fig. 38 A & 41), resulting
in the classification of the samples in the clusters 1 and 2. As seen in the Si-Al-Ca ternary

plot (Fig. 35B), samples from Grise Fiord are richer in detrital carbonates than Qikiqtarjuaq
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and Pond Inlet, both belonging to cluster 1. Samples from cluster 1 are located in close
proximity to the coastline and are characterized by a higher sand content compared to those
from Cluster 2, indicating a more proximal depositional environment influenced by higher

hydrodynamic energy.
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Figure 39. Maps first robust principal component scores (rPC1) derived from energy-
dispersive X-ray fluorescence (ED-XRF) data.

The coastal sediments of Pond Inlet are derived from the underlying Archean mafic-
intermediate basement and garnet-bearing monzogranite-granodiorite intrusions of the region
(Fig. 33). The coarse sandy sediments, which display Al-Si-K-Sr-Ca and Fe-Ti-Mn-Zr

elemental associations (Fig. 38A & 41), likely reflect the presence of felsic and mafic
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minerals, respectively (Andrews et al., 2018; Boyd & Piper, 1976). Significant variations in
sediment composition, combined with the absence of a clear spatial pattern, suggest that the
sediments originate from a mix of outcropping felsic and mafic rocks. This variability results

in localized shifts in the dominance of specific elemental associations (Fig. 39 & 40).
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The Al-K-Si-rich fine sand found in the coastal sediments of Qikiqtarjuaq suggests that
the sediments are more likely composed of minerals such as quartz and K-feldspar. Zr-Ti-
Fe-Mn-Mg correlations (Fig. 41) likely reflects the presence of mafic minerals. This texture

and composition are consistent with the regional geology, as the Qikiqtarjuaq region is
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predominantly underlain by granodiorite and monzogranite (Harrison et al., 2011; Sanborn-
Barrie et al., 2013). The coarse nature of the surface sediments aligns with the typical seabed

texture observed in the region (Misiuk et al., 2018).

The generally high REY + Th concentrations characterizing cluster 1 supports the
predominant influence of the Precambrian lithologies on the sediment composition, as
observed by Brice et al. (2026) for sediments along the Baffin Island coast. Conversely, low
trace metal levels highlight that the nature of the sediments does not appear to favor high
scavenging or enrichment of metals. However, although it has been classified in cluster 1,
the northernmost sample in coastal Grise Fiord stands out due to its elevated total metal
concentrations. In this sample, Fe-Ti-Mn-Zr concentrations are substantially higher, while
AI-K-Si and Ca-Mg concentrations decrease proportionally (Fig. 39 & 46). The V and Zn
concentrations are also high compared to surrounding samples, which mostly fall < DL
values. This sample exhibits marked chemical differences relative to the general coastal
composition. These findings suggest the presence of a localized source with limited spatial
impact, possibly linked to the nearby dumpsite and/or airport. Nonetheless, drawing

definitive conclusions is challenging based on a single anomalous sample.
Cluster 2 — Carbonate rocks influences

The seabed of the Resolute Bay is primarily composed of coarse silt rich in carbonate
material (Ca—Mg), derived from the limestones and dolostones that underlie much of
Cornwallis Island (Harrison et al., 2011). According to the biplot obtained by the rPCA
applied on the acid-extractable metals concentrations (Fig. 38B), the sediments from
Resolute Bay are characterized by high Cd contents. Indeed, the two samples analyzed by
acid digestion exhibit Cd levels higher than those of most communities, but lower than the
PAAS and significantly lower than the TEL (Fig. 36). Therefore, no anomalies or potential

ecotoxicological risks are indicated.
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In Milne Inlet, coarse silt sediments are enriched in Ca and Mg and display relatively
low concentrations of Fe, Al, K, and Si, indicating a predominant contribution from carbonate
source rocks. Although the inner inlet is underlain by gneiss of the Rae Craton, the surface
sediments deposited on the seafloor are predominantly sourced from the Arctic Platform
carbonates, which are exposed in the outer inlet and to the south of the inlet (Harrison et al.,
2011). The presence of carbonate-rich sediments in the inner inlet highlights the transport of
fine sediments by sea ice. According to satellite imagery, in spring, sediment-laden sea ice
originating from the outer inlet breaks up and drifts into the inner inlet, where it melts and
likely releases its sediment load onto the seafloor. Importantly, no geochemical signature

indicative of mafic rocks from the Mary River Group was detected in the analyzed sediments.

Overall, low total and acid-extractable metal concentrations are found in the carbonate-
rich sediments from Resolute Bay, Grise Fiord and Milne Inlet. These findings are consistent
with results from a regional geochemical survey conducted in central CA (Brice et al., 2025;

Brice et al., 2026).
Cluster 3 — Main rivers and sedimentary/igneous rocks influences

The Tuktoyaktuk Harbor is located within the Mackenzie Delta (Fig. 33), where the
Mackenzie River serves as the primary source of sediment. The dominant sedimentary
contribution from the river has been documented at a regional scale across the Mackenzie
Shelf (Bossé-Demers et al., 2025; Gamboa et al., 2017). The seafloor is composed of fine silt
enriched in Al and metals (V, Zn, As, Cd, Co, Ni, Pb) indicative of the presence of
aluminosilicates, Fe-Mn oxides, and associated trace metals. Good positive correlations
between Fe, Al, K, V and Cr (Fig. 41) suggest a terrigenous origin for Fe inputs, with clay
minerals and Fe oxides acting as key carriers of trace metal. Acid digestion results show that
Fe and Mn are predominantly present as mobile (oxyhydr)oxides, Zn is entirely extractable,
and approximately two-thirds of V and Cr are in extractable forms. The total and acid-
extractable concentrations of trace metals are relatively high compared to most communities,
with values exceeding the TEL in Cr, Zn, As, Cu and the PEL in Ni. However, these results

are comparable with the PAAS, and consistent with measurements from the Mackenzie River
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Delta sedimentary system (Vonk et al., 2015). These findings suggest that land-derived
inputs from the Mackenzie River are the primary source of trace metals to the study site.
However, due to potential contamination risks, the harbor should be avoided for fishing and

harvesting activities.

In Kugluktuk, the coast is subdivided into clusters 3 and 4, with cluster 3 encompassing
most of the samples (Fig. 37). This cluster is characterized by geochemical associations such
as Sr-Si-Al-K and Fe-Ti (Fig. 38A & 41), which are indicative of lithogenic materials
including quartz, clay minerals (Si-Al), feldspars (Ca-Al-K-Si-Sr), and mafic minerals (Fe-
Ti). These sediments likely originate from coastal erosion of local sedimentary rocks and
mafic sills, as well as fluvial inputs from the Coppermine River, as supported by the grain
size distribution along the coast (Fig. 44). The Coppermine River drains a large catchment
area underlain by the Bear and Slave Provinces, which are predominantly composed of
intrusive rocks (43%) and sedimentary rocks (34%; Brown et al., 2020). Although the
concentrations of several metals in the river exceed the Drinking Water and Freshwater
Aquatic Life Guidelines (Coulombe-Pontbriand et al., 1998), only moderate levels are
observed in total metals (Femep= 4 wt.%, Crmep=141 pg/g, and Vmep=165 pg/g) and in some
extractable metals (Comep= 13 pg/g, Nimep=32 pg/g, Cumep=37 png/g). These values are
comparable to PAAS and remain below the PEL. Sediments from cluster 3 in Kugluktuk
differ from those in Tuktoyaktuk by their elevated Mn concentrations (Fig. 36A). While total
metal concentrations in Kugluktuk are consistent with regional values previously reported
for the Coronation Gulf (Brice et al., 2025), acid-extractable concentrations are substantially
lower (Brice et al., 2026). This suggests that the Mn in Kugluktuk coastal sediments seems
not primarily associated with authigenic oxides, in contrast to the conclusions drawn for the

Gulf.
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3.52.2 Anthropogenic contributions: cluster 4

Pond Inlet

Sediment samples classified within cluster 4 are found at three different locations along
the coast of Pond Inlet (Fig. 37). This cluster 4 is characterized by elevated concentrations of
Zr, Ti, Fe, Cr and V, suggesting the presence of heavy minerals and/or potential
anthropogenic influences. As previously discussed, the coastal sediments in Pond Inlet
exhibit a heterogeneous chemical composition, which is attributed to the presence of both
felsic and mafic rock outcrops in the area. In the rPCA biplot (Fig. 38A), all three samples
are located near the Zr and REY-Th, which suggest contributions from igneous and
metamorphic rocks of the Rae Craton (Skipton et al., 2025). Two of these samples, located
on the western side near streams mouths, exhibit relatively low acid-extractable
concentrations of Fe, Cr and V, supporting the hypothesis of a natural geogenic origin. In
contrast, the third sample, collected from the eastern end of the sampling zone, displays a
distinct geochemical signature, with significantly higher total and acid-extractable
concentrations of Fe, Cr, and especially V (Fig. 45). Given the absence of known natural
sources in the eastern sector that could account for such elevated concentrations, this anomaly
may point to a localized anthropogenic source, specifically, the fuel pipeline situated on the
coast adjacent to the sample site (Fig. 34). This pipeline, used for the annual resupply of fuel
to nearby storage tanks by marine tankers, ruptured on June 11, 2024, releasing
approximately 7,000 liters of diesel into the ocean (CBC News, 2024). According to
Nunavut’s Petroleum Products Division, the pipeline may have experienced problems for
several months prior to the incident. Although the spill occurred a year after the sediment
sampling, the results may suggest that the pipeline poses a long-term, localized
contamination risk. In the case of a diesel spill, elevated concentrations of Fe, Cr, and
particularly V are typically expected in sediments, along with Ni. However, in this case, Ni
concentrations were not elevated (Celo et al., 2015; Karnaeva et al., 2021; Salazar-Coria et
al., 2007). Another sample, collected from the harbor, was classified in cluster 3 and

