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ARTICLE INFO ABSTRACT
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Despite the ecological and geochemical importance of coastal and estuarine ecosystems, the continental inputs
and anthropogenic emissions of trace elements in their global marine budgets are not well constrained due to a
lack of comprehensive and inclusive assessment of diverse sources. Here, we investigated two small but repre-
sentative rivers (Las and Eygoutier) of the Mediterranean Sea to determine the contributions of rare earth ele-
ments (REEs) from terrestrial loadings, atmospheric depositions, and anthropogenic emissions within the
watersheds and Toulon Bay (France). Both the dissolved and particulate loadings of the rivers significantly
increased during intermittent flood conditions relative to base flow. The flow-weighted mean concentrations of
dissolved Nd (as a representative REE) ranged from 29 + 6 and 41 + 16 ng L™ for the two rivers repectively,
while the time-weighted mean particulate concentrations (TWMC) were 8.0 + 3.4 and 18.8 + 6.3 mg kg’l.
Similarly, TWMCs of atmospheric depositions were 13.3 + 1.8 and 23.7 + 4.0 mg kg™! for dry and wet con-
ditions. Atmospheric depositions and fluvial particulate loadings are the primary input and output within the
watershed, while river dissolved fluxes, porewater diffusion, and atmospheric depositions are the primary
external sources of Nd to the water column. Furthermore, we observed significant La anomalies in the dissolved
and atmospheric fractions while the discharge of treated wastewater is a significant REE input to the bay, marked
by Tb anomalies. Overall, these results suggest considering small but typical rivers, rather than focusing solely on
major fluvial systems, to gain a more comprehensive understanding of the transport and fate of REEs at the
continent-to-ocean interface.

Tb anomalies

River flux

Atmospheric deposition
Particulate loading

1. Introduction

Coastal environments comprise narrow transition zones that connect
continental and marine ecosystems. Despite the limited surface area
(<20 % of Earth’s surface), coastal zones host 45 % of human popula-
tion, 75 % of megacities with more than 10 million inhabitants, and
provide 90 % of global fisheries and 25 % of global biological produc-
tivity (Crossland et al., 2005). Estuarine and coastal systems are also
significant sites of highly dynamic biogeochemical processes that
transform terrestrial materials conveyed by riverine systems into the
oceans. These interfaces, therefore, have a substantial impact on pro-
jections of marine primary production and the global marine budgets of

the elements (Gao et al., 2023; Xu et al., 2023). For some trace elements
and isotopes that received decades of investigation through national and
international programs, their input and output fluxes are balanced with
well-characterized sources and sinks (Conway et al., 2021; Elbaz-Pou-
lichet et al., 2001; Tagliabue and Weber, 2024). Other elements, e.g.,
rare earth elements, still have their unbalanced marine mass budgets
despite numerous applications as important geochemical tracers
(Arsouze et al., 2009; Conway et al., 2021; Dang et al., 2022b; Garcia-
Solsona and Jeandel, 2020; Laukert et al., 2017; Rousseau et al., 2015;
Xu et al., 2023).

Rare earth elements (REEs) include 15 lanthanides, Sc and Y. They
are widely used as tracers for continental inputs, present and past ocean
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circulation, redox processes and anthropogenic emissions (Bellefroid
et al., 2018; Dang et al., 2022a; Hatje et al., 2016; Kulaksiz and Bau,
2007; Laukert et al., 2017). The most common sources of REEs in the
ocean are riverine fluxes, atmospheric deposition, and dissolution of
sediment particles, while the dominant sink consists of settling particles
(Arsouze et al., 2009). However, missing fluxes (Arsouze et al., 2009;
Garcia-Solsona and Jeandel, 2020) and differential geochemical be-
haviours of REEs associated with distinct geochemical and environ-
mental features over temporal and spatial scales are commonly reported.
For example, re-dissolution rates of REEs from riverine particles of the
Amazon River have been estimated to be ca. 0.94 % (Rousseau et al.,
2015), while no re-dissolution was observed in the high latitude estu-
aries of the Laptev Sea (Laukert et al., 2017). Nevertheless, the disso-
lution of REEs from particles in the Amazon River was more recently
attributed to the contribution of the nearby Para River (Xu et al., 2023).
Furthermore, the salt-induced coagulation of REEs in the estuary of the
St. Lawrence River was also not observed under ice-covered conditions
(near-conservative behaviour) despite significant removal in ice-free
seasons (Dang et al., 2022b). These observations point toward the
need to investigate small rivers instead of strictly focusing on major
fluvial systems (Brown et al., 2020), contrasting environmental condi-
tions (Dang et al., 2022b; Xu et al., 2023), and less conventional and
accessible ecosystems, e.g., mangrove (Dang et al., 2021) and high-
latitude (Laukert et al., 2017), to further constrain the inputs of these
elements to the global ocean.

The Mediterranean Sea offers a unique non-conventional system
with contrasting environmental conditions, providing an opportunity to
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investigate continental fluxes of elements into the ocean. It is located
between the temperate and subtropical zones, with unique meteoro-
logical features of hot and dry summers, contrasting with wet falls and
springs. In addition to extensive damming of rivers, such conditions
significantly reduced river discharge, further exacerbating the varia-
tions in river flow between the base-flow seasons and intermittent floods
(Laubier, 2005). Extensive studies on trace element geochemistry have
been conducted on major rivers of the Mediterranean Sea basins,
including the Rhone, Po, Nile, and Ebro (Elbaz-poulichet, 2005; Ollivier
et al., 2010). Although they represent a significant fraction of water
discharge to the sea, these main rivers do not represent the typical
Mediterranean rivers, which have comparatively smaller watersheds
and are subject to flash floods that induce drastically different envi-
ronmental transport and fates of trace elements (Elbaz-poulichet, 2005).

Here, we investigate the Las and Eygoutier Rivers (southeast of
France) as typical small rivers of the Mediterranean coast, also referred
to as “oueds”, that are characterized by low water discharge under dry
conditions but high peaks during flood events (Dufresne et al., 2020;
Nicolau et al., 2012). We collected river water over two years under
base-flow conditions and at a higher temporal resolution during a flood
event. A similar approach was used to collect suspended particles and
atmospheric depositions (under both wet and dry conditions). Surface
seawater was also collected from the bay. This extensive and inclusive
set of samples enables an in-depth assessment of REE fluxes from the
watersheds to the bay, shedding light on the natural geochemical pro-
cesses governing REE fates and their anthropogenic emissions.

