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Abstract

The rare earth element (REE) concentrations and the neodymium (Nd) and strontium
(Sr) isotope compositions of the detrital fraction and authigenic Fe-Mn oxyhydroxide
coatings of marine sediments may provide valuable information for better understanding the
pathways of weathering inputs and estuarine and coastal exchange processes on different time
scales. Here, we present the REE concentrations and '“*Nd/!*Nd (expressed in epsilon units,
eNd) and ®7Sr/3¢Sr ratios of detrital and authigenic (leached Fe—Mn oxyhydroxides) fractions
from sediment core-top samples and of estuarine water samples collected in the Estuary and
Gulf of St. Lawrence (EGSL) and continental shelf off southeastern Canada. The REE
distribution patterns, eNd values, and 87Sr/3Sr isotopic values from the detrital fraction allow
for the discrimination of sediment from continental sources in the EGSL. Sediments in the
Baie des Chaleurs and on the continental shelf, which have éNd values ranging from —14.3 to
—16, ¥7Sr/%¢Sr values ranging from 0.72708 to 0.71475, and low La/Yb and Gd/Yb ratios, are
mainly supplied by the early Paleozoic Appalachian Mountains. In contrast, sediments in the
Laurentian and Esquiman channels (eNd = —18.7 to —21.8, 87Sr/%Sr = 0.72068 to 0.72607,

and high La/Yb and Gd/YDb ratios) come from the Grenvillian metamorphic rocks in the
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Canadian Shield, and surface sediments on the southern Labrador Shelf (eNd = —28.7,
87Sr/%Sr= 0.73062, and high La/Yb and Gd/Yb ratios) mainly originate from the Hudson
Strait and Baffin Bay. The eNd values obtained from estuarine water samples and bulk
sediment leachates are unradiogenic, with values ranging between —18.9 and —21.7 and
between —16.1 and —27.2, respectively. Based on these results and the dissolved REE
concentrations, we speculate that salt-induced coagulation of colloidal matter, dissolution of
lithogenic sediments from the adjacent continents (notably from the erosion of the Grenville
Province on the North Shore), bottom scavenging within the nepheloid layer, and brine
rejection during sea ice formation significantly influence the distribution of REEs and the
authigenic eNd signal throughout the water column in the EGSL. Overall, our results both
underscore the fact that caution must be exercised when interpreting authigenic eéNd records
due to bottom water-mass mixing in estuarine and coastal marine environments and highlight
the potential of REE and Nd-Sr isotope compositions in investigating changes in sediment

sources and transport pathways in the EGSL.

Keywords: Estuary and Gulf of St. Lawrence; Rare earth element; Neodymium isotopes;

Strontium isotopes; Particle scavenging; Sediment provenance; Estuarine processes.

1. Introduction

Estuaries are the interface between rivers and the ocean, and in these environments,
the distribution of dissolved and particulate trace elements, including rare earth elements
(REEs), depends not only on the chemical composition of the source rocks (Taylor and
McLennan, 1985) but also on the physical and chemical processes that take place within the
estuary (e.g., Palmer and Elderfield, 1985; Goldstein and Jacobsen, 1988; Elderfield et al.,
1990; Sholkovitz, 1993, 1995; Adebayo et al., 2018). Therefore, estuaries significantly

influence the trace element input from rivers into coastal waters and ultimately into the open
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ocean (Pourret and Tuduri, 2017). Due to their high charge and small ionic radius, dissolved
REEs are particle-reactive elements that are efficiently removed in the estuarine zone
(Sholkovitz, 1993, 1995; Rousseau et al., 2015). Much of the removal of REEs, in particular
light REEs (LREEs; such as La and Nd), in river-estuarine systems occurs at low salinities
(<6.6), reflecting REE scavenging by salt-induced coagulation of river-borne colloids and
adsorption onto Fe-organic colloids and particulate organic carbon (Elderfield et al., 1990;
Goldstein and Jacobsen, 1988; Sholkovitz, 1993, 1995; Sholkovitz and Szymezak, 2000;
Rousseau et al., 2015; Merschel et al., 2017).

Among the REEs, neodymium (Nd) isotopes (denoted eNd, which reflects the
3N d/!*4Nd ratio normalized to the chondritic uniform reservoir; Jacobsen and Wasserburg,
1980) are a sensitive tracer for water mass mixing in the open ocean given the Nd residence
time in seawater on the order of 500-1000 years (Tachikawa et al., 2003) and the distinct
dissolved Nd isotope compositions of the major water masses involved (e.g., Frank, 2002;
Goldstein and Hemming, 2003; Jeandel et al., 2007; Lacan et al., 2012). Seawater displays
regional eNd signatures derived primarily from riverine continental input, particle-dissolved
exchange processes (a process commonly referred to as boundary exchange) and/or benthic
Nd flux (e.g., Frank, 2002; Jeandel et al., 2007; Wilson et al., 2013; Jeandel, 2016; Abbott et
al., 2016; Haley et al., 2017). It is possible to reconstruct past deep-water Nd isotope
signatures in seawater by analyzing the authigenic fraction from marine sediments, such as
ferromanganese (Fe—Mn) oxyhydroxide coatings (e.g., Rutberg et al., 2000; Piotrowski et al.,
2004; Bayon et al., 2004; Gutjahr et al., 2007). The Nd isotope signatures from authigenic
iron (Fe) and manganese (Mn) coatings directly reflect the composition of the seawater
because dissolved trace elements are incorporated by coprecipitation processes during early
burial in the top few centimeters of sediments (e.g., Haley et al., 2004; Gutjahr et al., 2007).

Thus, it has been assumed that bottom-water Nd isotope signatures are equivalent to those
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obtained from sediment pore water in the upper few centimeters (Abbott et al., 2016; Haley et
al., 2017). Under oxic to suboxic conditions, strontium (Sr) is also incorporated into Fe—Mn
oxyhydroxide coatings within the uppermost few centimeters of the seafloor (Haley et al.,
2004). The oceanic residence time of Sr in the water column (2.5 Ma) is much longer (Hodell
et al., 1990) than the global turnover time of the ocean (approximately 1500 yr; Broecker and
Peng, 1982). Consequently, the Sr isotope ratio of seawater has changed but is globally
homogeneous at any given time (with a modern value of #’Sr/%Sr = 0.70917; Palmer and
Elderfield, 1985; Henderson et al., 1994; El Meknassi et al., 2018). Thus, the Sr isotope
signals obtained from authigenic Fe-Mn oxyhydroxide coatings can help to assess the
presence or absence of detrital contributions in bulk sediment leachates (e.g., Gutjahr et al.,
2007; Molina-Kescher et al., 2014). Moreover, lithogenic Sr is very mobile during chemical
weathering and can be easily removed from continental source regions (e.g., Millot et al.,
2002; Stevenson et al., 2018). Consequently, variations in the 37Sr/%Sr ratio of detrital
sediments have been shown to be a powerful tool for identifying changes in continental
weathering regimes on different time scales (e.g., Frank, 2002; Meyer et al., 2011). Therefore,
the combined use of ¢éNd and ®’Sr/%¢Sr values from detrital sediment may help in the
investigation of changes in weathering regimes and sediment provenance over time (e.g.,
Meyer et al., 2011; Asahara et al., 2012; Molina-Kescher et al., 2014).

