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Although rivers are recognized as major transporters of REEs to coastal environments, estimates of REE
fluxes are still scarce, and the underlying drivers remain poorly understood—particularly in temperate,
boreal, and subarctic river systems. This limits our understanding of the global REE cycle and limits our
ability to identify or predict increases in exports driven by climate change or anthropogenic activities,
which could pose a threat to biodiversity. This study aims to calculate and compare lotic REE fluxes and
yields in 40 rivers draining watersheds with different geologies and climates within the Province of
Quebec (~1.5 M km?), Canada. Furthermore, we observed their differences in REE composition as well as
the main factors driving their concentrations. We estimated the annual export of total REEs flowing into
the Hudson Bay (1078 t per year) and the Atlantic Ocean (2941 t per year), which could increase
significantly with climate change effects on the northern ecosystems. From these watersheds, rivers
draining the Canadian Shield geology, characterized by lower water temperature and pH, but higher
concentrations of dissolved organic carbon (DOC) and iron (Fe), exhibited higher concentrations of REEs
compared to the broader study area, especially filtered light REEs (LREEs). In southern Quebec, rivers
with intensive agricultural erosion were identified as REE export hotspots relative to their watershed area,
while rivers draining densely populated regions exported anthropogenic gadolinium (Gd) (0.2-134 kg per
year), contributing significantly to their total filtered Gd flux (18-98%). These findings provide essential
baseline data to predict regional impacts of climate changes and anthropogenic activities on REE
mobilization across evolving landscapes and clarify the role of temperate, boreal and subarctic rivers in
the global REE cycle.
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Environmental significance

Rare earth elements (REEs) are essential to modern technologies and the global energy transition. Their growing extraction, combined with climate-driven
changes in precipitation and erosion, is disrupting their natural biogeochemical cycle. Understanding how REEs are transferred across the land-to-aquatic
continuum, from terrestrial ecosystems to freshwater and ultimately coastal and marine ecosystems, is essential to assessing their long-term environmental
fate and impacts. This study quantifies REE fluxes and yields across temperate, boreal, and subarctic watersheds covering 1.5 million km?, providing critical
insights into their biogeochemical cycling and helping to close key knowledge gaps in the global REE cycle. Findings reveal how land use, geology, and climate
factors influence both REE export and solubility, affecting their bioavailability and potential toxicity in aquatic ecosystems. This work provides new insight into
how changing environmental pressures may shape the fate of REEs in northern river systems.

Introduction

Rivers are crucial for coastal and marine productivity, supplying
nutrients, terrestrial materials, and trace metals, including rare
earth elements (REEs), a group of 17 metals of emerging
interest. The growing demand for high technology has accel-
erated global REE exploitation, disrupting their natural cycle
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and enriching some REEs in aquatic environments,' where
they may pose ecotoxicological risks.* For instance, in addition
to potential acute toxicity, REEs have been shown to cause
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sublethal effects, such as developmental abnormalities and
cytotoxicity, in a variety of aquatic organisms.>” Although
recent studies highlight rivers and continental margin sedi-
ments as key sources and processors of REEs to coastal
environments,** the dynamics of REE fluxes remain poorly
understood, especially in temperate, boreal and subarctic
rivers. In these northern rivers, climate change effects such as
rapid warming, ice cap melting, permafrost thaw and shifts in
precipitation, and their impact on the transport and quality of
aquatic dissolved organic matter, might also enhance the
mobilization of organic matter bound REEs from terrestrial to
marine ecosystems in the coming decades.”'* Understanding
REE fluxes is crucial for predicting how large-scale changes and
increasing anthropogenic influence will affect their mobiliza-
tion and relative composition, while also improving our
knowledge of their global cycling, which currently has missing
sources and may be biased by the underrepresentation of
northern ecosystems in existing estimates."*>'¢

Most studies on REE fluxes focus on dissolved neodymium
(Nd), often using its "**Nd/***Nd isotope ratio to trace water
mass mixing. These studies reveal the significance of conti-
nental filtered fluxes in the global marine REE budget.*"° For
example, the Amazon River contributes 14% to 30% of the
dissolved neodymium to the Atlantic Ocean (607-1227 t per
year), with similar estimates for the Congo (547 + 183 t per year)
and Orinoco Rivers (336 t per year).*'”*® Since most REEs in
rivers are bound to colloids and particles, measuring particulate
or total REE fluxes is essential, as such data are currently lack-
ing in the literature.”>* In addition, our understanding of the
fluxes and large-scale dynamics of other REEs remains incom-
plete, as neodymium alone does not accurately represent the
behavior of the entire series. Although REEs share similar
trivalent behavior, environmental fractionation between LREEs
and HREEs along with redox-sensitive anomalies, can lead to
distinct environmental patterns and budgets, particularly under
varying conditions, geological settings and anthropogenic
pressures.>**

Monitoring REE fluxes to coastal environments is increas-
ingly important as anthropogenic activities introduce more
REEs into river systems. This is particularly relevant for gado-
linium (Gd) from MRI contrast agents, whose fluxes are
constantly increasing in multiple rivers draining densely
populated areas, regardless of discharge rates,>*>” compli-
cating the use of predictive models. For instance, annual
anthropogenic Gd fluxes from the Rhine River to the North Sea
are estimated at 730 kg, yet their environmental impacts remain
unclear.’ In addition to Gd, significant fluxes of lanthanum (La)
(5700 kg) and samarium (Sm) (584 kg) arise from catalyst
production in petroleum refining industries (Kulaksiz and Bau,
2013). Other sources, such as human-driven erosion®® and
hydrological alterations from damming or diversion, further
complicate the understanding of REE dynamics in riverine
systems and limit our ability to distinguish anthropogenic REE
fluxes from natural REE fluxes. Given the anticipated rise in
urban development and associated ecosystem modifications,
there is a pressing need to quantify the specific pathways and
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magnitudes of anthropogenic REE fluxes to coastal ecosystems
to better constrain their role in the global biogeochemical cycle.

