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Rare Earth Elements (REE) and several trace elements abundances in mussel's shells collected along the St.
Lawrence River, the Estuary, and the Gulf of St. Lawrence (EGSL) reveal coherent chemical variations, with a
sharp contrast between freshwater and seawater bivalves. In freshwater mussel's shells, Rare Earth Elements and

E?‘t:;lz Y (REY) patterns are rather flat. Their Mn and Ba concentrations are higher than those of EGSL mussel shells,
Shell which are much richer in Sr. Shale-normalized REY abundances in mussel's shells from the EGSL show positive

Environmental proxy
Pollution

anomalies in La and Y and well-marked negative anomalies in Ce, reflecting those of seawater. Prince Edward
Island shells show light REE depletion relative to PAAS, positive La and Y anomalies, and negative Ce anomalies.

Our data confirm the lack of detectable Gd pollution in the St. Lawrence River and in the EGSL, as well as Pb
pollution at the mouth of the Saguenay Fjord and near Rimouski.

1. Introduction

Bivalves' shells ability to record physicochemical water changes in
fresh (e.g. Merschel and Bau, 2015), estuarine (e.g. Gillikin et al., 2006)
and seawater (e.g. Ponnurangam et al., 2016; Akagi and Edanami, 2017;
Le Goff et al., 2019) has made them useful bioarchives. Mussels are
sessile filter-feeding species ubiquitous in diverse aquatic environments
and have been used as ecological bioindicators for decades (Goldberg,
1975; Beyer et al., 2017), as they are able to monitor specific pollution
such as heavy metals (Puente et al., 1996) or trace elements (Vander
Putten et al., 2000). More recently, their ability to record Rare Earth
Elements and Yttrium (REY) signatures in soft tissues (Wang et al., 2022)
and shells (Ponnurangam et al., 2016; Wang et al., 2020; Barrat et al.,
2022; Castro et al., 2023) have made them effective proxies of this
particular geochemical group. Specific speciation of trace elements and
REY in water and their partition in carbonate shells can be used to
monitor trace element and REY environmental behavior (e.g., Le Goff
et al., 2019).

The St. Lawrence is a complex system (Fig. 1) that extends over more
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than 1200 km, encompassing the St. Lawrence River, the St. Lawrence
Estuary, and St. Lawrence Gulf (EGSL). The St. Lawrence River is the
primary drainage outflow of the Great Lakes Basin. According to the
estuary definition given by Pritchard (1967), the estuary section extends
from Québec city to Pointe-des-Monts, where the estuary opens to the
Gulf. Its magnitude and specificities such as the seasonality dominated
by an ice-covered winter have makes it a particularly relevant site to
study large scale processes.

This study assesses the Rare Earth Elements (REE) and other few
trace elements (Ba, Cu, P, Mn, Pb, Sr, Co, Zn, V, Rb and Y) in shells of
living mussels along the St. Lawrence River, Estuary and Gulf contin-
uum. Our aim is to evaluate trace elements and REE specific signature in
mussels' shells along a river to ocean continuum, and to detect specific
pollution such as Gd or Pb pollution.

2. Material and methods

Mussels were collected alive in the intertidal zone between June and
October 2022 along the St. Lawrence system at 23 sampling sites. The
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Fig. 1. Map of the St. Lawrence River, Golf and Estuary showing the mussels sampling stations (QGIS, Google Maps data view).

sampling was partitioned into 7 river stations located between the up-
stream of Montreal and Québec city and 16 estuarine and marine sta-
tions. As the maximum turbidity zone (MTZ) occurring between Orleans
Island and Coudres Island doesn't provide optimum ecological features/
settings for mussel ecology, the other sampling sites were located in
estuarine and seawater area, between the Saguenay fjord and Gaspé Bay,
with one open water station located in the Prince Edward Island.

Different species of freshwater mussels were sampled, such as Elliptio
complanata, Elliptio crassidens, Lampsilis siliquoidea, Lampsilis ovata and
Ligumia recta. In seawater, Mytilus edulis or Mytilus trossulus were
sampled but cannot be specifically recognized without genetic analyses.
Therefore, seawater mussels in this study are referred as Mytilus spp.

For each site, 2 or 3 mussels of the same size class (5 + 0.5 cm) were
sampled at the same place and stored on ice until the separation of the
shell from the soft tissues. A total of 44 samples were finally selected for
analysis.

Species were identified on the basis of shell morphology. Shells were
cleaned out of impurities by polishing both the inner and outer sides.
Only one shell fragment (up to 5 mm, 200-300 mg) located on the
margin of the shell was collected, in order to select the most recent part
of the shell.

Trace element concentrations were determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) using well-established
procedures. Each sample was spiked with a solution of pure Tm (Bar-
rat et al., 1996) and digested in a Teflon beaker by 2N HNOj3. An aliquot
of the sample solution containing the equivalent of 4 mg of sample was
dried and the residue was taken up in 4 ml of 2.5 % 2 N HNOg3 before
analysis (e.g., Wang et al., 2020; Barrat et al., 2023b). Concentrations of
REE, V, Cr, Mn, Co, Cu, Zn, Sr, Y, Ba and Pb were determined using a
Thermo Scientific ELEMENT XR™ spectrometer located at the “Pole
Spectrometrie Ocean”, Institut Universitaire Européen de la Mer

(IUEM), Plouzané. Each solution was analyzed in triplicate, and the
results were averaged. Fresh water mussels are rich in Ba, and the in-
terferences generated by this element were too large to be accurately
corrected using this procedure. We thus used another aliquot of the
sample solution, containing the equivalent of 100 mg of sample, and
REEs and Y were separated from matrix elements and Ba, and concen-
trated before analysis using ion-exchange chromatographic columns
loaded with about 1 ml DGA-Normal resin (DN-B50-S, 50-100 pm,
produced by Triskem®) following the procedure developed by Barrat
et al. (2020). Results on two carbonate standards (CAL-S and BEAN)
obtained during the sessions are compared with literature values in
Table S1. Based on standards and various replicates, the precisions
(RSD) for concentrations and element ratios are better than 5 %.