presented the highest concentrations of coastal Pond Inlet for Zn, As, Co, Cu, Ni and Pb
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(Fig. 36 & 45). While trace metal concentrations in this sample remain within natural
background levels, the relatively elevated values and high extractability suggest a potential
anthropogenic influence, likely due to the operation of multiple boat engines within the

harbor.
Kugluktuk

In Kugluktuk, the samples classified within cluster 4 have distinct chemical signatures
from those of cluster 3. They exhibit significantly higher concentrations of Fe-Ti-V-Cr-Zr
and most of them show significantly lower Mn concentrations (Fig. 44). This cluster includes
three samples located at the mouth of the Coppermine River, a group of nine samples
distributed along the coast west of the community, and a single isolated sample near the barge
dock (Fig. 37). The highest recorded values of Fe (620 wt.%), Cr (611-1700 pg/g), V (408—
1160 pg/g), and Ti (2-5 wt.%), as well as of the trace metals Zn, Ni, Pb, Cu, and Co are all

observed in the western strip.

The high total concentrations in Fe, Ti and Zr, along with their strong positive
correlations (Fig. 38 & 41), suggest an enrichment in heavy minerals within cluster 4
(Fitzpatrick & Chittleborough, 2002). V and Cr also show strong covariation with these
elements, indicating that they are likely associated with the same heavy mineral phases. In
contrast, Mn shows a different geochemical behavior, with generally lower concentrations in
cluster 4 (Fig. 44) and no significant correlations with Fe, Ti and Zr across all samples
(Fig. 41). However, two distinct linear Fe-Mn relationships are observed, which align almost
perfectly with the cluster groupings (Fig. 47). This pattern suggests that although Fe and Mn
covary, they are influenced by two different geochemical processes: one promoting Fe

enrichment in cluster 4, and another favoring Mn enrichment in cluster 3.

The acid-extractable concentrations are significantly lower than total concentrations,
particularly for Cr and Mn. Extractable Mn show a single linear trend with Fe (Fig. 47).
Although the western coastal strip and the river mouth remain the areas with the highest

extractable concentrations for Fe, Ti, V, and Cr, their extractions are lower than those in
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cluster 3 (Fig. 48). This geochemical pattern supports the hypothesis of heavy mineral
enrichment. Heavy minerals, such as crystalline oxides and silicates, are resistant to partial
acid digestion, resulting in low extraction recoveries (Krasnodebska-Ostrega et al., 2001).
The particularly low extractable concentrations of Cr suggest it is primarily hosted in
chromite, a refractory mineral known to resist even to microwave hydrofluoric acid digestion
(Kelly et al., 2003). Fe and V exhibit strong positive correlations and high extraction
recoveries (Fig. 47 & 48), indicating that V is likely associated with readily accessible Fe
oxides. In contrast, Mn shows a distinct behavior: its extraction recovery is approximately
47% in cluster 4, compared to only ~8% in cluster 3. This stark contrast suggests that Mn is
hosted in different dominant mineral phases across the two clusters, a pattern also supported
by the Fe-Mn correlation trends (Fig. 47). In cluster 3, Mn may be primarily bound within
silicate minerals (e.g., Spessartina, a Mn-rich garnet), whereas in cluster 4, it likely occurs in

both resistant heavy minerals and more labile Fe-Mn oxides.

In the light of these observations, cluster 4 is likely enriched in heavy minerals such as
rutile (Ti), zircon (Zr), ilmenite (Ti—Fe), and chromite (Cr). Ferromagnesian minerals may
also contribute to high V concentrations, as V can substitute for Fe*" in their crystal structures
(Kelley et al., 2017). Mn displays a good correlation with these heavy mineral—associated
elements in cluster 4, suggesting that part of the Mn may also be hosted to iron-bearing phases
such as goethite. The enrichment of heavy mineral observed both the western coastal strip
and at the mouth of the Coppermine River is likely the result of hydrodynamic sorting
processes (Chen et al., 2014). Due to their high density, these minerals tend to settle rapidly
as water velocity decreases. In Kugluktuk, the river mouth represents a transitional zone
where the fluvial currents meet coastal waters, leading to reduced flow and enhanced
sediment deposition. In addition, the longshore current likely transports suspended heavy
particles westward, while the breakwater near the barge dock seems to promote their
accumulation downcurrent. This interpretation is supported by the grain size distribution
(Fig. 44), which reflects hydrodynamic sorting influenced by both river discharge and coastal
currents transport. Overall, the presence of heavy minerals capable of carrying and

scavenging trace metals in sediments at the river mouth and along the western coastal strip
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likely explains several key findings of this study. Furthermore, the Muskox Intrusion - an
ultramafic to mafic intrusion located upstream along the Coppermine River - may play a
significant role in this enrichment. Indeed, as part of the Mackenzie Large Igneous Province,
the intrusion contains layers enriched in Fe, Cu, Ti, V, and Ni, as well as chromite-bearing
horizons (Scoates & Scoates, 2024). Material derived from the Muskox Intrusion, transported
by the Coppermine River, could therefore partly account for the elevated trace metal
concentrations in the river water (Coulombe-Pontbriand et al., 1998), as well as the
abundance of heavy minerals and associated trace metal enrichment observed in the coastal

sediments.

While the hydrodynamic conditions and the upstream ultramafic Muskox Intrusion can
explain the deposition of heavy minerals at the mouth of the Coppermine River, they do not
fully explain for the significant enrichment of both heavy minerals and trace metals observed
in the western coastal strip, where total V and Cr concentrations exceed those at the river
mouth (Fig. 42). Grain size distribution data suggest that the breakwater near the barge dock
may be altering local sedimentation dynamics, potentially creating favorable conditions for
the accumulation of heavy minerals. This hypothesis is further supported by empirical
Bayesian kriging interpolation maps, which show distinct hotspots for Fe, V, and Cr in the
western strip (Fig. 42), suggesting the possible influence of an additional localized source.
One such source may be anthropogenic input from sewage lagoons and waste disposal sites
located upstream of small streams that discharge into the bay (Fig. 34). The wastewater
system in Kugluktuk is composed of a constructed lagoon designed to retain wastewater for
approximately one year to allow for contaminant removal. The lagoon is then discharged
annually in summer into a constructed wetland and, ultimately, into coastal waters (Stroski
et al., 2020). However, reported leaks in the lagoon system (ICSP, 2024), raise concerns
about unregulated discharges. Thus, the combination of anthropogenic inputs and natural
heavy mineral enrichment, which serve as excellent metal carriers, could contribute to

localized contamination in the western strip.
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Total concentration Extractable concentration

Figure 42. Maps of Kugluktuk showing the total (left) and acid-extractable (right)
concentrations of Cr, V and Fe measured in the sediment samples. Empirical Bayesian
kriging spatial interpolation was applied to the data in ArcGIS for visual purposes.

Besides V, which exhibited high concentrations in both total and acid-extractable
forms, the other trace metals showed extractable concentrations comparable to natural
background values. Although Ni exceeded the PEL in some samples, concentrations
remained below the PAAS, indicating a low level of ecotoxicological risk. The high
extractable V concentrations are likely due to its strong association with readily accessible
Fe oxides, which act as effective scavengers in sediments. In contrast, other trace metals may
not be easily retained in the solid phase due to differing geochemical behaviors that favor

partitioning into the dissolved phase. To fully evaluate potential environmental impacts in

201



the western strip, including bioavailability and ecological risk, further investigations

involving benthic organisms are recommended.

3.6 CONCLUSION

This study assessed trace metal contamination in coastal sediments from six Canadian
Inuit communities, as well as Milne Inlet, the location of the Mary River Mine port. The
results reveal varying degrees of metal enrichment across sites, influenced by both natural

geological processes and potential anthropogenic inputs.

Pond Inlet and Qikiqtarjuaq are primarily influenced by coarse-grained clastic
sediments derived from surrounding Precambrian Canadian Shield rocks. While sediments
in Qikiqtarjuaq show very low trace metal concentrations, those in Pond Inlet display more
heterogeneous chemical compositions, reflecting the influence of both felsic and mafic
lithologies. Some samples from Pond Inlet show elevated trace metal concentrations, likely
linked to local geological variability. Enrichment in REY and Th is characteristic of Canadian
Shield-derived sediments. In contrast, carbonate-rich and trace-element-poor sediments
dominate in Resolute Bay and Milne Inlet, reflecting the influence of the Arctic Platform.
Grise Fiord sediments show a mixed provenance derived from both siliciclastic material from
the Canadian Shield and carbonate input from the Arctic Platform. This spatial variability
highlights the strong control of regional geology on sediment composition and trace metal

distribution across the eastern CA.

