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RESUME

L’augmentation du taux d’érosion cotiere et de dégel du pergélisol le long de la cote
Arctique représente une source majeure de matiére organique dissoute (DOM), vers 1’océan
cotier. Cette matiere, issue du pergélisol, a la capacité d’influencer grandement les
écosystémes cotiers marins, la chimie de 1’océan ou encore les chaines trophiques. Le fer,
qui interagit avec la matiére organique, aurait la capacité de contrdler la mobilité et I’export
de la DOM issue du pergélisol. L’objectif de ce projet de maitrise était de caractériser
’origine et le devenir de la MO issue du pergélisol dans la zone cotiere de la mer de Beaufort,
afin de mieux comprendre le r6le des marges continentales arctiques dans le transfert de
matiére du continent a 1’océan. Plus spécifiquement, il vise a 1) caractériser et tracer la
signature optique de la DOM nouvellement mobilisée des falaises cotiéres de pergélisol a la
zone infralittorale et 2) évaluer expérimentalement 1’affinité de la DOM issue du pergélisol
cotier avec les hydroxydes de fer, en caractérisant et quantifiant la portion piégée. Au cours
des étés 2019 et 2021, des échantillons d’eau de fonte de pergélisol, d’eau souterraine de
plage et d’eau de mer ont été prélevés sur plusieurs transects, des falaises cotiéres jusqu’a
1 - 2 km de la ligne de rivage. Les concentrations de carbone organique dissous (DOC) et de
matiere organique dissoute chromophorique (CDOM) diminuent rapidement dans le gradient
de salinité, des que la matiére est mobilisée dans la phase dissoute. Une analyse de la fraction
fluorescente de la DOM (FDOM) par une méthode multifactorielle (PARAFAC) a permis de
caractériser la FDOM issue de I’eau de fonte comme étant a haut poids moléculaire, humique
et terrigéne et la FDOM issue d’échantillons collectés au large de la cote, comme étant
protéinique, a faible poids moléculaire et d’origine microbienne. La signature optique de
I’eau de fonte de pergélisol s’estompe rapidement dans le gradient continent-océan. Des
expérimentations ont révélé que cette perte de signal pourrait étre causée par I’interaction de
la DOM avec des hydroxydes de fer réactifs qui pourraient alors agir comme un piége,
permanent ou temporaire, a I’export de cette matiére vers les eaux coticres arctiques. L export
de molécules de plus petits poids moléculaires non stabilisées par le fer serait alors favorisé.
Globalement, cette étude a permis de montrer que des processus de régulation prennent place
des la mobilisation de la MO issue du dégel du pergélisol contrélant ainsi les flux de carbone
terrigéne vers les eaux cotiéres arctiques.

Mots clés : pergélisol, arctique, matiére organique dissoute, carbone organique dissous,
océan cotier, hydroxyde de fer réactif






ABSTRACT

Increasing rates of coastal erosion and permafrost thaw along the Arctic coast
represent a major source of dissolved organic matter (DOM) to the coastal environment. This
material, originating from thawing permafrost, can greatly influence marine coastal
ecosystems, ocean chemistry and food web dynamics. Iron, an element that interacts with
organic matter, could have the ability to control the mobility and export of this permafrost-
derived DOM. The objective of this master’s project was to characterize the origin and fate
of permafrost-derived OM in the coastal Beaufort Sea, to better understand the role of Arctic
continental margins in the transfer of material from the continent to the ocean. Specifically,
it aimed at 1) Characterizing and trace the optical signature of newly mobilized DOM from
coastal permafrost cliffs to the subtidal zone and 2) experimentally assess the affinity of
DOM from coastal permafrost with iron hydroxides, characterizing and quantifying the
trapped portion. During the summers of 2019 and 2021, permafrost meltwater, beach
groundwater, and seawater samples were collected from several coastal bluffs transects up to
1-2 km from the shoreline. Dissolved organic carbon (DOC) and chromophoric dissolved
organic matter (CDOM) concentrations decreased rapidly across the salinity gradient once
the material was into the dissolved phase. A PARAFAC analysis of fluorescent DOM
indicated that permafrost-derived DOM had a high molecular weight, humic, and was from
terrigenous origin, while coastal ocean-derived FDOM was protein-rich with low molecular
weight, and from microbial (autochthonous) origin. The optical signature of meltwater faded
along the continent-ocean continuum. Experiments revealed that this loss of signal could be
caused by the interaction of DOM with reactive iron hydroxides which could act as a
permanent or temporary trap, during its export to Arctic coastal waters. The export of smaller
molecules, which are not stabilized by iron, would be favored. Overall, this study has shown
that regulatory processes take place from the mobilization of permafrost-derived OM,
controlling the flow of terrigenous carbon into Arctic coastal waters.

Keywords: permafrost, Arctic, dissolved organic matter, dissolved organic carbon, coastal
ocean, reactive iron hydroxide.
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INTRODUCTION GENERALE

L’océan joue un role clé dans le maintien de la composition de 1’atmosphére, en
agissant comme le puit de carbone le plus important sur Terre (Ridgwell & Arndt, 2015). Il
est estimé que, dans 1’océan, les stocks de carbone organique particulaire (POC) et dissous
(DOC) sont de ~30 et 662 PgC (1 Pg = 1 015 g), respectivement, et que 1’océan absorberait
~2 Pg de CO; par année causant graduellement son acidification (Carlson et al., 2015; Eppley
et al., 1987; Hansell et al., 2009).

Le pergélisol est un réservoir important de carbone avec 1 460 — 1 700 PgC (Schuur et
al., 2013) réparti sur 15 % du sol mondial (Schuur et al., 2015) et représente, en raison de sa
fonte bien amorcée, une nouvelle source de carbone a I’océan qui perturbe les écosystemes
cotiers et la chimie des océans (Guo et al., 2007; Stedmon et al., 2011a). En effet, les
perturbations des conditions environnementales (forcages atmosphérique et marin),
influencées par les changements climatiques, induisent une augmentation sans précédent des
taux d’érosion cotiére (augmentation de plus de 80 % dans la zone cétiére la mer de Beaufort
dans les deux derniéres décennies) (Jones et al., 2020) et de dégel du pergélisol (Turetsky et
al., 2020) le long de la céte Arctique. Il a été estimé que le dégel abrupt du pergélisol serait
responsable du déversement dans 1’océan Arctique de 41 a 288 PgC d’ici 2100 et de 616 PgC
d’ici 2300 (Schuur et al., 2013; Zimov et al., 2006). De plus, selon des prédictions
climatologiques, ~40 % du pergélisol mondial pourrait disparaitre d’ici la fin du siécle
(Chadburn et al., 2017). En dépit de I’importance de ces nouveaux apports latéraux de
carbone, on en sait encore tres peu sur la composition et le devenir de la matiére nouvellement
mobilisée par I’érosion et le dégel du pergélisol s’écoulant vers les milieux cotiers. Dans un
contexte de changements climatiques et de mobilisation massive de carbone par le pergélisol,
il est primordial de mieux comprendre les processus biogéochimiques impliqués dans la

régulation de cette importante source de carbone pour 1’océan cétier.



LA MATIERE ORGANIQUE

La matiere organique (MO) est un melange hétérogéne de composés produits par les
organismes vivants, qu’ils soient animaux ou végétaux. Dans le milieu aquatique, elle se
compose de matiére organique particulaire (POM) et de matiere organique dissoute (DOM)
(Repeta, 2015). Ces différentes fractions se différencient par filtration: la fraction
particulaire est retenue par un filtre alors que la fraction dissoute passe a travers, la taille des
pores du filtre variant selon I’analyste (mais souvent entre 0,2 et 0,7 um) (Benner, 2002; He
etal., 2016; Repeta, 2015).

La MO se compose principalement d’atome de carbone, d’azote, de phosphore et
d’hydrogene qui sont arranges pour former différentes classes de molécules, des plus simples
(acides aminés, sucres simples, vitamines et acides gras) aux plus complexes (protéines,
polysaccharides et lignines) (Repeta, 2015). Elle se compose aussi de substances humiques
(SH). Les SH marines se composent d’acides humiques et d’acides fulviques (Harvey et al.,
1983; Lipczynska-Kochany, 2018). L’origine de la MO détermine les caractéristiques
chimiques de celle-ci, elle peut alors étre définie comme étant autochtone ou allochtone. En
milieu marin, on parle cependant couramment de MO autochtone marine et de MO allochtone

terrigéne.

PUITS ET SOURCES DE DOM

La DOM en milieu aquatique permet de stocker différents nutriments. Elle les rend
ainsi moins biodisponibles et prolonge leur temps de résidence dans la colonne d’eau
(Carlson et al., 2015). De la méme maniére, elle affecte la biodisponibilité des métaux traces
essentiels et séquestre une grande quantité de carbone. Par ses propriétés optiques, elle
atténue le rayonnement de courtes longueurs d’ondes émis par le soleil dans la zone
euphotique (Carlson et al., 2015; Mustaffa et al., 2020; Schindler et al., 1997)



La DOM marine est produite et reminéralisée par différents processus biotiques et
abiotiques. La majorité de la production de la MO dans 1’océan ouvert est opérée dans la
zone euphotique et dépend majoritairement des producteurs primaires marins (Buchan et al.,
2014; Carlson, 2002). La DOM marine est aussi produite par la libération extracellulaire du
phytoplancton, la libération et I’excrétion des brouteurs (zooplancton), la lyse cellulaire
(virale et bactérienne), la solubilisation des particules détritiques et sédimentaires et par les
procaryotes. Une majorité des déchets organiques produits par ces processus est utilisée par
les procaryotes hétérotrophes, oxydée par différents processus photochimiques ou alors
séquestrée dans le sediment (Fig. 1) (Buchan et al., 2014; Carlson et al., 2015). La MO
terrigéne, quant a elle, provient de la dégradation d’organismes morts, d’excréments
d’organismes vivants et de la biomasse continentale et est acheminée a 1’environnement
aquatique par I’intermédiaire de différentes sources, comme 1I’atmosphére (pluie et poussiére)
(Simoneit, 2005), les rivieres (Simoneit, 2005), les ruissellements (Eckard et al., 2017), les
eaux souterraines (Connolly et al., 2020) ou encore par 1’érosion cotiere (Kipp et al., 2018).
Dans le milieu aquatique, la MO terrigene et la MO d’origine marine sont consommeées par
les mémes processus (Fig. 1) (Hedges et al., 1997; Lenborg et al., 2020; Stedmon et al.,
2003). La MO marine et la MO terrigene se distinguent par leur poids moléculaire relatif, la
MO marine ayant un poids moléculaire plus faible elle serait alors plus réactive (Hedges et
al., 1997).
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Figure 1. Processus de production et de consommation de la DOM marine. Les fleches noires
pointillées représentent 1’interaction entre les chaines trophiques, les fleches rouges
représentent la production, et les bleues la consommation de la DOM (Carlson et al., 2015;
Helms et al., 2008)

SOURCE DE DOC ET DE DOM A L’OCEAN ARCTIQUE

L’océan Arctique représente seulement 1 % du volume océanique mondial, mais joue
un réle clé dans la circulation océanique globale, en participant a la formation, a la ventilation

ainsi qu’a I’acheminement de DOC des masses d’eau profonde de 1’Hémisphére Nord



(Anderson et al., 2015; Menard et al., 1966). L’océan Arctique exporte ~27 x 1012 gC an't de
DOC au nord de 1’Atlantique, tandis que 1’océan Pacifique et les grands fleuves Arctique,
Ob, Yenisey, Lena, Kolyma, Mackenzie et Yukon (Fig. 2) y importent ~18 x 10'?2 gC an! et
25 et 36 x10% gC an’?, respectivement (Burn et al., 2009). Les six grands fleuves Arctique
possédent un bassin versant total de ~17 x 10° km? et contribuent de plus de 65 % a la
décharge annuelle totale (Holmes et al., 2012), acheminant de grandes quantités de DOC
d’origine terrigéene (tDOC) a ’océan Arctique (Amon et al., 2012). Les masses d’eau en
provenance de I’océan Atlantique et Pacifique ont une concentration moyenne de DOC de
60 et 70 UM, respectivement, pour une décharge moyenne de ~8 Sv an’t (1Sv = 1 million m®
s'h). Tandis que les fleuves sibériens ont une concentration moyenne de DOC comprise entre
600 2 990 uM et le fleuve Mackenzie de ~350 uM, pour une décharge moyenne de
0,12 Sv an't; une concentration en DOC beaucoup plus élevée pour une décharge beaucoup
plus faible (Amon et al., 2012; Raymond et al., 2007; Stedmon et al., 2011a). La glace marine
représente aussi une source de DOC avec une concentration moyenne totale de ~100 uM de
DOC et une décharge moyenne de ~0,45 Sv an (Thomas et al., 1995). 1l est important de

noter que ces apports sont saisonniers (Amon et al., 2012).
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Figure 2. Circulation de la couche de surface (0 - 100 m) (fleches grises) et intermédiaire
(500 - 2000 m) (fleches noires) de ’océan Arctique et ses fleuves principaux (fleches
numérotées montre 1’embouchure des fleuves). 1. Pechora, 2. Ob, 3. Pyr, 4. Yenisey, 5.
Katanga, 6. Olenek, 7. Lena, 8. Yana, 9. Indigirka, 10. Kolyma, 11. Mackenzie. Le fleuve du
Yukon se déverse dans la mer de Bering (en dehors de la carte) et pénetre dans 1’océan
Arctique par le détroit de Bering (Anderson et al., 2015)

Lors des crues printaniéres, les grands fleuves véhiculent une quantité importante de
tDOC a I’océan, sur une courte période, influengant la composition de la MO, la chimie de
I’eau et les écosystéemes récepteurs (Amon et al., 2012). Dans la zone cbtiere de la mer de
Kara, Kohler et al. (2003) ont montré qu’une fraction importante du DOC acheminée par les
fleuves Ob et Yenisei, pendant les périodes de crues, serait réfractaire a la minéralisation et
a la floculation, expliquant la pérennité du signal terrigéne jusqu’au centre de 1’océan
Arctique (Amon, 2004; Letscher et al., 2011; Mathis et al., 2014; Opsahl et al., 1999). Selon
I’étude, cette fraction de DOC aurait un comportement conservatif lors de son mélange aux
masses d’eaux salées de 1’océan Arctique, et la fraction restante (~30 %) serait plus labile et
dégradee apres seulement quelques jours ou quelques semaines (Holmes et al., 2008; Kéhler

et al., 2003). Cependant, Tanaka et al. (2016) ont montré que le DOC et les composantes



optiques de la DOM auraient un comportement non conservatif avec la salinité, au sud de la
mer de Chukchi. En effet, la composition et les caractéristiques de la matiére organique
dissoute (Amon et al., 1996) auraient un effet sur la réactivité et la dégradabilité du DOC
(Moody et al., 2017). L’extréme hétérogénéité des apports en MO aux marges continentales
par les sources ponctuelles (i.e. fleuves et rivieres) et diffuses (i.e. ruissellement et apports
souterrains) représente un défi majeur dans I’identification des sources, la quantification des

flux et 1’étude du devenir de cette matiére.

Dans un contexte de changements climatiques, I’augmentation globale des
températures atmosphérique engendre 1’accélération du dégel du pergélisol. En dégelant, le
pergélisol mobilise une quantité importante de DOM vers les écosystemes cotiers de
I’ Arctique (Gruber et al., 2004; Schuur et al., 2008). La DOM est I’un des plus grands
réservoirs de carbone organique (OC) sur Terre et de simples changements dans sa
composition ont la capacité d’engendrer des perturbations importantes sur le cycle global du
carbone (Hedges et al., 1997; Kdhler et al., 2003). Il est donc primordial de mieux
comprendre les différents processus impliqués dans le transport, la transformation et la
séquestration de cette matiére le long des marges continentales, des environnements clés pour

le cycle du carbone.

LE PERGELISOL : UN RESERVOIR DE CARBONE QUI DEGELE

Le pergélisol est défini comme un sol maintenu a des températures inférieures a 0 °C
pendant plus de deux années consécutives (French et al., 2007) et est constitué d’une
combinaison de sédiments maintenus par de la glace. Le pergélisol se trouve entre une couche
sous-jacente non gelée et une couche supérieure qui dégele de maniére saisonniere : la couche
active (Fig. 3) (French et al., 2007; Williams et al., 1989).
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Figure 3. Profil vertical du pergélisol au cours des saisons (image adaptée de Palangi et al.,
2017)

Le pergélisol est un réservoir de carbone terrigéne important qui contient entre
1460 et 1 700 PgC, soit le double de la quantité de carbone contenu dans 1’atmosphére. Le
pergélisol recouvre 15 % du sol mondial, mais accumule 60 % du stock mondial de carbone,
dont une grande fraction (1 035 + 150 PgC) serait comprise dans les trois premiers métres
seulement (Hugelius et al., 2014; Schuur et al., 2015; Schuur et al., 2018; Turetsky et al.,
2020). Le pergélisol continental s’étend sur 13,9 x 108 km? et est distribué selon quatre types
de zones: continue, discontinue, sporadique et isolé (Obu et al., 2019). Une zone de
pergélisol continue est recouverte de plus de 90 % de pergélisol, discontinue de 50 a 90 %,
sporadique de 10 a 50 %, tandis qu’une zone de pergélisol isolé est recouverte de 0 a 10 %
de pergélisol (Fig. 4.) (Brown, 1970; Obu et al., 2019).
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Figure 4. Distribution des zones de pergélisol dans I’hémisphére Nord (Granskog et al., 2012;
Helms et al., 2008; Obu et al., 2019)

La majorité du pergélisol s’est formée lors de la derniére glaciation (Burn et al., 2009).
L’age du DOC issu du pergélisol a été estimé entre 40-50 kans et 115 kans en Sibérie et en
Amérique du Nord (Lillegren et al., 2012), pouvant aller jusqu’a ~650 kans dans le cratere
de Batagal, en Sibérie (Murton et al., 2022). Malgré son éventuel vieil age, le DOC issu de
sols de pergélisol serait hautement biolabile. En effet, la datation du tDOC issu des cing
fleuves majeurs qui se déversent dans I’océan Arctique a révélé que celui-ci était d’origine
récente ; la matiére issue du dégel du pergélisol, transportée par les grands fleuves, ne
perdurerait pas dans les systémes aquatiques (Mopper et al., 2015; Raymond et al., 2007).
Nouvellement mobilisée, la vieille matiére serait alors rapidement minéralisée et relachée
sous forme de gaz a effet de serre (CO., CH4), par photooxydation et biodégradation (Drake
etal., 2015; Spencer et al., 2015; Vonk et al., 2013). Sa biolabilité est estimée entre 24 a 71 %
(avec une médiane a ~52 %) sur une période de plusieurs jours a plusieurs mois (Ma et al.,



2018). Ce fort pourcentage serait en partie expliqué par la composition chimique de la DOM
issue du pergélisol, caractérisée comme étant de faible poids moléculaire et peu aromatique
en comparaison de la DOM issue de la couche active (Fouché et al., 2020; Ward et al., 2015).
En revanche, cette vieille matiere ne serait pas aussi photosensible comparée a de la matiére
d’origine plus récente (Stedmon et al., 2011b; Stubbins et al., 2017).