For the normalisation of the concentrations, we use the Post Archean
Australian Shale (PAAS) average obtained by Pourmand et al. (2012),
adjusted to standard results obtained in our laboratory (Barrat et al.,
2020). The La, Ce, and Gd anomalies are calculated using the La/La*,
Ce/Ce*, Gd/Gd* ratios, where X* is the extrapolated concentrations for
a smooth PAAS-normalized REE pattern and Xgy is the concentration of
element X normalized to PAAS: Lagy™ = PrgN/ngN, Cesn™ = Pr%N/ Ndsn,
Gdgn* = Sméﬁ3 x Tb %I/\IB (e.g., Le Goff et al., 2019; Barrat et al., 2023a).
All the data obtained during the course of this study are given in Table S-
1.

3. Results

The 44 analyzed shells composition in trace elements and REY pat-
terns display significative differences between freshwater and seawater
locations. Concentration of rare earth elements and trace elements are
given in Supplementary material.

The PAAS normalized REY in freshwater shells (Fig. 2) display a
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Fig. 2. PAAS-normalized REY patterns of in mussels' shells in the St. Lawrence River, Estuary and Gulf.
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Fig. 3. Ba, Cu, Pb, Mn, P and Sr concentrations (in pg/g) in mussels' shells of the St. Lawrence River, Estuary, Gulf and Prince Edward Island.

PAAS-like pattern, which is species independent. The highest concen-
tration difference ranges between the two stations located upstream of
Montreal, namely St. Lawrence River (station 2) and Ottawa River
(station 1). Abundances ranges from 10~* to 3.1072 the PAAS concen-
trations (Fig. 2a). The REY patterns are rather flat with no significant
anomalies or specific partitioning of REY, either than a small heavy REE
depletion (Tbgy/Ybgy = 1.08-1.65).

PAAS normalized REY patterns in estuarine and seawater shells from
sites 8 to 22 (Fig. 2a, c) both display typical seawater signature, with
positive La anomalies (La/La* = 1.58-2.96), positive Y anomalies (Y/
Ho = 29.1-69.6), negative Ce anomalies (Ce/Ce* = 0.47-1.02) and with
a marked but variable depletion in heavy REE (Tbgy/Ybgy = 1.86-5.53).
Abundances are rather low, ranging from 10~ to 102 the PAAS con-
centrations and span over a relatively narrow variation range. All shells
present a small Gd anomaly (Gd/Gd* = 1.09-1.50), which slightly in-
creases seaward. Similar REY patterns had been reported for marine
mussels' shells (Ponnurangam et al., 2016; Wang et al., 2020; Castro
et al., 2023). Shells from station 23 display a different REY pattern that
clearly stands out from the others. The mussels' shells display less
enriched REE content relative to PAAS (station 8 to 22: lLa =
0.066-0.339 pg/g, station 23: La = 0.01 pg/g) (Fig. 2c) with more

marked Ce and La anomalies, together with an enrichment in light REE
(station 8 to 22: Prgn/Gdgy = 0.65-1.2, station 23: Prgn/Gdsy =
0.23-0.25).

Trace elements abundances are consistent between shells located in
the same zone and show different patterns along the continuum. Some
elements, such as Co, Zn, V, Cr or Sc, do not show significant variation in
concentration along the continuum (figure in supplement), contrary to
Ba, Cu, Pb, Mn, P or Sr that display strong differences in concentration
between freshwater and seawater mussels' shells (Fig. 3).

4. Discussion
4.1. Freshwater vs. seawater signatures recorded in shells
4.1.1. REE and Yttrium
a. Comparison with waters
Unlike many other rivers, the waters of the St. Lawrence River do not

display noticeable REY fractionations (Dang et al., 2022b), but can show
interannual variations of REE concentrations associated with
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Fig. 4. REY ratios relative to La anomalie in mussels' shells, phytoplancton and surface water of the St. Lawrence River, Estuary and Gulf. Data according to Dang

et al. (2022a) using surface data only, Dang et al. (2023) using phytoplankton data only and Byrne and Lee (1993).
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Fig. 5. La and Yb abundances (in pg/g) in mussels' shell of the St. Lawrence
River, Estuary, Gulf and Prince Edward Island. Same caption as Fig. 3.

hydrological events (Lafreniere et al., 2023). REEs were measured in the
waters of the St. Lawrence by Dang and other Quebecers. Dang et al.
(2022b) obtained for some samples very pronounced positive Eu
anomalies. These are very strongly correlated with the Ba/Sm ratios (not
shown), indicating unambiguously that they should be considered as
analytical artifacts related to isobaric BaO interferences, which are a
well-known problem in ICP-MS for Ba-rich, REE-poor samples. Apart
from these artifacts, the waters of the Saint-Lawrence River do not
display large REY fractionations (Dang et al., 2022a; Lafreniere et al.,
2023). Freshwater shells REY patterns are coherent with REY patterns in
water, regardless of the mussels' species (Fig. 2a), but display rather
unfractionated heavy REE abundances compared to seawater shells
(freshwater shells: Tbgy/Ybsy = 1.08-1.64, seawater shells: Tbgn/Ybsn
= 1.85-5.3, Fig. 5a).