River outlets provide crucial insight into combined sources,
processes and sinks of trace elements in watersheds. Rare earth
elements are primarily delivered to temperate or boreal rivers
during high-flow events, often transported with organic ligands
or Fe- and Mn-rich colloids.”***** Their fate is then influenced
by river water chemistry, especially pH which affects their
solubility and adsorption to oxyhydroxides. Lighter REEs are
bound more readily to these oxyhydroxides, increasing their
sedimentation, while heavier REEs form stronger complexes
either with carbonates or dissolved organic matter, remaining
in solution.***® Additionally, these oxyhydroxide precipitates
may release REEs back into the water column through disso-
lution or sediment remobilization and even contribute to
a significant sedimentary flux towards coastal environments.***>
In alkaline rivers, REEs complexed with organic ligands and
carbonates are more stabilized, reducing removal by saline
coagulation in downstream estuarine environments.*> Water-
shed geology also affects REE fluxes by acting as a source or
influencing water chemistry. For example, variations in
discharge in the Orinoco River, which drains silicate and
carbonate rocks, alter pH, organic matter and oxyhydroxide
influx, thereby controlling REE concentrations."” Furthermore,
river water chemistry directly modulates the flux of REEs
delivered to coastal ecosystems by affecting REE solubility,
sedimentation processes, and estuarine removal. As global
warming affects watershed hydrology and river metabolism
(e.g, pH and DOC), it is essential to understand how these
factors change the magnitude and the relative composition of
REE fluxes.

Canada's vast freshwater resources, including those trapped
in glaciers and permafrost, and its significant REE reserves
(>15.1 million tons of REE oxides)* highlight the importance of
estimating REE fluxes across the Canadian landscape towards
estuarine ecosystems, where REEs may accumulate.** The high
hydrological connectivity of these systems may promote long-
range transport of REEs between distant ecosystems, particu-
larly in the context of climate change and increasing local
exploitation,™** potentially positioning Canada as a major REE
export hotspot. Quantifying REE export from freshwater
systems is therefore essential to evaluate potential downstream
impacts and support sustainable resource management. In this
study, we estimate and compare REE fluxes and yields in 40
rivers across different geological and climatic regions in
Quebec, Canada, and identify the main factors, such as pH and
temperature, as well as dissolved organic carbon (DOC) and Fe,
Mn, and Al concentrations, influencing their concentrations
and relative composition. In addition, we calculated fluxes of
anthropogenic Gd and investigated the effects of dams on REE
export, which are present in numerous Quebec river systems.

Methods

Study area

During the late spring and summer periods of 2017 to 2020,
samples were collected from the mouths of 40 rivers across
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Fig.1 Map of the study area, with site locations of rivers draining different watersheds from the Province of Québec, namely the Ungava Bay (n =
2), the Hudson Bay (n = 18), the north of the St. Lawrence River (n = 8) and the south of the St. Lawrence River (n = 12), colored according to
geographical provinces. Sampling locations are represented by the dots which are colored according to the main watersheds they drain. The
solid black line delimits the Hudson Bay and the Atlantic watershed. Credits: ESRI Canada, Natural Earth Vector, ESRI Canada, Historica-Dominion

Institute. The map was created using ArcGIS by ESRI.

various ecoregions in the Province of Quebec, Canada, namely
the southern Mixedwood Plains,'® the Boreal Shield," the Taiga
Shield*® and the low arctic tundra* (Fig. 1 and Table 1). The
hydrological network spans two primary drainage basins: one
covering 919 393 km” flows toward Hudson Bay and the Arctic
Ocean, while another 576 591 km? drains into the Northeast
Atlantic Ocean. From the Hudson Bay watershed, most of the
sampled rivers first empty into the James Bay while the George
and Koroc Rivers flow further north into the Ungava Bay. From
the Atlantic Ocean watershed, all rivers empty into the St.
Lawrence River, except for La Romaine that empties into the St.
Lawrence Estuary. To capture variation in these watersheds, we
have grouped rivers draining either into the Hudson Bay,
Ungava Bay or St. Lawrence River (North or South shore)
watersheds. Most of the sampled rivers drain the Canadian
Shield, a geologic region composed of Precambrian rocks
enriched in REEs, except for the rivers south of the St. Lawrence
River, which flow through the productive agricultural lands of
the St. Lawrence Lowlands platform and the sedimentary basin
of the Appalachian region (SIGEOM).** Although the Yama-
chiche River and Bayonne River are north of the St. Lawrence
River, they exclusively drain the St. Lawrence lowlands; there-
fore they were integrated in the groups of rivers south of the St.
Lawrence River. In this paper, we categorized the rivers as
“dammed” if their impounding capacity was greater than 1 000
000 m® (n = 14). We followed methods from Wauthy and
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Amyot*” and excluded the Au Castor, Eastmain, Pontax, Rupert
and St. Lawrence rivers from this classification, since the
sampled water does not originate from a large reservoir.