LE PERGELISOL COTIER : DANS UN CONTEXTE DE CHANGEMENTS CLIMATIQUES

Entre 1950 et 2000, le pergélisol cotier arctique a subi un taux d’érosion moyen de
- 0,5 man’, avec un des plus hauts taux reportés dans la région de la mer de Beaufort, avec
-1,1 man™ (Jones et al., 2020; Lantuit et al., 2012). Dans les deux derniéres décennies, ce
taux a augmenté de 80 a 160 %, notamment a cause de la diminution du couvert de glace, de
I’augmentation de la température de I’air et de ’eau, de 1la montée du niveau marin et de
I’augmentation de la récurrence et de I’intensité des tempétes (Jones et al., 2020;
Romanovsky et al.,, 2017). Selon le groupe intergouvernemental d’experts sur les
changements climatiques (GIEC, 2013), I’ Arctique subit une augmentation de température
atmosphérique 1,9 fois supérieure au réchauffement global, soit un réchauffement de ~0,6 °C
par décennie, et ce depuis 30 ans (Schuur et al., 2015). 1l a été reporté qu’entre 2007 et 2016
les zones de pergélisol continues, en Arctique, ont subi une augmentation moyenne de
température de 0,39 + 0,15 °C, causant 1’épaississement de la couche active, ainsi que
I’accélération du dégel du pergélisol (Romanovsky et al., 2017). A Drew Point, en Alaska,
le taux d’export de TOC (TOC pour Total Organic Carbon) a la mer de Beaufort a été évalué
a1 369 kgC an! entre 2002 et 2019, soit le double du flux reporté entre 1955 et 2002 (Bristol
et al., 2021). L’amplification des flux de mati¢re contenue dans le pergélisol peut perturber
la chimie des eaux cétiéres, en affectant a la fois la réactivité et la composition de la matiere
organique deja présente dans le milieu, tout en perturbant les réseaux trophiques (Vonk et
al., 2015).
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CARACTERISATION DE LA DOM

De nombreuses méthodes permettent de caractériser la DOM en milieu aquatique.
Cependant, seulement 60 a 70 % de cette matiére a été caractérisée (Carlson et al., 2015). En
effet, I’hétérogénéité des composés de la DOM au sein d’un échantillon d’eau limite
I’identification de certaines classes de molécules. Ces approches permettent soit de quantifier
et d’explorer la composition au niveau moléculaire soit de qualifier les grandes
caractéristiques des composés présents dans le mélange. Au niveau moléculaire, les
biomarqueurs permettent de tracer la DOM a partir de son origine et son état diagénique
(Hedges et al., 1982). Par exemple, la lignine, une composante majeure de la DOM d’origine
terrigéne (tDOM), peut étre utilisée en tant que traceur dans les environnements aquatiques
de par sa signature biochimique unique a caractere phénolique (Opsahl et al., 1999). La
chromatographie en phase gazeuse couplée a un spectromeétre de masse (GC-MS) permet de
quantifier la lignine de la DOM (Opsahl et al., 1999). En ajoutant une analyse du rapport
isotopique stable du carbone (8*3C), Opsahl et al., (1999) ont suivi la trace de la tDOM a haut
poids moléculaire et ont déterminé que la couche de surface de ’océan Arctique avait une
plus grosse fraction de tDOM (5-33 %) que les océans Pacifique et Atlantique (0,7-2,4 %).
Kattner et al., (1999) ont également montré que 8-30 % du DOM de la mer de Laptev était

d’origine riveraine.

La spectroscopie a résonance magnétique nucléaire (RMN), quant a elle, est une
méthode qui permet d’étudier les groupes fonctionnels des isotopes *C et H (Pavia et al.,
2008; Ward et al., 2015). Les pics RMN propres aux groupes fonctionnels varient selon la
localisation, la profondeur et le gradient de salinité de 1’échantillon (Repeta, 2015). Par
exemple, Ward et Cory, (2015) ont utilisé le **C RMN & phase solide afin de souligner la
différence entre la composition de la DOM présente dans le pergélisol et dans la couche de
matiere organique qui la surplombe, la couche active. La DOM présente dans la couche de

matiere organique est plus enrichie en C aromatique, en groupes fonctionnels contenant des
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atomes d’oxygeéne (groupe carboxylé, ketone et aldéhyde). Alors que la DOM issue du

pergélisol était plus concentrée en groupes carbohydrates (Ward et al., 2015).

D’autres méthodes analytiques permettent de s’intéresser a des composés spécifiques.
Par exemple, la chromatographie liquide a hautes performance (HPLC) permet de quantifier
et d’identifier les acides aminés dissous qui composent les groupes protéiniques d’une
solution (Repeta, 2015). Cette méthode permet notamment d’identifier la source du DOC

dans les environnements cétiers (Shen et al., 2014).

Les méthodes mentionnées ci-dessus peuvent étre limitées par certains facteurs.
Plusieurs de ces instruments exigent une préparation supplémentaire de 1’échantillon
augmentant les risques de biais. Par exemple, la spectroscopie RMN nécessite une étape
d’isolation et de concentration de la DOM présente dans 1’eau afin de réduire les impuretés,
une source d’interférences (Pavia et al., 2008). De plus ces méthodes peuvent nécessiter
beaucoup de temps, ce qui peut étre limitant lorsque 1’analyse doit étre faite rapidement aprés

I’échantillonnage.

La spectroscopie d’absorbance et de fluorescence se démarque par sa simplicité
d’utilisation, sa capacité & analyser un échantillon peu concentré et en petite quantité, son
faible co(t et sa rapidité (Pavia et al., 2008). Cette méthode d’analyse optique permet de
qualifier la matiére organique selon ces composées majeures, de par ces propriétés
moléculaires et son origine (Ward et al., 2015). Plus précisément, elle permet de quantifier
et caractériser la fraction colorée de la DOM (CDOM) en identifiant I’abondance de certains
groupes fonctionnels, en indiquant le poids moléculaire relatif, I’aromaticité relative ou
encore en identifiant la source de la DOM (e.g. marine, terrigéne, microbienne). La DOM est
composée de chromophores qui ont la capacité d’absorber de la lumiére ultra-violette (200 -
400 nm) et visible (400 — 800 nm) (Stedmon et al., 2015). La capacité d’absorption d’un
chromophore dépend de son intensité, de 1’absorptivité molaire, de sa concentration (loi de
Beer-Lambert), et de la nature de la lumiere absorbée, qui va dépendre des transitions

électroniques du chromophore (Stedmon et al., 2015). Ces techniques sont abondamment
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utilisées dans les études de caractérisation de la DOM reléchée par le dégel du pergélisol. Par
exemple Fouché et al., (2020) ont caractérisé la CDOM contenue dans le pergélisol comme
étant a faible poids moléculaire et une faible aromaticité, ce qui pourrait suggérer une forte

biodégradabilité.

L’ absorbance d’un échantillon est obtenue par I’intermédiaire d’un spectrophotometre
qui mesure I’intensité des rayons qui passent a travers une cellule de référence (1,) et
I’intensité des rayons qui passant a travers une cellule contenant 1’analyte (I). L’absorbance

est ensuite calculée selon 1’équation suivante :

Iy
A = log107

Un spectre d’absorption peut ensuite étre calculé selon 1’équation :

_2,3034;

a; I

Le coefficient d’absorption spectrale (a;) est mesuré en fonction de 1’absorbance a une
certaine longueur d’onde (A4;), qui correspond aux rayons transmis a travers I’échantillon, en
prenant compte la longueur du trajet parcouru par la lumiére dans la solution (1) et le facteur
de conversion (2,303). Les spectres d’absorption permettent d’obtenir des renseignements
qualitatifs et quantitatifs sur le CDOM contenu dans I’échantillon (Fig.5 a). Il existe
plusieurs indices qui permettent de caractériser le CDOM a partir des spectres d’absorption,
dont le Sgr, le SUVA2s, et le aCDOM. Le tableau 1 présente la formulation et la description

de chacun de ces indices.
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Figure 5. a) Exemple d’un spectre d’absorption, b) exemple d’une matrice d’émission et
d’excitation (EEM)

Tableau 1. Indices optiques d’absorbance pour la caractérisation du CDOM (Del Vecchio et
al., 2004; Granskog et al., 2012; Helms et al., 2008)

Indices Description Formule
Rapport de - Origine du CDOM
pente : - Poids moléculaire du CDOM
Sr - Degré de dégradation photochimique du
Sr=S8275-295 : S350400
CDOM.
Sr-1,5 : origine océanique ou terrigéne fortement
o Sreest la pente a A 275-295 nm et
dégradée par la photochimie.
o . . 350-400 nm.
Sr~1.1 : origine estuarienne et cotiere.
Sr~0.7 : origine terrigene.
Abs. UV SUVA»s4=as4: DOC
spécifiques: -  Aromaticité du DOC azss est I’abs. @ 254 nm et DOC est
SUVA2s4 - Poids moléculaire du DOC la concentration en carbone
(L mgC' m™) organique dissous.
- Concentration du CDOM Abs. a une A spécifique (varie dans
aCDOM . )
) En riviére : aCDOM375 -5-25 m™". la littérature : aCDOM3so,
i

En milieu cotier : aCDOM375-0,5-5 m™.

aCDOMws, aCDOM4|2).
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Finalement, la spectroscopie de fluorescence ou la fluorométrie repose sur la théorie
des molécules fluorescentes ; molécules qui ont la capacité d’absorber des photons et de les
émettre rapidement sous forme de lumiére fluorescente, c’est une fraction du CDOM. Les
mesures de fluorescence permettent de produire des matrices d’émissions et d’excitations
(EEMs pour Emission and Excitation Matrices) (Fig. 5 b). Les EEMs sont des matrices en
trois dimensions qui représentent 1’émission selon I’intensité de la fluorescence, enregistrée
a différentes longueurs d’onde d’excitation. L’intensité de fluorescence varie en fonction de
la concentration du fluorophore (Murphy et al., 2013). En isolant les maximums de
fluorescence, il est possible de comparer ces pics a la littérature dans le but d’identifier leur
nature et leur origine (Coble, 1996). Tout comme pour 1’absorbance, plusieurs indices de
fluorescence peuvent étre calculés pour fournir des indications sur la composition et la source

de la DOM. Le tableau 2 présente trois d’entre-deux.

Tableau 2. Indice optique de fluorescence pour la caractérisation du CDOM (Cory et al.,
2005; Fellman et al., 2010; Gabor et al., 2014; Huguet et al., 2009; McKnight et al., 2001;
Ohno, 2002; Zsolnay et al., 1999)

Indices Caractéristiques de la DOM Formule
) >1 origine bactérienne aquatique ou biologique .
Indice Intensité de fluorescence
) ) 0,8-1 forte composante autochtone ) »
biologique : ] . Aem 380 nm : intensité de
0,7-0,8 intermédiaire composante autochtone .
BIX . fluorescence Aem 430 nm, &
0,6-0,7 faible composante autochtone
Aex310 nm.
. Distinction entre les sources des acides fulviques
Indice de ]
aquatiques. Aem 450 nm : 500 nm a
fluorescence : o . .
FI~1,8 et 1,9 = origine microbienne. hex 370 nm.
FI
FI~1,2 et 1,4 = origine terrestre.
] Degré d’humification de la DOM.
Indice

R Plus grand HIX = plus faible ratio de liaison C-H et Acy, 435-480 nm : (300-
d’humification :

- un plus grand dégrée d’aromaticité. 345 nm+435-480 nm

Plus faible HIX = plus haut ratio de liaisons C-H.
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En plus de ces indices de fluorescence, un modele statistique multivarié, appelé
PARAIlel FACtor analysis ou PARAFAC, permet de traiter les EEMs et d’identifier et
quantifier les composantes principales présentes (Bro, 1997; Murphy et al., 2013; Stedmon

et al., 2003). Le modele PARAFAC repose sur 1’équation suivante :

F
Xijk = z airbjrcry + €
=1
Ou x correspond aux données mesurées selon 1’émission (j) et I’excitation (k) de 1’échantillon
(). La partie centrale de 1’équation varie selon la concentration, 1’émission et 1’excitation de
chaque composante. La derniére section (&) permets de prendre en compte les résiduels, la
fluorescence non expliquée (e.g. diffusion, bruit de I’instrument, signal non capturé par le
modéle) (Murphy et al., 2013). Les composantes déterminées par 1’analyse statistique sont
ensuite testées et comparées sur une base de données internationale qui permet ainsi de
définir chimiquement les composantes (Fig. 6). Par exemple, en combinant les
concentrations de DOC et de CDOM avec les indices optiques ainsi que la méthode
analytique PARAFAC, Olefeldt et al., (2014) ont pu montrer que, bien que la concentration
de DOC riveraine diminuait au nord de la zone de pergélisol, la signature optique de la
CDOM était plus marquée par les composantes protéiniques et moins marquée par les
composantes d’acides fulviques et humiques, en comparaison avec la zone riveraine au sud

de la zone de pergélisol.
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Figure 6. Matrices d’émission et d’excitation des trois composantes PARAFAC extraites
d’un modele de plus de 250 échantillons provenant de la zone cétiére de la mer de Beaufort
(77), ’estuaire du Saint-Laurent (118), et de la Baie des Chaleurs (62)

LE FER : UN REGULATEUR DE MATIERE ORGANIQUE

Plusieurs mécanismes sont impliqués dans la mobilité de la matiere organique, dont les
interactions entre la MO et les oxydes métalliques, par la floculation (ou coagulation), la
coprécipitation ou encore I’adsorption de la MO sur des matrices minérales ; agissant comme
un piege a plus ou moins long terme (Hedges et al., 1995; Kaiser et al., 2000; Lalonde et al.,
2012; Linkhorst et al., 2017; Sholkovitz, 1976). Les interactions entre le Corg et les oxydes
de fer réactif par coprécipitation ou adsorption auraient la capacité de piéger la MO a long
terme, de maniére presque irréversible, par I’intermédiaire de liaisons covalentes, sur des
matrices d’argiles minérales et d’oxydes métalliques (Barber et al., 2017; Keil et al., 1994).
Lalonde et al., (2012) utilisent le terme « rusty carbon sink » pour décrire ce phénomene. Les
sédiments marins riches en oxydes de fer réactif (oxydes de fer amorphes) protégeraient ainsi
la matiére organique de la dégradation microbienne, augmentant sa préservation (Johnson et
al., 1997; Kaiser et al., 2000). Prés de 20 % du Corg présent dans les sédiments serait lié
directement aux oxydes de fer réactifs, soit un stock de 19-45 PgC (Lalonde et al., 2012).
25 462 % du fer réactif total serait directement associé a du Corg par « direct inner-sphere
complexation », agissant comme puits sedimentaire (Barber et al., 2017). Ces interactions

Corg-Fe sont aussi observées dans les sediments cotiers perméables. Dans les plages de la mer
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du Nord, Linkhorst et al. (2017) ont montré qu’en précipitant expérimentalement des oxydes
de fer, des agrégats se formaient préférablement avec des composés a hauts poids
moléculaires (>450 Da), hautement aromatiques, riches en oxygéne et d’origine terrigéne. En
suivant la signature isotopique du Corg piégé par les oxydes de fer réactifs, Sirois et al., (2018)
ont aussi montré que ce processus de piégeage préférentiel se déroulait dans la zone de
transition des plages de sable. En présence d’oxygéne (ou d’autres oxydants), la forme réduite
du fer (Fe(l1)) precipite pour former des oxydes de fer réactif (Fe(lll, 1V)). Orem et Gaudette,
(1983) ont montré que lorsque la MO, présente dans de 1’eau porale anoxique, est exposée a
I’oxygéne, les concentrations de DOC chute, processus engendré par la coprécipitation avec
les oxydes et hydroxydes de fer (Orem et al., 1984). Ce processus de séquestration serait
nettement plus rapide (quelques minutes) (Zak et al., 2004) comparé au mecanisme de
minéralisation. Cependant, une variation dans les conditions environnementales peut causer
la réduction du Fe(lll, 1V), relachant la MO (Canfield, 1997) (Fig. 7).

De nombreuses études se sont penchées sur la libération du carbone par le dégel du
pergélisol, en posant comme hypothése que la totalité du carbone relaché était minéralisée
en CO2 (Khvorostyanov et al., 2008; McGuire et al., 2018; Schaefer et al., 2014; Schaefer et
al., 2011; Schuur et al., 2008; Turetsky et al., 2020). Vonk et al., (2013) ont cependant
démontré que la séquestration, la sédimentation, la préservation sélective, la consommation
microbienne (Vonk et al., 2013), 1’adsorption ou encore 1’association minérale atténuerait les
émissions de CO- et CH4, permettant une relocalisation temporelle et spatiale des émissions
(Vonk et al., 2010). Dans une étude menée sur des milieux humides de pergélisol en Suede,
Patzner et al., (2021) ont conclu que, lorsque le pergélisol dégele rapidement, 1’engorgement
de I’eau et les limitations en O2 engendrent la réduction des oxyhydroxydes de fer, mobilisant
le carbone dans la phase dissoute. Cependant, le cycle d’oxydoréduction serait rythmé par
les saisons. Au début de 1’été, lorsque les conditions sont humides et anoxiques, les
oxyhydroxydes de fer sont réduits et dissous pour précipiter a la fin de 1’été, lorsque les
conditions sont séches et oxiques (Patzner et al., 2021). Cette oscillation redox agirait alors

comme un puits transitoire, protégeant et remobilisant la MO saisonniérement. Dans un
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environnement ou les conditions sont constamment oxiques, comme dans des sols de palses?,
par exemple, la formation d’oxyhydroxydes de fer peut se faire de maniére continue agissant

alors comme un piege a I’état stationnaire.