In EGSL water, REY display heavy REE enrichments relative to light
REE and La and Ce anomalies (Dang et al., 2022a). REY patterns in shells
are consistent with REY patterns in water (Figs. 4, 6). The La, Ce and Y
anomalies found in shells (Fig. 4) reflect the mixing behavior of water
masses, as the water composition of the estuary itself is primarily
controlled by the mixing of freshwater from the St. Lawrence River and
seawater from the Gulf of St. Lawrence (Galbraith, 2006).

Shells from both estuary and gulf display similar REY patterns
(Fig. 2b, c), that exhibit seawater features. Strong positive La and Y
anomalies reflect a typical seawater signature, as well as negative Ce
anomaly (Elderfield, 1988). Such anomalies are usual features for
seawater bivalves' shells (e.g., Ponnurangam et al., 2016; Akagi and

Marine Pollution Bulletin 199 (2024) 116034

Edanami, 2017; Le Goff et al., 2019; Mouchi et al., 2020). Lanthanum
anomalies in shells mirror those in water, increasing seaward with a
sharp shift between freshwater and seawater shells (Fig. 6¢). The origin
of La anomalies in seawater are still not well understood but are prob-
ably related to the higher stability of La in solution compared to light
REE (De Baar et al., 1985). Estuarine and gulf shells also display Y/Ho
marine ratio between 44 and 74 (Fig. 6¢). These anomalies originate
from active differential fractionation process between Y and the
lanthanide series in low salinity region (Lawrence and Kamber, 2006),
that had been observed in waters of the St. Lawrence Estuary (Dang
etal., 2022a). Cerium anomalies display a linear evolution in shells with
longitude, reflecting the Ce/Ce* in water (Fig. 6a). As a redox sensitive
element, Ce can be oxidized in either Ce(III) or Ce(IV) (Sholkovitz and
Schneider, 1991), displaying negative Ce anomaly in modern seawater
(Elderfield et al., 1990), that can be used as geochemical proxy (German
and Elderfield, 1990).

Mussels' shells from Prince Edward Island display different REY
patterns (Figs. 2c, 5b, 6b), reflecting a distinct water mass. They display
enrichment in Sm, Eu, Gd and Tb, represented with a low Prgy/Smgy
ratio of 0.49 (Fig. 4b), an overall less enriched REY abundances, lower
by one order of magnitude (Fig. 2¢, Fig. 5), as well as marked La and Ce
anomalies (La/La* = 2.78-2.96, Ce/Ce* = 0.47-0.55). Similar features
were measured by Dang et al. (2022a) in some seawaters in the oriental
part of the EGSL (station P23 in Dang et al. (2022a), La/La* = 3.51,
Prgn/Smgy = 0.49). Surface water circulation and chemistry near Prince
Edward Island are completely different from those occurring in the es-
tuary and Gulf (Saucier et al., 2003), explaining radically different REY
patterns in shells.

b. Vitals effects

REY patterns in freshwater mussels remain highly similar to each
other, regardless of the species and along all the river section of the St.
Lawrence. These similarities indicate that species-dependent vital ef-
fects play a lighter role than water chemistry for REY in these shells.
However, this conclusion should not be extended to all mussel species,
since REE are necessary elements for some abyssal mussels, whose
enzymatic activities can significantly fractionate light REE (Wang et al.,
2020; Barrat et al., 2022).

REE sources as well as incorporation processes in shells are still
debated. Phytoplankton represents a potential source of REE in shells, as
mussels are water filter-feeders. REE abundances in phytoplankton from
the St. Lawrence Estuary display surprising features such as marked
negative Eu and Y anomalies (Eu/Eu* = 0.6-0.8, Y/Ho = 0.4-0.8), and
no Ce nor La anomalies (Dang et al., 2023). These results are at odd with
REE patterns in waters (Dang et al., 2022a). Additional works are
necessary to confirm these results and are beyond the scope of this

paper.

4.1.2. Other elements in shells

Trace element behavior and geochemistry in estuaries were exten-
sively studied (e.g., Zhang, 1995, Millward, 1995, Smrzka et al., 2019
among many others), including in the St. Lawrence (Yeats and Loring,
1991). It is well known that seawater exhibit higher concentrations of Sr
and V and lower concentrations of Cr, Co, Ba, Mn, Pb, Cu and Zn than
river waters (Millot et al., 2003; Florence et al., 1980). Multiple trace
elements, such as Co, Zn, V, and Rb, do not show abundances variation
in shells along the St. Lawrence system (Supplementary Table S-1).
However, Ba, Rb, P, Mn, Pb or Sr display strong differences between
freshwater and seawater shells (Fig. 3). Different composition patterns
occur upstream and downstream of the maximum turbidity zone, which
also corresponds to the sharp salinity shift zone. No shell can be found in
the maximum turbidity zone, as environmental settings, such as sus-
pended particulate matter or salinity shift, don't provide optimal con-
ditions for bivalves settling. The estuarine turbidity maximum is known
to play a crucial role in particulate and dissolved metal distributions