ECC: Eastern Corsica Current
WCC: Western Corsica Current

Land uses

I Rocks

I Forest

[ | Green urban areas
I Urban Area

[ Beaches

I Mineral extraction site
|| Agricultural lands

"] Harbour

"] Industrial zones

Fig. 1. (A) Map of France with the study site (red squares) and the major oceanic currents. (B) The watersheds of the Las and Eygoutier Rivers, and Toulon Bay. Land
uses are obtained from the Corine Land Cover (2012) database accessed through the French Geoportal (https://www.data.gouv.fr/en/datasets/corine-land-cover-o
ccupation-des-sols-en-france/, updated on April 20, 2024). The sampling location for river water and particulate matter from the Las and Eygoutier Rivers are
indicated by the filled squares and circles, respectively. Atmospheric depositions are collected from La Seyne-sur-Mer (filled diamond). Seawater was collected from
36 stations within Toulon Bay (crosses). The purple star indicates the wastewater treatment plant (WWTP) Amphora discharging treated wastewater 1800 m away
from the coast into the large bay through a submarine pipeline (purple line). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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2. Materials and methods
2.1. Study site

The hydrology and water chemistry of the Las River (8 km) are
complex due to the influence of karst springs and urbanization within
the watershed (60 km?) (Durrieu et al., 2023). The two main karst
springs (Dardennes and Saint-Antoine, Fig. 1B) are recharged from the
Siou-Blanc limestone plateau and constitute an important feature in the
upstream region of the river. Additionally, the downstream section is
significantly impacted by runoff in the urban area of approximately 14
km? (Dufresne et al., 2020). On the other hand, the Eygoutier River (16
km) has a watershed area of 70 km?, with its upstream section mainly
influenced by agricultural and industrial activities, and the downstream
area characterized by high urbanization (Nicolau et al., 2006). Both
rivers are typical Mediterranean oueds, characterized by significant
variations in water discharge between the dominant dry conditions and
temporary flood events, e.g., 0.01 to 37.5 m® s! in the Las River
(Dufresne et al., 2020) and 0.01 to 11 m® s™! in the Eygoutier River
(Nicolau et al., 2006).

The two rivers represent the primary freshwater sources in Toulon
Bay, a semi-enclosed bay in the northwestern Mediterranean Sea
(Fig. 1). The bay can be divided into a small bay (9.9 km?, average depth
of 12 m, volume of 90 x 10° m®) and a larger one (24 km?, max depth of
50 m, volume of 760 x 10° m3), separated by a sea dike. The former
receives water from the Las River, while the Eygoutier River discharges
into the large bay. Toulon Bay is highly urbanized, with significant
tourism, military and aquaculture activities (Dang et al., 2015; Tessier
et al.,, 2011). The large bay also receives treated wastewater from a
wastewater treatment plant (WWTP, with a capacity of 115,000 in-
habitants) through a submarine pipeline (Fig. 1B); close to 5 x 10% m® of
wastewater is treated annually (Métropole Toulon Provence
Méditerranée, 2019).

Overall, the region is characterized by a typical Mediterranean
climate. Rainfall is, however, highly variable annually in terms of total
precipitation: 525 mm in 2017, 1289 mm in 2018, and 1033 mm in 2019
(data from www.historique-meteo.net for Toulon). Nevertheless, the
common trend is that most rain occurred from October to April (Fig. S1).

2.2. Sampling and sample treatment

A complete description of the sampling protocol for all sample types
was previously provided (Durrieu, 2022; Durrieu et al., 2023). The
samples consist of filtered river and seawater, suspended particles
collected by sediment traps under both dry and flooded conditions (base
flow and during a flood event), and atmospheric depositions (in both dry
and wet conditions). It is important to note that all sampling devices
were pre-cleaned following a strict protocol for ultra-trace elements,
which consists of rinsing with (i) ultra-pure water (18.2 MQ cm) three
times, (ii) 10 % HNOg (analytical grade) over 24 h (sampling bottles) or
one week (large bottles for atmospheric depositions), and (iii) ultra-pure
water (18.2 MQ cm) three times before (iv) a final rinse with the
samples.

River water and particles were collected 900 m at the river mouths
(Fig. 1B); all samples collected were freshwater with an average specific
conductivity of 0.5 + 0.3 mS cm ! (n = 57). Water samples were
collected during the base flow (18 from the Eygoutier River and 21 from
the Las River) and floods (11 samples from each river) from January
2017 to February 2019. For the base flow, a large volume (2 to 4 L) of
river water was collected from the stream into pre-cleaned FEP (fluori-
nated ethylene propylene) bottles. During a flood event on October 10,
2018 (94 mm of precipitation), we adopted a high-resolution sampling
strategy (hourly from 11 h AM to midnight: 11 samples for each river).
Due to the high variability in water flow during floods, we collected
composite samples of 60-mL aliquots taken every 10 min over one hour
or every 20 min over two hours, depending on the river flow, in 500 mL
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FEP bottles. A rainwater sample was also collected. All samples were
immediately filtered (0.2 pm, cellulose acetate, Sartorius) and acidified
with 0.5 % suprapure HNOj3.

A sediment trap (Phillips et al., 2000) was deployed at the same lo-
cations on the two rivers to collect suspended particles. This approach is
well adapted for low-flow and small streams over a long period to obtain
a time-integrated signature (Durrieu et al., 2023). Depending on mete-
orological conditions, the traps were deployed between 3 and 41 days
from March 2017 to February 2019, i.e., 22 periods for Eygoutier and 26
for the Las River. Because of the brief nature of the flood event, we
collected composite suspended particulate matter from hourly sampled
water (900 mL) composed of six 150-mL aliquots (collected every 10 or
20 min). The composite waters were filtered through a 0.2 pm cellulose
acetate filter (Sartorius) to collect suspended particles at a higher res-
olution than the particle trap. The filters or 100 mg of particles were
mineralized in aqua regia using microwave digestion (Milestone, Ultra-
WAVE ECR); the procedure has been described by (Durrieu et al., 2023).

Atmospheric depositions were collected at Ifremer (French Institute
for Ocean Science, La Seyne-sur-Mer, Fig. 1B). Wet depositions (rain)
were sampled using an automatic collector that triggers the cap during
precipitation events to channel the rain into a 27 ¢cm diameter funnel,
which in turn directs the rain into a 5-L perfluoroalkoxy (PFA) bottle.
This design allows the collection of up to 87 mm of precipitation. From
November 2019 to June 2020, we collected 12 events of wet depositions
with durations from 2 to 11 days of accumulated rain (0.1 L to 3.2 L).
Dry depositions were collected using a separate collector into a 20 L
bucket; the device closes during rain events. Due to the limited material
deposited during dry periods, the duration of each sampling was
extended from one to two months (33 to 64 days). At the end of each
period, we added 1.5 L of ultra-pure water to the bucket, shook it for 30
min and transferred the solutions to a 2 L FEP bottle. Both wet and dry
depositions (in 1.5 L of ultrapure water) were collected on 0.2 pm cel-
lulose acetate filters (Sartorius). The filters were digested using a pro-
cedure similar to that of suspended particles.