Qu’en est-il d’un environnement de pergélisol cotier, 1a ou les marées, les vagues ainsi
que le battement des tempétes favorisent 1’oscillation rédox ? En milieu cotier arctique, la
MO issue du pergélisol est mobilisée rapidement d’un environnement anoxique a un
environnement oxique. Les conditions oxiques favorisent non seulement la reminéralisation
aérobique, mais aussi la précipitation des oxyhydroxydes de fer qui pourraient agir comme

un puits, transitoire ou permanent de la MO nouvellement mobilisée.

OH

Aliphatic acids “Dissolved black carbon” Vascular plant-derived polyphenol

Figure 7. Exemple de mécanisme de piégeage de la DOM d’origine terrigéne par les oxydes
de fer réactifs (d’aprés Riedel et al., 2013)

! Les palsa sont des monticules de sol gelés de maniére saisonniére superposant du pergélisol (source)
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OBJECTIFS

L’objectif général de ce projet est de caractériser ’origine et le devenir de la MO
issue du dégel du pergélisol cotier dans la zone cotiére de la mer de Beaufort. Cette
étude vise a mieux comprendre le réle des marges continentales arctique dans le

transfert de matiére du continent a I’océan.
Plus spécifiquement, je souhaite :

1) Caractériser et tracer la signature optique de la CDOM nouvellement mobilisée
des falaises cotieres de pergélisol a la zone infralittoral.

2) Evaluer expérimentalement I’affinité de la CDOM issue du pergélisol cotier avec

les oxyhydroxydes de fer, en caractérisant et quantifiant la portion piégée.

En raison des forts taux de dégel du pergélisol et d’érosion (Jones et al., 2020; Lantuit et
al., 2012), la région cotiére de la mer de Beaufort est un environnement idéal pour répondre
a ces objectifs. Les conditions de recul du trait de cote favorisent une mobilisation importante
de matiere organique particulaire et dissoute (Solomon, 2005). De plus, cette région subit un
apport important de MO et de Corg provenant du bassin versant du fleuve Mackenzie, le
4° fleuve le plus important de 1’océan Arctique, acheminant davantage de matiére organique
d’origine terrigéne. Les quatre sites d’études principaux se situent le long de la cote de la mer
de Beaufort : 1I’ile de Tuktoyaktuk, Peninsula Point, Crumbling Point et North Head (voir
Fig. 8). La cdte se caractérise par des plaines composées de sédiments acheminés pendant
I’Holocene et le Pléistoceéne, qui recouvrent une couche épaisse de pergélisol (épaisseur
maximale : 700 m) (Judge, 1986; Solomon, 2005). Ce pergélisol riche en glace est composé
de boue, sable, gravier et diamicton (Mackay, 1971; Rampton, 1988). L’ile de Tuktoyaktuk
est située a I’ouest de la communauté Inuvialuit de Tuktoyaktuk, dans la baie de Kugmallit.
La face Nord de I’1le abrite plusieurs glissements de terrain rétrogrades qui se déversent sur
une plage recouverte d’une fine couche de sable et de gravier surplombant de 1’argile

provenant des coulées de boue de la falaise (Solomon, 2005). Il est prédit que d’ici
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20 & 25 ans, I’ile aura complétement disparu, exposant le havre de Tuktoyaktuk a de plus
forts taux d’érosion (Jones et al., 2020). Peninsula Point se situe au sud-ouest de
Tuktoyaktuk, et abrite un systeme important de glissements de terrain rétrogrades, tout
comme Crumbling Point qui se situe au nord-ouest de la baie de Kugmallit. Finalement,
North Head se situe au nord de I’ile deltaique Richards, et est entouré d’un systéme complexe
de lagons et de lacs thermokarstiques, un lac formé a la suite de I’affaissement de terrain

causé par le dégel du pergélisol.

Ce projet, financé par le réseau des centres d’excellence du Canada, ArcticNet, s’ insére
dans le programme international de recherche sur le pergélisol, Nunataryuk. Le programme
Nunataryuk vise a comprendre comment le dégel du pergélisol sur terre, le long de la cote et

sous la mer, modifie le climat mondial et la vie des habitants de I’ Arctique.

CONTRIBUTION DE L’AUTEURE ET PUBLICATION

Le chapitre de ce mémoire est présenté sous forme d’article scientifique en anglais,
intitulé, « Characterization and fate of dissolved organic matter released by thawing coastal
Permafrost (Beaufort Sea, NWT, Canada) ». Cet article sera soumis a la revue Arctic Science
au cours de la session d’hiver 2023. Je suis la premiere auteure de cet article, suivie de Jean-
Francois Lapierre, Antoine Biehler, Dustin Whalen et Gwénaélle Chaillou qui ont participé
au traitement de données, au développement de la méthode, a I’analyse statistique, a la

logistique de terrain, a I’échantillonnage et a I’édition de ce papier,

Les données présentées dans ce mémoire ont été collectées lors de deux campagnes
d’échantillonnage dans la région de Tuktoyaktuk dans les Territoires du Nord-Ouest. Une
premiére campagne a été réalisée par la Prof. Gwénaélle Chaillou du 24 juillet au 6 aolt 2019
et a permis de récolter plus de 25 échantillons d’eau pour I’analyse du DOC, CDOM, fer total
dissous (Fediwt). A la suite d’une formation intensive sur le développement d’un modéle
PARAFAC, j’ai traité les données récoltées lors des campagnes 2019 et 2021, mais aussi la

base de données du laboratoire des hydrogéosytemes cétiers (~250 échantillons). Ce qui m’a,
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notamment, permis d’étre coauteur de I’article Hébert et al., 2022, «Origins and
transformations of terrigenous dissolved organic matter in a transgressive coastal system »,
publié en décembre 2022 dans la revue Estuarine, Coastal and Shelf Science. En 2021, j’ai
organisé et participé activement a la seconde campagne d’échantillonnage a Tuktoyaktuk, du
22 juin au 31 ao(t. Durant ces 2 mois et demi de terrain, j’ai récolté plus de 53 échantillons
d’eau en suivant la méthodologie de la campagne de 2019. J’ai aussi prélevé des échantillons
de carbone inorganique dissous, d’alcalinité et de méthane destinés au projet de maitrise de
Carole-Anne Guay. Dans le laboratoire, j’ai réalisé des expérimentations afin de tester
I’affinité du DOC et du DOM avec des oxydes de fer. J’ai analysé tous les échantillons
de 2021 pour le CDOM et le Fediot. De plus, lors de mon séjour sur le terrain j’ai rédigé un
blogue de vulgarisation scientifique visant a partager mon expérience dans le Grand Nord

canadien (audeflamand.wordpress.com).

Dans le cadre du projet Nunataryuk dans lequel mon projet de maitrise s’intégre, j’ai
pu participer a la préparation du rapport final sur la quantification des modifications récentes
des processus de la matiére organique dans I’océan Arctique. Ce dernier a été soumis en
avril 2022. De méme, la base de données compilant les données des campagnes de terrains
de 2019 et 2021 a été publiée dans un article de type data paper intitulé « Nunataryuk field
campaigns: Understanding the origin and fate of terrestrial organic matter in the coastal
waters of the Mackenzie Delta region », qui est sous révision dans la revue Earth System
Science Data et dans lequel je suis coauteur. J’ai rédigé la trés grande majorité de ce mémoire
avec 1’aide de ma directrice Gwénaélle Chaillou et de mon codirecteur Jean-Frangois

Lapierre.

De plus, lors de ma maitrise j’ai participé a deux concours de vulgarisation scientifique
« Mon Projet en 180 secondes » organisée par le comité REVUS de I’'UQAR, ou j’ai remporté
la seconde place, et « Mon Projet Nordique», ou j’ai remporté une place a la finale
internationale qui a eu lieu en octobre 2022 lors de 1’Arctic Circle Assembly, en Islande. J’ai
présenté mon projet sous forme de conte de fées, que j’ai par la suite transformé sous forme

de livre pour enfant « The Tale of Sleeping DOM », avec 1’aide de Charlotte Tessier-
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Lariviere. J’ai aussi collaboré avec Betty Elias, une ainée de la communauté de Tuktoyaktuk.
J’ai travaillé avec Betty lors d’un deuxi¢me séjour a Tuktoyaktuk en 2022, lors duquel je me
suis concentrée sur la communication de mon projet auprées de la communauté. En 2021 et
en 2022, j’ai organisé des ateliers au centre des jeunes et des barbecues avec la communauté
afin de montrer mes travaux et de discuter avec les membres de la communauté. Il est prévu

que le livre soit publié en 2023

Les résultats de cette maitrise ont également été présentés lors de différentes

conférences sous forme d’affiches ou encore de présentation orale énumérées ci-dessous :
Presentations orales :

Aude Flamand, Jean-Frangois Lapierre, Dustin Whalen, Gwénaélle Chaillou, The fate of
dissolved organic matter released by thawing permafrost in the coastal Beaufort Sea. 6 au
10 décembre 2021, ArcticNet, virtuelle.

Aude Flamand, Jean-Frangois Lapierre, Dustin Whalen, Gwénaélle Chaillou, Devenir de la
matiere organique dissoute issue de la fonte du pergélisol cotier dans la Mer de Beaufort,
31 janvier au 3 février 2022, AGA Québec-Océan 2022, virtuelle, prix de la meilleure

présentation orale.

Aude Flamand, Jean-Francois Lapierre, Dustin Whalen, Gwénaélle Chaillou, Devenir de
matiere organique dissoute issue de la fonte du pergélisol cotier dans la Mer de Beaufort,

17 au 18 février 2022, AGA Centre d’¢tude Nordique du Québec, virtuelle.

Aude Flamand, Jean-Frangois Lapierre, Dustin Whalen, Gwénaélle Chaillou, The fate
of dissolved organic matter released by thawing permafrost in the coastal Beaufort Sea. 24
février au 4 mars 2022, Association for the Sciences of Limnology and Oceanography,

virtuelle.
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Présentations par affiches :

Biko Brideau, Thomas Durizot, Aude Flamand, Camille Gravel-Brunet, Conditions
environnementales et biodiversité de |’estuaire de la riviére du BIC, 8 février 2021, AGA

Québec-Océan 2021, virtuelle.

Aude Flamand, Jean-Francois Lapierre, Dustin Whalen, Gweénaélle Chaillou,
Characterization of an optical signature of the DOM of the coastal permafrost in
the Mackenzie delta, by PARAFAC analysis. 8 février 2021, AGA Québec-Océan 2021,

virtuelle.

Aude Flamand, Jean-Frangois Lapierre, Dustin Whalen, Gwénaélle Chaillou,
Characterization of an optical signature of the DOM of coastal permafrost, by

PARAFAC analysis. 19 au 30 avril 2021, European Geosciences Union, virtuelle.
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CHAPITRE 1 : CARACTERISATION ET DEVENIR DE LA MATIERE
ORGANIQUE DISSOUTE ISSUE DU DEGEL DU PERGELISOL COTIER
(MER DE BEAUFORT, TNO, CANADA)

1.1 RESUME EN FRANCAIS DU PREMIER ARTICLE

Aux hautes latitudes, les changements climatiques accentuent I’épaississement de la
couche active ainsi que les taux d’érosion cotiére et de dégel du pergélisol, entrainant une
augmentation de la mobilisation de la OM. Cette matiére, relachée a I'océan Arctique par
I’intermédiaire de riviéres, de ruissellements et d’eaux souterraines, constitue une source
importante d’OM terrigéne vers 1’environnement cotier. Ces apports massifs modifient non
seulement la chimie des eaux cotieres, mais entrainent aussi des changements dans la
dynamique des réseaux trophiques et des processus biogéochimiques de 1’environnement.
Caractériser et suivre le devenir de cette matiére est crucial afin de mieux comprendre le réle
des marges continentales arctique dans le transfert de matiere du continent a I’océan. Les
deux principaux objectifs de cette étude consistent a caractériser et tracer la signature optique
de la DOM nouvellement mobilisée des falaises cotieres de pergélisol a la zone infralittorale
et d’évaluer expérimentalement 1’affinité de cette matiére avec les hydroxydes de fer, en
caractérisant et quantifiant la portion piégée. La spectroscopie d'absorbance et de
fluorescence sont ici utilisées pour identifier une signature optique spécifique de la DOM
dérivée du pergelisol cotier. Une cinquantaine d’échantillons, incluant de I’eau de fonte de
pergelisol, de I’eau souterraine de plage et de I'eau de mer, a été récoltée sur des falaises le
long de la zone cbtiere de la baie de Kugmallit, dans la mer de Beaufort. Une analyse
factorielle parallele (PARAFAC) indique que cette DOM perd rapidement ses
caractéristiques et qu’elle est difficilement tragable dans la zone cétiére. L’eau issue du dégel
du pergelisol a été caractérisée comme étant riche en DOC (>900 & 3210 uM) et en CDOM

(aCDOMs3so >19 & 60 m™ 1) et comme étant humique, 8 HMW et terrigéne, alors que 1’eau



issue de I’océan cotier, a été caractérisée comme étant plus faible en DOC et CDOM, et plutot
protéinique, 8 LMW et d’origine biologique. A I’aide d’expérimentation en laboratoire, nous
démontrons, que des mécanismes de sequestrations sont mis en place dés la mobilisation de
la matiere dans la fraction dissoute. La DOM a plus haut poids moléculaire, aromatique et
terrigéne se ferait préférablement piéger, par coprécipitation, avec les hydroxydes de fer
réactifs, contrairement a la DOM de plus petit poids moléculaire et moins aromatique qui se
ferait exporter vers I’environnement cotier. De plus, le DOC ne serait que faiblement adsorbé
sur les hydroxydes de fer, favorisant sa remobilisation dans la fraction dissoute. Globalement,
cette étude a permis de montrer que des processus de régulation impliquant le cycle du fer,
pourraient prendre place des la mobilisation de la MO issue du dégel du pergélisol cbtier,

contrélant ainsi les flux de carbone terrigene dans les eaux cotieres arctiques.
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1.2 CHARACTERIZATION AND FATE OF DISSOLVED ORGANIC MATTER RELEASED BY
THAWING COASTAL PERMAFROST (BEAUFORT SEA, NWT, CANADA)

Aude Flamand?, Jean-Francois Lapierre?, Antoine Biehler?, Dustin Whalen?,

Gwénaélle Chaillout

! Institut des Sciences de la Mer de Rimouski, Université du Québec a Rimouski, 310 Allée
des Ursulines, Rimouski, (Québec), Canada, G5L 3AL.

2 Université de Montréal, 1375 Avenue Thérése-Lavoie-Roux, Montréal, (Québec), Canada,
H2V 0B3.

% Natural Resources Canada, 1 Challenger Drive, Dartmouth, (Nova Scotia), Canada,
B2Y 4A2.

1.3 INTRODUCTION

Permafrost stores around 1 300 Pg of organic carbon (OC) within its 13.9 x 10® km?
surface area, which represents 60 % of the world’s carbon stored in 15 % of the world’s soil
(Hugelius et al., 2014; Obu et al., 2019; Schuur et al., 2015). The Arctic permafrost coastline
is greatly impacted by the global changes inducing unprecedented thawing rates, along with
the deepening of the active layer (e.g. top layer of soil that thaws during the summer and
freezes again during the autumn), increasing subsurface transport (Jones et al., 2020; Lantuit
et al., 2012). Unlithified and ice-bonded permafrost cliffs, such as those that span along the
Beaufort Sea, are particularly sensitive to coastal erosion, experiencing one of the highest
coastal erosion rates recorded across the Arctic, over the past twenty years (i.e., 1.1 myr?
recorded between 1950 and 2000 and increased by 80-160 % in the last two decades; (Jones
et al., 2020; Lantuit et al., 2012). Accelerating coastline erosion is supplying increasing
quantities of terrestrial materials (Kipp et al., 2018), associated nutrients (Fritz et al., 2017),
carbon (Bristol et al., 2021), and contaminants (Kwasigroch et al., 2018) to the coastal ocean.
This additional, non-point source of solutes rapidly reaches near-shore waters and is

remobilized in late summer mostly when thaw depths are at a maximum (Walvoord et al.,
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2007). Dissolved organic matter (DOM) represents a fundamental link between terrestrial
and aquatic carbon cycles and plays a significant role in the biogeochemistry of aquatic
ecosystems (Hedges and Keil, 1995). River transported terrestrially derived dissolved
organic matter (tbOM) is well known to strongly influence coastal ecosystem functioning
(Vonk et al., 2015), food web dynamics (McMeans et al., 2015; Thingstad et al., 2008), ocean
chemistry (Guo et al., 2007; Stedmon et al., 2011a; Vonk et al., 2014) and optical conditions
(Fichot et al., 2013; Matsuoka et al., 2012). A fraction of this tDOM can be rapidly
mineralized through microbial and photochemical processes, affecting nutrient budgets, air-
sea CO- exchanges, biological productivity, as well as acidification, in coastal waters (Kaiser
et al., 2017a; Kaiser et al., 2017b). For example, Kaiser et al. (2017a) showed that ~50 % of
the annual tDOC discharged by Siberian rivers was mineralized along the land-sea
continuum: tDOC is strongly removed and lost as CO> along the transport. Therefore, only a
small fraction potentially persists in the ocean over centuries and millennia (Fichot et Benner,
2014; Kaiser et al., 2017a). While the export of riverine-derived tDOM is known to strongly
influence the arctic marine ecosystem, little is known about the role and importance of
erosional and thawing inputs on shaping the ecology and chemistry of nearshore coastal
waters. This is largely due to the stochastic nature of erosion and thaw related inputs and
current lack of adequately resolved datasets of coastal chemistry and environmental

conditions.