A. Guillot et al.

Marine Pollution Bulletin 199 (2024) 116034

| i 1.6
125 3 Ce/Ce* b Prsn/Smsn
1 | :DE?..: ‘ o g :
‘]. = o o
So 0 §° e {12
B o o 0 “ o oY@ o® o
I — 8)(80% :, o . . g o & ‘. .
0.75 o o: .3 Bf.' ) é’*:] 8- )
) o ° o = & ) T 08
05 B : ®
o . o
L I 1 ! 1 1 ! 0_4
o 4
sl C d o .
= o
: ® 680.,. .‘ | 2
&
o *° ., o’ °
o e e s
OO o o : * “ o
1t :%fd“r ‘gﬁ;‘.m B 41
o *
La/La ° Ysn/Hosn
-75° -70° -65° -60° -75° -70° -65° -60°

Longitude

Fig. 6. Anomalies in La, Ce and Y, and Prgn/Smgy ratio in mussels shells relative to longitude in mussels' shells, phytoplankton and surface water. Data according to
Dang et al. (2022a) using surface data only, Dang et al. (2023) using phytoplankton data only and Byrne and Lee (1993). Same caption as Fig. 4.

(Cossa and Poulet, 1978; Gobeil et al., 1981). The brutal drop of Ba and
Mn concentration in shells between freshwater and seawater (Fig. 3a, d)
reflects the drop of Ba and Mn concentrations in water. Mn concentra-
tion in the St. Lawrence River is 100-150 times higher than those in
seawater (Bewers and Yeats, 1978), and different mechanisms including
sorption to particles and colloidal precipitation and destabilization
remove dissolved Ba and Mn from in estuaries (Coffey et al., 1997;
Sholkovitz, 1978). Similar processes were observed elsewhere for
M. edulis shells, which contain Ba in proportion to the water in which
they grow (Gillikin et al., 2006). The Sr and P concentrations in shells
seem to gradually increase seaward (Fig. 3e, f), reflecting usual trace
elements variations in St. Lawrence Estuary (Lucotte, 1989; Wadleigh
et al., 1985). Naturally less concentrated trace elements in water, such as
V, Cr, Co, Cu, or Zn (Martin and Meybeck, 1979), show little variations
of concentration in mussels' shells along the continuum (Supplementary
Table S-1).

4.2. Pollution

4.2.1. REE

REY are emerging pollutants (Brewer et al., 2022), whose increasing
use in diverse modern technologies raise the concern of their toxicity for
aquatic environments and living compartment (Gonzalez et al., 2014).
Among these elements, La, Sm pollution has already been described in
the waters of major German rivers (Kulaksiz and Bau, 2013). However,
the data we have obtained show no anomalies in La and Sm that might
suggest pollution for these elements.

More generally, a Gd pollution is observed in most industrialized and
densely populated areas (Bau and Dulski, 1996; Le Goff et al., 2019;

Hatje et al., 2016; Castro et al., 2023). This Gd pollution is unques-
tionably linked to medical imaging. In MRI, patients who are injected
with Gd-based contrast agents (GBCA), will quickly eliminate it
(through urine) after the examination (Kiimmerer and Helmers, 2000).
These molecules (chelates) receive no efficient treatment from waste-
water treatment plants (Moller et al., 2000), ending up in river water
and then in coastal areas. Around 900 kg/year of Gd are used in our
study area (Dang et al., 2022a). Positive Gd anomalies in the waters of
Lake Erie, Lake Ontario or Niagara Falls (Bau et al., 2006) show that
medical activities could be leaving an imprint in the waters of the EGSL.
Surprisingly, this Gd pollution is not found in the St. Lawrence water
(Dang et al., 2022a) nor in mussels' shells (this study). This spatial dis-
tribution of the Gd positive anomaly is assumed to be essentially
controlled by strong mixing of water-masses, and consequently by a
dilution effect (Yeats and Loring, 1991). The small positive anomalies
(Gd/Gd* = 1.1-1.6) displayed by seawater mussels' shells probably
reflect pristine abundances (Bau, 1999), rather than pollution.

4.2.2. Lead

Mussels are able to concentrate lead in their shells (Sturesson, 1976).
Here, a few shells show Pb abundances higher than 0.2 pg/g (Fig. 3c).
They were sampled at the mouth of the Saguenay Fjord (station 9), and
near Rimouski (stations 12 and 14). Saguenay Fjord is known for its lead
pollution (Cossa and Poulet, 1978; Cossa, 1990). For the Rimouski area,
the pollution could be related to the past exploitation of a small Pb
deposit located in Saint-Fabien (Beaudoin et al., 1989). In both cases, Pb
concentrations in shells are not extremely high, and the impact of this
pollution on mollusks should not be overemphasized. Our data illustrate
the ability of bivalve shell chemistry to highlight local Pb anomalies, and
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thus to trace this type of pollution.
5. Conclusion