The Estuary and Gulf of St. Lawrence (EGSL) in eastern Canada (Figure 1) includes
very dynamic environments from a sedimentary and geochemical point of view. Indeed, the
EGSL is characterized by a large volume of continental runoff, strong stratification of water
masses (Koutitonsky and Bugden, 1991), seasonal sea ice cover (Galbraith et al., 2016), and
high modern sedimentation rates (up to 0.74 cm/yr; Smith and Schafer, 1999; St-Onge et al.,
2003; Thibodeau et al., 2013). However, the origin, mixing and propagation of detrital

sediments and the influence of the input of riverine particulate material on estuarine water
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chemistry in the EGSL have been poorly documented (e.g., D'anglejan and Smith 1973; Yeats
and Loring, 1991; Casse et al., 2017). Thus, assessment of the REE concentrations and Nd
and Sr isotope compositions of marine sediments and estuarine waters from the EGSL may
provide valuable information to better understand the sedimentary dynamics and estuarine
exchange processes occurring within this cold temperate region.

In this context, we present new REE concentrations and Nd and Sr isotope
compositions for detrital and authigenic (leached Fe—-Mn oxyhydroxides) fractions from
sediment core-tops and for estuarine water samples collected in the EGSL and continental
shelf off southeastern Canada. These data were used to (1) identify different source areas and
transport pathways of detrital material in eastern Canada, (2) assess the presence or absence
of detrital contributions in the REE and Nd isotope signatures extracted from the bulk
sediment leachates (authigenic signal), and (3) assess the potential influences of estuarine
processes and the input of lithogenic riverine materials on the dissolved REE and eNd

patterns of estuarine waters in the EGSL.

2. Environmental setting

2.1. Regional morphology and geological setting

The EGSL bathymetry is profoundly marked by the Laurentian Channel, a U-shaped
submarine valley resulting from Quaternary glacial erosion (Piper et al., 1990; St-Onge et al.,
2011). This dominant topographic feature (250-500 m deep) extends from the eastern
Canadian continental shelf to the mouth of the Saguenay Fjord near Tadoussac (e.g., St-Onge
et al., 2011). Two other U-shaped channels are also well defined in the northeastern gulf: the
Anticosti and Esquiman channels (Figure 1B). Moreover, surface sediments in the EGSL are
characterized by fine-grained sediments (notably fine silts) in the deep central parts of the

Laurentian Channel and by coarser-grained sediments (gravel, sand and, in lesser proportions,
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fine silt) in the slopes and adjacent shelves (Loring and Nota, 1973; St-Onge et al., 2003;
Barletta et al., 2010; Pinet et al., 2011; Jaegle, 2015).

Two main geological provinces characterize southeastern Canada (Figure 1A): (1) the
Canadian Shield in the northern part, typified by old silicate rocks (Paleo- to Mesoproterozoic
granites and gneisses) from the Grenville and Makkovik provinces (Culshaw et al., 2000;
Farmer et al., 2003), and (2) the Appalachian Province in the southern part, composed of
Paleozoic sedimentary rocks (including shale, limestone, dolostone, and calcarecous shale;
Loring and Nota, 1973). In this latter province, Paleozoic carbonate rocks crop out mainly on
Anticosti Island and the western Newfoundland coast (Loring and Nota, 1973; Ebbestad and
Tapanila, 2005).

According to several mineralogical and geochemical studies from eastern Canada
(e.g., Loring and Nota, 1973; Farmer et al., 2003; Jaegle, 2015; Casse et al., 2017), detrital
sediments in the Gulf of St. Lawrence are mainly derived from the eastern part of the
Appalachians (notably from the Canadian Maritime Provinces) and western Newfoundland
coast, with the Grenvillian metamorphic rocks of the Canadian Shield on the North Shore
being a secondary source. Conversely, in the lower St. Lawrence Estuary, detrital sediments
mainly originate from the North Shore (Jaegle, 2015; Casse et al., 2017). Sedimentary inputs
from the southern Labrador margin are derived mainly from the Grenville and Makkovic

provinces as well as from the Hudson Strait and Baffin Bay (Farmer et al., 2003).

2.2. Hydrological setting

The eastern Canadian continental shelf is directly affected by the southward flow of
the Labrador Current Water (LCW), a shelf-bathing water mass that reaches depths slightly
greater than 600 m (Yashayaev et al., 2007). The LCW can be divided into 2 major branches

(Figure 1A), outer and inner (Lazier and Wright, 1993; Yashayaev et al., 2007). The outer
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LCW is composed of the West Greenland Current (WGC) and the Baffin Current (BC) and
carries approximately 80% of the south-bound water, while the inner LCW is strongly
influenced by outflow from the Hudson Strait that mixes with Baffin Bay water (Drinkwater,
1996; Lazier and Wright, 1993).

The EGSL is a transitional environment between the St. Lawrence River and the
Northwest Atlantic Ocean (Figure 1A). Circulation in the EGSL is therefore estuarine, with a
lower-salinity surface layer flowing seawards and saltier subsurface and bottom layers
flowing landwards (Koutitonsky and Bugden, 1991): (1) the thin, seaward-flowing surface
layer (down to 50 m) has a temperature of 2—10°C and a salinity of 25-32, and it originates
from the mixing of seawater with freshwater runoff from the Great Lakes, the St. Lawrence
River, and the northern Quebec drainage system; (2) a cold (—1 to 2°C) and saline (31.5-33)
subsurface layer (50—150 m) forms from the winter cooling of dense surface waters as
tributary flow decreases and ice forms; and (3) a warmer (3-6°C) and saltier (34-35)
landward-flowing bottom layer (> 150 m deep) that originates from the edge of the
continental shelf through mixing between cold, fresh, and oxygen-rich waters from the outer
LCW and warm, salty, and oxygen-poor North Atlantic Central Water (NACW). In this
bottom layer, the mixing proportion between the outer LCW and the NACW varies on a
decadal or secular time scale (e.g., Bugden, 1991; Gilbert et al., 2005, 2007; Thibodeau et al.,
2010). Indeed, Gilbert et al. (2005) suggested a change in the relative proportion of outer
LCW and NACW in the water mass entering the Laurentian Channel from the 1930s to the
1980s. Based on instrument temperature and salinity measurements of the outer LCW and the
NACW, these authors propose that the Laurentian Channel bottom waters were composed of
approximately 72% LCW and 28% NACW in the 1930s and approximately 53% LCW and