Absorbance and fluorescence spectroscopies are commonly used to characterize the
origin, the reactivity, and the transformations of DOM along the land-sea continuum (Fichot
et al., 2014; Meilleur et al., 2023; Stedmon et al., 2003). In this study, the absorption
coefficient at 350 nm (aCDOMs3so) has been used as a proxy of the amount of DOM (Li et
al., 2014; Miller et al., 2011), while fluorescent dissolved organic matter (FDOM) was used
to discriminate allochthonous (terrestrial-derived DOM) and autochthonous sources
(biological activity) (Coble, 2007). The application of excitation-emission matrices (EEM)
along parallel factor analysis (EEM-PARAFAC) of FDOM (Bro, 1997) allowed to assess the
composition and sources of permafrost-derived CDOM delivered to coastal arctic waters.

Recently, Fouché et al., (2020) characterized the permafrost-derived DOM as low molecular
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weight (LMW), proteinaceous and with low aromaticity, a signature which fades rapidly
during lateral flow downslope of the permafrost table and within the fluvial continuum:
suggesting high biodegradability. The chemical composition of the DOM components
mainly drives its lability and transformation (Fouché et al., 2020); larger molecules such as
humic substances take a longer time to degrade than simpler organic compounds (i.e., amino
acids, carbohydrates, and fatty acids) (Abbott et al., 2014). These approaches, used to trace
of tDOM, suggest a rapid turnover or loss of optical signature once mixed with coastal sea

water.

In addition to the intrinsic chemical composition of DOM, physicochemical processes
such as the presence of some minerals and the redox conditions, also shape the concentrations
and compositions of DOM that transits to near-shore waters. Selective interactions between
tDOM and soil minerals occur in soils and sediments (Kaiser et al., 2003; Lalonde et al.,
2012; Shen et al., 2014), as well as in surficial (Hedges et al., 1986; Hedges et al., 1994) and
subterranean estuaries (Linkhorst et al., 2017; Sirois et al., 2018). This results in differential
retention of some DOM components during the DOM transport from land-to-sea. Adsorption
of DOM on iron minerals occurs when source water passes through iron (Fe) oxide-rich
sediments and the DOM compounds are then filtered out (Kaiser et al., 2000).
Coprecipitation into ferric oxyhydroxide favorizes the permanent sequestration of carbon;
this reduces its concentrations in the water column and protects it from mineralization
(Meredith et al., 2019; Vonk et al., 2013). At the shoreline, the redox oscillation induced by
tides, waves, seasonal water table levels, and long-term sea level changes control the location
of Fe-oxyhydroxide formation (Charette et al., 2002). This Fe curtain acts as a barrier for
redox-sensitive elements and elements with a high affinity for Fe-hydroxides, such as OM
(Lalonde et al., 2012; Riedel et al., 2013). The strong affinity between DOM and ferric
hydroxides, through several mechanisms, directly affects both the mobility (Kaiser et al.,
2000) and molecular properties (Poulin et al., 2014) of exported DOM. A recent study
showed that a significant amount of Fe-OC binding (<10 %) formed on land, during the
transport to the seafloor or at the sediment-water interface prior to deposition (Faust et al.,
2021). Additionally, Lalonde et al. (2012) showed that nearly 20 % of the OC present in
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marine sediments was directly linked to ferric hydroxides, acting as a “rusty carbon sink”
protecting OM from microbial degradation. To date, such Fe—-OM interactions have been
observed in soils (Jones et al., 1998; Kaiser et al., 2000; Wagai et al., 2007) and in both
cohesive and non-cohesive coastal sediments (Barber et al., 2017; Keil et al., 1994; Lalonde
et al., 2012; Sirois et al., 2018; Waska et al., 2021). There is, however, limited information
on the potential permafrost-derived tDOM sink which could then stabilize large, oxidized,
aromatic and lignin-type molecules before even reaching the coastal waters and undergoing
mineralization. We hypothesize that the composition of DOM affects its affinity with Fe, as
well as the composition of the non-Fe-stabilized molecules in the coastal permafrost

environment.

The aim of the present study is to characterize the sources and transformations of DOM
released from the thawing of coastal permafrost cliffs, while better understanding the role of
arctic coastline in the transfer of tDOM from the continent to the ocean. More specifically,
we have developed a site-specific scale approach in the Kugmallit Bay (NWT, Canada) to
1) optically characterize and follow the behaviour of the newly mobilized permafrost-derived
DOC and DOM (CDOM and FDOM), in a near-shore coastal permafrost environment, and
to 2) experimentally test the affinity of Fe-oxyhydroxides with permafrost-derived DOM and

DOC, upon release from an anoxic to oxic environment.

1.4 MATERIALS AND METHODS

1.4.1 Site Description

The study area is located in the Inuvialuit Settlement Region of the Northwest
Territories adjacent to the Mackenzie Delta region, the 4" largest river draining in the Arctic
Ocean (Macdonald et al., 1998). A first sampling campaign took place from
July 24" to August 6™, 2019, and a second campaign from June 22" to August 31%, 2021,
when thaw rates were at a maximum. About 60 samples were collected at four sampling sites

characterized by continuous permafrost coastal cliffs with thaw slumps surrounded by sandy
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and clay beaches: Tuktoyaktuk Island, Peninsula Point, Crumbling Point and Reindeer Island
(Fig. 8). Tuktoyaktuk Island, the main sampling site (N=27), is characterized by a coastal
bluff of approximately 9 m high, 1.5 km length and 100 m width (Ouellette, 2021) and is
located across the Hamlet of Tuktoyaktuk, in the south-east of the Kugmallit Bay. The island
loses ~1.8 m of shore per year due to erosion induced by storms, erosion, and thawing
permafrost, an increase of 22% since the last 15 years (Berry et al., 2021; Tanguy et al., 2023;
Whalen et al., 2022), and is projected to entirely disappear within 20-30 years (Jones et al.,
2020). Peninsula Point is located in the Pingo Canadian Landmark, southwest of Tuktoyaktuk
Island, and forms a complex retrogressive thaw slump system. Crumbling Point is also a
retrogressive thaw slump system, located at the extreme northwest of the Kugmallit Bay.
Finally, Reindeer Island is located at the north of Richards Island, in an important lagoon
system formed by thermokarst lakes surrounded by coastal bluffs. According to our
knowledge, there are no published data on the coastal retreat in these zones, but it could be
similar, at least, to what is reported in the Canadian Beaufort-sea region (~0.5 m yr;
(Solomon, 2005)) and likely reaches locally very high retreat rates as presently observed in

some location, as for example in Pullen Island (>12 myr-1, Berry et al., 2021).
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Figure 8. Map of the four sampling sites (red dots) located in the Northwest Territories,
Canada

1.4.2  Water and Sediment Sampling

In each site, we carried out a site-specific scale approach where different water sample
types were collected along a transect, from the coastal permafrost cliffs, through the sandy
intertidal zones, to the near-shore seawater. Meltwater and groundwater (here defined as
porewater into sandy coastal sediment) samples were collected on coastal permafrost slumps
and on the adjacent sandy shore, respectively, while seawater samples were collected in front
of each study site between 0.5 to 2 km from the coastline. Meltwater was directly sampled in
puddles formed on the slope of thaw slumps using a submersible pump. For beach
groundwater, push-point piezometers were inserted to ~50 cm depth into the sandy ground
in front of thaw slumps in the intertidal zone and water was continuously pumped by a
Solinst® peristaltic pump. Finally, bay water was collected directly in the Kugmallit Bay
using a submersible pump placed between 0.5 and 1 m depth below the surface. For each
location, water samples were pumped into an on-line flow cell where practical salinity (S),

temperature and oxygen saturation were monitored using a calibrated multiparametric probe
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(600QS, YSI Inc.). After these parameters stabilized, water samples were collected for
CDOM/FDOM into acid-washed 60 mL glass amber bottles after on-line filtration through a
0.22 um Millipore Opticap® XL4 cartridge with a Durapore® membrane. The samples were
stored in the dark at 4 °C. Total dissolved Fe samples were collected in 60 mL metal-free
Falcon® tubes after filtration through the same 0.22 pm Millipore Opticap cartridge. The
samples were acidified with 3 drops of 70 % nitric acid to prevent the re-oxidation of reduced
trace-metals and stored at 4 °C. DOC samples were taken using 60 mL acid cleaned
polypropylene syringes and rapidly filtered with pre-combusted (450 °C for 5-6 hours)
0.7 um glass microfiber filters GF/F Whatman™ and stored in pre-combusted and acid-
washed 12 mL borosilicate EPA tubes with PTFE caps. The DOC samples were acidified to
pH <2 with high purity HCI 2N and stored in the dark at 4 °C until analysis.

1.4.3  Chemical and Optical Analysis

DOC samples were analyzed a few weeks after data collection by Total Organic Carbon
analyzer (TOC-V¢pn Shimadzu). The analytical uncertainty was less than 4 %, while the
detection limit was of 5.8 uM. Fresh acidified deionized water (blank) and a standard solution
(86.6 £ 1.7 uM) were analyzed every seven samples to ensure the stability of the instrument.
The concentration of total dissolved iron (Fewt) was measured according to the ferrozine
method proposed by Stookey (1970) and adapted by Viollier et al. (2000). The iron
concentration was measured to ensure that it was low enough to not interfere with the
absorption and fluorescence measurement of ultraviolet and visible radiation (Poulin et al.,
2014). The detection limit of the method was 0.4 uM and the reproducibility was better than
0.3 %.

Absorbance and fluorescence spectroscopy were used for the measurement of the
chromophoric fraction of DOM (CDOM/FDOM) a few weeks after sampling. The CDOM
absorbance was measured using a Lambda 850 UV-VIS Perkin Elmer spectrophotometer
with two paired 1 cm path length quartz cuvettes, for the reference and for the sample.

Measurements were taken from 220 to 800 nm at 1 nm intervals with a scanning speed of
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100 nm min™ and a 4 nm slit width. Blanks and references were measured using fresh Milli-
Q water. Every five samples, the reference cell content was discarded and refilled with fresh
Milli-Q water to prevent warming. The sample cuvette was flushed with fresh Milli-Q water
three times and with the sample one time. The spectral absorption coefficient (a;) was

obtained based on the following equation:

@, = 2 Eq (1)
where (4,) corresponds to the absorbance at a specific wavelength and (1) to the length of
the path travelled by the light in the solution (in m). The FDOM fluorescence was measured
concomitantly using a Varian Cary Eclipse spectrofluorometer. Fluorescence spectra were
measured within the emission wavelengths of 220 to 600 nm and within the excitation
wavelengths of 220 to 450 nm at 5 nm intervals as described by Couturier et al. (2016).
Similarly, fresh Milli-Q water was used as a blank and to rinse the cuvette in between
samples. Fresh deionized water was used as a blank and absorbance measurements of the
samples were used to correct the inner-filter effect and the dataset was corrected for Rayleigh
and Raman scattering, according to the method used by Pucher et al. (2019). The collected

data were then described as excitation-emission matrices (EEMSs).

Absorbance and fluorescence indices were extracted using the staRdom toolbox on the R
Studio Software (Pucher et al., 2019). In this study we used the aCDOMzso to track the
relative concentration of CDOM in the continuum. The Sr (slope ratio) was used as an
indicator of the origin of the CDOM and was calculated as the ratio of the spectral
slopes 275 - 295 nm and 350-400 nm (Helms et al., 2008). Sr values of ~0.7 correspond to
more terrestrial CDOM, while larger values, ~1.1 correspond to more estuarine and coastal
CDOM (Helms et al., 2008). The Sr is also used as an indicator inversely proportional to the
average molecular weight of CDOM referring to molecules with high molecular weight
(HMW) and low molecular weight (LMW) of CDOM (Helms et al., 2008). The specific UV
absorbance, SUVA2s4, was calculated by dividing the absorbance at 254 nm by the DOC

concentration (mgC L™?) and was used to track the CDOM aromaticity (Weishaar et al.,
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2003). Greater SUVA2s4 values correspond to a greater degree of aromaticity (Helms et al.,
2008). Lastly, the biological index, BIX, was used as a relative CDOM freshness indicator
(Huguet et al., 2009). A lower BIX (~0.6) indicates an older, more decomposed CDOM,
while a higher BIX (~1.0) indicates a fresher CDOM mostly associated with microbial
degradation (Huguet et al., 2009). The BIX is calculated by dividing the emission
fluorescence intensity (FI Aex) at 380 nm by the FI Aex at 430 nm, at an excitation wavelength
of 310 nm (Huguet et al., 2009).

In combination with the absorbance and fluorescence indices, PARAFAC model was
used to further investigate the composition and the sources of FDOM across samples. The
PARAFAC multivariate statistical model was built to decompose the emission and excitation
matrices fluorescence signals into distinct unique components (Bro, 1997; Murphy et al.,
2013; Stedmon et al., 2003), using a combination of more than 250 samples from coastal
arctic and subarctic coastal regions. This approach could lead to a loss of information specific
to the tested dataset. However, by integrating it into a model based on a diversified database,
but still in coastal and nearshore environments, the robustness of the model is assured. While
only 59 samples were analyzed in this article, the 191 samples were taken from previous
cruises in the St-Lawrence estuary and gulf system, including the Saguenay Fjord and the
Baie des Chaleurs in the Gulf. These samples were only used to build the PARAFAC model
and will not be further mentioned. Most of these samples were already published in previous
articles (Heébert et al., 2022; Lizotte et al., 2022). Three major components were extracted
from the validated model (split-half and core consistency) using the method adapted by
Pucher et al., (2019), in R studio (R>>92 %). The components were also matched with the
literature for identification and external validation, using OpenFluor (Murphy et al., 2013).
The three fluorescing OM peaks (C1-3) identified are presented in figure 9 and their
theoretical characteristics based on the literature are summarized in Table 3. Component 3
appears to include more than one fluorophore, but a 4-component model could not be
validated and explained only ~1 % additional variance, suggesting that if C3 includes more
than one fluorophore, the molecules. associated to these very strongly co-vary among

samples.
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Tableau 3. Description of the EEM-PARAFAC modelled FDOM components based on the

literature results of literature references. PARAFAC components and their characteristics

Peak max  Coble

(& 5
omp Ex/Em peak

Description Literature

Cp : <240-340/452 (Olefeldt, Persson et al. 2014)
ALLL: 250-350/459 (Pitta and Zeri 2021)

C3: <240-355/476 (Stedmon and Markager, 2005a)
C3:260-370/490 (Murphy et al., 2018)

Cl 250-335/466 A, C Humic-like terrestrial, HMW, aromatic

Cyy: 270/<300 (Olefeldt, Persson ct al. 2014)

ACT-10 C3: 270/302 (D'Andrilli and McConnell 2021)
C6: 280/338 (Stedmon and Markager, 2005a)
C1:275/<300 (Murphy et al. 2008)

Protein-like, tyrosine, biological,
Cc2 265/296 B microbial autochthonous origin. LMW
phenolic compounds.

Humic-like, terrestrial, autochtonous Cy1:<240,305/404 (Olefeldt, Persson et al. 2014)
€3 250-295/414 A, M production and microbial processing, C2: <300/396 (Sendergaard, Stedmon et al. 2003)
LMW. C2 :315/418 (Murphy et al., 2008)
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Figure 9. EEMs of the 3-components PARAFAC model. Fluorescence is expressed in Raman
Unit (R.U.)

1.4.4  Affinity of Permafrost derived DOM with Iron Oxides

Experiments were performed to assess the affinity of mobilized DOM with Fe-
oxyhydroxides. Beach groundwater, seawater and meltwater samples were collected in 1-L
acid-washed glass bottle with a Pall® GWYV High-Capacity Groundwater Sampling Capsule
(0.45 um porosity) to retain the particulate fraction. In the laboratory, ~20 mM of
FeCl,- 4H,0 were added to filtered water samples. The experimental bottles were kept in the
dark, at room temperature (~21°C) and continuously air-bubbled to maintain well-
oxygenated conditions during the experiment. Sub-samples for DOC and CDOM analysis
were collected at time 0, 6, 12, 24 and 48 hours as described in section 1.4.2. Briefly, DOC
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samples were collected using acid cleaned polypropylene syringes and filtered with pre-
combusted 0.7 um glass microfiber filters GF/F Whatman™. The DOC samples were
acidified with high purity HCI 2N and stored in the dark at 4 °C until analysis. Other indices
could have been used to describe the aromaticity (SUVA) and relative molecular weight (Sr)
of the OM since UV-vis absorption increases linearly with increasing iron (Poulin et al.,

2014). However, in this study, we only focused on the DOC and CDOM concentrations.

1.45  Statistical Analysis

A multivariate approach was used to better understand the distributions and the
relationships between the different optical characteristics of the CDOM dataset. The tests
were performed on selected samples collected in 2021 (N=32). The database included the
PARAFAC components C1, C2, and C3, as well as the Sr, SUVA254, aCDOMs3s0 and BIX
values. For the hierarchical cluster analysis (HCA), the database was standardized using the
“normalize” function of the “vegan” package and the Euclidean dissimilarity index was used
along with the agglomeration method “ward.D2” (Murtagh et al., 2014) in R. Three clusters

represented optimally the dataset according to the kmeans test.

1.5 RESULTS AND DISCUSSION

1.5.1 Distribution of the physical and chemical parameters along the salinity
gradient

Within the whole dataset (N=59), the concentration of Fett ranged from 0 up to 11 uM
with a mean of 1.1 + 2.1 uM. Higher concentrations (>3 uM) were mostly found in beach
groundwater. Six samples with a molar ratio of Fewt: DOC > 0.03 were excluded from the
dataset as it has been shown, Fe can lead to important interference in the DOM optical
properties (Poulin et al., 2014). These samples were-collected in meltwater and seawater
samples collected near the shoreline (~0.5 km). The practical salinity varied between
~0 and 20 (with a mean value of 3.5 £ 4.2) over the rest of the dataset (N=53), the low

salinities (S<5.4) were measured in beach groundwater and meltwater samples. The
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temperature varied between 8.1 and 16.7 °C (with a mean value of 13.0 + 2.6 °C) with the
higher temperatures measured in meltwater and some beach groundwater and sea water
samples at the Tuktoyaktuk island site. Oxygen saturations ranged from 6.3 to 141.0 %. The
nearshore surface seawater and the meltwater samples were all over saturated. However, the
low salinity beach groundwater samples (N=8, S~ 1-5) exhibited low oxygen saturation (6.3-
48.1 %) indicating the occurrence of suboxic to anoxic conditions. Redox oscillations and
transitory oxygen-depleted conditions are often observed in microtidal sandy intertidal zone
(Hébert et al., 2022; Sirois et al., 2018; Waska et al., 2021) where the tidally input oxygen is
rapidly consumed by heterotrophic respiration (Chaillou et al., 2018).