The study of the chemical composition of mussel shells collected
along the St. Lawrence and in the EGSL, over a transect of some 1200
km, has enabled us to compare the chemical characteristics of fresh-
water mussels with those from estuarine or marine environments.
Several important results emerge from our study. Firstly, trace element
abundances, including REY, largely reflect the features of the water
masses present. We show that samples taken from Montreal to the es-
tuary (over a distance of some 380 km) display the same characteristics,
with variable but significant Ba and Mn concentrations, and rather flat
PAAS-normalized REY patterns with no La, Ce or Y anomalies. These
characteristics contrast sharply with those observed in EGSL mussel
shells, which show marked La, Ce and Y anomalies. All EGSL mussels
appear to belong to the same chemical group, with the exception of
those collected from the easternmost station (Prince Edward Island),
which show more pronounced anomalies, but above all a much sharper
depletion in light REE compared to PAAS. None of the mussels analyzed,
either in the river or in the EGSL, showed Gd anomalies, which could
have mirror pollution by contrast agents used for medical imaging. This
result contrasts with those of major European rivers (in water and
mollusks), particularly in Germany, where large positive Gd anomalies
have been reported for almost thirty years (Bau and Dulski, 1996;
Merschel and Bau, 2015). We conclude that this pollution in the St.
Lawrence is still negligible, probably due to very significant dilution. On
the other hand, occasionally higher Pb concentrations confirm the
pollution of some segments of the system with this element, due to in-
dustrial (Saguenay Fjord) or extractive (Rimouski) activities. Our study
illustrates the potential of bivalve shells for tracing the chemistry of
water masses, and specific pollution such as Pb contamination.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2024.116034.

CRediT authorship contribution statement

Alice Guillot: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Writing — original draft, Writing
—review & editing. Jean-Alix Barrat: Conceptualization, Data curation,
Funding acquisition, Methodology, Supervision, Validation, Writing —
original draft, Writing — review & editing. Frédéric Olivier: Funding
acquisition, Resources, Supervision, Validation, Writing — original draft,
Writing — review & editing. Réjean Tremblay: Conceptualization,
Funding acquisition, Project administration, Supervision, Writing — re-
view & editing. Richard Saint-Louis: Project administration, Supervi-
sion, Writing — review & editing. Marie-Laure Rouget: Methodology,
Validation, Writing — review & editing. Douraied Ben Salem:
Conceptualization, Validation, Visualization, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data is available in supplementary materials
Acknowledgments

We thank Gui-Peng Yang for the editorial handling and the two

anonymous reviewers for their constructive reviews. Alice Guillot is
grateful to Guillaume Bridier, Cloé Falcoz and Elisa Michon for their

Marine Pollution Bulletin 199 (2024) 116034

help during the sampling.

This study was funded by the Agence Nationale de la Recherche
(ANR-19-FQSM-0005) and the Fonds de la Recherche du Québec
(FRQNT 280057) through a French-Québec funding maritime programs
supporting the research project AUDITIF ‘Acoustic impact of ship traffic
on mussels and scallops of the Gulf of Saint Lawrence’. Fellowships
award supporting Alice Guillot work was also obtained by Ressources
Aquatiques Québec Research Network (Fonds de Recherche du Québec-
Nature et Technologies, #2014-RS-171172) and by ISBlue program.

This study is a contribution to the BeBEST2 International Research
Project (CNRS INEE/LEMAR and UQAR/ISMER).

References

Akagi, T., Edanami, K., 2017. Sources of rare earth elements in shells and soft-tissues of
bivalves from Tokyo Bay. Mar. Chem. 194, 55-62. https://doi.org/10.1016/j.
marchem.2017.02.009.

Barrat, J.A., Keller, F., Amossé, J., Taylor, R.N., Nesbitt, R.W., Hirata, T., 1996.
Determination of rare earth elements in sixteen silicate reference samples by ICP-MS
after Tm addition and ion exchange separation. Geostand. Newslett. 20 (1),
133-139.

Barrat, J.A., Bayon, G., Wang, X., Le Goff, S., Rouget, M.L., Gueguen, B., Salem, D.B.,
2020. A new chemical separation procedure for the determination of rare earth
elements and yttrium abundances in carbonates by ICP-MS. Talanta 219, 121244.

Barrat, J.-A., Chauvaud, L., Olivier, F., Poitevin, P., Bayon, G., Ben Salem, D., 2022. Rare
earth elements and yttrium in suspension-feeding bivalves (dog cockle, Glycymeris
glycymeris L.): accumulation, vital effects and pollution. Geochim. Cosmochim. Acta
339, 12-21. https://doi.org/10.1016/j.gca.2022.10.033.

Barrat, J.A., Bayon, G., Lalonde, S., 2023a. Calculation of cerium and lanthanum
anomalies in geological and environmental samples. Chem. Geol. 615, 121202
https://doi.org/10.1016/j.chemgeo.2022.121202.

Barrat, J.A., Chauvaud, L., Olivier, F., Poitevin, P., Rouget, M.L., 2023b. Trace elements
in bivalve shells: how “vital effects” can bias environmental studies. Chem. Geol.
638, 121695.

Bau, M., 1999. Scavenging of dissolved yttrium and rare earths by precipitating iron
oxyhydroxide: experimental evidence for Ce oxidation, Y-Ho fractionation, and
lanthanide tetrad effect. Geochim. Cosmochim. Acta 63 (1), 67-77.

Bau, M., Dulski, P., 1996. Anthropogenic origin of positive gadolinium anomalies in river
waters. Earth Planet. Sci. Lett. 143 (1-4), 245-255.

Bau, M., Knappe, A., Dulski, P., 2006. Anthropogenic gadolinium as a micropollutant in
river waters in Pennsylvania and in Lake Erie, northeastern United States.
Geochemistry 66 (2), 143-152.