We also collected surface seawater from 36 stations of Toulon Bay on
June 16, 2022 (Fig. 1B). A detailed sampling protocol is provided in
Dang et al. (2015). Briefly, the samples were collected in 125 mL FEP
bottles, filtered through a 0.2 pm cellulose acetate syringe filter
(Sartorius), and acidified with Suprapur HNO3 (Merck). The samples
were pre-concentrated on Nobias resin according to the protocol
described by (Dang et al., 2022b; Ma et al., 2019) for elemental analysis.

2.3. Analyses, quality assurance and quality control

Elemental analysis of filtered river water, digestate of suspended
particles and atmospheric deposition, and pre-concentrated seawater
was performed by ICP-MS (8800 Agilent Technologies) at the Water
Quality Centre (Trent University) following a protocol previously
described (Dang et al., 2022b). Analytical recovery was verified using
two certified reference materials (CRMs): river waters SLRS-6 and
AQUA-1 from the National Research Council of Canada (NRCC). The
CRMs and blank samples were used to bracket every ten samples. A
detailed comparison between measured and certified or consensus
concentrations of water CRMs is provided in Table S1 and Figs. S2 A-D.
We also included the sediment CRM PACS-2 (NRCC) to assess elemental
recovery from microwave digestion (Table S2). The recovery averaged
98 % for REEs. We also included blank filters in digestion batches; the
REE background in these filters (ranging from 0.02 ng for Lu to 0.73 ng
for La) was ca. 2 % of average REE concentrations in atmospheric
deposition samples and < 0.2 % of average REE concentrations in sus-
pended particle samples.

It is important to note that we directly analyzed the river waters
using ICP-MS without preconcentration; Tm and Eu concentrations in
some samples were close to or below the instrument’s detection limits
(0.1to1ng LY. Thulium is the least abundant REE (1 % of La abun-
dance in the upper continental crust, UCC (Rudnick and Gao, 2003)),
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while Eu has limited reactivity with O, to form EuO™ (eight times lower
than the La oxide formation yield (Sugiyama, 2022)). We have, there-
fore, screened the measured concentrations against the detection limits
and removed unreliable data, including Eu concentrations in all river
waters and Tm concentrations in the samples collected during the flood
event.

For the analysis of pre-concentrated seawater, we utilized a high-
sensitivity desolvating nebulizer (Apex-Q, Elemental Scientific; more
details in (Ma et al., 2019)). QA/QC was checked using an in-house
seawater standard traceable to seawater CRM CASS-6 (NRCC) (Dang
et al., 2022b); this sample was collected from Middle Cove Beach
(Newfoundland and Labrador, Canada), conditioned and calibrated ac-
cording to the protocol described by (Wang et al., 2022). More infor-
mation is detailed in Table S3 and Fig. S2, E-F. Blank columns were also
included in preconcentration batches, and the average background REE
levels (ranging from 0.8 fg of Lu to 1.4 pg of La) were approximately 0.5
% of the minimum REE concentrations in seawater samples.

Dissolved organic and inorganic carbon (DOC and DIC) were
analyzed using a TOC-V analyzer (Shimadzu); the detailed analytical
procedure and QA/QC were previously described (Durrieu et al., 2023).
Similarly, the river flows were determined using a limnometer and a
pressure sensor; data on the Las River had already been published
(Durrieu et al., 2023).

2.4. Data analysis

Rare earth element concentrations were normalized against UCC
values (Rudnick and Gao, 2003) to obtain smooth REE patterns, which
will be referred to as REEycc. While there are numerous normalization
materials (e.g., chondrite, Post-Archean Australian Shale, North Amer-
ican Shale Composite) to obtain REE patterns (Rétif et al., 2023), it is
challenging to find a single material that consistently covers several
environmental media targeted by this study (e.g., dissolved, particulate
and atmospheric fractions, river vs marine waters). For this reason, we
elected to use UCC as a universal material rather than a specific
geological standard like shale.

The anomalies of La, Gd and Tb were calculated using the following
equations.

« Layee
L La = 1
a / a o (@]
Nd%/CC
Gd / Gd = 1& )
3% (Smucc + Dyyec)
™ / Th = IL 3)
3 % (Euyce + Hoyce)

The anomalies of La and Gd are calculated based on commonly
accepted approaches (Dang et al., 2022b; Wang et al., 2020). However,
Tb/Tb* can be calculated based on the Eu, Gd, Dy or Ho as the adjacent
REEs. Both Eu and Gd are problematic because of their own anomalies in
natural samples. Here, we chose to calculate Tb anomalies based on Eu
and Ho for seawater samples because of the limited Eu anomalies in this
particular matrix, while some natural or anthropogenic Gd anomalies
might exist, especially in wastewater.

The concentrations of the elements in suspended particles were also
used as inputs for principal component analysis (PCA) using a Matlab
code (Dang et al., 2015).
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3. Results and discussion
3.1. River water chemistry

Despite their proximity, the two river water systems have distinct
total dissolved solids (TDS) content, revealing different weathering
processes; TDS average values under base-flow conditions in the
Eygoutier River (16.1 + 2.6 mEq L™}, n = 18) are significantly higher (p
< 0.0001) than those of Las River water (10.2 + 2.2 mEq Lfl, n=21).
The different Na/(Na + Ca) ratios (0.26 + 0.02 in Eygoutier vs 0.17 +
0.05 in Las River) in the Gibbs diagram (Fig. 2A) also indicate the more
substantial influence of evaporation and crystallization in the Eygoutier
River watershed. However, during the flood event, the higher TDS
values in Las (5.7 + 2.6 mEq L_l, n = 11) relative to Eygoutier (2.5 +
0.7 mEq L™}, n = 11) indicate a quick response time and a strong in-
fluence of runoff from urban and industrial areas of its catchment. This is
also reflected in the increase in DOC concentrations during the flood
event to 4.7 + 2.0 mg L1 (n =11, Las River) and 8.8 + 3.6 mg L1 (n=
11, Eygoutier River) relative to the values of 1.1 + 0.7 mg L™! (n = 21)
and 3.0 + 2.1 mg L' (n = 18) for the base-flow average values,
respectively.