The DOC and the aCDOM3s0, here used as a proxy of the terrestrial CDOM amount (Li
et al., 2014; Muller et al., 2011), exhibited a non-conservative behaviour along the salinity
gradient with a rapid decreases of the concentrations in the low salinity samples, which could
not be only explained by the processes of dilution (Fig. 10). DOC and aCDOMs3so exhibited
however different behaviours along the gradient, the DOC concentrations dropping
drastically as soon as it reaches salted water (S>1). DOC concentrations varied between
221 and 3210 uM with the highest concentrations (> 900 to 3210 uM) in the meltwater
samples (S~ 0) and lower DOC concentrations (<900 uM) in samples with higher salinity
(S>1). The aCDOMs3so values exhibited a large variation from 2 to 60 m™, with a mean of
13.7 +£10.7 m™ L. The highest aCDOMs3so values are consistent with permafrost studies. For
example, Wauthy et al., (2018) recorded values between 45 and 55 m™ in thaw pond samples
at aCDOMzz. As for DOC, meltwater samples had the highest CDOM concentrations
(>19 m™1) at the low salinity (S= 0) samples, excepted for a few groundwater and seawater
samples that also exhibited high CDOM concentrations (11-30 m™) (Fig. 10 b), whatever
their salinities (S varying between 1 and 20). The decoupling between the aCDOMz3so Vs
DOC distribution along the salinity gradient suggests that they are implicated in different

processes.

39



. 601 e
3000
P
- ° ‘TE
= 40
S 20001 ° | PV
a S |
: : |
[
a o a) « = .
1000 @ = .
°® © L ° . .
[ ]
L ettopetene o %o o2’ o
° o o 0 °
0 5 10 15 20 0 5 10 15 20
Salinity Salinity

Figure 10. (a) Relationships of DOC concentration and (b) aCDOM350 with practical
salinity, across the whole dataset (N = 53). The samples with a Fe/DOC molar ratio > 0.03
were excluded

The SUVAzs4 values were high ranging from 1 to 7 L mgC?m? (with a mean of
32+1.1LmgCtm™, Fig. 11 a) which are in agreement with the SUVAzs4 values of
3.4 L mgC! m? reported by Wauthy et al., (2018) for thaw pond samples. The highest values
(>4 L mgC! m™) were measured in beach groundwater samples and in nearshore seawater
samples, whatever their salinities, indicating a greater aromatic content of humic substances
in these samples (Weishaar et al., 2003). The lowest values (~2.3 L mgC ! m™?), measured
in meltwater and groundwater, indicate lower aromaticity in the samples. The slope ratio (Sr)
range is large, from 0.2 to 2.3, with a mean ratio of 1.1 £ 0.3 (Fig. 11 b) that likely refers to
higher molecular weight CDOM of terrestrial origin. As for SUVA2s4, Sr higher than 1.1
were observed in beach groundwater and nearshore seawater samples. The fluorescent index
(FI) ranged from 0.3t0 3.2 with a mean value of 1.4 +0.4 and it exhibited the same
distribution along the salinity gradient (Fig. 11 c). The highest FI values, associated with
microbial-derived CDOM (>1.7), were only observed for five seawater and beach
groundwater samples, while most of the other samples showed lower values (<1.5) associated
with terrigenous OM (McKnight et al., 2001). This is in agreement with the biological index
(B1X) which was mainly comprised between 0.5 and 0.9 (except for 3 samples, Fig. 11 d).
This suggests the occurrence of more decomposed CDOM (Huguet et al., 2009). HIX showed

a more complex behaviour along the salinity gradient (Fig. 11 e). The large range of
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variations of the different optical indices points out the occurrence of DOM with distinct
optical signatures that probably lead to different reactivities and fate in coastal waters.
Globally, the values tended to decrease when the salinity increases, suggesting CDOM is
fresher, less humified and lowering MW compounds in coastal waters. In the other hand, the
large range of HIX (from 0.1 to 6.3) suggests highly variable humification states in low

salinity samples.

According to the PARAFAC model, C2 dominated the FDOM pool. The fluorescence
intensities of the component varied between 0.2-4.5R.U. for C1 (2.6 +1.5R.U.), 0.3-
9.8 R.U. for C2 (5.6 £ 3.6 R.U.) and 0.1-2.4 R.U. for C3 (1.2 £ 0.6 R.U.). The two humic-
like (C1-C3) components were well correlated with each other (r=0.83, p <0.05) and with
HIX (r?=0.84 and 0.73, respectively, p <0.05). In contrast, the protein-like compound C2 is
only significantly negatively correlated to C3 (r?=-0.89, p <0.05) and HIX (r?>=-0.93, p
<0.05).
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Figure 11. Relationships of (a) SUVA254 (L mgC-1m-1), (b) SR (nm-1), (c) FI, (d), BIX,
(e) HIX, and the fluorescence intensity of the PARFAC components (f) C1 (R.U.), (g) C2
(R.U.) and (h) C3 (R.U.), with practical salinity, across the whole dataset (N =53). The
samples with a Fedtot/DOC molar ratio>0.03 were excluded

1.5.2 DOM characterization

To further explore the behavior of the DOM, a hierarchical cluster analysis (HCA) was
achieved on the 2021 dataset based on eight optical properties (DOC, aCDOMaso, BIX,
SUV Az, Sr, and C1, C2 and C3), HIX was excluded from the selected parameters because
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of the strong correlations with humic-type components C1 and C3. The salinity was not
included in the HCA but was used a posteriori to characterize the groups along the continuum
(Fig. 12 a). The HCA result separated the samples into three distinct groups: G1, G2 and G3.
The distance between G1 and G2 was the smallest, while the distance between G1 and G3
was the largest. Figure 12 presents the distribution of the values of the optical parameters for
each group. G1 (N=5) includes the terrestrial samples with a practical salinity of 0. It regroups
all the meltwater samples collected on the slopes of thaw slumps. On the opposite, G3 (N=11)
includes seawater samples only (S=3.4+3.2). G2 (N=14) includes the samples collected at
the nearshore (S=2.9£3.5) and regroups beach groundwater and a few seawater samples. It
Is to be noted that the salinity varies greatly for G2 and G3 samples mainly in response to the
tide level at the sampling time. Across the selected dataset, the fluorescence and absorbance
indices remained almost stable with a low coefficient of variation (mean
SUVA=3.0+0.7 L mgC* m?, mean Sg=1.0+0.1 and mean BIX=0.7+0.1 (Fig. 12 d, e, f). For
the 3 groups, the CDOM s terrigenous, decomposed (BIX~0.7) (Huguet et al., 2009) and
aromatic with compounds close to estuarine/coastal CDOM properties (Sr~1.1) (Helms et
al., 2008). These indices suggest that the pool of CDOM, and the associated DOC present in
the sampling area, mainly originated from a common terrestrial derived-OM. Indeed, while
different types of OM are present in the environment and characterized by different
PARAFAC components (mentioned below), they all originated from the same terrestrial

source before undergoing any alteration.

In contrast to the optical indices, the modeled PARAFAC components showed more
contrasted distribution within the three groups. Both humic-like components C1 and C2,
showed similar distribution, with higher fluorescence intensities (F.1.) in the terrestrial groups
of G1, and lower F.l. in the marine group of G3. On the other hand, the protein-like
component, C2, was inversely correlated and increased greatly from G1/G2 to G3, showing
an increase in the protein-like component in the marine samples. Based on these modeled
components, samples included in G1 are characterized as a humic-like, high molecular
weight (HMW) and terrestrially derived FDOM (C1), which agrees with Fouché et al. 2020,

who characterized the active layer-derived FDOM as HMW, aromatic and terrestrially
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derived. G2 corresponds to transitory FDOM, mostly collected in the intertidal zone or
nearshore. While the optical signals of G2 samples are mostly similar to those of G1, the
DOC and CDOM concentrations are much lower. In contrast, G3 is characterized as a
tyrosine-like FDOM from biological origin, which corresponds to the signature of riverine
drained permafrost derived FDOM (Olefeldt et al., 2014). Overall, G1 varied mostly
according to aCDOMzso and DOC concentrations, G2 according to C1 and C3 and G3 varied

mostly according to C2.

The rapid and important decrease of DOC and CDOM from G1 (1931.0 + 960.7 uM
and 26.7 + 21.7 m™?, respectively) to G2 (390.4 + 39.5 uM and 6.8 + 1.7 m%, respectively),
and the persistence of the humic-like components (C1 and C3) between these two groups,
indicate that the CDOM released by coastal permafrost is subject to an important and rapid
attenuation mechanism; during its transit, the CDOM concentrations dropped without
apparent molecular transformation. This trapping is likely selective, explaining the
decoupling observed between aCDOMzsso and DOC. Heterotrophic mineralization and
photooxidation are not totally excluded with regards to the high DIC concentrations
measured in G2 samples (DIC~1200 uM, data not shown). However, we suspect that an
important fraction of the permafrost-derived tDOM is rapidly sequestrated in the iron-rich
intertidal sediment, through the precipitation of iron-oxyhydroxides (Kaiser et al., 2000),
which is explored in the next section.
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Figure 12. Box plots of the distribution of (a) salinity, (b) aCDOMs3so, (c) DOC concentration,
(d) SUVAs4, () Sr, (f) BIX, (g) C1, (h) C2, (i) and C3 across the three HCA groups. The
red, green, and blue boxes represent the group 1 (G1, n=5), 2 (G2, n=14) and 3 (G3, n=11),
respectively. The black lines represent the median, the whiskers represent the extent of the
data, and the grey points represent the outliers

1.5.3  Affinity of Iron-Hydroxides with CDOM and DOC

To better understand the trapping mechanism of permafrost-derived CDOM and DOC
by iron-hydroxides, incubations of meltwater, beach groundwater and seawater samples
(from G1, G2, and G3 groups, respectively) were done by adding excess Fe?* along with
constant oxygen bubbling. The incubations were done with filtered (0.45 pum) and non-
filtered water samples, to study the impact of particles naturally present in water, on the
trapping mechanism, the occurrence of a clay mineral particle enhancing the trapping of

permafrost derived-OM through sorption (Kaiser et al., 2000).

Before the addition of iron in excess, the initial DOC concentration of the seawater,
beach groundwater and meltwater samples were of 383, 334 and 1019 uM, respectively, in
agreement with the mean DOC values of the different HCA groups. As soon as iron was
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added in excess (~20 mM), the DOC concentrations dropped rapidly in both filtered and non-
filtered samples. During the next 6-hours, the DOC decreased gradually and reached its
lowest concentration (Fig. 13 a and b). However, after 48-hours, a portion of the DOC was
released in solution to reach a final concentration of 335, 280 and 775 uM for the filtered
seawater, beach groundwater and meltwater samples, respectively. The final concentrations
were slightly lower for the non-filtered samples with respective concentrations of 259, 219
and 710 puM. Furthermore, aCDOM3s50 measured to evaluate the affinity of tDOM with iron-
oxyhydroxides, was not corrected for iron interference as this study aims to monitor the
tendency of CDOM over the experiment, rather than accurately quantifying the amount
present in solution. The results revealed that, within the first 6 hours, most of the tDOM was
rapidly and completely trapped by iron-oxyhydroxides for both filtered and non-filtered
samples. After 48 hours, only a small portion of this initial CDOM was released back in
solution (Fig. 13 ¢ and d). DOC and CDOM did not significantly interact with the mineral
surface of the particles present in the non-filtered incubation, as relatively similar DOC

concentrations were present in both experiments.

Iron-oxyhydroxides showed a stronger affinity with tDOM than DOC. Our results
suggested that DOC was only weakly adsorbed on the surface of the amorphous Fe-minerals
formed during the experiment, while tDOM was likely completely trapped within a Fe-OC
mixture. We suspect that, after desorption, in situ DOC undergoes rapid mineralisation,
making it difficult to trace in the coastal aquatic environment. Spencer et al., (2015) showed
that permafrost-derived DOC was rapidly utilized by microbes, in Arctic Rivers.
Furthermore, we observed higher concentrations of in situ CDOM persisting along the
salinity gradient (Fig. 10 b), in comparison to DOC (Fig. 10 a), The difference between these
two observations could be explained by the presence of limited iron in the ambient
environment, only HMW, terrestrial and aromatic CDOM are favorably trapped by iron
hydroxides, letting LMW, biologically derived and less aromatic CDOM pass through
(Linkhorst et al., 2017; Riedel et al., 2013; Shields et al., 2016; Waska et al., 2021). In the
lab experiments, the presence of excess Fe prevented this selective affinity. The oxidative

precipitation of excess Fe?* (~0.02 mM) act as a natural chromatography, rapidly dragging
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the suspended clay mineral in the particulate fraction and preventing further interaction
between the mineral surface and the OC over the experimental time. The persisting higher
CDOM concentration could also be explained by the contribution of an additional source of

DOM to the coastal aquatic system.

Our findings highlight the very strong affinity of permafrost derived-OM with Fe-
minerals which can act as a sink of tDOM when source water transits from an anoxic to an
oxic conditions. In fact, right upon release, the permafrost derived-OM transits from an
anoxic to an oxic environment, where it can rapidly interact with reactive Fe through co-
precipitation, adsorption or even flocculation, trapping the OM short to long term (Hedges et
al.,, 1995; Kaiser et al., 2000). Sirois et al. (2018) showed that Fe-OC interaction
preferentially trapped terrigenous and lignin-type compounds, independently of the DOC
origin, where redox processes are favored (Lalonde et al., 2012; Linkhorst et al., 2017). In
situ, the CDOM and DOC did not follow a conservative relationship with salinity, due to the
dependence of iron precipitation and redox conditions, acting independently of salinity.
Riedel et al., (2013) showed that, in peatlands, redox interfaces act as an important and
selective barrier for terrestrially derived OM. Furthermore, molecular composition studies
revealed that HMW compounds of terrestrial origin, enriched in aromatic and hydroxyl
moieties such as altered lignin and polysaccharides were strongly stabilized by Fe minerals
(Linkhorst et al., 2017; Riedel et al., 2012; Shields et al., 2016; Waska et al., 2021). The
increase of the protein-like component (C2) and the fading of the humic-like components
(C1 and C3) in the continuum can then result from the microbial degradation of the non-Fe-
stabilized molecules. Indeed, the fraction of the permafrost derived-OM which escaped the
“iron curtain” must get transformed through microbial degradation and is then diluted with

the DOM pool drained by the Mackenzie River.
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Figure 13. Variation of DOC and aCDOMaso concentration with excess iron and constant
oxygenation in bay, beach and melt water samples incubation over 48 hours. a) DOC
concentration variation in non-filtered water sample b) DOC concentration variation in filter
water sample (0.45 pM). ¢) aCDOMsso Vvariation on non-filtered water samples, d)
aCDOMzssp variation in filtered water samples (0.45 uM). The non-colored points represent
the water samples collected in situ without added excess iron. The black colored points
represent the water samples with added excess iron and with constant oxygenation. The
round, triangle and square points represent the bay, beach, and melt water respectively

1.6 CONCLUSION

In this study, chemical and optical analyses as well as iron spiked experiments were
combined to better understand the biogeochemical processes involved in the regulation of
coastal permafrost derived DOM, in a near-shore environment. The rapid decrease of DOC
and CDOM concentrations within a short spatial scale showed that rapid processes were
taking place upon permafrost thaw. However, the optical analysis revealed that the sharp
drop in CDOM concentration, within the infralittoral zone, did not correspond with a
changing fluorescence. These results suggest that an important and rapid trapping mechanism

was taking place, rather than a transformation mechanism (e.g., photooxidation,
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biodegradation), which would alter the original DOM optical properties. Additionally, while
terrestrially, aromatic and HMW CDOM were favorably and rapidly coprecipitated with
iron-hydroxides, DOC was only weakly adsorbed on the surface of the precipitating Fe-
hydroxides, favoring a rapid desorption. The PARAFAC analysis revealed that the
permafrost-derived FDOM had a heterogeneous signature due to the presence of numerous
sources in a coastal permafrost environment. In the land to nearshore ocean continuum, the
optical signal fades rapidly from a humic, HMW, aromatic terrigenous FDOM to a more
protein-like, tyrosine biological, microbial/biological FDOM. The increasing proteinaceous
optical signature but the low CDOM concentration in the more marine samples revealed a
potential additional non-colored DOM source, in the estuarine/coastal environment,
comparatively to the terrestrial derived DOC and CDOM, which is rapidly lost and not
replaced in the continuum. Our findings, at the continental to coastal ocean interface,
highlight how the combination of experiments on the effect of Fe on DOC and CDOM
removal, and of field observations on FDOM composition, across a salinity gradient, suggest
a shift in FDOM composition from terrestrial humic-like to protein-like material, likely
produced in more marine environments. This is likely due to the rapid and preferential loss

of terrestrial DOM, which settles with Fe in the coastal sediments.
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CONCLUSION GENERALE

Ce mémoire a permis, de caractériser et d’¢tudier le devenir de la CDOM issue du
dégel du pergelisol dans un continuum continent a océan cotier. Ceci a été réalisé par
I’intermédiaire d’analyse optique et en testant 1’affinité des oxyhydroxydes de fer réactifs
avec le DOC et la CDOM issus d’un environnement de pergelisol cotier. Les résultats ont
révélé que la signature optique a caractére humique, aromatique, de haut poids moléculaire
(HMW) et d’origine terrigéne de la FDOM issue de 1’eau de fonte, s’estompait rapidement
dans le continuum (Fig. 14), pour laisser place a une signature plus protéinique, de faible
poids moléculaire (LMW) et dérivé de I’activité biologique dans I’environnement cotier.
Cette étude montre que des processus d’atténuation et de séquestration, causés par la
formation d’oxyhydroxydes de fer réactifs, seraient impliqués dans la séquestration de la
MO, piegeant rapidement le DOC et la CDOM. Les expériences d’enrichissements en fer ont
notamment permis de montrer que la CDOM était rapidement et completement piégée par
les oxyhydroxydes de fer nouvellement précipités, alors que le DOC serait plutot faiblement
adsorbé, favorisant leur remobilisation et leur transport dans le milieu aquatique. De plus, la
portion de CDOM qui ne serait pas stabilisée par les oxyhydroxydes de fer réactifs (plus
faible en oxygéne, faible aromaticité, faible poids moléculaire, (Linkhorst et al., 2017)

pourrait ensuite se mélanger a la MO déja présente dans 1’environnement.