Elevated trace metal concentrations are found in coastal sediments from both
Tuktoyaktuk and Kugluktuk. In the Tuktoyaktuk harbor, the Mackenzie River delivers fine
silts enriched in aluminosilicates and metal oxides, which act as carriers for trace metals.
Several metals exceed the TEL, suggesting the potential for occasional adverse biological
effects. However, these concentrations remain comparable to the regional background values

reported for the Mackenzie Delta and Shelf. In Kugluktuk, coastal sediments are primarily
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derived from the erosion of intrusive mafic and sedimentary rocks as well as inputs from the
Coppermine River. These sediments exhibit moderate trace metal concentrations overall,

reflecting both natural geological sources and localized depositional processes.

Suspected anthropogenic contributions were identified in three communities. In Grise
Fiord, a single sediment sample exhibited anomalously high concentrations of Fe, Mn, Ti, V,
and Zn, which are approximately four times higher than the other samples, warranting further
investigation to confirm its origin. In Pond Inlet, several samples exceeded natural
background concentrations for trace metals, with potential contamination linked to a nearby
fuel pipeline spill and boating activity within the harbor. Along the coast of Kugluktuk,
sediments revealed significant enrichment in trace metals, particularly at the mouth of the
Coppermine River and along a coastal strip west of the community. While these results are
likely influenced by natural inputs from upstream mafic—ultramafic intrusions, the
pronounced accumulation of V and Cr in the western strip also suggest a possible

anthropogenic source, potentially amplified by the preferential deposition of heavy minerals.

Overall, this study highlights the complex interplay between natural geological
processes and anthropogenic influences in shaping trace metal distributions in coastal
sediments from Canadian Inuit communities. To accurately assess pollution levels and
potential ecological risks to the coastal ecosystems in these communities, further
investigations are needed, particularly focusing on metal mobility, bioavailability, metal

content in biota and expanded spatial sampling.
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3.9 SUPPLEMENTARY MATERIAL (FIGURES AND TABLES)
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Figure 43. Maps of Tuktoyaktuk Harbor showing the spatial distribution of total V and Zn
concentrations in surface sediments.
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Figure 44. Maps of Kugluktuk showing the spatial distribution of grain size (Doo), total Mn
and acid-extractable Mn in surface sediments.
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Figure 45. Maps of Pond Inlet showing the spatial distribution of the total (A) and acid-
extractable (B) metal concentrations in surface sediments.
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Figure 46. Spatial distribution maps of Mn total concentrations.
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Figure 47. Scatter plots showing the correlation of Fe and other elements for (A) total and
(B) acid-extractable concentrations. Spearman correlation coefficients (r) were calculated.
Data are categorized by cluster: cluster 1 (blue), cluster 3 (gray) and cluster 4 (red).
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Figure 48. Acid-extraction recoveries (%) obtained for coastal sediments of Kugluktuk,
calculated with energy-dispersive X-ray fluorescence (ED-XRF) results. Data are
categorized by cluster: cluster 3 (gray) and cluster 4 (red).
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Tableau 14.

Blank values derived from the energy-dispersive X-ray fluorescence (ED-XRF) analysis.

Blanks | L.O.I. ALOs SiO2; KoO CaO TiO2 MnO FexOs \Y Cr Zn Sr Zr
(wt. %) (ng/g)

1 0.95 1.77  97.3  0.009 0 0.001 0 0 0.4 604 102 4.7 11.2
2 1.01 0.71 98.3 0 0 0.001 0 0 0.9 9.1 8 2 6.4
3 0.96 0.85 982 0 0 0.001 0 0 0.2 10.7 102 2.1 5.2
4 0.98 0.87  98.1 0 0 0.001 0 0 0 12.2 0 0 3.9
5 0.98 149 975 0 0 0.001 0 0 1.7 11.8 133 2.7 7.3
6 0.72 1.29  98.0 0 0 0.001 0 0 2.1 14.3 7 2.6 5.8
7 0.73 043  98.8 0.013 0 0.001 0 0 0 6.9 12.3 2.8 9.6

Mean 0.90 1.06  98.0 0.003 0.0 0.001 0 0 0.76 179 8.7 2.4 7.1

SD 0.12 0.47 0.5 0.006 0.0 0.000 0 0 0.85 189 4.4 1.4 2.6

DL 0.05 005 005 0.05 0.05 0.05 0.05 50 100 50 50 30

<DL ? No NA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

7

Samples min. 3.94

Samples mean 8.70

Blank/mean 12%

Blank/min. 27%

Correction 0.56
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Tableau 15.
Certified values for ED-XRF analysis based on the reference standards SDC-1 (Canadian
Soil) and BCR-1 (Basalt), along with the corresponding recovery percentages for each

element analyzed in this study.

Certified Uncertainty Average Unit RSD Accuracy
value (1o; (o; %)
%)
SDC-1
MgO 1.69 0.1 1.54 % 23 91+2
AlLO; 158 0.3 15.8 % 0.2 100+0.3
Si02 65.8 0.4 66.9 % 0.2 102 £0.2
CaO 1.4 0.1 1.4 % 0.4 98 £ 0.5
TiO2 1.0 0.0 1.2 % 0.3 114+ 0.5
MnO 0.1 NA 0.1 % 1.4 99 +2
Fe;O3 6.8 NA 6.8 % 0.3 101 £0.4
A% 102.0 12.0 99.3 ug/g 11.3 98 £13
Cr 64.0 7.0 79.4 ug/g 9.4 126 + 14
Zn 103.0 8.0 103.9 ng/'g 5.6 101 +7
Sr 180.0 9.0 212.2 ng/g 1.4 116 £2
Zr 290.0 30.0 383.8 ug/'g 1.1 132 +2
BCR-2
MgO 3.6 0.0 3.5 % 1.2 97+1
ALOs 135 0.1 14.0 % 0.3 104 +0.3
Si02 54.0 0.2 54.4 % 0.2 101 £0.2
CaO 7.1 0.1 7.3 % 0.3 102+0.3
TiO2 23 0.0 2.5 % 0.5 111+0.5
MnO 0.2 0.0 0.2 % 1.1 99+ 1
Fe,Os  13.8 0.2 14.0 % 0.4 102+ 0.4
A% 417.6 4.5 460.6 ng/'g 5.0 110+ 5.5
224 +

Cr* 18.0 0.4 40.3 ug/g 35.2 59.3
Zn 129.5 1.8 132.0 ng/'g 4.3 102+4.4
Sr 337.4 6.7 379.9 ng/'g 1.7 113+1.9
Zr 186.5 1.5 211.5 ug/'g 4.9 113£3.2

221



ICP-QQQ blank measurements for coastal sediments (ug/L).

Tableau 16

Blanks 1 2 3 4 5 6 7 8 9 LOD  Mean SD
Mg 4.03 532 1.17 041 223 138 563 157 220 0.0014 2.66 1.88
Al 8.6 737 47 1.5 419 315 1429 195 414 0.2537 489 44.9
Ca 130.5 103.7 0.0 0.0 609 324 2295 244 642 0.0081 71.7 73.8
K 6.12 450 163 090 287 196 8.17 1.75 3.05 0.0015 3.44 2.40
Cr 049 044 031 0.17 0.12 0.08 0.16 0.07 0.08 0.0056 0.21 0.16
Mn 0.03 003 0.00 0.00 0.01 001 0.03 0.00 0.01 0.0045 0.01 0.01
Fe 559 476 235 1.02 165 083 397 071 157 0.0006 249 1.82
Co 0.01 001 o0.01 0.01 0.01 001 o0.01 0.01 0.00 0.0003 0.01 0.00
Ni 0.02 001 0.01 0.00 0.01 0.00 0.02 0.00 0.05 0.0023 0.01 0.02
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0049 0.00 0.00
Cu 020 017 0.6 0.15 0.13 0.11 0.08 0.07 0.07 0.0002 0.13 0.05
Ti 0.63 044 025 068 048 0.63 034 042 041 0.0102 048 0.14
Zn 056 085 046 044 032 030 048 031 032 0.0283 045 0.18
v 0.04 004 001 001 0.02 0.01 006 0.01 0.02 0.0003 0.02 0.02
As 0.02 002 0.00 0.00 0.01 001 0.03 0.00 0.01 0.0032 0.01 0.01
Se 0.01 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0023 0.00 0.00
Sr 1.03 08 005 0.02 051 029 173 024 0.50 0.0002 0.57 0.55
Mo 0.18 0.16 0.14 0.11 0.09 0.09 0.11 0.13 0.13 0.0023 0.13 0.03
Pd 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.0026 0.01 0.00
Y 0.01 001 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.0003 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0006 0.00 0.00
Pb 0.05 004 001 001 0.03 0.02 008 0.01 0.03 0.0007 0.03 0.02
Eu 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.0004 0.07 0.00
La 0.02 0.02 000 0.00 0.01 0.01 0.04 0.01 0.01 0.0001 0.01 0.01
Ce 0.05 004 0.00 0.00 0.03 0.02 0.09 0.01 0.03 0.0002 0.03 0.03
Pr 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.0001 0.00 0.00
Nd 0.08 0.07 0.05 0.05 0.06 006 009 0.06 0.06 0.0005 0.07 0.01
Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.0005 0.00 0.00
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0003 0.00 0.00
Yb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0003 0.00 0.00
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0002 0.00 0.00
Dy 0.01 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.0002 0.00 0.00
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0001 0.00 0.00
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0004 0.00 0.00
Tm 0.01 0.01 o0.01 0.01 0.01 0.01 o0.01 0.01 0.01 0.0001 0.01 0.00
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0002 0.00 0.00
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0031 0.00 0.00
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Tableau 17
a) Certified values for partial acid digestion of the certified reference material TILL-3 using
concentrated HCI and HNO3, along with the corresponding recovery percentages for each
element analyzed in this study. b) Certified values for total digestion of the certified
reference material TILL-3, along with the corresponding recovery percentages for REY

analyzed in this study.