47% NACW in the 1980s.
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The annual mean circulation in the EGSL is principally characterized by coastal
currents with dominantly E-W flow, such as the Gaspé Current, the Anticosti Gyre, and the
inflowing West Newfoundland Current, which flows northward along the west coast of
Newfoundland (Figure 1B). These currents are characterized by a mean speed on the order of
~1 cm/s (Tang, 1980). In the EGSL, one of the most striking features of near-surface
circulation is the Gaspé Current, which is a buoyancy-driven coastal jet that originates in the
St. Lawrence Estuary (near Rimouski), flows seaward along the coast of the Gaspé Peninsula
(Sheng, 2001) and finally exits the gulf through the Cabot Strait. The tidal pulse from the
Atlantic Ocean enters the Gulf of St. Lawrence from two directions, through the Cabot Strait
and Strait of Belle Isle (Figure 1B). Water mass circulation through the Strait of Belle Isle is
mainly characterized by a branch of the inner LCW that flows southwest along the Labrador
coast into the Gulf of St. Lawrence (Figure 1B). The Cabot Strait represents a direct
connection between the EGSL and the Northwest Atlantic Ocean, where seawater masses
passing through it are characterized by a mixture of the NACW and the outer LCW (Gilbert et
al., 2005). Notably, in addition to tidal pulses from the Atlantic Ocean, internal tides and
waves can also be responsible for sediment remobilization in the EGSL (e.g., Normandeau et

al.,, 2014).

2.3. Sediment and seawater ¢éNd and &Sr/8¢Sr variations in eastern Canada and adjacent
continental shelves

The lithogenic Nd isotopic signature of sediments from the eastern Canadian Shield
shows that the glaciomarine sediments from the western basin of the Hudson Strait and Baffin
Bay have very unradiogenic Nd isotope compositions (i.e., low “3Nd/'*4Nd ratios and eNd
values) with eNd values ranging from —28 to —29 and —23 to —27, respectively (Piepgras and

Wasseburg, 1987; Farmer et al., 2003; Rashid et al., 2012). The Precambrian crust of the
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North American Shield is also characterized by a very unradiogenic eNd signature (eNd =~
—36 to —45; Innocent et al., 1997; Rashid et al., 2012; Hollings et al., 2008). Sediments
originating from the Grenville Province have an unradiogenic Nd isotope composition (eNd =
—22; Farmer et al., 2003; Pratte et al., 2017; Figure 1A) and a large range of 87Sr/%Sr
signatures of 0.70982-0.77457 (Millot et al., 2002; Namur et al., 2010). The Appalachian
Province in the southern part of the EGSL records a Panafrican Nd isotope signature (eNd =
—10 to —14; Hollings et al., 2008; Fagel and Hilaire Marcel, 2006; Phan et al., 2018; Figure
1A) and ¥’Sr/%Sr values of 0.71110-0.76329 (Portier, 2015; Vinciguerra et al., 2016; Phan et
al. 2018). Overall, as eNd and ¥7Sr/%¢Sr vary widely according to the different geological
provinces present in eastern Canada, we can use sediment eNd and 37Sr/%Sr signatures to
reconstruct sediment provenance changes in the EGSL (e.g., Farmer et al., 2003).

In the eastern part of the Strait of Belle Isle and north of Newfoundland, the modern
inner LCW has unradiogenic ¢Nd values ranging from —26 to —23 (Piepgras and Wasserburg,
1987, Filippova et al., 2017), clearly documenting terrestrial inputs from the Precambrian
terrains of the Canadian Shield (e.g., Farmer et al., 2003; Rashid et al., 2012). In contrast, the
outer LCW is currently characterized by more radiogenic eNd compositions with mean values
ranging between —15 and —14 around the tail of the Grand Banks of Newfoundland, likely
reflecting mixing with water masses that have more radiogenic isotopic signatures, such as
WGC, BC, the Irminger Current, and the North Atlantic Current (Lacan and Jeandel, 2004;
Lacan et al., 2012; Filippova et al., 2017; Figure 1A). Seawater from Baffin Bay exhibits
very unradiogenic eNd values (—25), dominated by Archean sources (Stordal and Wasserburg,
1986). Conversely, the NACW (which originates in the temperate Northwest Atlantic) is
characterized by the most radiogenic €¢Nd values in the area, ranging from —11 to —9

(Tachikawa et al., 1999; Lacan et al., 2012; Lambelet et al., 2016; Figure 1A).
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3. Materials and Methods

A total of 12 core-top sediment samples were collected at different depths in the EGSL
and adjacent continental shelves (Figure 1; Table S1) during several oceanographic missions
on board the R/V Coriolis II (COR-05, -06, -09 and -10), the Marion Dufresne (MD-99) and
the Canadian Coast Guard Ship Hudson (HU-2003). The sampling of the uppermost 1 cm of
sediment (core-top) was performed using a box core, trigger weight core and/or piston core
sampler (Table S1). The box core (BC) sampler is designed for recovering a relatively
undisturbed sample of the sediment-water interface. Likewise, the trigger weight corer (TWC)
collected in conjunction with a piston corer (PC) also allows recovery of the sediment-water
interface, which is usually perturbed when the piston corer enters the sediments. Thus, the
core-top (0-1 cm) sediments sampled with the BC and TWC are assumed to have recovered
the sediment-water interface, while this may not necessarily be the case with the PC. Only
core MD99-2236 was sampled with a long Calypso piston core system. Based on the fact that
the modern sedimentation rates in the EGSL diminish exponentially from approximately 0.74
cm/yr at the head of the estuary to 0.15-0.20 cm/yr in the gulf to approximately 0.01 cm/yr at
the mouth of the Laurentian Channel in the Atlantic (e.g., Smith and Schafer, 1999; Muzuka
and Hillaire-Marcel, 1999; St-Onge et al., 2003; Barletta et al., 2010; Genovesi et al., 2011;
Thibodeau et al., 2013), we can therefore estimate the these core-top sediment samples
represent, on average, modern times or at least younger than the last 170 years, except for
core MD99-2236, in which the core-top represents around 425 years according to Jennings et
al. (2015). To compare the Nd isotopic data derived from the Fe—-Mn oxyhydroxide coatings
of sediment particles, 15 water samples from three different depths were recovered from 5
stations (COR1206-030, COR1206-025, COR1207-003, COR1207-007, and COR1503-007,
hereinafter referred to as S1, S2, S3, S4, and S5, respectively) along the axis of the Laurentian