Dans un contexte de changements climatiques, d’augmentation des taux d’érosion
cotiére et d’épaississement de la couche active, les flux latéraux de matiére organique ne
cessent d’augmenter (Jones et al., 2020; Lantuit et al., 2012). Il est donc primordial de mieux
comprendre les processus de régulation de carbone et de matiere organique qui prennent
place dans les zones de pergélisol cotier. Globalement, cette étude a permis de montrer que
la signature optique de la FDOM s’estompait rapidement dans le continuum continent a océan
cOtier et que, dés sa mobilisation, d’importants processus biogéochimiques tels que la

biodégradation, la photo dégradation et/ou la séquestration, participaient a la régulation de



ces apports vers I’environnement aquatique. Le processus de séquestration affecterait autant
la quantité de MO exportée que sa composition. Nos résultats sont en accord avec I’hypothése
du « rusty carbon sink », agissant comme pi¢ge transitoire lors de I’export de la matiére a

I’environnement aquatique cotier (Lalonde et al., 2012).

Loss of terrigenous signature as the OM |:> Biogeochemical processes
reaches the aquatic environment
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Figure 14. Evolution de la signature optique de la DOM issue du pergélisol cétier, dans un
continuum continent-océan cétier. C1 correspond a la premiere composante extraite du
modele PARAFAC, et représente une DOM humique, terrigene, HMW et aromatique

LIMITES DU PROJET

Pendant cette étude, plusieurs aspects n’ont pas pu étre abordés. Tout d’abord, 1) afin
de mieux comprendre 1’origine de la matiére organique, une datation du DOC au carbone 14
(A*C-DOC) aurait pu étre réalisée, afin de dater le carbone qui est relaché par le dégel du
pergélisol le long de son transport a I’environnement cotier (Mann et al., 2015). En effet, il
est impossible, ici, de confirmer, par caractérisation optique, que la matiére organique
échantillonnée correspond a de la « vieille » matiére issue du pergélisol. De plus, cette
analyse permettrait de mieux comprendre les processus de mobilisation de la DOM entre le
pergélisol et la couche active et de suivre cette matiere sur une courte échelle spatiale. En
effet, I’analyse optique ne permet pas de distinguer la matiere lorsqu’elle est mélangée au

DOM drainé par le fleuve Mackenzie. De plus, 2) il aurait été pertinent, de mesurer la

51



concentration de fer particulaire présent dans le sédiment et de caractériser la matiére déja
piégée dans celui-ci (Chen et al., 2018; Sirois et al., 2018). Cette analyse aurait pu permettre
de mieux comprendre la dynamique de cette zone transitoire. Finalement, 3) une analyse
moléculaire aurait permis de compléter I’analyse optique afin de renforcer, confirmer et
préciser les observations faites lors de cette étude. Par exemple, Ward and Cory, 2015 ont
combiné I’analyse **C RMN a 1’optique afin de caractériser la DOM issue de différentes

couches de pergélisol.

PERSPECTIVES

Dans un contexte d’amplification d’érosion cotiere, ainsi que d’épaississement de la
couche active, de plus en plus grande quantité de vieille matiére organique sera acheminée a
I’océan Arctique dans les prochaines décennies (Jones et al., 2020; Lantuit et al., 2012). Il
importe de mieux comprendre la composition de la matiere, susceptible de perturber les
stocks globaux de carbone. De méme, il importe de mieux comprendre les processus
impliqués dans la séquestration de cette matiere nouvellement mobilisée et acheminée par
apports latéraux. En effet, la présente étude a permis de démontrer que 1’ecau de fonte de
pergélisol, qui est tres riche en matiere organique, est affectée par divers processus, affectant
sa concentration et sa composition. Une meilleure compréhension de ces processus
biogéochimiques cotiers, qui agissent sur la régulation de la matiére organique, permettrait
de prévenir les répercussions du dégel massif du pergélisol, prédit dans les prochaines
décennies (Chadburn et al., 2017).

En perspective de ce projet de maitrise, il serait pertinent de s’intéresser a la quantité
de matiére inorganique qui est issue du transport latéral de la matiere dérivée du pergélisol.
Plusieurs études (Schaefer et al., 2014; Tanski et al., 2019; Tesi et al., 2016) se sont déja
intéressées sur les gaz a effet de serre relachés par le pergélisol. Cependant, une meilleure
compréhension de la fraction minéralisée, sur une courte échelle spatiale, permettrait de
mieux concevoir I’impact du mécanisme de séquestration et de protection, le long de son

transport a I’environnement cotier. 1l pourrait aussi étre intéressant d’étudier I’impact de la
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formation de radicaux hydroxyles (-OH), un oxydant puissant résultant de 1’oxydation du fer
et de la DOM réduite, sur la matiere organique issue du pergélisol cotier (Page et al., 2013).
En effet, ces radicaux ont la capacité de réagir avec des substances organiques affectant a la
fois leur arrangement moléculaire ainsi que leur composition (Page et al., 2012). Encore trés
peu d’études se sont intéressées a I’impact de ce mécanisme sur le devenir de la MO, en
milieu de pergélisol cotier. De plus, il pourrait étre utile de caractériser des microorganismes
(bactéries) dans le gradient de salinité, afin de mieux comprendre les processus microbiens
potentiellement impliqués dans la transformation de la DOM dans un environnement de
pergelisol cotier. Finalement, en perspective de ce projet il serait pertinent de pouvoir
interpoler nos résultats, de passer d’ une approche locale, spécifique a des sites d’étude, a une
intégration régionale des résultats. Le développement d’une méthode d’extrapolation de

résultats observés localement permettrait d’améliorer les bilans sur une plus grande échelle.
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ANNEXE 1: ORIGINS AND TRANSFORMATIONS OF TERRIGENOUS
DISSOLVED ORGANIC MATTER IN A TRANSGRESSIVE COASTAL
SYSTEM

Hébert, A.-J., Flamand, A., & Chaillou, G. (2022). Origins and transformations of
terrigenous dissolved organic matter in a transgressive coastal system. Estuarine. Coastal
and Shelf Science. 279, 108137-108137. https://doi.org/10.1016/J.ECSS.2022.108137
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ARTIGLE INFOQ ABSTRACT

Keywords: Hydrogeological, grochemical, and optical approaches were combined to explore how a transgressive coastal
Dizzolved organic matter system, where Z-kyr-old organic matter is preserved, contributes to dissolved organic matter (DOM} and dis-
Carbon

solved organic carbon (DOC) flux to coastal watsrs. The zand =pit svstem, located on the St. Lawrenes chore
(Chaleur Bay, Quebec, Canada), was mainly composed of saline groundwater from seawater recirculation, and
we estimated submarine groundwater discharge (5GD) velocities fluctuating from 0 during the rising tide to 106
emd”! during the ebb tide. The radon-222 (znﬁn) activities revealed the presence of two distinct water masses
in the spit: a surface recirculated saline groundwater cell with a short residence time and low or no B ae-
tivity, and a deeper recirculated zaline groundwater with a longer rezidence time, from a few hours to a few days,
and thus exhibited higher *TBn activities. At the falling tide, the upward flow of this “an-rich groundwater
contributes to volumetrie discharges ranging from ~6to ~17 m®d ], corresponding between 10 and 30% of the
total 5GD. Both DOC and DOM were produced in the subsurface. However, despite the conecentrations being high
in the dizcharge zone, the DOC export remained weal:, with mean fluxes of 60.7 (£15.5) and 55.8 (£36.5) mol C
yr "in 2018 and 201 9, respectively. While surface recirculated saline groundwater dominates the 5GD,
abzorbance and fluorescent indices indicated a strong terrestrial character in the DOM pool likely originated from
material sources with a high degree of humification. An EEM-PARAFAC model reveals the dominance of humic-
like components of high molecular weights and the oecurrence of degraded material, whatever the tidal regime.
When the residence time of the groundwater was longer, with higher radon activities, protein-like components
with lower molecular weights were microbially produced, probably enhanecing the bicavailability of the DOM
exported to surrounding seawater. Our results suggest that transgressive coastal systems can be a hot spot for
terrigencus DOM transformation which could affect the optical and chemical properties of coastal waters.

Transgressive coastal system
Submarine groundwater discharge
Radon-222

EEM-PARAFAC model

Stedmon et Nelson, 2015; Ward et al., 2017y W
Although the contribution of submarine groundwater discharge (SGD)
to OM fluxes remains poorly understood to this day, recent advances in
technologies and techniques have allowed to better understand the
impacts of 5GD on the chemistry of coastal waters (Burnett et al., 2003,
2006; Povinec et al., 2012; Wu et al., 2013). The term SGD is defined as

1. Introduction

Eastern Canada has been subjected to a sea-level rise since the Late
Holocene (Gehrels et al., 2004; Barnett et al., 2017, 2019). This rise
comes from two distinet processes, the first being the global sea-level
rise associated with climate change and the second being the

post-glacial rebound of Earth’s crust since the last glaciatien in North
America (Henton et al., 2006). Thiz recent sea-level rise has caused a
marine shoreline transgression across northeast North America, result-
ing in the submersion of terrestrial vegetation on the coast (Barnert
et al., 2019).

Terrigenous organic matter (OM) is a major source of phosphorus,
nitrogen, and carbon to the coastal ocean, affecting its biogeochemistry
and the primary productivity of its ecosystems(McCoy et Corbett, 2009;
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any pore water flow towards the coastal ocean, regardless of its salinity,
and it thus includes seawater recirculation driven by tidal pumping or a
pressure gradient through subterranean estuaries (Burnett et al., 2003).
These systems are considered key along  the
groundwater-seawater continuum for biogeochemical processes such as
nutrient and carbon cycling (Beck et al., 2007; Anschutz et al., 2009;
Moore, 2010; Chaillou et al.,, 2014, 2016; Gouturier et al., 2016) where
solutes vary in nature and concentration according to production,

ecosystems
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rransformarion, and removal processes along the flow path, which
mostly depends on the subsurface redox conditions (Charetre and
Sholkovirz, 2002; Charerte et al.,, 2005). Different parameters can be
used to investigate the source and fate of dissolved organic martter
(DOM) along the groundwater-seawater continuum. In this study, we
used disselved organic carben (DOC) to analyze the behaviour of DOM
and evaluate its potential impact on coastal ecosystems. Several studies
have investigated the behaviour of DOC along the groundwater flow
path (Beck et al., 20 Santos et al, 2009; Kim et al., 2012, 2013;
Couturier et al., 2016; Sirois et al., 2018). Both conservative (Beck et al.,
2007; Kim et al.,, 2013) and non-conservative (Santos et al., 2009;
Couturier et al., 2016) behaviours have been observed for DOC, sug-
gesting a high variability of production and removal processes berween
and within each system. However, we still have little understanding of
the sources and fates of DOM. Some studies have shown that marine
particles were the main source of carbon in high-energy meso to macro
tidal subterranean estuary (Anschutz et al., 2009; Kim et al., 2012;
Charbonnier et al., 2022) while others showed evidence that more
humic-like organic compounds were dominant, as for example in the
microtidal sandy Martinique Beach (Cou r et al., 2016; Qi et al.,
2018). Furthermore, Kim and Kim (2017) revealed the importance of
SGD-derived terrigenous organic matter in controlling the optical
properties of coastal waters of a voleanic island in Jeju (Korea), and its
impacts on coastal ecosystems, more specifically on corals and marine
microorganisms. More recently, Waska et al. (2021 showed that buried
peat lenses imprinted onto the molecular composition of DOM in the
Spiekeroog beach porewaters (Germany).

Chromophoric dissolved organic matter (CDOM) is the DOM fraction
able to absorb ultraviolet and visible light and can provide information
about DOM’s origin based on several indicators obtained from abser-
bance spectra (Blough and Del Vecchio, 2002). Similarly, fluorescent
disselved organic matter (FDOM) is the fraction of DOM that has the
ability not only to absorb light but also to emit back fluorescent radia-
tion. Fluorescence can be used to obtain excitation-emission matrices
(EEM) which also provide indications about DOM’s composition (Coble,
1996; Stedmon et al., 2003). EEM allows FDOM components, such as
fulvic-like and humic-like or protein-like (wryptophan-like and
ryrosine-like) substances, to be identified and distinguished between the
different DOM sources (Coble, 1996). Furthermore, the application of
EEM with parallel factor analysis modelling (EEM-PARAFAC), a multi-
variate technique commonly used to evaluate and characterize the
complex mixtures of FDOM (Bro, 1997), may help better understand
DOM dynamics during groundwater-seawater exchange processes.
CDOM and FDOM analysis are commonly used to estimate DOM sources

in coastal ocean (Coble, 1996, 2007; Helms et al., 2008; Stedmon and
MNelson, 2015; Zhou et al., 2017). More recently, these techniques have
also been applied to inland (5 etal.. 2015) and coastal groundwaters
(Kim et al., 2012, 2013; Stedmon and Nelson, 2015; Couturier et al.,
2016; Qi et al., 2018).

The source and the behaviour of DOM profoundly affect the optical
and biogeochemical processes in coastal waters. Despite the recognized
ecological and envirenmental impertance of DOM in surface water, lirtle
artention has been devoted to understanding and quantifying 5GD-
derived DOM, more specifically in transgressive coastal systems where
long-term preserved organic matter is buried. In the present study, we
combined water levels, radon-222, DOC concentrations and optical
properties of DOM in the discharge zone of a sand spit located in Chaleur
Bay (Quebec, Canada) that formed over a 2-kyr-old palecsol as a result
of recent seawater transgression. The main objective was to determine
the dynamics of groundwater and derived carbon fluxes in such a sys-
tem. More specifically, we aimed to quantify SGD fluxes and associated
DOG exports and characterize the optical properties and transformations
of DOM at the discharge zone.

Estuarine, Constal and Shelf Science 279 (2022) 108137

2. Material & methods
2.1. Srudy site

This study was conducted on a sand spit located in St-Siméon-de-
Bonavenrture (Quebec, Canada) (Fig. 1A). There is a salt marsh to the
northwest of the sand spit and the sand spit itself is surrounded by
seawater. The spit is composed of coarse sands and pebbles overlying an
old organie-rich seil horizon and glaciomarine clays located at a depth
varying between 20 and 60 cm in the intertidal zone. The sediments
found in the intertidal zone released a strong smell of sulphur and
appeared coloured from dark grey to black, suggesting that the transport
of oxygen in the subsurface sediments is limited. Barnetr et al. (2019)
recently dated the organic matter from this paleosol to over 2000 cal yrs
BP, as revealed by '*C dating of lignose fragments and conifer needles.
The paleosol is associated with the recent sea-level rise that has been
observed in eastern Canada since the Late Holocene. The relative sea
level in St-Siméon-de-Bonaventure rose from —3.0 to —1.5 m from
—1000 to 500 years CE and has risen at a mean rate of 0.93 (+1.25) mm
yr~! over the past 500 years (Barnett et al., 2019). The sand spit had a
maximum elevation of 1.6 m according to Differential Global Posi-
tioning System measurements (Fig. 1B) and an approximate width and
length of 25 and 425 m, respectively. The mean tidal range during the
study was 1.00 (£0.37) m. The tidal dynamic is characteristic of
semi-diurnal tides with low amplitudes varying from a microtidal to
mesotidal scale. The tidal range varies frem 1.5 m at neap tide to 2.1 m
during spring tide, with mixed semidiurnal tides.

2.2. Determination of discharge rates

Two piezometers were inserted into the sand spit: one at the top of
the sand spit (P,) and one art the flexure of the beach (Pz) (Fig. 1). The
piezometers were made from 3.8 cm ID PVC pipe with a 30 cm long
screened end. The piezometers extended —1 m below the beach surface
so that the screened bottom end was always below the water table.
Automarted pressure loggers (HOBO, U20-001-01) were inserted into the
piezometers to monitor water-level variations every 5 min from 17 to 20
July 2018 and 1-5 July 2019. The piezometers were separated by 11 m
in 2018 and by 16 m in 2019, Water table levels were corrected using
baremetric pressure from a logger located at the study site and were
used to estimare the hydraulic gradient component perpendicular to the
shore. A permanent water-level station located 25 km from the study site
on the southern shore of the bay (Government of Canada; Belledune,
New Brunswick: instrument #2145) was used for the tide level refer-
ence, In addition, permeability measurements (N = 10) were conducted
using a Guelph permeameter to estimate the local hydraulic condue-
tivity of the unsaturated surficial sandy sediment. Hydraulic condue-
tivity was assumed to be homog for the pal | and permeabl
sediment layers. Based on Darcy’s law, and assuming the hydraulic
gradient component parallel to the coastline is null, groundwater fluxes
from the sand spit’s aquifer (q, in em d~') were calculated as:

q=K x gradH (Eq1)
where K is the hydraulic conductivity of sand spit sediment and gradH is
the hydraulic gradient component perpendicular to the shoreline
calculated between P; and Pa. The g values were multiplied by the
estimated vertical surface of the sand spit aquifer to determine the
volumetric SGD rates (Q, in m® d_]).