Data collection

This study gathered data from published work, that is, REE
concentrations and water chemistry variables from the St.
Lawrence River and its tributaries®* and from the George River
and Koroc River.*® We also included water chemistry variables
and unpublished data from 18 rivers draining the Eastern
James Bay*® and from the Romaine River.*

Historical discharge data for most of the St. Lawrence
tributaries were obtained from an online database from Gou-
vernement du Québec,* the Atlas hydroclimatique, and origi-
nate from hydrometric stations and hydrological modelling
using the optimal interpolation method.*> We chose the most
recent ten-year period available for mean annual discharge. For
discharge upstream of the St. Lawrence River, we used Lake
Ontario outflow changes from International Lake Ontario-St.
Lawrence River Board monitoring.** For downstream, we used
discharge at Quebec City, which was calculated by Fisheries and
Oceans Canada.**** Ottawa River discharge was taken at the
Carillon dam station.*® For rivers draining the James Bay, mean
annual discharges were obtained from Fink-Mercier and Lap-
ierre®® derived from both hydrometric stations in gauged rivers

This journal is © The Royal Society of Chemistry 2025
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Table 1 Physical and chemical data® of sampled rivers from the Province of Quebec

Discharge =~ Watershed area = Temperature Specific conductivity DOC Filtered REEs”  Total REEs”
River o @s) (km?) ) PH  (uScm ) (mgL ") (ngL ) (gL ™)
Atlantic watershed - north
Assomption 2 19 4333 22.8 7.8 162.5 5.1 0.48 2.59
Batiscan 2 99 4690 17.4 7.2 150.2 4.6 1.10 1.92
Bayonne 1 4 352 19.9 6.8 233.2 4.2 0.29 2.81
Du Loup 2 27 1610 17.6 7.3 83.3 4.2 0.95 4.83
La Romaine 2 280 14 470 13.8 6.0 14.3 6.6 1.04 —
Maskinongé 2 19 1105 17.1 7.6 58.3 6.0 0.77 2.48
Ottawa 2 2148 146 300 21.1 7.9 72.0 7.0 0.89 2.03
Sainte-Anne 1 51 2706 16.4 6.4 63.3 4.2 0.98 1.79
Saint-Maurice 4 670 43 300 24.6 6.9 64.8 6.9 1.30 2.01
St. Lawrence 4 12 563 1344200 25.1 8.0 269.1 3.2 0.07 1.87
Yamachiche 2 5 266 15.3 7.4 1571.5 8.7 1.10 4.69
Atlantic watershed - north
Boyer 1 4 217 15.6 7.9 304.3 4.4 0.29 27.42
Becancour 2 48 2620 18.9 8.2 204.5 6.0 0.30 2.63
Chateauguay 1 38 2501 20.7 9.4 286.6 4.3 0.05 0.40
Chaudiére 1 123 6682 14.3 6.7 203.5 5.4 0.10 0.29
Nicolet 2 33 3380 19.7 8.0 296.0 5.6 0.49 13.09
Richelieu 2 392 23720 19.3 8.3 169.7 3.5 0.10 1.95
Saint-Regis 2 37 93 16.4 8.3 1534.0 4.44 0.16 1.57
Saint-Francois 1 163 10230 19.6 8.1 209.2 7.8 0.21 0.87
Yamaska 2 65 4784 18.2 8.5 352.6 6.7 0.19 5.88
Hudson Bay watershed - James Bay area
Aquatuc 2 2 188 12.0 6.4 39.7 20.3 2.89 3.59
Beaver 2 25 2941 8.7 6.8 26.3 9.5 0.80 1.22
Broadback 2 329 20808 17.8 6.6 25.5 10.0 1.49 3.02
Caillet 2 6.3 470 13.0 6.7 42.8 17.4 2.24 3.61
ChinuSAW 2 0.5 44 11.3 6.5 112.5 21.8 1.41 3.32
Conn 2 10.5 691 15.1 6.8 40.2 15.4 2.25 3.44
Eastmain 2 30.3 3973 12.5 6.07  22.5 14.1 3.57 6.28
Guillaume 2 13.3 1183 12.8 6.6 36.8 18.9 3.19 4.55
Harricana 2 325 29418 17.0 7.7 132.5 13.9 1.49 4.1
Jolicoeur 2 14 1777 11.9 6.6 113.4 16.5 1.60 2.79
La Grande 2 3133 209453 7.4 6.3 11.2 4.3 0.55 0.85
Maquata 2 14 1036 16.5 7.5 25.0 12.5 1.02 1.51
Nottaway 2 1082 62159 18.5 6.9 25.7 12.0 1.82 3.25
Old Factory 2 32 2723 14.9 6.5 28.6 12.0 1.52 2.12
Pontax 2 100 7894 15.7 6.7 35.8 13.5 1.85 4.85
Rupert 2 239 11 596 17.7 6.7 16.2 5.7 0.66 1.68
Salmon 2 0.8 69 7.9 7.3 896.0 6.6 0.15 0.32
Seal 2 35 1575 13.3 7.0 60.3 4.2 0.50 0.87
Hudson Bay watershed - Ungava Bay area
George River 5 829 41 699 11.0 6.9 9.88 2.3 0.63 0.78
Koroc River 3 199 10 000 15.8 6.6 — 1.1 0.38 0.89

¢ Data represent mean discharge and mean concentrations based on triplicate samples collected across multiple years (n = number of campaigns/
years of sampling). ? For individual concentrations of REEs see the complete dataset on Borealis, the Canadian Dataverse Repository, at https://

doi.org/10.5683/SP3/EQA6SF.

and from a linear model using the relationship between mean
annual discharge (Q) model based on hydrometric stations and
using watershed area (km?) (R* = 0.99; eqn (1), n = 12) (eqn
(1)).¥ with this model, we estimated the discharge of the
George River, Koroc River, and Assomption River.

0 = 0.0084 x watershed area'% (1)

This journal is © The Royal Society of Chemistry 2025

Water sampling and analysis

Physical and chemical parameters, such as temperature, pH,
specific conductivity, and dissolved oxygen were measured with
a multi-probe YellowSpring Instrument (YSI; Springfield, Ohio).
Surface water was sampled near the mouth of the rivers to
measure concentrations of major cations and trace metals,
including REEs and dissolved organic carbon (DOC) (Table 1).