Channel, from its head to its mouth, during the cruises COR1206, COR1207, and COR1503
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of the R/V Coriolis II in the fall of 2012 and the summer of 2015 (Figure 1B; Table S2).
Estuarine water samples were collected with a rosette equipped with 12 Niskin-type sample
bottles and several Seabird sensors (conductivity, temperature, pressure, and beam
transmission). The bottom water samples were collected in the benthic nepheloid layer (~10
m above the seafloor). The water samples were transferred into 20-L acid-cleaned LDPE
collapsible cubitainers and stored in a cold room. All water samples were filtered in the
laboratory using a 0.45 um membrane (Millipore Corp.) and then acidified to a pH of ~2 with
Suprapur 6 M HCI, following GEOTRACES recommendations (van de Flierdt et al., 2012).
Detailed descriptions of the methods are provided in the supplementary material.
Briefly, the preconcentration of REEs of estuarine water was performed following the
analytical procedures outlined in Shabani et al. (1992) and Jeandel et al. (1998). Nd and Sr
isotope compositions from the authigenic Fe—Mn coatings of bulk sediment were extracted
following the leaching protocol of Chen et al. (2012). The residual fraction remaining after
leaching the bulk sediment (i.e., the detrital fraction) was digested using a hydrofluoric-nitric-
perchloric (HF-HNO;-HCIO,4) procedure modified from Révillon and Hureau-Mazaudier
(2009). Sr and Nd were separated from other elements using a single-step ion
chromatographic separation process (Li et al., 2014). Subsequently, REE concentrations were
determined using an inductively coupled plasma quadrupole mass spectrometer (ICP-QMS
Agilent 7500¢) at the Institut des sciences de la mer de Rimouski (ISMER, Canada). Sr
isotope ratios (3%Sr/%Sr) were measured in dynamic mode on a Thermo Scientific Triton
Plus™ multicollector thermal ionization mass spectrometer (TIMS) at GEOTOP (Montreal,
Canada). Finally, Nd isotope ratios (**Nd/'*Nd) were analyzed on a Nu Instruments
multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS), also at

GEOTOP.
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The REE measurements were normalized to the Post-Archaean Australian Shale
(PAAS, Pourmand et al., 2012). Hence, the subscript “n” indicates PAAS-normalized
abundances. Based on several geochemical studies that addressed REE concentrations in
authigenic phases and seawater (Haley et al., 2004; Molina-Kescher et al., 2014; Osborne et
al., 2015; Laukert et al., 2017), we used the HREE/LREE ratio (Yb,/Nd,) to investigate the
fractionation between HREEs and LREEs. Similar to the processes used in other sediment
provenance studies (e.g., Armstrong-Altrin et al., 2013, 2016), in the detrital fraction, HREE

versus LREE enrichment was quantified by (La/Yb)n, HREE versus MREE enrichment was

quantified by (Gd/Yb)n, and the Eu anomaly was quantified as follows: Eu/Eu*
Eu,/(Sm,*Gd,)"?. Nd isotope ratios are expressed as follows: &Nd =
([("NA/M*Nd)sampie/ (M Nd/1*4Nd)cpur]-1)x10000  (CHUR:  chondritic  uniform  reservoir;

Jacobsen and Wasserburg, 1980).

4. Results

4.1. Seawater physical properties

The potential temperature (0), salinity, and potential density (cg) of water masses from
the five estuarine stations (S1, S2, S3, S4, and S5) studied here show similar hydrographic
properties (Figure 2A). In the surface layer, the five stations have a low salinity (28.2-31.5),
a high temperature (3-9°C), and a low potential density (21.9-25.5 kg/m3). The subsurface
layer has salinity values of 31.5-33.0, cold temperatures of —1.0-2.5°C, and potential density
values of 25.5-26.5 kg/m?. The bottom layer exhibits the highest salinity (34-35), a high
temperature (4.0-6.7°C), and a high potential density (27-28 kg/m?).

In general, surface and bottom layers have lower beam transmission intensities (82—

92%) than the subsurface layer (97-100%) (Figure 2B). Based on these data, nepheloid
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layers were identified between 250 and 310 m in the lower St. Lawrence Estuary and between

420 and 500 m at station S5 in the gulf (Figure 2B).

4.2. REE concentrations

The PAAS-normalized REE fractionation patterns are shown in Figures 3 and 4. The
Nd concentrations from the detrital and bulk sediment leachates samples ranged from 16 to 34
ug/g and from 0.05 to 1.4 ng/g, respectively (Tables S4 and S5). The PAAS-normalized REE
patterns of the detrital sediment samples display patterns with moderate LREE enrichment,
slightly depleted to flat HREEs and significant positive Eu anomalies (Euw/Eu*>1.3; Table S4;
Figure 3A). These LREE-enriched patterns were also evidenced by high (La/Yb)n and
(Gd/Yb)n ratios (Figure 5C; Table S4). However, note that the sediments from the Labrador
Shelf (MD9922-36) have the highest LREE and MREE enrichment. Likewise, sediments
from the Laurentian and Esquiman channels have higher (La/Yb)n and (Gd/Yb)n ratios than
sediments from the shelf (Figure 5C). Moreover, the PAAS-normalized REE patterns of the
bulk sediment leachates from the EGSL reveal an MREE bulge-type pattern (Figure 3B),
with greater enrichment of MREEs than of HREEs and LREEs, which is a common pattern in
leachates and authigenic material supplied by rivers (Haley et al., 2004; Gutjahr et al., 2007;
Du et al., 2016; Abbott et al., 2016).

The PAAS-normalized REE patterns in most water samples from the EGSL display
patterns characterized by a pronounced negative Ce anomaly together with HREE enrichment
(Figure 4). The negative Ce anomaly is generally more pronounced in the most saline deeper
water samples than in the surface and subsurface samples or in the gulf samples. However,
some surface and subsurface water samples from stations S1 to S4 have relatively flat REE
patterns with little to no Ce anomaly. The dissolved LREE concentrations (represented in this

study by Nd) from all of the water stations in the EGSL show a decreasing trend with depth,
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i.e., from 22 pmol/kg in the surface and subsurface waters to 2.5 pmol/kg in the most saline
bottom water samples (Figure 6A and 7A; Table S6). This decreasing trend in the LREE
concentrations is exactly opposite to the pattern observed in the open ocean, in which the
surface features lower concentrations than the bottom (e.g., Zhang and Nozaki, 1996). The
range of Nd concentrations in the analyzed water samples is comparable with previously
published values from estuarine and coastal waters with a similar salinity range (28 to 35) and
strong riverine influence (3 to 60 pmol/kg; Sholkovitz and Szymezak, 2000, Osborne et al.,
2014; van de Flierdt et al., 2016). Likewise, most of the dissolved (HREE/LREE), profiles in
the EGSL (except station S3) show a decrease in the first 50 m and then an increasing trend
with depth (Figure 6B). The dissolved (HREE/LREE), ratios of surface water samples also

show an increasing trend from the estuary to the gulf stations.

4.3. Sr and Nd isotope signatures

The Sr and Nd isotope data obtained from the detrital sediments, bulk sediment
leachates and estuarine water are provided in Table S7. The detrital sediment samples feature
87Sr/36Sr values ranging between 0.71475 and 0.73062 (median 0.72351), which are higher
than the values of the other sample types here studied. Indeed, the 87Sr/%Sr values obtained
from the bulk sediment leachates and estuarine water samples range between 0.70975 and
0.70870 (median 0.70925) and between 0.70915 and 0.70937 (median 0.70921), respectively
(Figure 5A). These values are close to the modern values from the shelf and oceanic waters
(0.70917 £ 0.00002; El Meknassi et al., 2018).