2.3. Water and sediment collection

SGD samples were collected from a 1.2 m long PVC pipe (Pg) inserted
into sediments a few decimerers beside P; (Fig. 1) to a depth of 50 em
below the surface, at the top of the glacio-marine clay horizon. The PVC
pipe was sealed at the base and equipped with a 0.3 m long screen at the
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P, : Upper beach piezometer
P, : Lower beach piezometer
Pg : Sampler
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Fig. 1. Aecrial photography of the study site (A) and illustrating the sand spit’s elevation according to the DGPS profile and experimental sand up (B). P;, P, and Pz
refer to the piezometers inserted into the sandy spite to monitor water levels and collect camples. See the text for the details.

bottom. P; was installed at least 24 h before water collection to allow the
system to stabilize. Water in the PVC pipe was continuously pumped at
an approximate flow rate varying from 0.2 to 0.8 L min~! through a
Teflon tube into an online flow cell where temperature and salinity were
monitored with a calibrated multiparametric probe (YSI-600QS).
However, the probe malfunctioned in 2018, so we were not able to
measure salinity. A 12 h survey was first done on July 19, 2018 when
samples for dissolved Fe and radon-222 (***Rn) were collected every 60
min and DOC and CDOM/FDOM were collected every 30 min. Samples
were collected during a second survey on 3-4 July 2019 for CDOM,
FDOM, DOC, Fe, and ***Rn analysis every 60 min for 24 h. Duplicate
DOG samples were collected at the outlet of the Teflon tube using clean
60 mL polypropylene syringes and were directly filtered through pre-
combusted 0.7 pm glass fiber filters. The filtered samples were acidi-
fied using high-purity HCI (36.5-38.0%) to pH < 2 in borosilicate EPA
tubes with PTFE caps and stored in the dark at 4 °C until analysis, Water
samples for CDOM/FDOM, and dissolved Fe were pumped through the
Teflon tube and directly filtered using a Millipore Opticap® XL4 capsule
with a Durapore® membrane (0.22 pm porosity) connected to the outlet
of the tube. CDOM/FDOM samples were stored in clean glass tubes in
the dark at 4 °C prior to analysis. Dissolved Fe samples were stored in 15
mL Falcon® tubes and the analysis of Fe(lIl) and Fe(Il) was realized on
site. If not analyzed immediately, total dissolved Fe samples were
acidified to pH < 2 and stored at 4 °C. ***Rn samples were collected into
2 L polyethylene terephthalate bottles that were tightly sealed until
analysis. We also systematically sampled DOC, dissolved Fe, *?Rn ac-
tivities, DOM optical properties, and physicochemical parameters from
three adjacent surficial sources: groundwater from the sand spit and
surface seawater from the salt marsh and bay. These sources were
selected because of their potential contributions to the DOM pool in the

discharge zone. Sand spit groundwater samples were collected from P,
as described for Pg. Seawater samples from the salt marsh and the bay
were collected 200-500 m offshore using a submersible pump connected
to an online flow cell in the same manner as described for P;. Finally,
sediment and paleosol samples were collected at the flexure of the beach
at 0, 10, 30, and 60 cm depth using a hand auger and stored in poly-
propylene bags. A part was dried, crushed and sealed in vials for further
mineral-bound radium activity counts. Other subsamples were frozen at
~80 °C and lyophilized prior to their carbon content analysis.

2.4. Chemical analysis

DOC was analyzed using a total organic carbon analyzer (TOC-V gy,
Shimadzu) combined with a total nitrogen measuring unit (TNM-1,
Shimadzu). For DOC, the analytical uncertainties were less than 2% and
the detection limit was 0.05 mg L™". Fresh acidified deionized water
(blank) and a standard solution (1.1 + 0.03 mg C L") were frequently
analyzed during measurements to ensure the stability of the in-
strument’s performance.

Absorbance and fluor of chromophoric dissolved organic
matter were measured simultaneously. Before optical analysis, samples
were gently warm at room temperature (—20 °C) for a few hours during
instrument start-up. CDOM absorbance in UV-visible spectra was
measured using a Lambda 850 UV-VIS spectrophotometer (PerkinElmer)
fitted with two 1-cm pathlength quartz cuvettes, one used for the
reference and one for the sample. Measurements were taken from 220 to

800 nm at 1-nm intervals with a scanning speed of 100 nm min ™", Fresh
Milli-Q water was used as blanks and references during the analysis. The
reference water was refreshed every 30 min. Before each analysis, the
quartz cuvette was flushed first with 5% HCI, then with deionized water,
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and finally with the sample. Concomitantly, FDOM fluorescence was
measured using a Varian Cary Eclipse fluorometer and a 1-cm path-
length quartz cuvette. Emission wavelengths (Ag,,) ranged from 230 to
600 nm and excitation wavelengths (Az,) from 220 to 450 nm, as pre-
viously described by Couturier et al. (2016), When the absorbance was
higher than 0.3 at 254 nm, the sample was diluted to avoid saturating
the fluorometer (Miller and Mclnight, 2010), Fresh deionized water was
used as a blank and absorbance measurements of the samples were used
to correct the fluorescence data for inner filter effects. All data were
corrected for the Raman and Rayleigh effect, using daily fresh deionized
water signals, and for the inner filter effect, using absorbance spectra.
The collected data were then described as excitation-emission matrices
(EEMs).

The presence of substantial amounts of dissolved Fe(Ill] can interfere
with the optical properties of CDOM because Fe{lll} absorbs both UV
and visible radiation (Xiao et al., 2013; Poulin et al., 2014). Dissolved Fe
(I} and Fe(Ill) were measured using the ferrozine method proposed and
medified by Viollier et al. (2000); the method detection limit is 0.3 pM.
Measurements were done in the field in 2016 and in the laberatory in
2019 using a Genesis 20 spectrophotometer (Thermo Fisher Scientific)
and a quartz cuverte with a path length of 1 cm. Fe(lll) concentrations
were below the detection limit in all the samples analyzed in 2018 (N =
13). In 2019, only toral dissolved Fe was measured.

Radon-222 (**°Rn) is a radioactive noble gas produced by the decay
of its parent, radium-226 {226Ra}. Ultimately, both 22%pn and ***Ra
come from the decay of uranium-238 (**U), which is naturally abun-
dant in the Earth’s crust. ***Rn activity is nearly null in surface waters
due to degassing, while groundwaters often have strong activiries
because of their extended contact with sediments and limited gas ex-
changes with the atmosphere. Therefore, ***Rn is often used as a natural
groundwater tracer, including in numerous 5GD studies (Burnett et al..
2003; Burnett and Dulaiova, 2003; Chen et al., 2018; Webb et al., 2019).
Here, we used ***Rn to differentiate the geochemical signature of the
hydrelogical components contributing to the SGD and to calculate SGD
fluxes and residence time using the RADH,O Big Bottle technique
(DURRIDGE Company Inc.). This technique is based on the laboratory
analysis of water samples collected in tightly sealed 2.0-L polyethylene
terephthalate bottles, This technique was preferred to direct and
continuous **?Rn measurements using the RAD Aqua technique because
of the limited amount of water available from Ps. Water was bubbled to
allow ***Rn degassing in a 30-mL headspace. The equilibrated air flowed
through a drierite desiccant towards twe RAD7 alpha spectrometers
{DURRIDGE Company Inc.). “**Rn values were then corrected using the
air and water velumes used for the analysis, the water temperature, and
the radioactive decay associated with the time delay between sampling
and analysis, which varied between 2 and 10 h.

The mineral-bound ***Ra activity of sediments was determined using
dried samples. These measurements were done as a first attempt at the
activity of **®Ra-supported ***Rn in beach groundwater. Sediment
samples were sealed in vials firted for a high-purity Germanium gamma-
ray spectrometer (ORTEC® DSPEC jr. 2.0). They were left in sealed vials
for ar least 23 days prier to the measurement to ensure radicactive re-
equilibration between the 22%Ra and the short-lived daughters of the
338 zeries. Counting time was fixed at 3—4 days to provide adequate
counts for the peaks of interest. Counts were based on the measurement
of 21*Pb (using the 295.2 and 352 keV) and 214Bi (609 keV) peaks with
a counting error is < 10%.

The elemental analysis of total and organic C (fumigation) was done
on the organic matter of the paleosol and on intertidal sediments at the
GEOTOP facilities (Light stable isotopes geochemistry laboratory,
GEOTOP-UQAM. Montreal, QC, Canada) by combustion using an
elemental analyzer (Carlo Erba NG2500) combined with a gas chro-
matograph equipped with a thermal conductivity detector.
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2.5. DOM optical indices and EEM-PARAFAG modelling

Different CDOM absorbance metrics were calculated running a
routine code on Rstudio. In this study, we only present three of them.
The absorption coefficient acpom(h) (m_]), where & is the wavelength
(nm), was calculated as 2.303 times the absorbance divided by the
pathlength of the cuvette (m). Here, we used the acpon(375) value as an
estimation of CDOM concentration (Blough and Del Vecchio, 2002). The
spectral slope ratio (Sy) was used as an indicator inversely proportional
to the average molecular weight of DOM and was calculated using the
spectral slopes between the shorter wavelength region (275-295 nm) to
that of the longer wavelength region (350-400 nm) using the non-linear
regression technique deseribed by Stedmon et al. (2000). This parameter
refers to molecules with high molecular weight (HMW) and low mo-
lecular weight (LMW) of CDOM (Helms et al., 2002). Furthermore, we
estimated the absorbance spectra to calculate specific ultraviolet
absorbance at 254 nm by dividing the linear absorbance by DOC con-
centrations (in mg L™ 1). SUVA3ss (inL mg c! m']) has been shown to
be positively correlated with molecular weight and a goed indicator of
aromaticity of humic substances: a higher value is associated with
greater aromatic content (Weishaar er al., 2003).

EEM and fluorescent metrics were produced using the eemR package
proposed by Massicotte (2012) for RStudio software. Briefly, scans were
processed as follows: 1) all scans were corrected for Raman and Rayleigh
scattering using freshly Milli-Q water signals prior to analysis; 2) the
inner filter effect was corrected to account for the quenching of fluo-
rescence by absorbance; 3) a Raman calibration was done to each EEMs
to remove the dependency of fluorescence intensities on the measuring
equipment, as proposed by Lawaetz and Stedmon (2009); and finally 4)
fluorescent DOM metrics were extracted from the EEMs. The biological
index (BIX), humification index (HIX) and fluorescence index (FI) were
extracted to trace the diagnoestic state of the FDOM pool. FI was calcu-
lated using the ratio of emission intensity at 450 nm to that at 500 nm,
from excitation at 370 nm. It was shown to be a good indicator of the
general source and aromaticity of DOM: higher values (>1.7) are mostly
associated with microbial-derived DOM while lower values (<1.5) are
associated with terrigenous OM (McEnight et al., 2001). HIX corre-
sponds to the peak area under emission of 435-480 nm divided by the
peak area under emission of 300-345 nm, at an excitation of 254 nm. It
is an indicator of humic substances and the extent of humification of
organic matter (Hansen et al., 2016; Ohno, 2002): higher HIX indicates a
greater humification of the OM source and HMW compounds. Finally,
BIX is the ratio of the fluorescence intensity at an emission wavelength
of 380 nm (P peak) to that of the maximum fluorescence intensity at an
emission between 420 and 435 nm (u peak), from excitation at 310 nm.
The BIX also called the freshness index characterizes the autochthonous
production of DOM: higher values (—1.0) are mostly associated with
fresh, likely microbial DOM while lower values {—0.6) are associated
with more decomposed OM (Huguert et al.. 2009).

EEMs spectra of DOM fluorescence were analyzed using a parallel
factor analysis medel (EEM-PARAFAC). a multi-way data analysis used
to decompose the combined fluorescence signal of DOM into distinet
modelled components (Bro, 1997
A ht, 2005; Lapworth and K

Stedmon et al., 2003; Cory and
McKnigh mniburgh, 2009). The PARAFAC
model was run on the staRdom package for RStudio (version 4, R
Development Core Team, 2019) (Pucher et al.. 2019). The staRdom
Toolbox was used to explore the data set, validate the PARAFAC
modelling and determine the appropriate number of selected modelled
components. Furthermore, split-half analysis and core constituency
diagnosis were used to confirm the model’s validity and “appropriate-
ness’, and external validation was also used through the OpenFluor
database to compare the resulting components with the existing litera-
ture (Murphy et al., 2013). Here, the four first components were able to
satisfactorily model the EEM from the data set (e.g. a reasonable fit

above 97% was obtained).
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2.6. Data processing

Linear regression was used to identify correlation between optical
DOM metrics, DOC concentrations and radon. A correlation matrix was
used to evaluate the dependency between the different parameters using
a parametric Pearson test (regression coefficient R? are significant to p
< 0.05). Results are presented as a correlogram. When regression co-
efficients are not significant (p > 0.05), R? is not reported. Analysis and
plots were all performed on RStudio software (v March 1, 1093).

3. Results

3.1. Hydraulic gradients and discharge rates

The hydraulic gradients between P1 and P2, associated with the
mean hydraulic conductivity measured using a Guelph permeameter (K
=1.85 x 107* ) were used to calculate the 5GD velocity (q) ac-
cording to Darcy’s law. To convert these results to volumerric flux (Q in
m® d7!), the cross-sectional flow area was determined using global

ms!

positioning system (GPS) measurements of the 425 m long shoreline,
These hydrological analyses revealed similar Q values between the two
periods, with fluxes varying from 0 to 97 and from 0 to 95 m® d™’

2018 and 2019, respectively, with mean similar values of 53 m® d™! in
2018 (Fig. 2A) and 46 m®d~'in 2019 (Fig. 2B). Based on the presence of
glaciomarine clays under the sand spit permeable sediments, including
the organic herizen of the palecsol, we estimated that the depth of the
discharge zone at the flexure is limited to an average subsurficial depth
of 0.3 m (Fig. 1B). The Q values were shore-normalized by dividing them
by the sand spit’s length. This leads to shore-normal Q value averaged
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0.13 (£0.06) and 0.11 (£0.06) m® m-' d7!

respectively.

in 2018 and 2019,

3.2, Time series of radon

The ***Rn activity observed in the discharge zone was highly vari-
able, ranging from 4 to 715 Bqm~ ¥ in 2018 and from 74 to 10,074 Bq
m~ 9 in 2019 (Fig. 3). These activities were much higher than those
measured in the surface waters of the salt marsh and the adjacent bay
(Table 1). These values are however lower than the **?Rn activities
likely supported by the mineral-bound ***Ra activities (and assuming
secular equilibrium conditions) that varied from 4,900 Bq m™
ficial sediment to 16,000 Bq m™ ° in sediment in contact with the gla-
ciomarine clay. This suggests that water masses never spent enough time
within the system to reach secular equilibrium, at least during the
sampling periods.

The **Rn activities showed a continuous increase during ebb tide,
with the highest values at low tide or a few hours before (Fig. 3). In
2018, we caleulated a***Rn gradient of —150 Bg m ¥ n! (Fig. 3A). In
contrast, we calculated two similar ***Rn gradients in 2019 of —1,000
and —750 Bq m~ > h™' (Fig. 3B), which is 5-6 times higher than the
gradient observed in 2018, The gradients likely corresponded to the
rapid upward transport of deep ***Rn-rich groundwater to the surface,
probably under piston flow, and influenced by vertical seawater infil-
tration processes as it was already observed in the recirculating seawater
cell of a microtidal sandy beach (Chaillou et al., 2018). Using maximal
222Rn activities measured over the sampling period (e.g., 715 and 10,
074 Bq m~? in 2018 and 2019, respectively) and assuming a mean (and
theoretical) effective porosity of 39% for coarse sand sediment, we

# in sur-
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Fig. 2. Ground levels r
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Fig. 3. Tidal variations of “**Rn activities in the dizcharge zone measured in Pz (black squares) showing water levels at P, (grey line) in 2018 (A) and 2019 (B). Red
dotted lines highlight the “**Rn activity gradients use to calculate the 5GD fluxes. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Table 1

Biogeochemical and physical characteristics of waters surrounding the discharge
zone. The seawater term included the samples collected in the zalt marsh and in
the adjacent bay. Sand spit groundwater corresponds to samples collected in Py

Parameter Seawater (N =7) Sand spit GW (N = 5)
T(=C) 22.0 (£2.6) 187 (£1.9)
R0 (Bqm™) 47 (£34) 1689 (+1480)
Salinity (g kg~") 32.4 (£1.9) 310 (£1.4)
Total dissolved Fe (yM) 1.0 (£0.3) 1.6 (0.9
DOC (uM) 160.4 (£14.9) 253.0 (£87.5)
aCDOMa7s (m™ ') 2.6 (£1.5) 5.7 (£25)
1000 - m  pog
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calculated volumetric discharges of 16.8 and 5.9 m® d~' in 2018 and
2019, respectively. These discharge rates are lower than total Darcy’s
flow, representing between 30 and 10% of the Q values.

3.3. Sedimenrary organic marter from the paleosel

The particulate analysis of the sedimentary organic matter collected
in the paleosol (N = 8) showed higher organic carbon content with Caep
varied from 2.5 to 5.6% compared to low total nitrogen content (Ny,)
ranging between 0.02 and 0.26%. The mean Coo!Ny,. molar ratio was
26.6 (+8.8), with samples reaching a ratio of 43, which likely corre-
sponds to a pool of sedimentary organic matter of resistant plant ma-
terial mainly composed of lignified tissues, waxes and polyphenol

0.5

']
Water level (m)

n
. " ", 05
v

Water level (m)

Fig. 4. DOC concentrations (in pM) in the discharge zons (black squares) and water level at P2 (grey line in m) in 2018 (A) and 2019 (B).
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compounds (as proposed in the RothC model for the turnover of organic
carbon in soil (Coleman and Jenkinson, 1996)). These results agree with
the macroscopic observation of needles and pieces of wood as well as
with the old and degraded charaeter of the paleosol reported by Barner:
et al. (2019).