a) TILL-3 b) TILL-3
Analyzed Certified Recovery RSD Analyzed Certified Recovery RSD
Cr 58.6 73 80% 3% | Y 8.2 17 48% 4%
Mn 310.4 310 100% 2% | La 14.6 21 70% 8%
Fe 17458 20000 87% 2% | Ce 30 42 72% 7%
Co 8.6 11 78% 1% | Nd 13.4 16 84% 7%
Ni 26.5 32 83% 2% | Sm 2.6 3.3 79% 1%
Cu 17.8 23 77% 10% | Eu 0.6 <1 NA 7%
Zn 47.2 43 110% 46% | Yb 0.7 1.5 47% 3%
v 37.5 33 114% 2% | Tb 0.3 <0.5 NA 4%
As 69.1 84 82% 3% | Er 0.8 1.4 57% 6%
Ag 1.3 1.6 80% 4% | Lu 0.1 0.2 50% 7%
Ba 442 43 103% 5%
Pb 15.7 16 98% 2%
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Tableau 18.

Table presenting the concentration ranges and medians acquired by ED-XRF (XRF) and
acid digestion (AD) for the six communities and Milne Inlet (Milne port and Ragged
Island). Values in bold are median concentrations. The reference values are the upper

continental crust (UCC), post-Archean Australian shale (PAAS) and median concentrations
for regional studies in the CA. The sediment quality guidelines are the threshold effect level

(TEL) and the probable effect level (PEL).

Analysis  As Cd Co Cr Cu Fe Mn Ni Pb \4 Zn
(n)
<100— 50— <50-
. XRF (49) 1700 1.9-20 <0.04-0.75 1160 152
55 141 4.6 0.51 182 62
E] 1.9
2 AD(33) 127 001-0.1 7-22 19-114 23-83 135 0.03-0.07 1654 4-18 59637 39-118
23 005 14 53 39 43 0.05 33 9 154 64
17—
% XRF (22) <100-385 11.8  <0.04-0.14 <50-242 <50-95
- 123 35 0.06 74 <50
=]
S AD(15) 066 0.01-04 3-18 26-172 7-51 12-85 0.01-0.04 9-73 3-14 25-161 15-112
1.2 0.5 6 70 20 2.4 0.03 21 7 54 39
o~ XRE(7) <100 0.5-2.1 <0.04-0.06 <50-75 <50
<
% <100 0.6 0.04 <50 <50
3 0.03— 0.4
Z AD() 044 008 041 2235 3410 0506 001002 17 2712 914 613
1.9 005 08 3 8 0.6 0.02 1.7 4 9 11
>
& XRF (11) <100 0.1-07  <0.04 <50 <50
£ <100 04  <0.04 <50 <50
g 1.9- 92—
£ AD(2) 27 01303 1.63 916 105 0.6-1.0 0.01-002 510 4-15 1524 1727
<50—
— XRE (1) <100 0.8-7.1 <0.04-0.11 <50-355 127
2 <100 1.4 <0.04 <50 <50
2 05~ 003 1.6- 0.009—
5 AD@3) 15 007 25 724 510 125 0013 47 1-6 33-113 11-106
1.4 0.04 2 12 8 1.3 0.011 5 3 4 21
-
= XRF(12) <100-124 3446 0.04-0.09 169-264 183
E 100 42 0.06 228 138
8 16— 143—
Z AD®) 13-19 02-04 13-16 64-85 3548 3.7-43 0.04-0.1 43-51 20 143-196 191
15 0.3 14 73 39 4.0 0.05 47 19 162 164
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_ XRF (4) <100 02-14  <0.04 <50 <50
()
= <100 1.0 <0.04 <50 <50
g 1.9-
S AD() 35 01-04 2-5 1237  9-14 07-1.7 0.01-0.02 6-17 4-10 1936 14-31
2.8 0.1 3 28 11 1.2 0.013 13 7 23
o]
5 2 XRF (6) <100 09-13  <0.04 <50 <50-53
g = <100 1.1 <0.04 <50 <50
XRF <50—
(128) <100-135 1.1-5.8 <0.04-1.6 <50-306 114
< <100 3.4 0.07 98 53
U 2_
AD(128) 2-59 0.02-04 2-39 13-92  3-115 0.9-42 001-1.15 7-87 222 25-186 20-137
11 0.1 10 43 25 2.3 0.05 2710 7 62
uce 15 0098 10 35 25 350 0.060 20 20 60 71
PAA
S 0¥ 03* 23 110 50 506  0.085 55 20 150 85
TEL 724 07 523 18.7 159 302 124
PEL 416 421 160 108 428 112 270
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CONCLUSION GENERALE

L’¢étude géochimique des fonds marins de 1’ Arctique canadien a permis de répondre a
I’objectif principal de cette thése, soit d’apporter de nouvelles connaissances sur 1’état actuel
de la contamination métallique de la région. Cette étude vient d’une part combler
d’importantes lacunes dans les connaissances sur la composition chimique du fond marin
dans des secteurs jusqu’alors non caractérisés. D’autre part, 1’analyse de la composition
chimique des sédiments marins a permis d’identifier les facteurs naturels contrdlant la
répartition des éléments majeurs et traces, de mieux comprendre le comportement des ETM
en milieu marin arctique, ainsi que d’identifier les zones présentant un risque
écotoxicologique (Figure 49). Elle met également en évidence les zones particulierement
sensibles a une potentielle contamination dans un contexte de changements climatiques
futurs. Cette étude repose sur 1’analyse des propriétés sédimentologiques et chimiques
d’échantillons de sédiments marins de surface et de sédiments terrestres, collectés dans une
vaste zone s’étendant de la mer de Beaufort a la baie de Baffin. Les principaux résultats et
conclusions associés aux trois objectifs spécifiques sont présentés dans cette section. Une

discussion portant sur les limites de 1’étude et les perspectives de recherche futures suivra.

Objectif 1 : documenter la dynamique sédimentaire et évaluer [’applicabilité d’indices de

pollution

Dans ce premier chapitre, 1’objectif était de fournir les connaissances préalables
nécessaires pour une évaluation compléte de la contamination métallique des sédiments
marins. Ainsi, a partir d’analyses géochimiques au ED-XRF, la dynamique sédimentaire de
I’Arctique canadien a pu étre mieux définie. De plus, D’application du facteur
d’enrichissement et de I’indice de géo-accumulation a également été¢ étudiée afin de
déterminer les avantages et les limites de ces outils dans 1’évaluation de la pollution des

sédiments dans 1I’AC.



Les données géochimiques ED-XRF ont mis a I’évidence une forte variabilité régionale
de la composition des fonds marins qui est principalement influencée par la géologie.
Combinés a des analyses statistiques multivariées, les résultats ont permis de catégoriser les
sédiments marins I’ Arctique canadien selon trois groupes chimiques distincts correspondant
a quatre provinces géographiques. Le premier groupe est compos¢ d’échantillons ayant été
collectés dans les chenaux et détroits du centre de I’AC, ainsi que le détroit de Nares. Ce
groupe chimique se caractérise par des sédiments ayant une forte teneur en carbonates
détritiques dont la provenance est les calcaires et dolomies composant la Plateforme arctique.
L’érosion coticre et la glace de mer sont les processus dominants responsables du transport
des sédiments dans ce groupe. Les échantillons du deuxiéme groupe proviennent des zones
cotieres du golfe de la Reine-Maud ainsi que des fjords et baies de 1’1le de Baffin. Ils sont
composés de sédiments grossiers riches en matériaux silicoclastiques. La composition de ces
sédiments est influencée par les différentes rivieres drainant le nord du Canada et I’ile de
Baffin et par les glaciers de 1’1le de Baffin, qui érodent les roches ignées et métamorphiques
du Bouclier canadien. Le troisiéme groupe, quant a lui, se caractérise par des sédiments riches
en carbone organique, en oxydes de Fe-Mn et en aluminosilicates fins. Il est présent dans
deux régions distinctes de I’AC : a P’est et a ’ouest. L’ouest, incluant le plateau du
Mackenzie, le sud de la mer de Beaufort et le golfe d’Amundsen, est fortement influencé par
la riviere Mackenzie, qui décharge une grande quantité de sédiments riches en carbone
organique d’origine terrestre ainsi qu’en Al, Fe, V et Zn d’origine lithogénique. L’est de
I’ Arctique canadien, pour sa part, est principalement influencé par la production primaire
associée aux polynies et par les apports glaciaires provenant des glaciers des iles Devon et

Ellesmere.

Les concentrations les plus élevées en métaux traces (V, Zn et Cr) sont observées dans
la région du plateau du Mackenzie. Le fleuve Mackenzie semble étre le principal contributeur
de métaux dans cette zone, en déversant d’importantes quantités d’oxydes de Fe-Mn
d’origine lithogénique, de minéraux argileux et de métaux associ€s issus de 1’altération des

schistes qui dominent la composition du bassin versant. Les données indiquent que les
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minéraux argileux fins et les oxydes de Fe constituent les principales phases porteuses des

métaux traces, suivis par la MO.