Because of the karstic and calcareous rocks of the local watersheds,
carbonate ions constitute a major part of the TDS (34.2 + 10 %, n = 61);
DIC/Ca ratios in all samples vary between the 1:1 and 2:1 lines (Fig. 2B),
while Mg/Ca remains at a constant molar ratio of 0.24 (r>=0.98,n=62,
Fig. S3A). This ratio is slightly lower than the characteristic Mg/Ca ~
0.33 (i.e., equal weathering of calcite and dolomite), suggesting a
slightly stronger contribution from calcite relative to dolomite (Szramek
et al., 2007). We related Na/Ca to Mg/Ca ratios in the water samples
(Fig. 2C) and compared them to the three end-members (carbonate,
silicate, and evaporite rocks) that have been defined for the Rhone River
in southern France (Ollivier et al., 2010). The base-flow samples align
between the signatures of silicate and carbonate rocks, while the sam-
ples during the flood event shift toward the evaporites (red arrow in
Fig. 2C). Nevertheless, this shift toward higher Na/Ca values can also
indicate growing anthropogenic contributions, as the increase in Na, Cl,
K, and other anions (such as sulphate and nitrate) is often associated
with human activities. During the flood event, we observed an increase
in Na, K, sulphate and Cl relative to Ca and DIC (Fig. S4), indicating
either the contribution from the rain end-member (increased Na/(Na +
Ca) to ~0.8, Fig. 2A) or other anthropogenic sources, e.g., sewage,
runoff, fertilizers. In fact, there is a preferential release of K over Na as
the K/Na ratio rises from 0.06 in the base flow in the Eygoutier River to
0.16 under flood conditions (Fig. S3B). Given the substantial occurrence
of farmlands in the Eygoutier River watershed, this observation is
coherent with the land uses, highlighting agricultural activities as sig-
nificant sources of nutrients to the aquatic systems.

Furthermore, high water flow during floods might also mobilize
other elements from the watershed; both Th/U and Rb/Sr ratios increase
by almost two orders of magnitude during the flood (Fig. S3C), although
Th and Rb are considered less mobile during erosion and transport
compared to U and Sr, respectively (Gaillardet et al., 2003). Such
mobilization could be associated with increased leaching of dissolved
organic carbon from the watershed, the colloidal fractions (Chabaux
et al., 2003), and desorption processes from suspended particles or at-
mospheric deposition (Gilbert et al., 2023). The mobility of poorly sol-
uble Th in surface water can also be enhanced by complexation with
oxyanions (particularly sulphate) and organic complexes (Langmuir and
Herman, 1980), as well as contributions from groundwater or deep rock-
water interactions in the critical zone (Gilbert et al., 2023). We did not
observe a significant trend between Th, sulphate, or organic matter
(Fig. S5, A and B) that would indicate Th mobilization from surficial soil
systems. However, the strong correlation between Th and Be (r* = 0.88,
n = 61, Fig. S5 C) would suggest a release from the subsurface envi-
ronment, e.g., groundwater or leaching of Be from the bedrock (Bolan
et al., 2023); this hypothesis seems plausible given the karstic nature of



D.H. Dang et al.
e e
Eygoutier Flood Base
20 - (A) event flow ]
@ © Eygoutier River
o @ Las River
15 | R
T Las
o
@
£
~ 10 - . |
a8 |2
= ]
=
©
(]
5r= 1
% Eygoutier and Las
R
Rain
o i 1 1 1 1 1 1 1 I 1 L L L 1 1 I x I T N I 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Na/(Na+Ca)
6 T N,A T T P
v, N
(B) ‘3/ OO Eygoutier //..'\\
Qs ) ® o A0
5 \(}, @ [e] Z ° /o\o\ 7
Q B a e
/ % e /
i Tt
4r / o / o ]
— / B | /
= // (=0} /O’
13 3l /I:ID . Las y . i
° //I:| // )
2~ / /s A
/ /
/ O/
1} 2 .
70
/.
0 Y L | I | 1
0 1 2 3 4 5 6
Ca (mM)
T T
( C) Evaporites
T
/ T —;
/ ~#Silicates
11 / Y B
// 4
I/D //
0,
o) °®
/ SR,
© / 7
o /
®© ! [m] a
Z 01} / 7 i
/
/ /
! /
/ s/
/ 7
/ /
4
Iy
!y
0.01 7 .
Carbonates | |
0.1 1
Mg/Ca

Fig. 2. The Gibbs diagram (A) as well as the relationships between dissolved
inorganic carbon (DIC) vs. Ca (B), and Na/Ca vs. Mg/Ca (C) of the Las (squares)
and Eygoutier (circles) Rivers. The rainwater collected during the flood event is
shown by the open diamond. Orange symbols indicate samples collected during
the base flow, and blue symbols show samples collected during the flood event.
Symbol sizes are proportional to river flow (ranging from 0.07 to 144 m®s™%).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the local geology. Nevertheless, the origins of these elements cannot be
well constrained given the complex nature of these interactions
involving atmospheric, hydrogeological, and pedological processes.

3.2. REE concentrations and anomalies

3.2.1. River waters

We hereafter present the results of Nd as a representative REE as Nd
concentrations and isotopes have been extensively reported and used as
a geochemical tracer and in ocean mass balance budget. This enables a
comparison of this dataset to a comprehensive literature on other river
and marine systems globally.

Neodymium dissolved concentrations show significant variations
over the two years of investigation (Fig. 3). There is no clear temporal
variation trend observable for the monthly monitoring data of base flow
conditions; the average Nd concentrations are, however, significantly
higher (p = 0.003) in Eygoutier (7.6 + 3.7 ng L™}, n = 16) than Las River
(4.2 + 2.6 ng L*I, n = 21). This observation also applies to the flood
event (39.7 +5.8ngL"}, n=10vs28.6 + 13.0ng L™}, n=11;p = 0.02)
(Fig. 3, B and C). These elevated Nd concentrations relative to the
rainwater collected during the flood event ([Nd] = 1.7 + 0.9 ng L’l)
highlight local inputs of Nd within the watersheds. This observation is
consistent with a trend in dissolved Nd concentrations related to water
flow and suspended particulate matter (SPM; Fig. 4, A and B). However,
the robust correlation between Nd and Th (Fig. 4C) is intriguing, as it
suggests a subsurface contribution (groundwater or springs, see Section
3.1). This observation is consistent with the recently established mass
balance model for the Northwestern Mediterranean Sea, as submarine
groundwater discharges contribute an equal amount of REEs to the
ocean as the riverine flux, i.e., 10-11 % of the marine mass budget
(Garcia-Solsona and Jeandel, 2020).