The eNd values obtained from the detrital sediment samples (Figures 5A-B and 8A;
Table S7) range between —14.3 (Baie des Chaleurs) and —28.7 (southern Labrador Shelf).

The detrital eNd values from the estuary range between —18.7 and —21.8, whereas the detrital
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eNd values from the mouth and the continental shelves are more radiogenic, with values
ranging from —14.3 to —16.

Replicate eNd analyses of two bulk sediment leachate samples (COR0602-36PC and
CORO0503-CL04-36PC) yielded similar eNd values within analytical uncertainty (Table S7).
This similarity indicates a robust level of reproducibility for the entire analytical procedure
used in our study. Such reproducibility of éNd analyses in bulk sediment leachates indicates
that variations of approximately 2 € units could be considered significant. The eNd values of
bulk sediment leachates from the EGSL range between —16.1 (Baie des Chaleurs) and —27.2
(southern Labrador Shelf) (Figures 5A-B and 8B-C; Table S7). Bulk sediment leachate
samples from the lower estuary have more unradiogenic ¢Nd values (approximately —20),
whereas samples from the mouth and continental shelves have slightly more radiogenic éNd
values (approximately —18). Furthermore, the éNd values from the bulk sediment leachates
and the detrital fraction display a significant positive linear correlation (r=0.88; n=10; Figure
8C).

The eNd values obtained for the estuarine water mass range between —19 and —22
(Figures 5A, 6C and 9; Table S6). No significant differences in eéNd values between the
surface waters and the most saline bottom waters from the same stations are observed
(Figures 6C, 7B, and 9). The most radiogenic eNd values are observed at stations closest to
the South Shore (S2 and S4; eNd = —17 to —18), and the least radiogenic Nd isotope
compositions are observed at stations closest to the North Shore and the gulf (S1, S3, and S5;

eNd =—19 to —22).

5. Discussion

To assess the influence of the input of lithogenic riverine material on the estuarine

water chemistry of the EGSL, we first discuss the detrital REE and Nd-Sr isotope patterns and
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their implications for identifying different source areas and transport pathways of detrital
material in eastern Canada. We then compare the authigenic REE concentrations and Nd-Sr
isotope values extracted from the bulk sediment leachates with the values in the overlying
water column and in the detrital fraction to identify the main phase extracted during the
leaching process. Furthermore, we evaluate the potential influence of estuarine processes and

terrestrial inputs on the REE distribution and €éNd signals of the estuarine waters in the EGSL.

5.1. Detrital REE and Nd-Sr isotope patterns in surface sediments in eastern Canada:
Tracing potential sediment sources

The PAAS-normalized REE patterns of detrital sediments can provide important clues
about source-rock characteristics (e.g., Montero-Serrano et al., 2009; Armstrong-Altrin et al.,
2013, 2016; Osborne et al., 2015). Indeed, the significant positive Eu anomalies (Euw/Eu*>1.3;
Table S4) observed in our detrital fraction are characteristic of sediments derived mainly
from felsic igneous/metamorphic sources (e.g., Bayon et al., 2015). The positive Eu anomaly
is generally attributed to the tendency of europium to be preferentially incorporated into
plagioclase (Weill and Drake, 1973). Several sedimentological and mineralogical studies
(Loring and Nota, 1973; Jaegle, 2015; Casse et al., 2017) have suggested that modern
sedimentary inputs in the EGSL are derived mainly from the Canadian Shield on the North
Shore and are characterized by high proportions of plagioclase feldspar (32—-65%), potassium
feldspar (7-21%), and amphibole (1-7%) (Jaegle, 2015). Thus, the high input of plagioclase
from the Canadian Shield to the EGSL could explain the positive Eu anomaly observed in the
detrital fraction.

Furthermore, the ®’Sr/3¢Sr values of detrital sediments from the EGSL are relatively
radiogenic and range between 0.71475 and 0.73062 (Figure 5A). These values are consistent

with the 8Sr/3¢Sr data from the Grenville Province (0.70982 to 0.77457; Millot, 2002; Namur
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et al., 2010) and the Appalachian Mountains (0.71110 to 0.76329; Portier, 2015; Vinciguerra
et al.,, 2016; Phan et al. 2018). However, as the ®’Sr/3Sr values from the Grenville and
Appalachian domains overlap, it is difficult to distinguish between these sources of sediment
in the EGSL based only on Sr isotopes. Therefore, we combine (La/Yb)n and (Gd/Yb)n ratios
with Sr and Nd isotopes to better track the origin of the sediment (Figure 5). The diagrams
reveal two distinctive sedimentary sources: the Appalachian domain and the Canadian Shield
(including the Grenville, Nain, and Makkovik provinces; Figure 1).

The surface sediment samples collected on the Canadian continental shelf (COR1002-
27BC, COR1004-ECL-BC, 2003-033-030PC, and COR0503-CL03-35BC) and at Baie des
Chaleurs (COR0902-16BC) have e¢Nd values ranging between —14.3 and —16.0, high 87Sr/3¢Sr
ratios ranging between 0.71475 and 0.72708, low (La/Yb)n values ranging from 0.95 to 1.19,
and low (Gd/Yb)n values of 1.02 to 1.16 (Figure 5). Taking into consideration the eNd values
of the Grenville Province (eNd ~ —22; Farmer et al., 2003; Pratte et al., 2017) and the
Appalachian Province (eNd = —11; Fagel and Hilaire Marcel, 2006; Phan et al. 2018) and
using a conservative binary mixing, we estimated that the Nd isotope composition of these
samples is 61% from Appalachian sources and only 39% from the Grenville Province (Figure
10). Farmer et al. (2003) identified a similar range of éNd values in deglacial sediments from
the Gulf of St. Lawrence. Based on coastal current patterns in the EGSL (Galbraith et al.,
2016), we suggest that the Appalachian sediments observed in these surface sediment samples
are mainly transported via the Gaspé Current (Figure 1B). This coastal current separates into
two branches downstream of the tip of the Gaspé Peninsula; the southern branch flows over
the Magdalen Shelf and along the coast of the Canadian Maritime Provinces, whereas the
northern branch flows along the western edge of the Laurentian Channel (Trites, 1972; Sheng,
2001). Thus, the southern branch forms the main outflow of the gulf on the western side of

Cabot Strait and may therefore transport Appalachian sediments from the South Shore and
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Canadian Maritime Provinces to the gulf and then to the continental shelf off southeastern
Canada through the Cabot Strait (Loring and Nota, 1973; Dufour and Ouellet, 2007; Casse et
al., 2017).