Environ. Sci.. Processes Impacts, 2025, 27, 2740-2754 | 2743
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For trace metal sampling, all equipment was pre-washed with
hydrochloric acid 10% (v/v) overnight, and ultratrace techniques
were used in the field. For Hudson Bay, water samples were
collected either from a boat or by hand, sometimes from
a hovering helicopter. While most samples were filtered on-site
through a 0.45 um in-line polycarbonate filter, hand-grabbed
samples were filtered with a polycarbonate membrane (0.45
pm, Whatman) mounted on an acid-washed Teflon filtration
tower.* For the St. Lawrence River, surface water was sampled
from a boat with an acid-washed Teflon Kemmerer and imme-
diately filtered with plastic syringes and certified metal-free pol-
yethersulfone filters (0.45 um, Whatman). The same filtration
method was used for the Ungava Bay sampling, but samples were
collected either from a boat or a hovering helicopter. Filtered
samples comprise both true dissolved (<3 kDa) and colloidal
fractions, necessitating caution when interpreting the results.
Although the filters are certified as metal-free, they may still
adsorb dissolved metals, potentially introducing bias to the
concentrations.*® Field blanks were collected to verify for poten-
tial contamination, with approximately 90% of results falling
below the limit of detection (LoD) for REEs, calculated as three
times the standard deviation of the average of the lowest stan-
dards (Table S17). Samples were preserved at 4 °C with a final
concentration of 2% ultra-trace nitric acid (HNO;) (EMD, Omni-
trace Ultra). In the laboratory, unfiltered samples were digested
on a hot plate (2 h, 95 °C) with a final concentration of 3% HNO;
and 0.5% HCI (EMD, Omnitrace Ultra). Major cations and metals,
including all rare earth elements (REEs), iron (Fe), aluminum
(Al), and manganese (Mn), were analyzed with triple quadrupole
inductively coupled plasma mass spectrometry (8900 ICP-MS/MS,
Agilent Technologies). To minimize spectral interference, most
REEs were analyzed in oxygen reaction mode (MS/MS) following
the approach described in the Agilent Technologies report,*
while NH; mode was used for europium (Eu) to reduce isobaric or
polyatomic interference (e.g., with Ba). Helium collision mode
was used for other metals. Calibration was verified using river
water certified reference material SLRS-6 for trace metals®* and
percentage recoveries (98-116%) were checked for all campaigns
for the REE series according to concentrations reported by
Yeghicheyan and Aubert.>* For statistical analysis, values below
the LoD were replaced with half the LoD, particularly for
summing all REEs** (Tables S1-S37).

For DOC measurements, water samples from Hudson Bay
were filtered through 0.45 pm polyethersulfone syringe filters
and stored in borosilicate bottles. In the St. Lawrence River
system, subsampled water was filtered using glass fiber filters
(GF/F) (0.7 pm, Whatman) and stored in pre-combusted (550 °C,
4 h) glass-amber bottles at 4 °C until analysis. Dissolved organic
carbon (DOC) measurements were performed with an Aurora
1030 TOC Analyzer (OI Analytical, Texas) or a TIC-TOC analyzer
using wet persulfate oxidation (O.I. Corporation, College
Station, Texas, USA).

Estimations of fluxes and yields

To estimate riverine fluxes, the annual mean discharge of rivers
was multiplied by REE concentrations. Mean concentrations

2744 | Environ. Sci.: Processes Impacts, 2025, 27, 2740-2754
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were calculated using data from two hydrologically distinct
sampling years (2017-2018) in the Atlantic watershed and from
2 to 5 years of filtered concentration data for rivers in the
Hudson Bay watershed. Similar to methods described by Wau-
thy and Amyot,*” we estimated total REE fluxes from Quebec
territory to marine systems. To do that, we first estimated the
average specific discharge (discharge-to-catchment area ratio;
m per year) of all sampled rivers. We then multiplied this value
by the area of the two main watersheds, namely the Hudson Bay
watershed (919 393 km?), including rivers from the Ungava Bay,
and the Atlantic watershed (576 591 km?), including rivers from
the north and south shores of the St. Lawrence River, to esti-
mate their respective total annual discharge (m? per year). This
value was then multiplied by the mean metal concentrations
from all rivers in each area to estimate their respective annual
metal export (metric tons per year). To allow comparisons
between rivers independent of discharge, we calculated the
yields of REEs as the flux per unit drainage area (kg km™>
year '), Flux errors represent standard deviations, and error
propagation was calculated when errors for both discharge and
concentrations were available. If only one error was available, it
was multiplied by the multiplicator.

Standardization of REEs

Standardizing REEs helps identify geochemical processes
affecting concentrations across environmental compartments
and enables the detection of anthropogenic inputs through
anomaly calculations. Concentrations are divided by REE rela-
tive abundance in the Earth's crust. Here, we chose the Post-
Archean Australian Shale (PAAS).**** Anomalies of Gd (Gd/
Gd*) were quantified using these equations:*

Gd/Gd* = GdSN/(05 SmSN + 0.5 DysN) [2)
(Gd/Gd*)Eq(z) - [Gd]measured/[Gd]geogenic (3)

REEgy refers to shale-normalized concentrations while Gd*
refers to its geogenic background. Anthropogenic concentra-
tions and fluxes of Gd were calculated based on eqn (2) when
the Gd/Gd* ratio exceeded 1.4, as natural anomalies are known
to occur up to this threshold.*® To assess enrichment or deple-
tion of light versus heavy REEs, we graphically represented the
ratios of subgroups representing light ([La + Pr + Nd]sy), middle
(MREES; [Sm + Gd + Tb]sy) or heavy REEs ([Er + Yb + Lu]sy). In
the case of rivers that had a pronounced Gd anomaly (n = 4), we
instead used dysprosium in the calculations of the MREEsgx
subgroup.