Beaudoin, G., Schrijver, K., Marcoux, E., Calvez, J.Y., 1989. A vein and disseminated Ba-
Pb-Zn deposit in the Appalachian thrust belt, St.-Fabien, Quebec. Econ. Geol. 84 (4),
799-816.

Bewers, J.M., Yeats, P.A., 1978. Trace metals in the waters of a partially mixed estuary.
Estuar. Coast. Mar. Sci. 7 (2), 147-162. https://doi.org/10.1016/0302-3524(78)
90071-3.

Beyer, J., Green, N.W., Brooks, S., Allan, I.J., Ruus, A., Gomes, T., Brate, LL.N.,
Schgyen, M., 2017. Blue mussels (Mytilus edulis spp.) as sentinel organisms in coastal
pollution monitoring: a review. Mar. Environ. Res. 130, 338-365. https://doi.org/
10.1016/j.marenvres.2017.07.024.

Brewer, A., Dror, 1., Berkowitz, B., 2022. Electronic waste as a source of rare earth
element pollution: leaching, transport in porous media, and the effects of
nanoparticles. Chemosphere 287, 132217.

Byrne, R.H., Lee, J.H., 1993. Comparative yttrium and rare earth element chemistries in
seawater. Marine Chem. 44 (2-4), 121-130.

Castro, L., Farkas, J., Jenssen, B.M., Piarulli, S., Ciesielski, T.M., 2023. Biomonitoring of
rare earth elements in Southern Norway: distribution, fractionation, and
accumulation patterns in the marine bivalves Mytilus spp. and Tapes spp. Environ.
Pollut., 122300 https://doi.org/10.1016/j.envpol.2023.122300.

Coffey, M., Dehairs, F., Collette, O., Luther, G., Church, T., Jickells, T., 1997. The
behaviour of dissolved barium in estuaries. Estuar. Coast. Shelf Sci. 45 (1), 113-121.

Cossa, D., 1990. Chemical contaminants in the St Lawrence Estuary and Saguenay Fjord.
In: Oceanography of a Large-Scale Estuarine System, vol. 39, pp. 239-268.

Cossa, D., Poulet, S.A., 1978. Survey of trace metal contents of suspended matter in the
St. Lawrence Estuary and Saguenay Fjord. J. Fish. Res. Board Can. 35 (3), 338-345.
https://doi.org/10.1139/f78-060.

Dang, D.H., Wang, W., Sikma, A., Chatzis, A., Mucci, A., 2022a. The contrasting estuarine
geochemistry of rare earth elements between ice-covered and ice-free conditions.
Geochim. Cosmochim. Acta 317, 488-506. https://doi.org/10.1016/j.
gca.2021.10.025.

Dang, D.H., Ma, L., Ha, Q.K., Wang, W., 2022b. A multi-tracer approach to disentangle
anthropogenic emissions from natural processes in the St. Lawrence River and
Estuary. Water Res. 219, 118588 https://doi.org/10.1016/j.watres.2022.118588.

Dang, D.H., Wang, W., Winkler, G., Chatzis, A., 2023. Rare earth element uptake
mechanisms in plankton in the Estuary and Gulf of St. Lawrence. Sci. Total Environ.
860, 160394 https://doi.org/10.1016/j.scitotenv.2022.160394.

De Baar, H.J., Bacon, M.P., Brewer, P.G., Bruland, K.W., 1985. Rare earth elements in the
Pacific and Atlantic Oceans. Geochim. Cosmochim. Acta 49 (9), 1943-1959.

Elderfield, H., 1988. The oceanic chemistry of the rare-earth elements. Philos. Trans. R.
Soc. London. Ser. A, Math. Phys. Sci. 325 (1583), 105-126.


https://doi.org/10.1016/j.marpolbul.2024.116034
https://doi.org/10.1016/j.marpolbul.2024.116034
https://doi.org/10.1016/j.marchem.2017.02.009
https://doi.org/10.1016/j.marchem.2017.02.009
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0010
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0010
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0010
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0010
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0015
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0015
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0015
https://doi.org/10.1016/j.gca.2022.10.033
https://doi.org/10.1016/j.chemgeo.2022.121202
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0030
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0030
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0030
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0035
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0035
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0035
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0040
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0040
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0045
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0045
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0045
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0050
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0050
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0050
https://doi.org/10.1016/0302-3524(78)90071-3
https://doi.org/10.1016/0302-3524(78)90071-3
https://doi.org/10.1016/j.marenvres.2017.07.024
https://doi.org/10.1016/j.marenvres.2017.07.024
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0065
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0065
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0065
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf1000
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf1000
https://doi.org/10.1016/j.envpol.2023.122300
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0075
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0075
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0080
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0080
https://doi.org/10.1139/f78-060
https://doi.org/10.1016/j.gca.2021.10.025
https://doi.org/10.1016/j.gca.2021.10.025
https://doi.org/10.1016/j.watres.2022.118588
https://doi.org/10.1016/j.scitotenv.2022.160394
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0105
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0105
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0110
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0110

A. Guillot et al.

Elderfield, H., Upstill-Goddard, R., Sholkovitz, E.R., 1990. The rare earth elements in
rivers, estuaries, and coastal seas and their significance to the composition of ocean
waters. Geochim. Cosmochim. Acta 54 (4), 971-991. https://doi.org/10.1016/0016-
7037(90)90432-K.

Florence, T.M., Batley, G.E., Benes, P., 1980. Chemical Speciation in Natural Waters.