The sediment samples from the Laurentian (COR0503-CL04-36PC, COR0503-14BC,
COR0602-043BC, COR0602-045BC, COR0602-36PC) and Esquiman (COR1004-CE-BC)
channels feature low eNd values (—18.7 to —21.8), high 37Sr/%Sr values (0.72068 to 0.72607),
and relatively high (La/Yb)n and (Gd/Yb)n values (1.23 to 1.53 and from 1.28 to 1.39,
respectively; Figure 5), which are characteristic of the Canadian Shield source rocks (Farmer
et al., 2003; Pratte et al., 2017). The overall Nd signature of the Canadian Shield is difficult to
assess because these terranes are very complex and vary greatly in age (1.8-3.8 Ga; Innocent
et al., 1997). The Nd isotope ratios from terranes belonging to the Canadian Shield record
unradiogenic eNd values of —35.9 to —22 (Revel et al., 1996; Innocent et al., 1997; Dickin,
2000; Rashid et al., 2012; Pratte et al., 2017). According to Figure 10, detrital sediments from
the Laurentian and Esquiman channels are characterized by a mixed detrital source; in other
words, they are mainly from the Grenville Province (86%) but feature a notable contribution
from the Appalachian Mountains (14%). The sediment samples from the Esquiman Channel
have higher 37Sr/%¢Sr values (up to 0.72607) than the sediment from the Laurentian Channel
(Figure 5A), probably due to their proximity to the Strait of Belle Isle, which is influenced by
the inner LCW (Petrie and Anderson, 1983). Because the inner LCW transport large amounts
of dissolved and suspended particulate material with distinctive geochemical signatures from
the Hudson Strait and the Labrador continental margin (Lacan and Jeandel, 2005), this current
can influence the geochemical composition of the surface sediments in the Esquiman
Channel. However, further investigations are needed to gain a more precise understanding of
the sediment contributions from the Hudson Strait and Labrador continental margin to the

Esquiman Channel.
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Finally, the sediment sample from the southern Labrador Shelf (Cartwright Saddle;
MD99-2236) has an ¢Nd value of —28.7, a ¥’Sr/*Sr value of 0.73062, a high (La/Yb)n value
(approximately 1.77), and a high (Gd/Yb)n value (approximately 1.46) (Figure 5). These Nd
and Sr isotope values are characteristic of the Hudson Strait and Baffin Bay sediments
(Farmer et al., 2003), which are characterized by unradiogenic eNd values (~ —28.1 to —28.9
and —23.1 to —27.2, respectively) and high 3Sr/%Sr values (0.72205 to 0.72619 and 0.72611
to 0.73600, respectively). These unradiogenic éNd values may be associated with increased
detrital Nd and Sr inputs to this area by the inner LCW, which ultimately delivers Nd and Sr
eroded from the eastern Canadian Shield (Farmer et al., 2003; Lambelet et al., 2016;

Filippova et al., 2017).

5.2. REE and Sr isotope values of bulk sediment leachates: Fingerprint of the authigenic
Fe—Mn oxyhydroxide fraction

The REE distributions and ®#7Sr/%Sr values obtained from bulk sediment leachates can
be used to demonstrate the absence of detrital contamination during the leaching process and,
thus, to indicate that the REE and Nd isotope signals extracted from bulk sediment samples
are derived entirely from seawater (e.g., Gutjahr et al., 2007; Molina-Kescher et al., 2014; Du
et al.,, 2016). The PAAS-normalized REE plot of the bulk sediment leachate data shows
significant MREE enrichment (Figure 3B), which is not present in the detrital sediment
samples (Figure 3A). This MREE-enriched pattern is typical of Fe-Mn oxyhydroxide and
riverine particulate leachates (e.g., Haley et al., 2004; Gutjahr et al., 2007; Du et al., 2016;
Abbott et al., 2016), suggesting that these phases were principally extracted from the bulk
sediment samples. Moreover, as local rivers in the EGSL clearly play a predominant role in
the input of REEs (Gaillardet et al., 2003), we hypothesize that the REE patterns leached from

bulk sediment samples likely represent a mixture of locally formed and pre-formed
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continental Fe—-Mn oxyhydroxides (e.g., Bayon et al., 2004; Poulton and Raiswell, 2005;
Kraft et al., 2013). Alternatively, the MREE enrichment observed in our bulk sediment
leachates could also be caused by the dissolution of phosphates, such as apatite (Hannigan
and Sholkovitz, 2001; Pourret and Tuduri, 2017). With the data currently available, we cannot
validate or reject this last hypothesis. However, apatite appears to be negligible in the
sediment samples from the main rivers that feed the EGSL (Jaegle, 2015) and marine
sediments from the Laurentian Channel (Casse et al., 2017), as suggested by its low
abundance (<0.1%) or absence in the quantitative phase analysis (X-ray powder diffraction
method developed by Eberl, 2003 and Eberl and Smith, 2009) of X-ray diffractograms of bulk
sediment samples (Figure S1). Likewise, the remineralization of organic compounds in
estuarine and coastal marine sediments could also explain (at least partly) the REE
distribution in the bulk sediment leachates (Bayon et al., 2014; Freslon et al., 2014). However,
even if organic matter dominated the MREE bulge-type pattern, the dissolution of organic
compounds during the leaching processes would lead to an REE pattern 10 times more
enriched than the PAAS abundances (e.g., Freslon et al., 2014). Because our sediment
leachates are not characterized by a similar REE enrichment, we propose that the sedimentary
organic matter fraction was not extracted in our bulk sediment leachates.

Further evidence of the authigenic origin of the REEs in the bulk sediment leachates
can be obtained from ®’Sr/*¢Sr values (e.g., Haley and Polyak 2013). The 87Sr/*¢Sr values
obtained from the modern estuarine water samples and leachate sediment in the EGSL
(median of 0.70921) are close to the global seawater value (Figure 5A). The 2.4 Myr
residence time of Sr in seawater is far longer than the mixing time of the oceans (1500 years;
Broecker and Peng, 1982), causing a globally uniform 37Sr/%¢Sr value in seawater and modern
marine carbonates (}’Sr/*¢Sr = 0.70917; El Meknassi et al., 2018). This observation is

especially relevant in the EGSL, where biogenic sources of carbonates are negligible (less
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than 1%; Jaegle, 2015; Casse et al., 2017) and detrital sediments typically have higher
87Sr/86Sr values (0.70982 to 0.77457; Millot et al., 2002; Namur et al., 2010; Vinciguerra et
al., 2016; Phan et al. 2018).

Overall, all of these results suggest that authigenic Fe-Mn oxyhydroxide coatings are
the dominant phase extracted in our bulk sediment leachates and that detrital and sedimentary

organic matter contamination during the leaching procedure is negligible.