A travers I’AC, les indices de pollution suggérent que les métaux traces proviennent
majoritairement de sources naturelles et présentent un faible risque écologique pour les
organismes benthiques vivant a I’interface eau-sédiment. Toutefois, les EF et les Igeo
calculés a partir de différents fonds géochimiques révelent des divergences significatives,
soulignant la nécessité d’interpréter ces indices avec précaution. L’utilisation des fonds
géochimiques généraux, tels que la crotlite continentale supérieure (UCC) ou schiste moyen
(AS), peut étre pertinente lorsque les échantillons de sédiments présentent une composition
chimique régionale similaire. Cependant, ce n’est pas le cas pour la majorité des sédiments
de I’AC, qui présentent une grande variabilité lithologique. Par ailleurs, la normalisation des
concentrations métalliques a 1’aide d’un élément conservatif dans le calcul de I’EF a
¢galement montré certaines limites. Il est donc recommandé de valider les EF en utilisant
différents éléments normalisateurs conservateurs, afin de minimiser les risques de mauvaises

interprétations.

En résumé, dans 1’AC, le portrait spatial géochimique combiné a 1’utilisation d’indices
de pollution s’est révélée une approche précieuse pour mieux comprendre la répartition des
métaux, les processus naturels controlant leur enrichissement ou leur appauvrissement, ainsi
que pour évaluer la contamination métallique potentiellement liée aux activités humaines.
Cette ¢tude a permis d’identifier le fleuve Mackenzie comme la principale source de
contribution d’ETM dans 1’ouest de I’AC, sans qu’aucune contribution anthropique
significative n'ait été détectée. De plus, les caractéristiques des sources sédimentaires,
notamment le socle rocheux, ainsi que la nature des sédiments, incluant leur minéralogie et
leur granulométrie, ont été identifiées comme des facteurs clés régissant I’accumulation des
ETM dans les sédiments marins de I’AC. Finalement, 1’utilisation des indices de pollution
s’est avérée pertinente dans le cadre de cette étude. Toutefois, 1’établissement d’un fond
géochimique régional, basé sur les provinces sédimentaires, s’est révélé essentiel pour

garantir une interprétation fiable et adaptée de ces indices.
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Figure 49. Figure synthétisant les sources, processus de transport et zones d'accumulation
principaux des ¢léments majeurs et traces dans les sédiments marins de 1’ Arctique
canadien.
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Objectif 2 : Etablir les concentrations de référence des ETM dans la fraction extractible a

[’acide des sédiments dans |’Arctique canadien

A partir des nouvelles connaissances tirées du premier chapitre, le deuxiéme objectif
visait a compléter le levé géochimique de 1’Arctique canadien en fournissant une base de
référence des concentrations modernes des ETM. Ainsi, les mémes échantillons ont été
analysés, cette fois-ci, par digestion partielle a I’acide et spectromeétre de masse a triple
quadrupdle (ICP-QQQ). Cette nouvelle méthode a permis d’obtenir les concentrations dites
extractibles de la majorit¢ des ETM dans les sédiments. La contamination par plusieurs
métaux (As, Cd, Co, Cr, Cu, Ni, Pb, V, Zn) a été évaluée avec les indices pollutions et les
recommandations canadiennes pour la qualité des sédiments (CCME, 1999). Basée sur les
conclusions du Chapitre 1, un fond géochimique régional subdivisé selon les provinces
sédimentaires a été établi pour I’utilisation des indices de pollution. De plus, les €léments des

terres rares ont également été étudiés.

Tout comme les résultats au ED-XRF, cette étude géochimique révéle une distribution
spatiale suivant une tendance ouest-est influencée par la lithologie, les conditions rédox, les
apports fluviaux, la dérive de la glace de mer, les courants océaniques et la productivité
primaire. Le plateau du Mackenzie, le sud de la mer de Beaufort et le golfe d’Amundsen
présentent les concentrations les plus élevées en métaux traces dans I’ AC. Le principal apport
de ces ¢éléments provient du fleuve Mackenzie, mais leur répartition est ensuite influencée
par P’affinité des métaux avec les phases porteuses et par les conditions d’oxydoréduction.
Le V, Zn, Pb et Cr sont rapidement retirés de la colonne d’eau et transportés vers les
sédiments a I’embouchure de la riviere, principalement par l'intermédiaire de la matiére
organique. En revanche, I’As, Ni, Co et Cd sont plus mobiles et sont transportés plus loin de
la riviere par les courants cotiers. Les fortes concentrations en As observées dans le sud de
la mer de Beaufort, a I’est de 1’7le Banks, semblent associées aux cycles du Fe. Cette région,
plus ¢éloignée de I’embouchure de la riviere Mackenzie et moins riche en COT, favorise
probablement la déposition d’oxydes de Fe détritiques et/ou la formation d’oxydes

authigéniques (Magen, 2008), ce qui expliquerait I’accumulation d’ As. Le golfe d’Amundsen
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présente des concentrations élevées en Ni, Co et Cd, dont 1’association avec les oxydes de
Mn constitue I’explication la plus plausible. De plus, les conditions diagenétiques dans cette
région favorisent I’enrichissement du Mn et, par conséquent, de ces métaux a la surface des

sédiments.

Tout comme les autres métaux traces, la concentration en ETR dans les sédiments de
I’AC est principalement contrélée par la lithologie. Les ETR légers (La-Nd) se trouvent
principalement liés aux oxydes métalliques, extractibles par acide, tandis que les ETR lourds
semblent associées aux zircons et autres phases réfractaires. Dans 1’est de ’AC, les
lithologies précambriennes du Bouclier canadien transmettent aux sédiments cotiers leurs
fortes concentrations, une signature enrichie en ETR légers et une anomalie négative en Ce.
Dans I’ouest de I’AC, les échantillons présentent la signature labile du fleuve Mackenzie
(Bossé-Demers et al., 2025), avec un enrichissement en ETR moyens (Sm-Dy). Le reste de
I’AC est généralement caractérisé par un léger enrichissement en ETR 1égers et une petite

anomalie positive en Ce, reflétant un profil typique des sédiments marins.

Aucun risque écologique majeur n’a été identifié¢ dans cette étude. Les concentrations
en métaux traces dans les sédiments de surface présentent une forte variabilité régionale, ce
qui entraine occasionnellement des dépassements des critéres de qualité des sédiments.
Cependant, ces dépassements restent généralement dans la gamme de concentrations
associées a des sources naturelles observées a travers les régions arctiques. Seul le détroit de
Jones présente deux échantillons dont les concentrations en As dépassant la CEP, et qui ont
été classés comme pollués et enrichis. Bien que 1’origine de ces concentrations élevées

semble naturelle, elle n’est pas totalement expliquée a ce stade.

Objectif' 3 : Evaluation de la contamination métallique le long des cétes des communautés

inuites

Un portrait exhaustif de 1’état actuel de la contamination métallique dans I’ Arctique
canadien a I’échelle régionale a été établi a partir des Chapitres 1 et 2, ainsi que de plusieurs

autres ¢tudes (ex., Campbell & Loring, 1980; Naidu et al., 2012; Trefry & Neft, 2019; Trefry

232



et al., 2003). Dans ce troisiéme chapitre, I’objectif était d’évaluer 1’état de la contamination

a une échelle locale, soit a 1’échelle des communautés inuites vivant dans I’AC.

A 1’aide d’analyses géochimiques de la fraction totale par ED-XRF et de la fraction
extractible a I’acide par ICP-QQQ, cette ¢tude a évalué la contamination en métaux traces
dans les sédiments cotiers de six communautés inuites canadiennes, ainsi qu’a Milne Inlet,
site du port de la mine Mary River. Les résultats révelent des degrés variables
d’enrichissement en métaux selon les sites, influencés a la fois par des processus géologiques

naturels et par de potentielles sources anthropiques.

Les communautés de Pond Inlet et de Qikiqtarjuaq sont principalement influencées par
des sédiments clastiques grossiers dérivés des roches précambriennes du Bouclier canadien
environnant. Tandis que les sédiments de Qikiqtarjuaq présentent des concentrations tres
faibles en métaux traces, ceux de Pond Inlet affichent une composition plus hétérogéne, en
raison de la présence conjointe de roches felsiques et mafiques, certains échantillons
montrant des teneurs ¢élevées en métaux traces. L’enrichissement en ETR et en Th observé
dans ces communautés est caractéristique des sédiments dérivés du Bouclier canadien. Des
sédiments riches en carbonates et pauvres en ETM prédominent a Resolute Bay et a Milne
Inlet. Les sédiments de Grise Fiord reflétent une influence mixte du Bouclier canadien et de
la Plate-forme arctique, contenant a la fois du matériel silicoclastique et carbonaté. Des
concentrations plus élevées en métaux traces ont été observées a Tuktoyaktuk et a Kugluktuk.
Dans le port de Tuktoyaktuk, le fleuve Mackenzie apporte des silts fins enrichis en
aluminosilicates et en oxydes métalliques, qui transportent les métaux traces. Plusieurs
métaux y dépassent la CSE, ce qui suggere un potentiel d’effets biologiques occasionnels.
Toutefois, ces concentrations demeurent comparables aux valeurs de fond régionales
rapportées pour le delta du Mackenzie et le sud de la mer de Beaufort. Les sédiments cotiers
de Kugluktuk, issus de 1’érosion de roches intrusives mafiques, de roches sédimentaires et
des apports de la riviere Coppermine, présentent globalement des concentrations modérées

en métaux traces.