Statistical analyses

Statistical analyses were performed using R version 4.2.2,%
using functions from the tidyverse,*** ggbreak,* FactoMineR,*
car®” and oslrr® packages. The difference in concentrations
between groups (e.g., per watershed or dammed vs. undammed)
was tested with a non-parametric paired sample Wilcoxon test
using the pairwise.wilcox.test() function. To characterize the
main drivers of REE concentrations in rivers from each

This journal is © The Royal Society of Chemistry 2025
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watershed we performed a principal component analysis (PCA)
using imputePCA() and PCA() functions in type 2 framing with
centered-scaled water chemistry variables (pH, temperature,
[DOC], [REEs], [Fe] and [Mn]), REE yields and indicators of REE
standardized patterns (ratio La:Yb and the Ce anomaly). To
further examine the drivers controlling REE concentrations we
employed linear regression models using the Im() function.
Data were log-transformed to meet normality and homosce-
dasticity assumptions. Multiple linear models were employed
with function ols_step_both_p() and the correlations between
predictors were verified with cor() with water quality variables
(pH, temperature, conductivity, [O,], [DOC], [TN], [SO,>"], [CI ],
[Fe] and [Mn]) to test [REEs < 0.45 pm] and the proportion of
them being dissolved.

Results
Spatial trend in REE concentrations

We observed increasing filtered REE concentrations ([REEs])
going northward of the Province of Quebec, excluding Ungava
Bay rivers (Fig. 2). Rivers draining the Hudson Bay and north of
the St. Lawrence River watersheds had higher filtered [REEs]
(range = 0.14-3.56 ug L™ '; mean = 1.43 pg L™ ') compared to
rivers draining south of the St. Lawrence River (range = 0.05-
0.50 pug L™'; mean = 0.29 pg L") (p < 0.05) (Fig. 1 and 2 and
Table S17). The small sample size of the Ungava Bay system
(range = 0.38-0.63 pg L *; n = 2) may reduce the test's statistical
power, contributing to the lack of significant differences with
other groups. The proportion of filtered REEs followed a similar
latitudinal gradient, with the Ungava and Hudson Bay rivers
having the highest proportion of filtered REEs (60 and 67%),
followed by rivers draining the north (36 & 20%) and south (11
+ 10%) shores of the St. Lawrence River (p < 0.05) (Fig. S1t). The
multiple linear regression model showed that lower pH and
lower water temperature were the strongest predictors of the
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Fig. 2 Filtered (left) and total (right) concentrations of the sum of rare
earth elements (REEs) in rivers draining different watersheds from the
Province of Québec: the Ungava Bay (n = 2), the Hudson Bay (n = 18),
the north of the St. Lawrence River (n = 8) and the south of the St.
Lawrence River (n = 12). Significant differences (p < 0.05) in filtered
concentrations are marked by different letters.
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proportion of filtered REEs (R> = 0.58, p < 0.02) (Table S5%),
possibly reflecting their influence on REE solubility and particle
sorption. Since rivers draining north and south of the St. Law-
rence River have similar pH and temperature, differences in
geology could help explain the remaining variation in REE
concentrations. Notably, northern rivers drain the Canadian
Shield, a region naturally enriched in REEs, whereas southern
rivers drain the Appalachian region, which is comparatively
poorer in REEs.

By contrast to filtered concentrations, there was no signifi-
cant difference in total [REEs] among the watersheds (p > 0.05)
(Fig. 2). However, two highly eroded rivers draining the south
shore of the St. Lawrence stood out, namely the Boyer River
([REEs] = 27.42 pg L™ ") and the Nicolet River ([REEs] = 13.09 ug
L"), possibly highlighting the influence of erosion from agri-
cultural activities on REE mobilization to rivers.*

Water chemistry driving REE concentrations and composition
across regions

The Principal Component Analysis (PCA) performed on the
filtered dataset shows that rivers from the Hudson Bay water-
shed were colder, higher in DOC concentrations and lower in
pH, which corresponded to higher trace metal concentrations
in solution (REEs, Fe and Mn; Fig. 3 and 4). Conversely, rivers
from the St. Lawrence River watershed displayed higher pH and
temperature and lower concentrations of DOC and metals
(Fig. 3 and 4). Located further north, rivers draining the Ungava
Bay watershed, characterized by permafrost and colder
climates, also displayed low concentrations of DOC and metals.

A multiple linear regression model indicated that filtered
[REEs] were best predicted with a combination of DOC and pH
(R*> = 0.74, p < 0.01; Table S41). Higher temperature showed
lower REEs, but temperature was not a significant predictor in

34 PCA - Biplot

2
Dim1 (56.2%)

@ Ungava Bay
@ Hudson Bay

North of St. Lawrence
@ South of St. Lawrence

Fig. 3 Principal component analysis in type 2 framing with filtered
concentrations of elements in rivers draining the different watersheds
of the Province of Québec. Larger circles represent the center of each
group distribution.
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this model. While total [REEs] were seemingly controlled by the
concentrations of suspended particles (Fig. S2t), they correlated
strongly with [Fe] and [Al] and to a lesser extent with [Mn]
(Fig. 5). Rivers draining the south shore of the St. Lawrence
River followed a distinctive trend compared to other groups.
The correlation strength with these controlling factors
increased significantly when considering this group alone,
denoting the sedimentary geology of the Appalachian region,
which is naturally poor in REEs, Fe, and Al (Fig. 5). Overall,
these results highlight the combined influence of water chem-
istry and geology on REE concentrations in rivers from con-
trasting watersheds and climate zones.

The standardized composition of filtered REEs followed
a similar latitudinal gradient to their concentrations (Fig. 6). In
rivers draining the agricultural and REE-poor regions of the St.
Lawrence Lowlands platform and the Appalachian region, we
observed a consistent fractionation characterized by an
enrichment in heavier REEs (HREESs). Conversely, rivers drain-
ing the Canadian Shield exhibited a fractionation increasingly
enriched in light REEs (LREEs) as they progressed northward.
This enrichment in LREEs seemed to increase with lower pH (R*
= 0.52, p < 0.0001) (Fig. S31). The Salmon River from the
Hudson Bay watershed has the lowest concentrations, which
likely reflects the suspected influence of marine water in this
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Fig. 5 Total concentrations of the sum of rare earth elements (REEs) as a function of (A) iron (Fe), (B) manganese, and (C) aluminum (Al)
concentrations in rivers draining different watersheds of the Province of Québec. The regression line in black includes data for all watersheds
with the exception of the rivers draining south of the St. Lawrence River, represented in green.
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enrichment of one of the REE subgroups (LREEs, MREEs, and HREEs) as
written in pale grey.

shallow river, also supported by increased specific conductivity
(896 uS cm™') and cation concentrations (Table S17).