Galbraith, P.S., 2006. Winter water masses in the Gulf of St. Lawrence. J. Geophys. Res.
Oceans 111 (C6). https://doi.org/10.1029/2005JC003159.

German, C.R., Elderfield, H., 1990. Application of the Ce anomaly as a paleoredox
indicator: the ground rules. Paleoceanography 5 (5), 823-833. https://doi.org/
10.1029/PA005i005p00823.

Gillikin, D.P., Dehairs, F., Lorrain, A., Steenmans, D., Baeyens, W., André, L., 2006.
Barium uptake into the shells of the common mussel (Mytilus edulis) and the
potential for estuarine paleo-chemistry reconstruction. Geochim. Cosmochim. Acta
70 (2), 395-407.

Gobeil, C., Sundby, B., Silverberg, N., 1981. Factors influencing particulate matter
geochemistry in the St. Lawrence estuary turbidity maximum. Mar. Chem. 10 (2),
123-140. https://doi.org/10.1016,/0304-4203(81)90028-1.

Goldberg, E.D., 1975. The Mussel Watch-A First Step in Global Marine Monitoring.

Gonzalez, V., Vignati, D.A.L., Leyval, C., Giamberini, L., 2014. Environmental fate and
ecotoxicity of lanthanides: are they a uniform group beyond chemistry? Environ. Int.
71, 148-157. https://doi.org/10.1016/j.envint.2014.06.019.

Hatje, V., Bruland, K.W., Flegal, A.R., 2016. Increases in anthropogenic gadolinium
anomalies and rare earth element concentrations in San Francisco Bay over a 20 year
record. Environ. Sci. Technol. 50 (8), 4159-4168.

Kulaksiz, S., Bau, M., 2013. Anthropogenic dissolved and colloid/nanoparticle-bound
samarium, lanthanum and gadolinium in the Rhine River and the impending
destruction of the natural rare earth element distribution in rivers. Earth Planet. Sci.
Lett. 362, 43-50.

Kiimmerer, K., Helmers, E., 2000. Hospital effluents as a source of gadolinium in the
aquatic environment. Environ. Sci. Technol. 34 (4), 573-577. https://doi.org/
10.1021/es990633h.

Lafreniere, M.C., Lapierre, J.F., Ponton, D.E., Guillemette, F., Amyot, M., 2023. Rare
earth elements (REEs) behavior in a large river across a geological and
anthropogenic gradient. Geochim. Cosmochim. Acta 353, 129-141.

Lawrence, M.G., Kamber, B.S., 2006. The behaviour of the rare earth elements during
estuarine mixing—revisited. Mar. Chem. 100 (1-2), 147-161. https://doi.org/
10.1016/j.marchem.2005.11.007.

Le Goff, S., Barrat, J.-A., Chauvaud, L., Paulet, Y.-M., Gueguen, B., Ben Salem, D., 2019.
Compound-specific recording of gadolinium pollution in coastal waters by great
scallops. Sci. Rep. 9 (1), 8015. https://doi.org/10.1038/541598-019-44539-y.

Lucotte, M., 1989. Phosphorus reservoirs in the St. Lawrence upper estuary. Can. J. Fish.
Aquat. Sci. 46 (1), 59-65.

Martin, J.M., Meybeck, M., 1979. Elemental mass-balance of material carried by major
world rivers. Mar. Chem. 7 (3), 173-206.

Merschel, G., Bau, M., 2015. Rare earth elements in the aragonitic shell of freshwater
mussel Corbicula fluminea and the bioavailability of anthropogenic lanthanum,
samarium and gadolinium in river water. Sci. Total Environ. 533, 91-101. https://
doi.org/10.1016/j.scitotenv.2015.06.042.

Millot, R., Erome Gaillardet, J., Dupré, B., Allegre, C.J., 2003. Northern latitude chemical
weathering rates: clues from the Mackenzie River Basin, Canada. Geochim.
Cosmochim. Acta 67 (7), 1305-1329.

Marine Pollution Bulletin 199 (2024) 116034

Millward, G.E., 1995. Processes affecting trace element speciation in estuaries. A review.
Analyst 120 (3), 609-614.

Moller, P., Dulski, P., Bau, M., Knappe, A., Pekdeger, A., Sommer-von Jarmersted, C.,
2000. Anthropogenic gadolinium as a conservative tracer in hydrology. J. Geochem.
Explor. 69-70, 409-414. https://doi.org/10.1016/50375-6742(00)00083-2.

Mouchi, V., Godbillot, C., Forest, V., Ulianov, A., Lartaud, F., de Rafélis, M.,
Verrecchia, E.P., 2020. Rare earth elements in oyster shells: provenance
discrimination and potential vital effects. Biogeosciences 17 (8), 2205-2217.

Ponnurangam, A., Bau, M., Brenner, M., Koschinsky, A., 2016. Mussel shells of Mytilus
edulis as bioarchives of the distribution of rare earth elements and yttrium in
seawater and the potential impact of pH and temperature on their partitioning
behavior. Biogeosciences 13 (3), 751-760. https://doi.org/10.5194/bg-13-751-
2016.

Pourmand, A., Dauphas, N., Ireland, T.J., 2012. A novel extraction chromatography and
MC-ICP-MS technique for rapid analysis of REE, Sc and Y: revisiting CI-chondrite and
POst-Archean Australian Shale (PAAS) abundances. Chem. Geol. 291, 38-54.