Furthermore, the assessment of REE patterns (Fig. S6) reveals an
overall change in the geochemical behaviours of REEs between the base-
flow and flood conditions. The overall UCC-normalized patterns during
base flow are typical of the “seawater-like”, with higher UCC-
normalized concentrations of heavy REEs relative to light REEs. This
behaviour has been extensively discussed in the literature and associated
with the preferential sorption of light REEs on reactive surfaces while
the heavy REEs remain in solution by complexing with various dissolved
ligands, including carbonate (Byrne and Li, 1995; Dang et al., 2022b;
Lee and Byrne, 1993). During the flood, the patterns (Fig. S6, B and D)
became flat and closer to those of suspended particulate matter (Fig. S6,
E-H), which could be associated with a rapid exchange between the
dissolved and particulate fractions and less available dissolved ligands
(carbonate) to bind the heavy REEs, making them more available for
sorption. Between the base flow and the flood, DIC concentrations
decreased from 55.1 + 9.7 mg L1 (n=18)t0 8.1 + 2.4 mg Lt (n=11)
for the Eygoutier River and from 49.0 + 8.6 mg L™! (n = 21) to 24.2 +
12.1 mg L™! (n = 11) for the Las River.

We also observed anomalies of La and Gd in the river waters (Fig. S5,
A-D). Significant anomalies of La and Gd have been reported in rain-
water in Japan and China (La and Gd: Shimamura et al., 2007; Zhu et al.,
2016), in urban air in Spain (La: Moreno et al., 2010) and in atmospheric
particles (PM10) in Texas (Bozlaker et al., 2013). Gadolinium anomalies
are well-documented in urban rivers globally and are associated with the
discharge of treated or untreated wastewater, as well as the use of
gadolinium in contrast agents for magnetic resonance imaging
(Kiimmerer and Helmers, 2000; Rabiet et al., 2009). Therefore, the Gd
anomalies observed in both Las and Eygoutier systems are not unex-
pected given the urban settings and dense populations with major hos-
pital centers. Gd/Gd* values under base-flow conditions seem to be
higher (7.7 + 4.1 and 5.6 + 3.4 for Las and Eygoutier Rivers, respec-
tively) than the rain event (2.5 + 1.0 and 2.9 £ 1.1, respectively), which
suggests a dilution effect with uncontaminated waters.

Unlike Gd anomalies, La anomalies are more locally reported and
mainly associated with specific sources, e.g., cracking catalysts for
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petrol refining as it has been traced from a point source along the Rhine
River (Kulaksiz and Bau, 2013) or La-based fertilizer that has been
extensively utilized in China (Zhu et al., 2016). We observe La/La* up to
140 in Las River water under base-flow conditions (Fig. 5A). Such
elevated values (up to 160) were reported in the Rhine River near the
discharge of industrial effluent associated with petroleum refining cat-
alysts (Kulaksiz and Bau, 2013). We also processed the data on REE
concentrations reported in PM2.5 emitted from petroleum refinery in
the Houston (Texas, USA) area (Kulkarni et al., 2007) and found sig-
nificant La/La* of up to 130 in both industrial and residential locations
away from the source. If we exclude the two values of La/La* > 100 in
our river water samples, there is no significant difference between the
rivers and seasons, with La anomalies ranging from 1 to 24.1, suggesting
a significant enrichment of La in the river system.

While Nd concentrations in the rainwater (1.7 + 0.9 ng L
collected during the flood event were significantly lower than the river
water (Fig. 3, B and C), it was not the case for La (Fig. S7, B and C). The
concentrations of La in the rainwater were 40 + 0.7 ng L™! and higher
than 60 % of the river samples reported in this study (37 out of 59). This
observation suggests an atmospheric source of La, as has been the case in
Houston (Kulkarni et al., 2007). Coincidentally, one of the largest
petrochemical complexes in France is located 73 km northwest of Tou-
lon and is owned by a company similar to the one at the Houston site.
While this is not a direct indication of a point source explaining the La
anomalies, emissions from this site can be carried by the northwesterly
wind (Mistral) to Toulon as one of the dominant wind directions (40 %)
(Dufresne et al., 2014). Nevertheless, La concentrations in river water
during the flood event remain equal to or higher than those in rainwater
(Fig. S7, B and C), revealing additional sources of mobilization. Further
studies will be required to constrain the sources of La anomalies in this
region.

3.2.2. Suspended particles and atmospheric depositions

Temporal variations in the concentrations of La (Fig. 6A) and other
REEs, e.g. Nd (Fig. 6B) in suspended particles, are consistent over time
and with limited La anomalies (La/La* <2, Fig. 6C). It is also important
to note that La anomalies are not observed in suspended particles of the
Eygoutier River (La/La* = 0.93 + 0.04, n = 34 for all particles), con-
firming that the sources of La enrichment relative to other REEs are not
of lithogenic origins, at least in this larger watershed less impacted by
industrial activities and intense urbanization. Lanthanum concentra-
tions in particles under base-flow conditions are relatively constant over
the two years, and the average concentrations are higher in Eygoutier
River (23.4 £+ 5.6 mg kg’l, n = 22) than the Las River (11.7 + 4.0 mg
kg~ !, n = 26). During the flood event, La concentrations increased to
32.6 + 3.9 mg kg ! (n = 12) in Eygoutier and 21.5 - 9.9 mg kg ! (n =
10) in Las River. Most of these values are well below the concentrations
in UCC (30 mg kg’l) and Post Archean Australian Shale (38.2 mg kgfl)
(McLennan, 2001; Rudnick and Gao, 2003). We also did not observe any
anthropogenic Gd anomalies (Gd/Gd* < 1.2, n = 70) in the particle traps
or during the flood event. Furthermore, the PCA also indicates robust
correlations between REEs, lithogenic elements (e.g., Al, K, Ti, Mn, Fe),
and trace elements (e.g., Li, Ga, Ge, Rb, As, Th) (Fig. S8). The anti-
correlation between this cluster of elements and Ca indicates that the
principal carrier phases of trace elements, including REEs, are mainly
clays (Al) or oxides (Fe and Mn) in the two watersheds.

On the other hand, La concentrations in wet (33 + 21 mg kg™, n =
12) and dry (28 + 27 mg kg™, n = 6) depositions remain in similar
ranges as the suspended particles in river systems. Nevertheless, there
was one event in January-February 2020 where La concentrations
reached above 80 mg kg ™! (Fig. 7A). Such a spike in concentrations was
not observed for Nd (Fig. 7B), but there is a similar increase in the
concentrations of Cr, Mn, Sr, Zr, Ba and U (Fig. S9). This differential
behaviour from that observed in suspended particles (Fig. S8) would
suggest a specific atmospheric source of these elements. Furthermore,
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this event also exhibits elevated La anomalies in both wet and dry de-
positions (La/La* of 3.5 and 4.4) relative to the background values of 1.2
+ 0.1 (n = 16) (Fig. 7Q).

In summary, the limited anomalies of La in suspended particles
would constrain that the La contamination observed in the dissolved
fractions of the two river systems is likely associated with an atmo-
spheric source.