Variation in REE fluxes and yields

Based on river mean runoff and total watershed area located in
the Quebec province, we estimated that rivers exported
approximately 1078 and 2941 metric tons of REEs per year into
the Hudson Bay and the Atlantic Ocean, respectively. Fluxes
varied according to river discharge, with the highest total flux
reaching 740 + 193 tons per year in the St. Lawrence River (12
564 m* s7'), including combined inputs from its tributaries,
such as the Ottawa River, which has the second-largest esti-
mated flux at 137 + 19 tons per year (Table S61 and Fig. 7).
When summed together, fluxes from the 18 sampled tributaries
of the St. Lawrence River and Lake Ontario outlet equal about
half (345 tons per year) of the estimated flux downstream of the
St. Lawrence, suggesting other major sources of REEs in this
system. The other most important fluxes were the Nottaway
River (111 + 45 tons per year) and La Grande River (84 + 35 tons
per year) draining the Hudson Bay watershed. While the La
Grande River had the second largest discharge among the
studied rivers, it also drains the largest reservoir in Canada
(4318 km?) and has other important dams upstream, thereby
influencing water retention and settling of particles. This may
reduce REE concentrations downstream, as indicated by
significantly lower yields of total REEs (average = 1.11 & 0.72 kg
km? year ') in dammed rivers compared to undammed ones
(average = 3.34 + 5.73 kg km” year ') (p = 0.04) (Fig. S57).
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While the filtered REE fluxes in the Nottaway, Ottawa, and
La Grande rivers aligned with discharge, the St. Lawrence
River ranked only fifth, similar to the St. Maurice River,
despite its discharge being nearly 20 times higher (Fig. 7a). A
decrease in filtered REE concentrations and fluxes is even
observed along the St. Lawrence, likely reflecting REE sorption
on particles and settling (Fig. 4 and 7a). Generally, rivers
draining the Hudson Bay watershed (0.63 + 0.33 kg km?
year ') and north of the St. Lawrence River (0.51 # 0.20 kg km>
year ') had higher yields of filtered REEs than rivers draining
south of the St. Lawrence River (0.33 + 0.61 kg km? year ) or
the Ungava Bay (0.32 + 0.11 kg km? year™ '), reflecting the
combined influence of geology and water chemistry (Fig. 7b
and S6t).

Considering anthropogenic influences, the largest yields of
total REEs were measured in highly eroded tributaries draining
the agricultural south shores of the St. Lawrence River, such as
the Saint-Régis (20.7 kg km” year™"), Boyer (17.7 kg km” year )
and Nicolet rivers (4.0 kg km” year™ ") (Table S6+ and Fig. 7b). In
addition, only rivers draining south of the St. Lawrence River (n
= 7) exported anthropogenic gadolinium downstream (Gd,,, =
0.2 to 134 kg year™ ') (Fig. $47). Regardless of its small discharge
and watershed, the St. Régis River had the highest flux of
anthropogenic Gd (Gdan, = 133.8 kg km” year '; yieldgq = 1.44
kg km?® year '), which contributed to 98% and 67% of its
filtered and total Gd fluxes, respectively. The other anthropo-
genic fluxes contributed between 13 and 55% of the filtered Gd
exported by these rivers. However, we did not measure any
anomaly or anthropogenic concentrations of Gd downstream of
the St. Lawrence River, implying that this anthropogenic Gd
entering the St. Lawrence, as well as the one rejected by Mon-
treal wastewater effluent,” is diluted or potentially lost to
sediments.

Discussion

In this study, we provided a comprehensive estimate of rare
earth element (REE) fluxes over 40 widely distributed rivers in
Quebec, Canada, and we extrapolated REE fluxes to the whole 1
496 000 km” of Quebec territory. We estimated that the Province
of Quebec exports annually a total of 1078 and 2941 metric tons
of REEs towards the two main receiving marine ecosystems, the
Hudson Bay and the Atlantic Ocean, respectively. As expected,
rivers with the highest discharge contributed the most signifi-
cantly to the total REE fluxes, but the proportion exported in
their filtered form and their relative composition varied
regionally, which was attributed to influences of water quality
(DOC, pH, temperature, and Fe). Furthermore, some of the
rivers flowing through densely populated regions exported
anthropogenic gadolinium (Gd) downstream, contributing
significantly to their overall filtered Gd flux. These findings
establish baseline REE fluxes and drivers for the entire Province
of Quebec, crucial for predicting or assessing the regional
impacts of the evolution of anthropogenic activities®* or of
climate change factors,*® including temperature rise, perma-
frost thaw, ice and snow melt, precipitation variations, and
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increased carbon mobilization. Moreover, the patterns and Regional drivers of rare earth element concentrations
their drivers reported below presumably transpose well to other

From a large-scale perspective, concentrations of REEs varied
northern landscapes around the globe.

latitudinally, likely due to contrasting geology and climate
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affecting water chemistry. Rivers located south of the St. Law-
rence River drain Ordovician limestones from the Appalachian
region and the St. Lawrence Lowlands where bedrock is natu-
rally poor in REEs (SIGEOM).*® This is reflected in their lower
filtered concentrations when compared to rivers mainly drain-
ing the boreal forest of the Canadian Shield, naturally rich in
DOC and REEs® (Fig. 2). As expected, pH and DOC were the best
predictors of the filtered concentrations of REEs.** Rivers
draining the granitic soils of the Canadian Shield typically
exhibit low ionic strength, which enhances the solubility of
DOC and increases its reactivity with metals, potentially influ-
encing their mobility and bioavailability.”**” Due to their
abundance in functional groups rich in oxygen such as
carboxylic or phenolic sites, humic- and fulvic-like dissolved
organic matter (DOM) are dominant transporters of dissolved
REEs in freshwater ecosystems, as opposed to proteinic-like
DOC.>**%%% The increased mobilization of terrestrial carbon
expected with more abundant and frequent precipitations, river
and lake browning, and thawing of permafrost in Northern
Quebec' could therefore enhance REE fluxes into marine
ecosystems.