233



Des contributions anthropiques sont suspectées dans trois communautés. A Grise
Fiord, un échantillon unique présente des teneurs anormalement ¢levées en Fe, Mn, Ti, V et
Zn, environ quatre fois supérieures a celles des autres échantillons. Des analyses
complémentaires sont nécessaires pour confirmer 1’origine de cette anomalie. A Pond Inlet,
certains ¢échantillons dépassent les concentrations naturelles en métaux, avec une
contamination potentiellement liée a des déversements d’hydrocarbures a proximité d’un
pipeline et a I’activité des embarcations dans le port. Les sédiments cotiers de Kugluktuk
révelent un enrichissement significatif en minéraux lourds et en métaux traces, notamment a
I’embouchure de la riviere Coppermine et le long de la cte a I’ouest de la communauté. Bien
que ces enrichissements soient probablement liés a la présence en amont d’intrusions
mafiques a ultramafiques, I’accumulation marquée de V et de Cr a I’ouest de Kugluktuk
suggere également une possible contribution anthropique, possiblement amplifiée par le

dépot préférentiel de minéraux lourds.
Perspectives

Ce projet a permis de générer de nouvelles connaissances sur les processus naturels
complexes qui controlent la distribution des métaux traces dans I’ AC, contribuant ainsi a une
meilleure compréhension du systéme géochimique régional. Cette compréhension
approfondie facilite ou va faciliter 'identification des apports anthropiques potentiels dans
un environnement dominé par des sources naturelles. Cependant, cette étude ne constitue
qu'une ¢tape dans 1’évaluation globale de la contamination métallique dans I’AC. Des
recherches complémentaires, incluant des analyses temporelles ainsi que des investigations
ciblées dans les zones a risque, seront nécessaires pour dresser un portrait plus complet et

dynamique de I’état de la contamination métallique dans cette région sensible.

L’étude des sédiments marins de surface via les deux méthodes d’analyses de cette
thése offre une excellente vue d’ensemble de la répartition spatiale des métaux dans la zone
d’¢étude et renseigne sur le comportement de ceux-ci. L utilisation d’indices de pollution sur
les données de concentrations totales et extractibles ont permis de facilement quantifier le

niveaux de contamination a travers 1’ Arctique canadien. Par contre, les conclusions tirées de
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ces analyses sont limitées pour évaluer les risques écotoxicologiques. Ainsi, a partir de ces
mémes €chantillons, une analyse par extraction séquentielle (Tessier et al., 1979) permettrait
d’obtenir les concentrations de métaux associés a chaque phase porteuse et apporterait ainsi
des interprétations plus robustes sur leur mobilité et biodisponibilité. L’étude de carottes
sédimentaires a travers I’Arctique pourrait complémenter les données de sédiments de
surface. L’analyse de la distribution verticale des concentrations des €léments majeurs et
traces dans les sédiments et dans les eaux interstitielles des carottes viendrait combler les
lacunes sur notre compréhension des processus diagenétiques s’effectuant dans I’AC. Par
exemple, les travaux de Kuzyk et al. (2017) sur la diagenese précoce dans I’ouest de I’AC
ont permis de mieux comprendre 1’enrichissement localisé de certains métaux dans la région.
Les informations provenant des extractions séquentielles et des profils verticaux permettront
d’interpréter de maniére fiable les résultats des indices de pollution. En effet, les indices de
pollution peuvent mener a des conclusions erronées lorsque le contexte géographique et les
conditions biogéochimiques du milieu ne sont pas maitrisés. Une étude spatiale exhaustive
associée a une compréhension du partitionnement des métaux dans les sédiments et de la
diagénese offre un portrait complet permettant de saisir la nature d’une contamination dans

un milieu, s’il y a lieu.

L’analyse de carottes sédimentaires peut €galement renseigner sur les variations
temporelles des concentrations des ETM et aider a retracer leur accumulation dans le milieu
marin a travers le temps. Finalement, les concentrations mesurées dans les eaux interstitielles
représentent la fraction la plus biodisponible pour les organismes (Ankley et al., 1994) et
correlent avec la toxicité mesurée dans ceux-ci (ex. Alves et al., 2018). Elles constituent donc
une information essentielle pour I’évaluation des risques écotoxicologiques. Pour prédire la
toxicité des ETM, il faut également mesurer leur accumulation dans les organismes, qui
dépend entre autres de la concentration dans le milieu, de la biodisponibilité¢ et des
comportements de [’organisme (Simpson & Batley, 2007). Ainsi, la mesure des
concentrations dans les organismes benthiques combinés a la mesure dans les sédiments

pourrait apporter ces informations.

235



Une meilleure couverture spatiale de I’échantillonnage est nécessaire pour permettre
une ¢évaluation représentative de la qualit¢ des sédiments cdtiers a proximité des
communautés inuites. En effet, comme 1’a démontré le cas de Kugluktuk, des contaminations
métalliques importantes peuvent se manifester de manicre trés localisée. Dans cette
communauté, la densité adéquate de 1’échantillonnage a permis de détecter ces
enrichissements. En revanche, dans d’autres localités, 1’échantillonnage demeure incomplet,
ce qui limite la capacité a détecter d’éventuelles contaminations. C’est notamment le cas a
Grise Fiord, ou un seul échantillon a révélé des concentrations anormalement élevées en
certains métaux. En 1’absence d’échantillons supplémentaires dans cette zone, il est difficile
de déterminer s’il s’agit d’une anomalie isolée ou du reflet d’un phénomeéne plus étendu. Ce
manque d’échantillons dans la zone d’étude restreint donc la portée des interprétations et
souligne l’importance d’un maillage spatial plus dense pour les futures campagnes

d’échantillonnage.

Cette these de doctorat a fourni des données inédites sur les éléments des terres rares
dans 1’Arctique canadien. Or, les informations tirées des analyses n’ont pas permis
d’adéquatement caractériser les ETR. L’extraction partielle a limité la compréhension du
comportement des ETR dans les sédiments marins, car les ETR lourds n’ont été que
faiblement extraits alors que les ETR légers ont été presqu’entiérement extraits. Ainsi, les
profils des lanthanides normalisés, fréquemment utilisés pour analyser les sources, le
fractionnement et le transport des ETR, présentent des résultats artificiellement définis par la
méthodologie. Une extraction totale permettrait donc d’obtenir les profils réels des ETR, et
ainsi cela permettra de distinguer I’influence des activités humaines sur les concentrations et

la distribution des ETR.

Finalement, une surveillance a long terme de la région en collaboration avec les
membres des communautés est fortement recommandée afin de suivre I’évolution des
impacts anthropiques sur le milieu marin de ’AC. Ce travail collaboratif permettra
I’établissement d’une base de référence des concentrations en métaux dans les sédiments,

ainsi que le suivi régulier de ces concentrations dans le temps. Il en découlera une meilleure
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compréhension des tendances temporelles d’accumulation des métaux en lien avec les
émissions anthropiques et les variations des conditions naturelles. Cette approche est
essentielle pour anticiper les effets potentiels des changements environnementaux et des

activités humaines croissantes dans cette région particulierement vulnérable.
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ANNEXE I - LISTE DES ECHANTILLONS

Tableau 19.

Liste des échantillons de sédiments utilisés pour les chapitres 1 et 2 de cette étude.

Expédition  Station Nom de la carotte Type Long. Lat. Prof.
eau
(m)
AMDI1603  Lakeman-08 AMD1603-0416-01-BC Boxcore  -122.167  74.885 505
AMDI1603 405 AMD1603-0416-02-BC Boxcore  -123.028  70.608 628
AMDI1603  0416-03 AMD1603-0416-03-BC Boxcore  -120.348  70.513 330
AMDI1603  0416-04 AMD1603-0416-04-BC Boxcore  -117.856  69.653 415
AMDI1603  0416-05 AMD1603-0416-05-BC Boxcore  -115.071 67.864 60
AMDI1603  0416-07 AMD1603-0416-07-BC Boxcore  -102.725  71.869 245
AMD1603 1402 AMD1603-1402-BC Boxcore -117.632 70.546 400
AMD1603 165 AMD1603-165-BC Boxcore  -75.761 72709 645
AMDI1603 177 AMD1603-177-BC Boxcore -63.801 67.475 385
AMDI1603  Lakeman-05 AMD1603-2016-805-18-BC Boxcore  -129.127  74.007 420
AMDI1603 554 AMD1603-2016-805-20-BC Boxcore  -126.476 75741 373
AMDI1603 301 AMD1603-301-BC Boxcore  -83.319 74.121 740
AMDI1603 304 AMD1603-304-BC Boxcore  -91.521 74246 314
AMDI1603 307 AMD1603-307-BC Boxcore  -103.014  74.102 350
AMDI1603  310E AMD1603-310E-BC Boxcore  -99.076 70.832 216
AMDI1603  310W AMD1603-310W-BC Boxcore  -101.272 71459 163
AMDI1603 311 AMD1603-311-BC Boxcore  -98.534 70.280 170
AMDI1603 312 AMD1603-312-BC Boxcore  -100.697  69.166 66
AMDI1603 314 AMD1603-314-BC Boxcore  -105.475  68.971 89
AMDI1603 316 AMD1603-316-BC Boxcore  -112.100  68.400 182
AMDI1603 407 AMD1603-407-BC Boxcore  -126.090  71.009 390
AMDI1603 408 AMD1603-408-BC Boxcore  -127.574 71303 205
AMD1603 411 AMD1603-411-BC Boxcore -126.731 71.623 435
AMDI1603 420 AMD1603-420-BC Boxcore  -128.491 71.066 43
AMDI1603 421 AMD1603-421-BC Boxcore  -133.891 71399 1135
AMD1603 434 AMD1603-434-BC Boxcore -133.544 70.174 46
AMD1603 435 AMD1603-435-BC Boxcore -139.657 71.076 290
AMD1603 472 AMD1603-472-BC Boxcore -138.227 69.611 124
AMD1603 482 AMD1603-482-BC Boxcore -139.384 70.524 821
AMDI1603 525 AMD1603-525-BC Boxcore  -128.952  72.392 347
AMDI1603 535 AMD1603-535-BC Boxcore  -128.192 73416 289
AMDI1603 545 AMD1603-545-BC Boxcore  -126.823 74178 315
AMDI1603 575 AMD1603-575-BC Boxcore  -125.874  76.156 318
AMDI1603 585 AMD1603-585-BC Boxcore  -123.222  74.513 382
AMD1603 BRG AMD1603-BRG-BC Boxcore -135.462 70.992 664
AMD1603 FURZEO4 AMD1603-FURZE04-BC Boxcore -103.389 73.648 245