5.3. Dissolved REE and Nd isotope signatures of estuarine waters from the EGSL:
Estuarine processes and potential influence of lithogenic inputs

The REE patterns of most of our water samples show a typical PAAS-normalized
seawater REE pattern, which is characterized by a pronounced negative Ce anomaly together
with progressive enrichment of heavy REEs (Figure 4). This pattern is consistent with coastal
waters and oceanic REE trends (e.g., Piepgras and Jacobsen, 1992; Rousseau et al., 2015;
Filippova et al., 2017; Pourret and Tuduri, 2017). The negative Ce anomaly is attributable to
the higher particle reactivity of Ce due to its specific redox properties and its oxidative state
(IV) compared to the other trivalent REEs (Elderfield et al., 1990; Sholkovitz, 1993, 1995).
As previously reported for estuarine mixing zones (e.g., Elderfield et al., 1990; Sholkovitz,
1993, 1995; Sholkovitz and Szymczak, 2000; Rousseau et al., 2015; Merschel et al., 2017;
Pourret and Tuduri, 2017; Adebayo et al., 2018), the higher particle reactivity of Ce becomes
amplified during salt-induced coagulation of colloids in estuaries and thus is responsible for
the increase in the negative Ce anomaly with increasing salinity. Based on these
considerations, we suggest that the decreasing trend observed in most of the dissolved LREE
profiles (represented here by Nd) from the EGSL with depth and increasing salinity (Figures
6A and 7A) can be attributed to the coagulation of colloidal material (Sholkovitz, 1993, 1995;

Sholkovitz and Szymczak, 2000). Similar interpretations of dissolved metal concentrations in
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the St. Lawrence Estuary have been reported by Yeats and Loring (1991). Furthermore,
bottom waters in the EGSL are characterized by decreased beam transmission (Figure 2B),
which are typically associated with suspended particulates in benthic nepheloid layers (e.g.,
Wu et al., 2015; Crocket et al., 2018). Thus, the lower Nd concentrations (~2.5 pmol/kg) and
high (HREE/LREE)n ratios (>1) recorded in the near-bottom waters at each station may be
linked to enhanced scavenging within the bottom nepheloid layer, likely through continuous
adsorption of dissolved REEs onto Fe—Mn oxyhydroxide phases and/or any other detrital and
authigenic phases.

Some surface and subsurface estuarine water samples (notably, S1-4m, S1-65m, S2-
4m, S3-75m, S4-5m, S4-60m; Figure 4) have relatively flat REE patterns with little to no Ce
anomaly, suggesting a major influence of local river inputs and, therefore, an enhanced
release of river-borne particulate REEs (Pourret and Tuduri, 2017). In this context, we
examined the (HREE/LREE)n ratios versus eNd values to document the potential influence of
the lithogenic inputs on the estuarine water chemistry of the EGSL (e.g., Osborne et al., 2015;
Laukert et al., 2017). In the (HREE/LREE)n - eNd crossplot (Figure 11), the REE data from
detrital sediments fall in the mixed detrital zone, close to the Grenville [eNd = —19 to —21 and
(HREE/LREE)n = 0.4 to 0.7 ] and Appalachian [eNd =~ —12 and (HREE/LREE)n = 1.1]
signatures (Pratte et al., 2017; Phan et al. 2018). On the other hand, REE data from seawater
samples from the inner LCW (stations BIL; Filippova et al., 2017), Gulf Stream (Bermuda
Atlantic Time Series Station, BATS; van de Flierdt et al., 2012) and North East Atlantic Deep
Water (station HLOS; Filippova et al., 2017) form a well-constrained linear trend, here
referred to as the seawater array. In general, most of the surface and subsurface estuarine
waters (excluding the samples S2-4m, S2-305m, S3-3m and all S5 water samples) and bulk
sediment leachate samples from the EGSL are close to their potential detrital sources. These

estuarine water samples were collected from within the lower St. Lawrence Estuary (Figure
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1B), in which the surface waters are characterized by a high suspended particulate matter
content (up to 2.2 mg/L; Yeats et al., 1979; Larouche and Boyer-Villemaire, 2010). In
agreement with previous geochemical studies in estuarine mixing zones (Sholkovitz, 1993,
1995; Sholkovitz and Szymczak, 2000; Freslon et al., 2014; Rousseau et al., 2015; Osborne et
al., 2015; Merschel et al., 2017, Adebayo et al.,, 2018), we hypothesize that the
(HREE/LREE)n values close to 1 in the surface and subsurface estuarine waters from the
lower St. Lawrence Estuary may be the result of high rates of partial dissolution and release
of river-borne particulate REEs.

The (HREE/LREE)n - eNd crossplot also suggests that additional estuarine processes
involving the removal and addition of REEs may be of local importance in the EGSL. The
closest seawater station to Cabot Strait (S5) exhibited the highest (HREE/LREE)n value (> 2)
(Figure 11). This zone is characterized by a low suspended particulate matter content in the
surface waters (0.2 to 0.4 mg/L; Larouche and Boyer-Villemaire, 2010), reducing the
potential for partial dissolution of riverine particulate material (Rousseau et al., 2015). In the
gulf, these environmental conditions, in conjunction with increasing distance from the detrital
source and intense degradation of particulate organic matter in the water column (Mai-Thi et
al., 2017), may be responsible for the continuous preferential removal of LREEs over HREEs
from the dissolved load (e.g., Sholkovitz, 1993, 1995; Sholkovitz and Szymczak, 2000) and,
therefore, for the increase in the (HREE/LREE)n ratio. In addition, the S2-4m, S2-305m, and
S3-3m water samples exhibited intermediate (HREE/LREE)n values (1.4 to 1.7). These
stations are located in zones of important vertical mixing of water masses due to cyclonic
structures, the Anticosti Gyre and the Gaspé Current (Dufour and Ouellet, 2007; Galbraith et
al. 2016). Thus, the intermediate (HREE/LREE)n values recorded at stations S2 and S3 are

probably the result of a combination of estuarine processes involving the partial dissolution of
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riverine detrital particles and remineralization of estuary sediments (e.g., Lawrence and
Kamber, 2006).

On the other hand, the vertical distribution of dissolved eNd at all estuarine stations
shows unradiogenic Nd isotope values throughout the entire water column (average eNd ~
—19.6 £ 1.2; Figures 6C and 7B), and the values are similar to the eNd (+20) values of the
detrital and bulk sediment leachate samples (Figure 9). Because terrigenous suspended
particles have a short residence time of a few days within the St. Lawrence Estuary (Syvitski
et al., 1983; Lucotte et al. 1991) and the water depth in the EGSL is quite low (<500 m), we
hypothesize that rapid scavenging by the salt-induced coagulation of colloidal matter and
subsequent dissolution of the labile mineral phases influenced the eNd values in the water
column of the EGSL. Moreover, the EGSL is considered to be a subarctic region, with air
temperatures below zero degrees Celsius during the winter, allowing the formation of sea ice
(Saucier, 2003; de Vernal et al., 2011). Diagrams of the winter temperature and salinity data
from a station south of Anticosti Island (Galbraith, 2006) reveal that during winter, the upper
120 m of the water column is characterized by a high salinity (approximately 31.8) and near-
freezing temperatures (approximately —2°C) due to cooling and brine rejection during ice
formation. Thus, brine rejection during sea ice formation may also play a significant role in
the distribution of the relatively homogeneous Nd isotope values in EGSL seawater (Haley
and Polyak 2013). The flow from the surface to the bottom of the high-density brines may
homogenize the Nd isotope composition of the water column. Similar observations have been
reported by Porcelli et al. (2009), Haley and Polyak (2013) and Laukert et al. (2017) in the
Arctic Ocean.