Conditions promoting higher proportions and concentra-
tions of REEs in solution may account for the increasing relative
enrichment of filtered LREEs with latitude within the main
watersheds (Fig. 6 and S37). As discussed by Marginson and
MacMillan,*® due to their enhanced adsorption onto Fe- and
Mn-rich colloids or particles under alkaline conditions, LREEs
are more stable in solutions of slightly acidic rivers, such as
those in the Hudson Bay watershed'®*>”° (Fig. 4b). Alternatively,
an enrichment of LREEs in the filtered fraction <0.45 um is
commonly attributed to the effect of colloids passing through
this filter size.> However, this explanation does not account for
the northward gradient or the contrast with the rivers draining
the St. Lawrence Lowlands and the Appalachian region. Never-
theless, within the total fraction, REE transport would
predominantly be controlled by colloids and particles of Fe and
Mn oxyhydroxides, along with mineral particles rich in Al,
especially for rivers from the St. Lawrence River watershed
having higher amounts of particles (Fig. 5). These minerals have
large specific surface areas, so they are very effective at binding
REEs in aquatic systems through adsorption, surface precipi-
tation, oxidation, and scavenging processes.”””® It is also
possible that during the summer, the prolonged solar exposure
of surface water in rivers located at higher latitudes contributes
to increased photoreduction of particles sensitive to redox
reactions, particularly in the presence of DOM.” This process
could also alter the speciation and the mobility of associated
metals, which could promote their release to surface waters,
thereby enriching LREEs in the filtered phase.” In addition to
the effect of pH on oxyhydroxide particles, water temperature
played a significant role in predicting the proportion of the
filtered REEs in sampled rivers. When tested, these variables
showed a moderate positive correlation (R> = 0.58), so their
effects on REEs are partly related. Rivers from the St. Lawrence
River watershed, characterized by a cold and humid continental
climate, displayed warmer surface water temperature at the
time of sampling (18.7 + 3.6 °C) than rivers draining the
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Hudson Bay, including the Ungava Bay, characterized by
a subpolar continental climate (13.5 + 3.2 °C). These few
degrees of difference could influence the solubility of dissolved
REEs, as has been shown across various northern aquatic
environments spanning a broader temperature range (2.4-19.5
°C).*® In warmer waters, lower CO, levels cause a shift in the
carbonate equilibrium, reducing the availability of carbonate
ions that typically form complexes with dissolved REEs. As
a result, colder waters, with higher CO,, more available
carbonates and lower pH, may enhance the solubility of REEs,
particularly light REEs (LREEs), which are generally less soluble
compared to heavy REEs (HREEs). Overall, these findings indi-
cate that geology and climate exert an important large-scale
control on the water chemistry influencing REE concentra-
tions and composition in temperate and boreal rivers within the
Quebec province.

REE fluxes and yields

Fluxes and yields of REEs in the Quebec province varied
according to geology, discharge, and anthropogenic influence.
Large rivers located in the Atlantic watershed and characterized
by significant particle export, such as the St. Lawrence River and
the Ottawa River, had a prominent role in exporting total REEs
towards marine ecosystems (Fig. 7). Although total REE
concentrations did not vary significantly between main water-
sheds (Fig. 1), rivers draining the boreal forest and the REE-rich
area of the Canadian Shield exported more filtered REEs per
km? than rivers draining the agricultural plains and the REE-
poor area of the St. Lawrence Lowlands and Appalachian
region (Fig. 7 and S6f). While filtered REE fluxes measured
downstream of the St. Lawrence River represented less than 4%
of the total exported REEs, over 35% of the total flux appeared to
originate from particle sources other than its main tributaries
(~65% contribution), likely due to sediment resuspension or in-
river erosion. For example, in the Brazilian Ipojuca River, more
than 95% of downstream REE fluxes were attributed to resus-
pended sediments’ and similar patterns have been reported in
other large river systems worldwide.” In a mass balance budget
study, Rondeau’ estimated that St. Lawrence tributaries
accounted for approximately 32% of the suspended sediment
load measured downstream, while the erosion of the beds and
banks of the St. Lawrence River accounted for 65%. Given that
the St. Lawrence River lies on a REE-poor geological formation,
the significant contribution from resuspended sediments may
seem counterintuitive. However, this likely reflects the remo-
bilization of REE-enriched particles previously deposited from
upstream tributaries draining the Canadian Shield, a region
naturally rich in REEs. Sedimentation zones along the river act
as transient sinks, where REEs accumulate over time before
being resuspended and exported downstream during high-flow
events or through bed and bank erosion.

While fluxes, which are mostly driven by discharge, provide
a broad portrait of the average watershed properties across
broad spatial extents, yields provide additional insights into the
identification of hotspots, the importance of geological or
anthropogenic influence and the potential temporal trends
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(Table S5t and Fig. 7b). Studies reporting the total flux and yield
of the sum of REEs are scarce, but dissolved neodymium (Nd)
fluxes have been more widely reported, due to the information
its isotopes reveal about past and present ocean circulation and
land erosion dynamics.*>**”® The yields of filtered Nd (<0.45 pm)
observed in this study, including the St. Lawrence River (0.06 kg
km ™2 year '), were lower than those of dissolved Nd (<0.22 pm)
estimated in other large rivers within sub-equatorial to tropical
climates, such as the Orinoco River (0.34 kg km ™2 year *),"” the
Congo River (0.16 kg km > year "),® and the Amazon River
(0.09-0.80 kg km™? year ').’®”® Consequently, the Quebec river
contribution to the global Atlantic dissolved flux would be much
less significant globally, especially considering the larger
colloids included in our filtered fraction (0.45 vs. 0.22 pm).
However, while REEs are primarily partitioned into the partic-
ulate phase, total fluxes and yields of REEs are lacking, which
limits accurate global comparisons of river contributions and
specific ecosystem inputs.