AMD1603
AMD1603
AMD1603
AMD1603
AMD1603
AMD1603
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1702
AMD1803
AMD1803

FURZEO7
GSCLander2
QMG2
QMG3
QMG4
QMGM
OF-B2 (OF-23)
OF-S23
OF-B6
FB2-2-5d
BELL12
Al6
BELL11
OF-S22
OF-B9
OF-B14
OF-B5
DISKO FAN 1
DISKO FAN 3
DISKO FAN 5
8.1

176

BB2

101

105

115

129

TS-233

111

108

Belcher Glacier
323

301-1

304

5.10

3.9

QMGM
QMG4
QMG3
QMG
QMG2

312

3.7

34

35

5.11W

5.11

3.10-2

3.10

1.1

QMGM

1.4

AMD1603-FURZE07-BC
AMD1603-GSCLander2-BC
AMD1603-QMG2-BC
AMD1603-QMG3-BC
AMD1603-QMG4-BC
AMD1603-QMGM-BC

AMD1702-01BC
AMD1702-03BC
AMD1702-04BC
AMD1702-05BC
AMD1702-07BC
AMD1702-08BC
AMD1702-09BC
AMD1702-10BC
AMD1702-11BC
AMD1702-12BC
AMD1702-13BC
AMD1702-14BC
AMD1702-15BC
AMD1702-16BC
AMD1702-17BC
AMD1702-18BC
AMD1702-19BC
AMD1702-20BC
AMD1702-21BC
AMD1702-22BC
AMD1702-23BC
AMD1702-24BC
AMD1702-25BC
AMD1702-26BC
AMD1702-27BC
AMD1702-28BC
AMD1702-29BC
AMD1702-30BC
AMD1702-31BC
AMD1702-32BC
AMD1702-33BC
AMD1702-34BC
AMD1702-35BC
AMD1702-36BC
AMD1702-37BC
AMD1702-38BC
AMD1702-39BC
AMD1702-40BC
AMD1702-41BC
AMD1702-42BC
AMD1702-43BC
AMD1702-45BC
AMD1702-46BC
AMD1702-47BC
AMD1803-01BC
AMD1803-02BC
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Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore

-97.195
-135.000
-100.803
-102.944
-103.418
-101.765
-67.333
-66.939
-66.705
-68.420
-68.624
-68.626
-68.182
-66.746
-66.282
-66.021
-65.882
-59.565
-59.564
-59.485
-64.732
-65.403
-67.015
-77.516
-75.758
-71.254
-76.647
-76.686
-73.207
-74.606
-80.752
-80.467
-83.318
-91.515
-99.076
-96.161
-101.741
-103.430
-102.941
-99.898
-100.807
-100.695
-96.065
-91.993
-91.236
-87.666
-86.084
-78.162
-80.847
-81.353
-101.741
-78.740

74.706
70.875
68.316
68.314
68.490
68.310
62.999
62.818
62.745
63.663
63.687
63.639
63.359
62.866
62.566
62.386
62.463
67.992
67.992
67.964
69.407
69.597
72.751
76.357
76.317
76.331
76.331
77.755
76.308
76.264
75.702
74.156
74.277
74.246
74.489
73.654
68.302
68.484
68.244
68.492
68.306
69.170
72.089
71.475
70.436
69.954
69.882
68.878
67.797
65.155
68.299
76.480

318
200
53
56
82
107
442
507
493
82
141
140
118
289
375
411
278
947
1012
873
1054
267
2373
378
331
668
521
396
593
448
623
792
715
315
223
262
114
71
46
40
95
65
474
270
224
184
298
52
96
418
112
124




AMD1803
AMD1803
AMD1803
AMD1803
AMD1803

AMD1803
AMD1803
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902
AMD1902

AMD1902
AMD1902
AMD1902

AMD1902

AMD1902
AMD1902

AMD1902
AMD1902
AMD?2202
AMD?2202
AMD?2202
AMD?2202
AMD?2202
AMD?2202
AMD?2202
AMD2202

101

115

1.5

Garnier River
River in Le Feuvre

Inlet, Prince of Wales

Simpson River
Tingmeak River
2.6

122

6.2

134

Robl

6.4

251b

6.1

6.1

Talbot Inlet

2.5

293

2.2

23

2.4

1.4

1.4

297

296

2.7

302

303

Wel02
Ellesmere South
Central River
Eugenie Glacier
Eugenie River

Near Eugenie Glacier

Near Hans Island
River

RISG (Near 1.4)

River Ellesmere East

River near 135
Sydkap Glacier
KEBABB A3
195

KEBABB B6
KEBABB B3
KEBABB C3
KEBABB D1
KEBABB D3
Scott Inlet sill

AMD1803-03BC
AMD1803-04BC
AMD1803-05BC

AMD1803-Garnier River
AMDI1803-River in Le Feuvre
Inlet, Prince of Wales

AMD1803-Simpson River
AMDI1803-Tingmeak River

AMD1902-01BC
AMD1902-02BC
AMD1902-03BC
AMD1902-04BC
AMD1902-05BC
AMD1902-06BC
AMD1902-08BC
AMD1902-09BC
AMD1902-10BC
AMD1902-11BC
AMD1902-12BC
AMD1902-13BC
AMD1902-14BC
AMD1902-15BC
AMD1902-16BC
AMD1902-17BC
AMD1902-18BC
AMD1902-19BC
AMD1902-20BC
AMD1902-21BC
AMD1902-22BC
AMD1902-23BC
AMD1902-25BC

AMD1902-Ellesmere South

Central River

AMD1902-Eugenie Glacier
AMD1902-Eugenie River
AMD1902-Near Eugenie

Glacier

AMD1902-Near Hans Island

River

AMD1902-RISG (Near 1.4)
AMD1902-River Ellesmere East

AMD1902-River near 135
AMD1902-Sydkap Glacier

AMD?2202-01BC
AMD2202-04BC
AMD2202-06BC
AMD2202-07BC
AMD2202-09BC
AMD2202-10BC
AMD2202-11BC
AMD?2202-12BC
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Boxcore
Boxcore
Boxcore
River
River

River

River

Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
River

Glacier
River
Glacier

River

River
River

River
Glacier
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore

-77.409
-71.176
-63.910
-92.912
-96.917

-100.568
-104.986
-73.065
-75.014
-65.764
-68.453
-62.247
-63.217
-61.557
-73.659
-73.095
-77.075
-77.505
-80.689
-81.849
-83.023
-86.300
-84.571
-84.931
-81.314
-79.753
-78.675
-86.170
-89.616
-93.112
-83.504

-74.859
-74.996
-74.356

-68.001

-84.931
-69.191

-71.263

-84.939

66.73346
66.8909

67.28777
67.32643
67.75013
67.39527
68.24121
71.15239

76.382
76.331
67.284
73.658
72.341

67.676
68.268
76.318
77.341
79.514
80.356
81.802
81.626
81.042
79.786
79.692
77.843
76.356
75.728
76.064
76.129
76.126
76.395
76.500
76.370
75.523
75.482
74.234
74.368
75.013
76.646

79.810
79.792
79.893

80.846

76.610
80.611

80.246

76.605

-59.604
-56.929
-58.447
-60.272
-61.262
-63.853
-62.594
-71.259

373
662
609

[e)

575
647
378
377
716
796
1135
205
245
515
379
627
770
827
674
139
125
451
556
521
553
294
247

872.2
655.2
1134
1074
1558
463.9
1540
459.2




AMD2202
AMD2202
AMD?2202
AMD?2202
AMD?2202
AMD2202

SI coringl
SI coring2
SI coring 3
323 east
115

111

AMD?2202-13BC
AMD?2202-14BC
AMD?2202-15BC
AMD2202-16BC
AMD2202-17BC
AMD2202-18BC

Boxcore
Boxcore
Boxcore
Boxcore
Boxcore
Boxcore

71.04059
70.96636
70.8746

74.13701
76.32894
76.30665

-71.557
-71.323
-71.661
-79.339
-71.222
-73.215

672
660.9
682.1
788
652.4
589.2

Tableau 20.