3.2.3. REE;s in seawater

The overall UCC-normalized REE patterns (Fig. S10) in seawater are
consistent with the conventional seawater profiles. The concentrations
are also consistent with previously reported data for surface water of the
central Mediterranean Sea (10-20 m below the surface): our average Nd
concentrations of 3.1 + 1.3 ng L-1 (n = 36) compared to reported con-
centrations of 3.7 + 0.4 ng L1 (n = 10) (Censi et al., 2004). However,
higher Nd concentrations (>4 ng L~1) can be observed at stations 2,8,9,
32, 52, 36 and 34 (Fig. 8A) corresponding to the Toulon civil marina
(station 2), the French Navy base (stations 8, 9) as well as the discharge
point of the WWWT submarine pipeline (stations 32, 34, 36, 52). Very
low Nd concentrations were, however, observed at the core of the
French Navy base (stations MIS, 3, 4, 6 ext), where the highest La
anomalies were recorded (Fig. 8B). We also observed Tb anomalies in
UCC-normalized REE patterns (Fig. $10, with Tb/Tb* values up to 3.3);
the highest values were recorded at the discharge location of the WWTP
(Fig. 8C).

Anomal Tb concentrations when measuring Tb at the m/z of 159
(***Tb*) might be associated with polyatomic inferences of Nd isotopes,
ie., 143Nd°0* or 142Nd°0'H*. Nevertheless, because we measured Tb
with a mass shift from m/z 159 (**°Tb*) to 175 (159Tb160+), the Tb
anomalies we observed are unlikely related to inference. An interference
from Nd on this elevated m/z of 175 would be caused by a cascade of
double oxide formation from **Nd* and 1*?Nd* to **Nd!®0* and
142ngloglg+ (1st ICP/MS quadrupole at m/z of 159), then to
143N@160'%0" and '“2Nd'°0!°0'H* (the 2nd quadrupole at m/z of
175). We have conducted a test on the interference of BaOO™ on EuO™" in
natural river water, and with increasing Ba/Eu ratios up to 15,000; these
double oxide interferences are unlikely to affect the measurement of
REEs (Dang and Wang, 2024). It is, however, important to note that this
test was conducted on an Agilent 8900 ICP-MS with N,O as the reaction
gas, which is more efficient in forming oxides (Sugiyama, 2022).
Furthermore, high Tb/Tb* ratios were recorded in samples with low Nd/
Tb ratios (Fig. S11), thereby eliminating the hypothesis of polyatomic
interferences from Nd on Tb isotopes. It is also important to note that we
eliminated most environmental matrices by preconcentrating REEs
through the Nobias resin (using 1 M HNOs as the elution matrix), further
reducing the risks of analytical inferences (e.g., chlorides).

These results confirm relatively unimpacted background concentra-
tions of REEs in the surface seawater of Toulon Bay, except for some
point sources associated with the nautical and military activities as well
as treated wastewater. While the extensive contamination of Toulon Bay
sediments and surface water has been demonstrated for inorganic ele-
ments and organic compounds (Dang et al., 2015; Guigue et al., 2017;
Layglon et al., 2020; Tessier et al., 2011), data are not available for rare
earth elements. Furthermore, the Tb anomalies in natural samples are
rarely reported, although Tb is an REE with extensive applications, e.g.,
fluorescent lamps and displays, electro-optical devices and magnets
(Andrade et al., 2023). The fact that the Tb emissions are linked to
wastewater is somewhat plausible but requires further assessment to
ascertain the specific sources of Tb.

The scientific community only recognizes a few specific anthropo-
genic REE anomalies, as they are strictly associated with a specific and
well-constrained source (e.g., La, Sm, Gd). New anomalies require a
substantial level of caution. A first non-conventional anthropogenic REE
anomaly (Lu) was recently reported in the Isere and Rhone Rivers (Lu/
Lu* up to 20.5) and confirmed to be related to wastewater treatment
plant effluents (Alemu et al., 2025). The authors excluded the
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Fig. 5. (A) Temporal variations in La anomalies in river water under base-flow conditions (orange symbols) and during the flood event (blue symbols) of the
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the reader is referred to the web version of this article.)

hypotheses of analytical artifacts or radionuclides, as Lu could be used in
nuclear medicine. They suggested that the positive Lu anomalies were
related to a highly stable Lu compound that persists through the
wastewater treatment process. We also utilized a pre-concentration
approach to eliminate potential polyatomic interferences on Tb. The
fact that Tb anomalies were observed near the outlet of a WWTP is
intriguing as it is consistent with Lu anomalies reported in the Isere
River. While further validation is warranted, the extensive use of indi-
vidual REEs in a broad spectrum of technological innovations may lead
to more widespread microcontamination of specific REEs, resulting in
new anomalies that could serve as specific tracers for these new sources.

3.3. REE fluxes and mass balance budgets

3.3.1. Fluxes of Nd within the watershed

We first empirically computed a flow-weighted mean concentration
(FWMCqis) of dissolved Nd to take into consideration the substantial
variability in water flows (q;) over time (t;), and dissolved REE con-
centrations (C;). The number of observations (n) was 24 for Eygoutier
and 28 for the Las River, including the base flow samples and the flood
event of October 10, 2018.

n
FWMCy, = 21826 & @

Yoiti X g
Dissolved Nd FWMC in the Eygoutier and Las Rivers are 41 &+ 16 ng
L~!and 29 + 6 ng L™}, respectively. These concentrations remain lower
than the global FWMC of 129 ng L! (Dang et al., 2022b) or 136 + 9 ng
L1 (Xu et al., 2023). Nevertheless, these Nd concentrations are
consistent with the river concentration values of 41 ng L™! used in ocean

mass balance models (Goldstein and Jacobsen, 1987) and the median
concentration of freshwater ([Nd] = 30 + 37 ng L’l, n = 11) that has
been recently compiled (Pereto et al., 2024).

Previous long-term (462 days, 2012-2014) hydrological monitoring
of the Las River system documented a mean discharge of 1.66 m® s™?
with a range from 0.01 to 37.5 m3 s~ ! (Dufresne et al., 2020); this is also
consistent with our data, with an average flow (gq,,) of 0.82 m®slanda
range from 0.01 to 29 m® s~ (Durrieu, 2022). Similarly, the average
flow of the Eygoutier River in base flow was estimated to be 0.014 m®
s~ but could be up to 100 m3 s~ (Nicolau et al., 2012), which remains
consistent with our data: range from 0.09 to 209 m®s ' and g, of 1.2 m®
s7! (Durrieu, 2022). Accordingly, the annual dissolved load of Nd can be
extrapolated by multiplying the dissolved Nd FWMC with the average
flow g, of each river and a correction factor (to convert s to year).