Human activities can influence both the quantity and
composition of rare earth elements (REEs) exported down-
stream, sometimes independent of water flow. This variability
could complicate future predictions of fluxes and yields.
Hydroelectric dams and reservoirs alter element cycling and
fluxes in rivers by flooding large soil areas, increasing water
depth and retention time, and reducing flow velocity, which
promotes particle settling.*®”® This explains the lower REE
yields in dammed rivers compared to undammed ones, as REEs
primarily adsorb onto organic matter and particles**®%%°
(Fig. S5t). Similar trends are observed for DOC and
mercury.’”*>* Thus, dammed rivers seemingly act as sinks for
REEs, though local food webs may still be affected by potential
bioaccumulation.

In addition to dams, several rivers located south of Quebec
province, draining REE-poor geological areas, were heavily
impacted by agricultural activities and emerged as hotspots for
total REE export (Fig. 7b). Notable examples include the St.
Regis, Boyer, and Nicolet rivers, where agricultural land use
accounts for 71%, 66%, and 44% of their respective water-
sheds.*® The Boyer River, receiving untreated domestic waste-
water, even displayed a positive anomaly of filtered
praseodymium (Pr/Pr* = 3.8), of unknown origin, supporting
the influence of human activities on the export of specific REEs.
Moreover, seven rivers from this area displayed a positive
anomaly of filtered gadolinium (Gd), typically associated with
wastewater containing Gd-based contrast agents used in
medical magnetic resonance imaging (MRI) procedures
(Fig. S471).**>%* With the exception of the St. Regis river exporting
almost exclusively anthropogenic Gd downstream (98%), the
rivers exhibited similar anthropogenic contributions to dis-
solved Gd fluxes and yields to values reported for the Garonne
River (22-60%; 0.001 kg km~> year™ ') by Lerat-Hardy and Coy-
nel® (Table S5t). As argued in this study, with the aging pop-
ulation and the increased incidence of global cancers and
neurodegenerative diseases, the medical need for MRIs is pre-
dicted to increase, as are the fluxes of anthropogenic gadoli-
nium. Evaluating the long-term yields of Gd in these rivers is
therefore crucial for monitoring its evolution and for targeting
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areas to focus waste reduction efforts. Although no anthropo-
genic anomalies have been identified further downstream of the
St. Lawrence River (Gd/Gd* < 1.4), these findings suggest the
significant impact of human activities on the magnitude and
composition of REE fluxes at the local scale.

Although total REE yields were not significantly different
across major watersheds (Fig. S67), it is notable that rivers south
of the St. Lawrence River, despite draining soils naturally low in
REEs and dissolved organic carbon (DOC), exhibited yields
comparable to those of boreal forest rivers, where REE-rich soils
are more common. Intensive erosion in agricultural tributaries
and specific farming practices (e.g., the application of phos-
phate fertilizers or type of agricultural crops) may significantly
enhance the availability and transport of REEs from these areas
to surrounding water systems.”*®" According to Sen and
Peucker-Ehrenbrink,*® uncertainties in quantifying the human
contribution to soil erosion hinder the attribution of REE fluxes
to natural or anthropogenic sources. Yet, their assessment
shows that neglecting human-driven erosion limits the esti-
mated anthropogenic share of REE fluxes to ~10%, whereas
accounting for a 50% contribution raises it to over 45%,
revealing the extent to which erosion-related inputs may be
overlooked. Therefore, while some anthropogenic sources of
REEs, such as industrial effluents, are readily identifiable,
diffuse processes such as erosion remain underestimated and
require greater attention to accurately quantify human contri-
butions to REE fluxes. However, our comprehensive assessment
of REE fluxes and anomalies offers a critical baseline for
detecting future changes driven by expanding REE exploitation
and broader land-use transformations.

From a broader perspective, alongside increasing erosion
and increasing anthropogenic emissions, the anticipated
effects of climate change in Northern Quebec, such as height-
ened precipitation, permafrost thaw, and browning of aquatic
systems, are likely to intensify the mobilization of rare REEs in
the region. These changes will result in higher concentrations
of terrestrial dissolved organic carbon,'**® which can enhance
the transport of REEs to aquatic systems.”***® As these
dynamics evolve, the impact on downstream ecosystems will
likely become more pronounced, necessitating ongoing moni-
toring and adaptive management strategies. Consequently, the
contribution of total REEs exported from this area could
significantly increase in the coming years, driven by both
natural and human-induced factors.

Conclusions

In summary, this study sheds light on the dynamics and
significance of both filtered and total REE fluxes across diverse
temperate, boreal, and subarctic ecosystems, offering valuable
insights into the global biogeochemical cycle of REEs. It also
provides critical information for monitoring REE exports from
Canadian watersheds, which is essential for guiding environ-
mental protection efforts and assessing the potential impacts of
new mining or industrial activities. Moreover, by identifying key
factors influencing REE fluxes, composition, and speciation—
such as DOC, pH, temperature, and geology—this study enables
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the prediction of increased REE exports in the coming years,
driven by climate change-induced mobilization of terrestrial
carbon into northern aquatic ecosystems. In addition to esti-
mating total REE fluxes for rivers from multiple regions of the
world, future research could prioritize investigating their
coupling with terrestrial organic matter, particularly in
response to long-term and seasonal shifts in northern ecosys-
tems, and the relative impact of the increasing anthropogenic
activities, including changes in land use, associated erosion and
REE mining.
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