Liste des échantillons de s€diments utilisés pour le chapitre 3 de cette étude.

Communauté Nom éch. Lat. Long. Prof. eau Date
approx.

Kugluktuk KUG2022-01 67.825878 -115.080487 2.5 2022-08-21
KUG2022-02 67.82680697 -115.077702 2.5 2022-08-21
KUG2022-03 67.82814497 -115.087924 2.5 2022-08-21
KUG2022-05 67.82928902 -115.095739 2.5 2022-08-21
KUG2022-06 67.829991 -115.097968 2.5 2022-08-21
KUG2022-09 67.82881502 -115.114622 1 2022-08-21
KUG2022-10 67.82984499 -115.115613 2 2022-08-21
KUG2022-11 67.82740703 -115.123739 2 2022-08-21
KUG2022-12 67.82861603 -115.124446 2 2022-08-21
KUG2022-13 67.82645401 -115.130111 3 2022-08-21
KUG2022-14 67.82747501 -115.13084 3 2022-08-21
KUG2022-15 67.82441997 -115.138741 2 2022-08-21
KUG2022-16 67.82539001 -115.13976 2 2022-08-21
KUG2022-17 67.82424102 -115.148047 3 2022-08-21
KUG2022-18 67.82519597 -115.146975 5 2022-08-21
KUG2022-19 67.825217 -115.157229 5 2022-08-21
KUG2022-20 67.82588303 -115.156362 5 2022-08-21
KUG2022-21 67.82647203 -115.166297 5 2022-08-21
KUG2022-22 67.82681803 -115.165007 5 2022-08-21
KUG2022-23 67.82791497 -115.173903 5 2022-08-21
KUG2022-24 67.82861201 -115.172527 5 2022-08-21
KUG2022-26 67.83026299 -115.179778 4 2022-08-21
KUG2022-27 67.831932 -115.187075 3 2022-08-21
KUG2022-28 67.83272099 -115.185267 4 2022-08-21
KUG2022-29 67.83414599 -115.192474 4 2022-08-21
KUG2022-30 67.83523598 -115.190311 4 2022-08-21
KUG2022-31 67.83349799 -115.184491 8 2022-08-23
KUG2022-32 67.83161298 -115.178904 6 2022-08-23
KUG2022-33 67.82978598 -115.171255 5 2022-08-23
KUG2022-34 67.82739303 -115.163687 10 2022-08-23
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KUG2022-35 67.82870304 -115.163159 12 2022-08-23
KUG2022-36 67.82692398 -115.156518 8 2022-08-23
KUG2022-37 67.827618 -115.154733 8 2022-08-23
KUG2022-38 67.82598001 -115.147168 4 2022-08-23
KUG2022-39 67.82731298 -115.14641 4 2022-08-23
KUG2022-40 67.82605 -115.139701 5 2022-08-23
KUG2022-41 67.82772596 -115.139891 5 2022-08-23
KUG2022-42 67.82885701 -115.13271 5 2022-08-23
KUG2022-43 67.82952304 -115.133368 6 2022-08-23
KUG2022-44 67.82933 -115.125094 5 2022-08-23
KUG2022-45 67.83043298 -115.125907 5 2022-08-23
KUG2022-46 67.83078502 -115.116115 4 2022-08-23
KUG2022-47 67.83227004 -115.117282 4 2022-08-23
KUG2022-48 67.832263 -115.105292 4 2022-08-23
KUG2022-49 67.83135499 -115.096348 4 2022-08-23
Qikiqtarjuaq ~ AMD2202-3.41  67.56399097  -64.02568596 6.3 2022-10-02
AMD2202-3.43  67.55996397  -64.02699304 12.5 2022-10-02
AMD2202-3.44  67.56003102  -64.02985898 9.5 2022-10-02
AMD2202-3.47  67.55388197  -64.03118097 43 2022-10-02
AMD2202-3.48  67.55239896  -64.03113202 4.9 2022-10-02
AMD2202-3.49  67.56373004  -64.02930996 7.4 2022-10-02
AMD2202-3.54 67.556503 -64.03675603 7.9 2022-10-02
Pond Inlet P12023-01 72.70304301  -77.95186202 2.5 2023-08-24
P12023-05 72.702582 -77.96241098 8 2023-08-24
P12023-08 72.70203902  -77.96676002 25 2023-08-24
P12023-11 72.69916696  -77.97276498 1.5 2023-08-24
P12023-13 72.69867998  -77.97581197 1.5 2023-08-24
P12023-14 72.699001 -77.98004801 7 2023-08-24
P12023-15 72.69660202 -77.98075 2 2023-08-24
P12023-16 72.69765403  -77.98209697 4 2023-08-24
P12023-17 72.69444603  -77.98537203 1.5 2023-08-24
PI12023-18 72.69589903  -77.98766901 5 2023-08-24
P12023-19 72.69247301  -77.98899796 1.5 2023-08-24
P12023-20 72.69251701  -77.99364698 ND 2023-08-24
P12023-21 72.68930398  -77.99840396 1.5 2023-08-24
P12023-22 72.69038902 -78.002337 3 2023-08-24
P12023-23 72.68764998  -78.00500404 2 2023-08-24
P12023-25 72.68546498  -78.01544404 1 2023-08-24
P12023-26 72.68706802  -78.01811602 8 2023-08-24
P12023-28 72.68379699  -78.03091401 4 2023-08-24
P12023-29 72.68188298  -78.03379202 3 2023-08-24
P12023-30 72.68288503  -78.03720203 2 2023-08-24
P12023-32 72.68056098 -78.050585 ND 2023-08-24
P12023-34 72.67524996  -78.06836897 ND 2023-08-24
Grise Fiord AMD2303-3.01  76.42347897  -82.93858403 ND 2023-09-27
AMD2303-3.02  76.42134402  -82.92929504 ND 2023-09-27
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AMD2303-3.03 76.41847003  -82.91288503 ND 2023-09-27
AMD?2303-3.04  76.41654597  -82.90062801 ND 2023-09-27
AMD2303-3.05  76.41489398  -82.89993399 ND 2023-09-27
AMD?2303-3.06  76.41287101 -82.89947902 ND 2023-09-27
AMD2303-3.07  76.41011998  -82.90654496 ND 2023-09-27
AMD2303-3.08  76.41788397  -82.91752802 ND 2023-09-27
AMD2303-3.09  76.42086097  -82.93160602 ND 2023-09-27
AMD2303-3.10  76.42219604  -82.94435296 ND 2023-09-27
AMD?2303-3.15  76.41092003  -82.89933401 ND 2023-09-26

Resolute AMD2303-3.32  74.69229603  -94.85077098 ND 2023-10-04
AMD2303-3.33 74.69016703  -94.85949897 ND 2023-10-04
AMD2303-3.35 74.68904 -94.87077196 ND 2023-10-04
AMD2303-3.36  74.68677999  -94.85828402 ND 2023-10-04
AMD?2303-3.37  74.68977098  -94.84977001 ND 2023-10-04
AMD2303-3.38  74.68638302  -94.86878201 ND 2023-10-04
AMD2303-3.40  74.68797399  -94.84889603 ND 2023-10-04
AMD2303-3.41 74.68578698 -94.876704 ND 2023-10-04
AMD?2303-3.43 74.68355304  -94.88487803 ND 2023-10-04
AMD?2303-3.44  74.68757199  -94.87774403 ND 2023-10-04
AMD?2303-3.45  74.68720403  -94.84196898 ND 2023-10-04
Tuktoyaktuk TH-02 69.450680 -132.997670 ND 2022-08-06
TH-05 69.447853 -133.011964 ND 2022-08-16

TH-07 69.447794 -133.000797 ND 2022-08-16

TH-09 69.445909 -132.982545 ND 2022-08-16

TH-10 69.446791 -132.967168 ND 2022-08-16

TH-12 69.438826 -132.977931 ND 2022-08-16

TH-13 69.438093 -132.961779 ND 2022-08-16

TH-16 69.431792 -132.974372 ND 2022-08-16

TH-18 69.424020 -132.971630 ND 2022-08-16

TH-20 69.413809 -132.983186 ND 2022-08-16

TH-23 69.453310 -132.980190 ND 2022-08-19

TH-24 69.451980 -132.992380 ND 2022-08-19

Milne Inlet MI2017-2C 71.9401 -80.7481 18.5 2017-08-13
MI2017-3B 72.0098 -80.6387 17 2017-08-19

MI2017-6 71.9146 -80.8004 14 2017-08-19

MI2017-9A 71.9182 -80.8775 16 2017-08-13

Ragged RI-2B 72.48022 -80.01427 10.0 2019-08-17
Island RI-2C 72.48051 -80.00948 20.0 2019-08-17
RI-3C 72.38992 -80.04044 17.6 2019-08-18

RI-6 72.50188 -80.09983 38.0 2019-08-16

RI-7 72.47541 -79.98116 18,1-25 2019-08-22

RI-9 72.47968 -80.07672 15,6 -22 2019-08-25
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