The annual dissolved loads Qqjs. are 1.5 + 0.6 kg yr’1 and 0.8 + 0.2
kg yr~ ! for the Eygoutier and Las Rivers, respectively. These values can
be normalized against the watershed surface areas (Table 1) to deter-
mine the specific dissolved loading flux of Nd of 0.011 + 0.002 and
0.026 + 0.010 kg km ™2 yr~!, which remain consistent with the ranges of
values reported for the Garonne River (France) for Nd from 0.003 to
0.013 kg km™2 yr~! despite significantly elevated the river flows
(300-750 m® s~ 1) and watershed surface area (57,000 km?) (Lerat-
Hardy et al., 2019).

We employed a similar approach to determine the annual particulate
loading of Nd from the two river systems. The average concentrations of
particulate Nd require, however, a different calculation because of
longer integrating times to collect particles in the trap (Fig. 6A), e.g., 1 to
2 h for the flood event but up to 41 days during the base flow. The
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Fig. 6. (A) Temporal variations in La concentrations (A), Nd concentrations (B)
and La anomalies (C) in suspended particulate matter under base-flow condi-
tions (orange symbols) and during the flood event (blue symbols) of the Las
(squares) and Eygoutier (circles) Rivers. The upper panel in A shows the inte-
gration time for each sample collected by particle traps deployed in the Las
(open squares) and Eygoutier (open circles) Rivers. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

average is then calculated based on a temporal resolution, i.e., a time-
weighted mean concentration (TWMCpayt).

STIC x t
it

The TWMCG,ay. of particulate Nd are 18.8 + 6.3 and 8.0 & 3.4 mg
kg~! for the Eygoutier and Las Rivers. The annual particulate loadings of
Nd (Qpart.) of the two respective rivers were determined by multiplying
TWMC,t, by the loadings of suspended particulate matter (gspy of each
river (Table 1), yielding to Qpart, of 38.5 +12.9 and 4.2 &= 1.8 kg Nd yr!
for the Eygoutier and Las River, respectively.

The TWMCs of Nd in atmospheric depositions were also calculated
using eq. 6: TWMCg,y of 13.3 = 1.8 mg kg~ ! and TWMCye; of 23.7 + 4.0
mg kg~!. The atmospheric particles were weighted to determine specific
deposition rates of qgry = 9.3 g m 2y ! and quet = 4.7 g m~2 yr!
(Durrieu, 2022). By multiplying the atmospheric deposition rates and
Nd TWMCs, Q5,,, of Nd were consistent between the two conditions, i.e.,
0.12 + 0.02 mg Nd kg ! m~2 yr ! of dry deposition and 0.11 + 0.02 mg
Nd kg™! m~2 yr! of wet deposition. Within the watershed of the Las
(60km?) and Eygoutier (70 km?) Rivers, the Nd depositions under both
dry and wet conditions were, therefore, estimated at 14.1 + 2.4 kg Nd
yr ! and 16.4 + 2.8 kg Nd yr!, respectively.

Overall, although fluxes of the most significant pathways of Nd

TWM Cpart. = (6)

Marine Pollution Bulletin 221 (2025) 118518

2020
Nov Dec Jan Feb Mar Apr May Jun Jul Aug
< -OO—0———
100 ___02“2999@:%58 _________________________
o 80 F * 1
X
g 60 1
S 40t & 1
& &
20 O * $° 1
(A o o o A
0 — : : l ! : : : l
w0 |(B) -
_ e
'g, 30 o 1
E 20 | . o 8 < 80 _
2 RS >
10 f o 1
o O o
0= ? ? : : ? : : :
${(C) -
o
4| ]
x &
8 3t _
®
=4 L1 |
0 ] 1 1 1 1 1 1 1 1

Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Fig. 7. (A) Temporal variations in La concentrations (A), Nd concentrations
(B), and La anomalies (C) in atmospheric depositions under dry (orange) and
wet (blue) conditions. The upper panel in A shows the integration time of each
sample sampled by atmospheric deposition collectors. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

cycling within the two watersheds can be computed, Nd budgets within
the watershed cannot be reasonably constrained because of low spatial
sampling resolution and missing biogeochemical processes, e.g., (im)
mobilization during particle suspension and contributions from sedi-
mentary systems. However, atmospheric deposition seems to be the
primary input of REEs into the watershed, and particulate loadings
constitute a significant output of REEs.

3.3.2. Neodymium fluxes in Toulon Bay

While our sampling stations are not designed for watershed mass
balance, they are well-positioned to determine Nd fluxes from the
watershed to Toulon Bay. Inputs of Nd to Toulon Bay include the dis-
solved, particulate loadings from the watersheds (including the atmo-
spheric deposition onto the watersheds) but also atmospheric deposition
on the bay, submarine groundwater discharge, diffusion from the sedi-
ments, inputs of seawater from the Northern Current (Fig. 1A) and
emissions from the WWTP.

The total annual dissolved loading fluxes of Nd from the Las and
Eygoutier Rivers are 2.3 + 0.6 kg yr ! (Table 1). Nevertheless, estuarine
processes, e.g., salt-induced coagulation, are well known to effectively
remove (average of 70 %) dissolved REEs (Dang et al., 2022b; Goldstein
and Jacobsen, 1988; Xu et al., 2023). Therefore, effective dissolved
loading fluxes by rivers (ng ) can be determined by multiplying the
dissolved loading flux of Nd by ¢, the effective factor to consider estu-
arine rlernoval processes (¢p = 30 %, (Dang et al., 2022b)), i.e., 0.7 + 0.2
kg yr~.
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Submarine groundwater discharge (SGD) is also a significant input of
REEs identified in several coastal regions (Garcia-Solsona and Jeandel,
2020; Kim and Kim, 2011). Neodymium concentrations in SGD to the
Gulf of Lions have been quantified to be 7.7 + 0.1 ng L™! (Garcia-Sol-
sona and Jeandel, 2020), and SGD along the French Mediterranean
coastline are estimated to be ~2 % of local river inputs (Bejannin et al.,
2017), or 0.04 m® s~! for the Toulon Bay region. The inputs of Nd to
Toulon Bay from SGD (Fsgp) are, therefore, estimated to be 0.01 kg yr_l.