In summary, although we acknowledge that the low spatial and vertical resolution of
our water sampling (five stations and three water samples per station) introduces some

uncertainties into our interpretations, we speculate that salt-induced coagulation of colloidal
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matter, dissolution/scavenging of lithogenic particles and brine rejection during sea ice
formation significantly influence the distribution of REEs throughout the water column in the

EGSL.

5.4. Nd isotope signatures of bulk sediment leachates and estuarine waters in the EGSL.:
Quantifying lithogenic sources

Along continental margins, the dissolved Nd load can be altered by processes such as
partial dissolution of river-borne particulate material (e.g., Frank, 2002; Goldstein and
Hemming, 2003; Jeandel et al., 2007; Pearce et al., 2013; Jeandel, 2016; Stewart et al., 2016),
submarine groundwater discharge (Molina-Kescher et al., 2018), and benthic exchange
processes (Abbott et al., 2016; Haley et al., 2017). Furthermore, most of the dissolved Nd
within the water column precipitates to form oxyhydroxides in estuarine sediments (Goldstein
and Jacobsen, 1988; Elderfield et al., 1990; Ingri et al., 2000; Rousseau et al., 2015). In the
EGSL, the overall high agreement between the eNd values from bulk sediment leachates and
their corresponding detrital eNd values (r=0.88; n=10; Figures 8C and 9) supports the idea
that variations in authigenic Nd isotopic compositions result mainly from changes in the
partial dissolution of riverine detrital particulate material derived from the Grenvillian and
Appalachian provinces. Note that sample inhomogeneity combined with unwanted chemical
extraction of other phases during sequential leaching may be the cause of the variability in the
eNd (+20) values in the bulk sediment leachates (e.g., Rutberg et al., 2000; Gutjahr et al.,
2007; Haley et al., 2008). Alternatively, the release of REEs from pore waters that are derived
from partial dissolution of bottom sediments could also contribute to the offset observed
between the €Nd signal of surface leached sediments and detrital signatures (Abbott et al.,

2016; Haley et al., 2017).
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Taking into consideration the detrital éNd endmember values of the Grenville
Province and Appalachian Province and assuming a conservative binary mixing, we estimate
that the eNd values of dissolved Nd in the estuarine water of the EGSL reflect a mixture of
approximately 74% Nd derived from the Canadian Shield and 26% Nd derived from the
Appalachian domain (Figure 10). These results are in agreement with other estimates from
EGSL sediments based on bulk mineralogical data, which show a dominance of the sediment
contributions from the North Shore in the EGSL (Jaegle, 2015). However, we cannot preclude
the possibility that the LCW/NACW gNd signatures also contribute to our authigenic eNd
signal (Figure 9). Given the high river discharges and detrital influence in the EGSL, we
hypothesize that the LCW/NACW signal recorded in the EGSL bottom sediments is masked
by the detrital eNd signatures of continental river inputs. Consequently, dissolved Nd inputs
from the EGSL to North Atlantic surface waters may thus contribute an unradiogenic Nd
isotopic composition to the NACW.

Furthermore, the authigenic eNd values obtained from surface sediment leachates
closest to the North Shore (COR0602-043BC, COR1004-CE-BC, COR0503-HONOI-14BC,
and COR0602-045BC) have an unradiogenic eéNd signature that can be obtained by a mixture
of 83% Nd inputs from the Grenville Province and 17% Nd inputs from the Appalachian
domain (Figure 10). In contrast, the surface sediment leachates from the shelves (HU2003-
033-30PC, COR0503-CL03-35BC, COR1004-ECL-BC, COR0902-16BC, and COR1002-
27BC) have more radiogenic eNd values composed of approximately 64% Nd inputs derived
from the weathering of the Appalachian Province and 36% Nd inputs derived from the
Grenville domain (Figure 10). Therefore, the authigenic eNd values of the bulk sediment
leachates in the EGSL cannot be used to track water mass provenance and mixing but instead
reflect the composition of the surrounding continental margins. This interpretation is in

agreement with the consideration that dissolved water mass ¢Nd signatures are set at the
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continental margins, where they would not trace water mass mixing (e.g., Frank, 2002;

Jeandel et al., 2007; Rousseau et al., 2015; Stewart et al., 2016).

6. Summary and conclusion

We determined the REE distributions and Nd and Sr isotope compositions on a set of
surface marine sediments and at five hydrological stations in the EGSL and continental shelf
off southeastern Canada. The (La/Yb)n and (Gd/Yb)n ratios and the eNd and 87Sr/*¢Sr isotope
values of detrital sediments allowed the discrimination of continental sediment sources.
Modern surface sediments from the continental shelf and Baie des Chaleurs have ¢éNd values
ranging from —14.3 to —16.0, 3Sr/*Sr values ranging from 0.72708 to 0.71475 and low
(La/Yb)n and (Gd/Yb)n values mainly derived from the Appalachian domain. In contrast,
surface sediments from the Laurentian-Esquiman channels [eNd = —18.7 to —21.8; 87Sr/3¢Sr =
0.72607 to 0.72068; high (La/Yb)n and (Gd/Yb)n] principally originate from the Grenville
Province, and surface sediments from the southern Labrador Shelf [eNd = —28.7; 87Sr/36Sr =
0.73062; high (La/Yb)n and (Gd/Yb)n] are likely derived from the Hudson Strait and Baffin
Bay. Furthermore, both the estuarine waters (¢Nd values ranging from —18.9 to —21.7) and
the bulk sediment leachates (eNd values ranging from —16.1 to —27.2) have unradiogenic eNd
values. The REE distributions and HREE/LREE - &Nd crossplots suggest that the authigenic
eNd signal recorded in the EGSL results mainly from the erosion and weathering of the
unradiogenic continental shield, notably the Grenville Province in the Canadian Shield (eNd =
—22). Overall, both the dissolved REE concentrations and Nd isotope distributions suggest
that the distribution of REEs throughout the water column in the EGSL is probably influenced
by salt-induced coagulation of colloidal matter, dissolution of lithogenic sediments (notably
from the erosion of the Grenville Province on the North Shore), bottom scavenging within the

nepheloid layer, and brine rejection during sea ice formation.
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Based on the comparison of the éNd values of leached and detrital core-top samples to
those of bottom water samples, we hypothesize that the LCW/NACW signal recorded in the
EGSL bottom sediments is masked by the lithogenic eNd signals derived from river input.
Consequently, the Nd isotope compositions extracted from bulk sediment leachates from the
EGSL mainly represent unradiogenic eNd detrital signals from the adjacent continents.

This study provides a basis for comparing downcore e¢Nd, 87Sr/%Sr, (La/Yb)n, and
(Gd/Yb)n values preserved in the EGSL sedimentary records in order to reconstruct and
document past variations in continental inputs and sediment dispersal related to climate
changes, particularly during the last glacial cycle when sediment inputs would have been

different from those of today due to the presence of the Laurentide Ice Sheet.
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