3.4. Dissolved organic carbon in the discharge zone

High DOGC concentrations were observed in the discharge zone,
varying from 276.5 to 894.5 pM (Fig. 4), concentrations higher than the
concentrations measured in the surrounding waters (Table 1). The in-
crease of DOC concentrations chserved at the rising tide in 2018 is ab-
sent in 2019 where the DOC remained relatively constant. Based on the
hourly averaged Q walues, we calculated SGD-derived DOC fluxes
varying from 81.8 to 271.6 mmol d™! in 2018, with a mean value of
166.3 mmol d_l, and from 129.7 to 190.7 mmol ™' in 2019, with a
mean value of 153.0 mmol d™". Despite the high DOC concentrations
measured in the discharge zone, the SGD-derived DOC fluxes remained
low in response to the low volumetric SGD. This led to a mean shore-
normal DOGC flux of —375 pmel d~! m™'.

3.5, Characterization of the DOM

Mean concentrations of total dissolved Fe are low and waried be-
rween 8.0 &+ 2.2 pM in 2018 and 7.3 £ 2.5 pM in 2019, resulting in low
total Fe:DOC molar ratios, on the order of 10~ : The effect of dissolved
Fe on the absorbance and fluorescence of DOM was likely negligible
(Poulin et al., 2014). and no correction was applied to the DOM con-
centration, absorbance, or fluorescence.

3.5.1. Variations in spectral and fluorescent indices

The spectral indices of absorption, the absorption ecoefficient
acpom(375). SUVA, and the slope ratie (Sg). and fluorescence indices,
the humification index (HIX), fluorescence index (FI) and biological
index (BIX) are summarized in Fig. 5. The distribution of aggqys(375)
parallels the DOC distribution in the discharge zone with content
ranging from 5.0 to 28.9 m™ and from 7.6 to 11.3 m™" in 2018 and 2019,
respectively (Fig. 5A). As for DOC, this DOM content was higher in the
discharge zone than in the surrounding waters, including groundwater
collected in P, and seawater (Table 2). SUVA values were high in the
discharge zone with median values around 2.3 L mg ¢ 'm™? (Fig. 5B)
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with some samples reaching SUVA values higher than 3.5 Lmg ¢™' m™!
in 2018, The SUVA values were slightly lower in surrounding waters
with values around 1.7 and 1.1 L mg ¢~ m ™", for groundwater collected
in P; and seawater, respectively. The 5z median values were higher than
1 in the discharge zone reaching a median value of 1.43 in samples
collected in 2018 (Fig. 5C). In surrounding waters, the Sz values were
lower, dropping to 0.90 in groundwater samples collected in Py, The HIX
(Fig. 5D), BIX (Fig. 5F) and FI (Fig. 5E) median values were similar for
both years, with respective median values of 6.35, 0.55 and 1.34. These
values were close to those measured in Py and higher than the values
caleulated in seawater samples.

3.5.2, EEM-PARAFAC modelled DOM

The 4 fluorescing OM peaks (C1-4) identified by the PARAFAC model
are presented in Fig. 6 and their theoretical characteristics based on the
literature are summarized in Table 2. The two first components were
characterized as humic-like components: HMW terrestrial-derived
allochthonous compeonents for €1 and microbially produced for C2.
Both are correlated with fulvie acids, The two other components (C3-4)
were biologically transformed products of LMW with a protein-like
character. The fluorescent intensities (F.l.) of components C1, C2 and
C3 showed similar distribution, with the highest values in the discharge
zone in 2018 and in groundwater samples collected in P1 (Fig. 7).
Moreover, C1-3 exhibited relatively homogenous F.1L over the sampling
period (Fig. 51 in supplementary material) and over years. as revealed
by the low standard deviations of the dataset. The humic-like compo-
nents of HMW, C1, likely dominated the pool of FDOM in 2018, with an
equal contribution of both C2 and C4. While C3 was low in the discharge
zone in 2018, the protein-like components of LMW contributed mainly
to the FDOM measured in the discharge zone in 2019 and in the seawater
samples. They also exhibited large ranges of F.L., from < 20 R.U. to more
than 80 R.U.

The relationship between DOC, spectral and fluorescence indices,
modelled DOM components and radon was explored using linear re-
gressions (Fig. 2). DOG, agoom(375), Sg, C4, and to a lesser extent G1, G2
and BIX were positively correlated with each other’s. The fluorescent
intensity of C3 was strongly negatively correlated with C1, C2 and C4
and to a lesser extent with HIX, BIX, and Sz. However, C3 is positively
correlated with radon and FL

= A Fig. 5. Box plots of spectral and fluorescent indices:
' 5 : -1 T acoom(375) (A), SUVA (B), 8, (), HIX (D), FI (E) and
. = | H - - | BIX (E). In yellow and orange boxes represent the
- ' : ) 21 values measured in the discharge zone in 2018 and
i ] i . -
z g o é " X » 2019, respectively, the grey boxes combined values
% E 3 = L D o ] ] T - for both years measured in Py (N = 5), and the green
2 H é T w | —— - _ ? s | boxes represent the wvalues in the surrounding
w . @ e = =1 = - seawater samples (N = 7). Black lines are the median,
- = - H ER - s whiskers are the extent of data, and dots outside the
boxes are outliers. (For interpretation of the refer-
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Table 2
Description of the EEM-PARAFAC modelled DOM compeonents based on results
of literature references.

Component Peak Coble peak Probable zources Reference
position
(nm)
1 2E0-3407 A Terrestrial humic Cl: <240
468 240-260/ substances, (355)/476,
380-460) widespread Stedmon and
Markager,
2005
C Humie-like, C3: 26003700/
(320-360/ terrestrially derived, 490, Murphy
420-430) allochtonous. et al. (2008)
HMW, aromatic,
correlated with
lignin phenolz and
fulvic acids
2 250-305/ M Marine and C4: 250-325/
412 290-320/ terrestrial humic 416, Stedmon
380-420) materials et al. (2003)
Mierobial component C3:205,/308,
Anthropogenic Stedmon and
humic materials, Markager
agricultural (2005a)
Coupled to fulvie C5:325/428,
acids Stedmeon and
Markager
(2005E)
3 260,204 B(275/ Protein-like,
310) tyrozine, biological
autochthonous origin Markager,
{transformed 2005
products).
LMW phenolic C1:275,/< 300,
compounds
(2008)
4 270,312 T(275/ Protein-like, C4: 275/306
340) tryptophan, (338),
biclogical Stedmon and
autochthonous origin Markager
(transformed (2005a)
products).
LMW phenolic C6: 280/328,
compounds M al

4. Discussion

4.1. Tidal dynamics and discharge rates — inpuss from Darcy’s law and
radon

The absence of connection with the continental aquifer and the
hydrostratigraphic context of the sand spit leads to a specific
groundwater-seawater interaction where groundwater is mostly saline
and the recirculating seawater cell occupies most of the discharge zone,
regardless of the tidal level. In this specific context, the maximal
values (95 m® d™!) were only reached during the strongest low tides.
The shore-normal Q estimates were very low compared to other micro
and mesotidal STE, such as Martinique Beach (lles-de-la-Madeleine,
Québec, Canada, 1.5-6.1 m® m~! d~'; Chaillou et al., 2016, 2018),
Shelter Island (Long Island, New York, USA, 0.4-17 mmd” ]; Burnett
et al., 2006), and Turkey Point (Florida, USA, 0.5-22 m® m~! d~'; Santes
et al., 2009), The small size of the spit and the presence of the glacio-
marine clay horizon of low permeability under sandy sediments limited
the outflow of groundwater in the discharge zone.

Despite these conditions, the range of *22pn acrivities was large in
the discharge zone, varying from a few Bg m ™ at high tide to —10,000
Bq m~> when the flow was maximal as observed in 2019. The ***Rn
activity was not salinity-dependent and two distinct *22pn activity
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Fig. 6. (A) contour plotz of the EEMz and (B) excitation (dotted lines) and
emizsion (zolid lines) modelled spectra of the 4 components az identified by the
PARAFAC model

signatures were observed: surface recirculated saline groundwaters with
short residence time in the sand spit and little or no ***Rn aetivity, and
deeper recirculated saline groundwaters with longer residence time and
thus high ?**Rn activities. The difference in radon activities measured
between 2018 and 2019 also indicates different groundwater residence
times. The reasons for these differences are not known but could be
related to the tidal and metecrological regimes of the days preceding the
sampling. A rough estimation of the rime spent by these water masses
within the system can be determined based on the mineral-bound ***Ra
activities as the ***Rn activities at secular equilibrium using the
following equation (Eq (2)):

Ar=AD e + Asec (1 —e) {Eq 2)
where Aris the radon activity at the time ¢, A0 is the mean radon activity
in seawater samples (e.g. 47 Bq m™7, Table 1), Asec is the radon activity
at secular equilibrium (e.g. 16,000 Bg m™?), and 4 is the constant decay
(e.g. 0.18 d™1). We can roughly estimate the time necessary to reach the
maximum radon activities measured in 2018 and 2019 (e.g. —715 and
—10,074 Bq m™%). This leads to a residence time of 6 h (one tidal cyele)
and 6 days, respectively.

The radon-based 5GD yielded deeper groundwater discharge rares of
16.5 and 5.9 m® d™7 in 2018 and 2019, respectively. The outflow of
these deeper recirculated saline groundwaters contributed between 10
and 30% of the total Q. These results highlight the predominance of the
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B) Fig. 7. Box plotz of the EEM-PARAFAC modell=d OM
componentz: C1 (A), C2 (B), C3 (C) and C4 (D) ra=-
ported in F.I (Raman unit). The green and yellow
boxes represent the values measured in the discharge
zone in 2012 and 2019, respectively, the orange
boxes combined walues for both vears measured in P]
(M = 5), and the grey ons presents the values in the

surrounding seawater samples (N = 7). Black lines are
the median, whiskers are the sxtent of data, and dots
outside the boxes ars outlicrs. (For interpretation of
the referencez to celour in thiz figure legend, the
reader is referred to the Web version of this artiels )
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Fig. 8. Correlation matrix of the different parameters used for describing the
dynamie of DOM. Pocitive correlations are displayed in blue and negative
correlations in red colour. Colour intensity and the size of the circle are pro-
portional to the correlation coefficients. (For interpretation of the references to
colour in thiz figure legend, the reader iz referred to the Web version of
thiz article.)

surficial recirculated saline groundwaters in the discharge zone, which
represented »70-90% of the Darcy’s flow, as currently observed in other
subterranean estuaries (Taniguchi et al., 2002; Mulligan and Charette,
2006; Martin et al.. 2007). The predominance of seawater freshly infil-
trated as well as the subsurface residence time of the saline groundwater
from a few hours to days may control the origin and the transformation
of DOM exported from the discharge zone.

4.2, Fluxes and natre of DOM in the discharge zone

4.2.1. Dynamics of the DOC fluxes
DOC concentrations measured in the sand spit’s discharge zone were

higher than or similar to other beach groundwater characterized by the
cccurrence of millennia-old paleosol, such as Martinique Beach, where
DOC concentrations vary from below the detection limit to 15,000 pM
(Chaillou et al., 2016; Couturier et al., 2016). Furthermore, Beck et al.
(200%) have measured DOC concentrations varying from 0 to 4,000 pM
in pore water from intertidal flats located in the Wadden Sea, high-
lighting a strong variation of DOC concentrations with depth and
through time. In the present study, DOC concentrations were higher in
the discharge zone than in the surrounding seawaters suggesting that the
system acts as a source of carbon for the adjacent embayment. These
results also highlight carbon and DOM production during groundwater
flow through the sand spit to coastal water. DOC exports were however
considerably lower than those commenly reperted in micro and meso-
tidal systems, with values varying from a few mol to more than 20 mel
d™! m™' (see Robinson et al., 2018 and references therein). In
Martinique Beach, the strong DOC concentrations supported
5GD-derived carbon fluxes around 10 mol d—' m™' (Couturier et al.,
2016), for example, a DOGC export 4 orders of magnitude larger than
those measured here. The low magnitude is mainly explained by the low
volumetric 5GD rates of the system, which limited the export of DOC to
the coastal embayment. Nevertheless, because humic acids and terrig-
enous organic substances may act as proton acceptors and can affect the
buffering capacity (Kulifizki et al., 2014) and optical properties (Coble,
2007} of nearshore waters, the determination of the origin of the DOM
pool found in the discharge zone remains critical.

4.2.2. Characterization of the organic marter in the discharge zone

The agpgy(375) is often used as a proxy of DOC concentration in
rivers and coastal ocean (Stedmon et al., 2003: Yamashita et al., 2008;
Spencer et al., 2012). Nonlinear correlations are observed in many
surface systems in response to the preferential degradation of DOC or
CDOM through processes such as flocculation, photochemical oxidation,
and microbial degradation (Del Vecchio and Blough, 2004). In
Martinique Beach, Couturier et al. (2016)Couturier et al. (2016) re-
ported a clear decoupling between DOC and acpom(375) along the
groundwater flow path. Further, Sirois et al. (2012) suggested that
complex interactions involving water-rock interactions as a “rusty”
carbon sink and a preferential sink of terrestrial, humic-like components
with HMW were responsible for the sequential loss of DOM. Here, we
observed a significant positive correlation (R? = 0.9, p < 0.05, Fig. &)
between both parameters suggesting that either the transformation or
sequestration of DOM in the subsurface was limited, or that DOC and
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DOM were degraded simultanecusly, According te the EEM-PARAFAC
modelled component, most of the FDOM samples collected in the
discharge zone are dominated by terrestrial, humic-like components as
C1 and C2 dominated the fluorescent pool over the ridal cycle, partie-
ularly in 2018 when the residence time of deep groundwater was short
(—6 h) within the sand spit system. The degree of humification of the
material is high, likely related to HMW acids (HIX >6) originating from
material sources with greater humification. High acpom(375) coupled
with high SUVA and HIX, and the highest Sy of the data set suggest that,
in 2018, there were greater concentrations of CDOM and thar this ma-
terial was more aromatic and had a higher molecular weight than the
DOM collected in 2019, in P1 and the surrounding seawater. This is in
agreement with the strong positive correlation between C1, C2 and HIX
(Fig. 8). The terrestrial character of the FDOM is also supported by low
fluorescent indices mostly related to terrestrially derived fulvic acids
(MeEnightet al., 2001) with a streng aromatic content (Weishaar et al.,
2003), The short residence time of the deep groundwater probably limits
the production of autechthonous microbially produced compenents,
with lower molecular weights, as observed in P1 and seawater samples
where C4 and C3-4 dominated, respectively. The occurrence of degraded
and microbially transformed products in these later samples agreed
quite well with the decreasing Sz values. As for seawater samples, the
FDOM pool in groundwater samples collected in 2019 is dominated by
C3 components and exhibited lower values of Sz. The higher residence
time {—6 days) and the significant positive correlation between C3 and
radon activities suggest however that the material source can be
microbially transformed producing protein-like components of LMW as
soon as the groundwater residence time is sufficient. All these DOM
metrics pointed out a terrestrial material source with a high degree of
humification suggesting the sedimentary organic matter of the paleosol
may act as a potential seurce of newly mobilized DOM in the system.

Because of the expected sea-level rise worldwide, furture works
should focus on SGD-derived radiocarbon daring to better understand
the role of old age lignin-rich paleosols as a carbon source in coastal
zones. The mechanisms leading to the mobilization of this new DOM in
this site are unknown, but it seems contemporaneous to the sampling.
The absence of light in the subsurface prevented photochemical degra-
dation. Microbial degradation likely controlled the DOM and DOC
behaviour explaining the detection of microbial signature, particularly
when the residence time of groundwater increases. The redox conditions
in the discharge zone were also suitable for dark oxidation processes by
hydrexyl and sulphate radicals (Page et al., 2013; Tong etal., 2016; Fan
et al., 2019; Zhang et al., 2019) and these reactions are known to affect
the optical properties of DOM by decreasing the molecular weight while
showing no or little impact on DOC and DOM concentrations. Both
microbial mineralization and dark oxidation of DOM allowed the pro-
duction of low molecular weight compounds. The molecular weight of
DOM is an impertant factor influencing its bisavailability and its
behaviour in surface seawater (Amon and Benner, 1996). This newly
formed pool of bicavailable DOM could also be a better source of carben
substrates for bacterial respiration, thus oxidizing DOM inte GOz
(Goldstone et al., 2002; Page et al., 2013).

5. Conclusion

Water levels, **Rn activities, DOC concentrations and optical
properties of CDOM/FDOM were combined to determine the dynamics
of groundwater and derived carbon fluxes in a sand spite system char-
acterized by the occurrence of a 2-kyr-old palecsol. At the sampling
times, groundwater was saline and *22pn activities indicated the co-
occurrence of two distinct water masses: a surface recirculated saline
groundwater cell with no 2**Rn activity, and a deeper recireulated saline
groundwater with a longer residence time varying between a few hours
to a few days and, thus, with higher ***Rn activities. At the falling tide,
the upward pulses of ***Rn-rich groundwater contribute to less than
30% of total 5GD indicating that recirculated saline seawarter dominates,
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In the discharge zone, DOM and DOGC concentrations were high and
showed a similar behaviour whatever the flow regime. Spectral and
fluorescent metrics as well as EEM-PARAFAG modelled components
pointed out the contribution of terrigenous, humic-like and HMW
compounds originated from material sources with a high degree of hu-
mificarion. However, when the residence time of deep groundwater was
longer, the pool of DOM was dominated by degraded components of
protein-like type with lower melecular weights, indicating that micro-
bial processes alse occurred within the system. The absence of light and
a longer residence time of groundwater enhanced microbial degradation
and transformation of humic-type material. Despite the origin of the
terrestrial material is not discriminated, the sedimentary lignin-rich
palecsol may be the source and thus it may support a new poeol of
bioawvailable DOM for microbial respiration in surface seawater. Because
of the specific hydrostratigraphic context of the study area, the fluxes of
carbon exported to surrounding seawater were weak. However, the
millennia-cld sedimentary organic matter buried in paleosel in this
transgressive coastal system may act as hot spots for terrigenous DOM
transformation and alter the optical and chemical properties of coastal
waters. Qur findings show the importance of considering marine trans-
gressive systems since their presence may greatly contribute to coastal
carbon budgets, Because the sea level rise is exposing many coastal areas
around the world to marine submersion, we need to better quantify the
impact of transgressive coastal systems on regional and local carbon
budgets.
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