Pritchard, D.W., 1967. What Is an Estuary: Physical Viewpoint. American Association for
the Advancement of Science.

Puente, X., Villares, R., Carral, E., Carballeira, A., 1996. Nacreous shell of Mytilus
galloprovincialis as a biomonitor of heavy metal pollution in Galiza (NW Spain). Sci.
Total Environ. 183 (3), 205-211.

Saucier, F.J., Roy, F., Gilbert, D., Pellerin, P., Ritchie, H., 2003. Modeling the formation
and circulation processes of water masses and sea ice in the Gulf of St. Lawrence,
Canada. J. Geophys. Res. Oceans 108 (C8).

Sholkovitz, E.R., 1978. The flocculation of dissolved Fe, Mn, Al, Cu, NI, Co and Cd during
estuarine mixing. Earth Planet. Sci. Lett. 41 (1), 77-86.

Sholkovitz, E.R., Schneider, D.L., 1991. Cerium redox cycles and rare earth elements in
the Sargasso Sea. Geochim. Cosmochim. Acta 55 (10), 2737-2743. https://doi.org/
10.1016/0016-7037(91)90440-G.

Smrzka, D., Zwicker, J., Bach, W., Feng, D., Himmler, T., Chen, D., Peckmann, J., 2019.
The behavior of trace elements in seawater, sedimentary pore water, and their
incorporation into carbonate minerals: a review. Facies 65, 1-47.

Sturesson, U., 1976. Lead enrichment in shells of Mytilus edulis. Ambio 253-256.

Vander Putten, E., Dehairs, F., Keppens, E., Baeyens, W., 2000. High resolution
distribution of trace elements in the calcite shell layer of modern Mytilus edulis:
environmental and biological controls. Geochim. Cosmochim. Acta 64 (6),
997-1011.

Wadleigh, M.A., Veizer, J., Brooks, C., 1985. Strontium and its isotopes in Canadian
rivers: fluxes and global implications. Geochim. Cosmochim. Acta 49 (8),
1727-1736.

Wang, X., Barrat, J.A.J., Bayon, G., Chauvaud, L., Feng, D.L., 2020. Lanthanum
anomalies as fingerprints of methanotrophy. Geochem. Perspect. Lett. 14, 26-30.

Wang, Z., Shu, J., Wang, Z., Qin, X., Wang, S., 2022. Geochemical behavior and
fractionation characteristics of rare earth elements (REEs) in riverine water profiles
and sentinel Clam (Corbicula fluminea) across watershed scales: insights for REEs
monitoring. Sci. Total Environ. 803, 150090 https://doi.org/10.1016/j.
scitotenv.2021.150090.

Yeats, P.A., Loring, D.H., 1991. Dissolved and particulate metal distributions in the St.
Lawrence estuary. Can. J. Earth Sci. 28 (5), 729-742. https://doi.org/10.1139/e91-
063.

Zhang, J., 1995. Geochemistry of trace metals from Chinese river/estuary systems: an
overview. Estuar. Coast. Shelf Sci. 41 (6), 631-658.


https://doi.org/10.1016/0016-7037(90)90432-K
https://doi.org/10.1016/0016-7037(90)90432-K
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0120
https://doi.org/10.1029/2005JC003159
https://doi.org/10.1029/PA005i005p00823
https://doi.org/10.1029/PA005i005p00823
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0135
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0135
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0135
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0135
https://doi.org/10.1016/0304-4203(81)90028-1
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0145
https://doi.org/10.1016/j.envint.2014.06.019
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0155
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0155
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0155
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0160
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0160
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0160
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0160
https://doi.org/10.1021/es990633h
https://doi.org/10.1021/es990633h
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0170
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0170
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0170
https://doi.org/10.1016/j.marchem.2005.11.007
https://doi.org/10.1016/j.marchem.2005.11.007
https://doi.org/10.1038/s41598-019-44539-y
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0185
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0185
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0190
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0190
https://doi.org/10.1016/j.scitotenv.2015.06.042
https://doi.org/10.1016/j.scitotenv.2015.06.042
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0200
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0200
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0200
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0205
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0205
https://doi.org/10.1016/S0375-6742(00)00083-2
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0215
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0215
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0215
https://doi.org/10.5194/bg-13-751-2016
https://doi.org/10.5194/bg-13-751-2016
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf2000
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf2000
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf2000
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0225
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0225
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0230
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0230
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0230
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0235
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0235
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0235
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0240
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0240
https://doi.org/10.1016/0016-7037(91)90440-G
https://doi.org/10.1016/0016-7037(91)90440-G
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0250
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0250
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0250
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0255
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0260
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0260
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0260
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0260
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0265
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0265
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0265
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0270
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0270
https://doi.org/10.1016/j.scitotenv.2021.150090
https://doi.org/10.1016/j.scitotenv.2021.150090
https://doi.org/10.1139/e91-063
https://doi.org/10.1139/e91-063
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0285
http://refhub.elsevier.com/S0025-326X(24)00011-0/rf0285

	Trace element variations in mussels' shells from continent to sea: The St. Lawrence system, Canada
	1 Introduction
	2 Material and methods
	3 Results
	4 Discussion
	4.1 Freshwater vs. seawater signatures recorded in shells
	4.1.1 REE and Yttrium
	4.1.2 Other elements in shells

	4.2 Pollution
	4.2.1 REE
	4.2.2 Lead


	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