The specific loading fluxes of atmospheric depositions (wet and dry)
in Toulon (0.23 + 0.04 kg Nd km 2 yr™1) can also be multiplied by the
surface area of Toulon Bay (32 krnz), to determine the atmospheric

10

deposition of Nd. However, it has been determined that 1-3 % of REEs
can be dissolved from marine atmospheric dust into seawater (Greaves
et al., 1994). The atmospheric flux of Nd in Toulon Bay (Fam) was
calculated to be 0.16 + 0.08 kg yr! by integrating this mobilization
factor (2 + 1 %). Similarly, Rousseau et al. (2015) estimated that only
0.94 £ 0.25 % of Nd particulate flux from the river (Qpart.) is released to
the dissolved Nd pool when these particles enter the estuary. We can,
therefore, determine the effective particulate loading flux (Fpa.) to be
0.004 + 0.001 kg yr!. This flux is minimal and consistent with recent
evidence indicating an insignificant contribution of Nd released from
particles (Xu et al., 2023).
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Table 1

Summary of main input parameters and outputs of mass balance fluxes of Nd in
the watersheds of the Las and Eygoutier Rivers. Numbers in parentheses indicate
the number of observations. The errors are calculated as the standard deviation
of the dataset with n observations or as propagated errors through the empirical
calculations.

Watershed
Abbreviation  Las Eygoutier
River River
Watershed surface area (km?) 60 70
Dry deposition rate* Qary 9.3
(July 2019-July 2020, g m 2 yr 1)
Wet deposition rate* Qwet 4.7
(July 2019-July 2020, g m~2 yr 1)
Average water flow™ qQw 0.8 1.2
(July 2017-March 2019, m® s %)
Particulate loadings* qspm 520 x 2050 x 10°
(July 2017-March 2019, kg yr ™) 10°
Average Dry deposition TWMCary 13.3+£1.8(6)
concentrations (mg kg™
Wet deposition TWMCyet 23.7 £4.0(12)
(mg kg )
Dissolved fraction =~ FWMCg;s, 29+t6 41 £16
(mgL™h (28) 24
Particulate TWMCpart. 8.0 £ 18.8 + 6.3
fraction (mg 3.4 (36) (33)
kg™
Loading flux Atmospheric Qatm. 14.1 £ 16.4 + 2.8
(kg Nd yr ™) deposition 2.4
Dissolved loading Quis. 0.8 + 1.5+ 0.6
0.2
Particulate Qpart. 4.2 + 38.5+129
loading 1.8
Specific loading Atmospheric Q. 0.23 £+ 0.03**
flux deposition
(kg Nd km ™2 Dissolved Qfﬁs& 0.011 + 0.026 +
yr'h fractions 0.002 0.010
Particulate ng 0.07 + 0.55 +0.18
fractions 0.03

- (Durrieu, 2022).
™ Wet and dry depositions.

Passive fluxes of REEs from the sediments have been demonstrated to
be a significant input of REEs to the oceans (Abbott et al., 2015; Haley
et al., 2004; Soyol-Erdene and Huh, 2013). We applied a similar esti-
mation suggested by Garcia-Solsona and Jeandel (2020) to determine
the contribution of sedimentary outflux (Fgeq), i.e., multiplying the
surface area of Toulon Bay (32 kmz) by an Nd flux across the sediment-
water interface of 37 nmol m 2 yr’1 (Soyol-Erdene and Huh, 2013) and
a correction factor (converting nmol to kg and m? to km?) to determine
the Fgeq. of 0.18 kg yr’1 for Toulon Bay.

The last Nd flux to the bay is the anthropogenic emissions through
the discharge of treated wastewater (station 34, Fig. 8A). Dissolved Nd
concentration at this station (surface) is the highest (6.1 ng L™ relative
to the average concentrations of the bay of 3.1 ng L™1. Although we did
not collect the sample from the outlet of the discharge point, located 54
m below the surface, we will make the assumption that this concentra-
tion represents the effluent. While the treated wastewater could rise to
the surface due to differences in water densities relative to seawater, this
simplistic assumption does not account for the horizontal ocean currents
and the mixing between two water masses. The calculation would risk
underestimating the anthropogenic contributions. Nevertheless, previ-
ous data of WWTP effluents would point toward a comparable range of
Nd concentrations, e.g., a median of 4.2 ng L™! from 40 Canadian and
American WWTPs with a similar median daily flow (11,900 m? per day)
as the Amphora (14,700 m® day’l) (Pinter et al., 2022). The anthro-
pogenic loadings of Nd (Fanhy) can be empirically estimated to be 0.03
kg yr L.

We could, therefore, determine the total fluxes of Nd to Toulon Bay
(Frp) of 1.1 + 0.2 kg yr™ L. Of these six external sources to the water
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column, the fluvial dissolved flux (64.2 %), passive porewater diffusion
from sediments (16.9 %), and atmospheric deposition (14.6 %) are the
main processes, while anthropogenic emissions, SGD, and mobilization
from particulate matter contribute 4.3 % to the mass budget. This
configuration is significantly different from the mass balance of NW
Mediterranean Sea, which is dominated by atmospheric deposition (44
%), porewater diffusion (30 %), river (11 %) and SGD (10 %) and
dissolution from lithogenic sediments (6 %) (Garcia-Solsona and Jean-
del, 2020). Such discrepancy is, however, expected given the higher
ocean/watershed surface ratio in the case of the open ocean, which
inherently favours higher atmospheric deposition and porewater diffu-
sion contributions. Furthermore, in the case of this study, our river
contributions are dominant due to the higher Nd concentrations of the
end-member, which have been weighted by flood events that were not
considered in previous studies.

With that being said, the relative contributions of each external
source might be insignificant against the oceanic water advection
entering the bay from the Northern Current (Ligurian Sea, Fig. 1A),
given that the volume of Toulon Bay remains small relative to oceanic
water masses. Previous studies have determined the water exchange
time of Toulon Bay between 1.5 and 7.5 days, with an annual average of
3.4 days (Dufresne et al., 2014). From a bay volume of 850 x 10° m3, we
calculate the seawater influx into the bay (Qgsw) of 250 x 10° m® day’l.
Neodymium concentrations in surface seawater of the central Mediter-
ranean Sea (3.7 £ 0.4 ng L’l, n =10 (Censi et al., 2004)) can be used as
an end-member of the Northern Current seawater circulating from the
Ionian, Tyrrhenian and Ligurian Seas. Therefore, the Nd flux associated
with oceanic water mass advection (Focean = Qsw % Csw x CF) is 338 kg
yr~l. However, it is important to note that this assumption does not
consider that Toulon Bay is divided by the sea dike into two unequal
parts and that the little bay (90 10° m3) has higher residence time than
the large bay (760 10° m®). Under this configuration, the inputs of Nd by
external processes to the water column (1.1 + 0.2 kg yr™1) only repre-
sent 0.3 % of seawater advection. In other words, geochemical processes
within a small bay area might not significantly change the oceanic Nd
concentrations.

3.3.3. REE export from the coastal watersheds to the ocean

The Mediterranean Sea has a unique water exchange pattern with the
Atlantic Ocean, characterized by complex hydrological and atmospheric
inputs. However, the lack of understanding of the mechanisms govern-
ing the cycles of trace elements and nutrients results in imbalanced mass
budgets (Garcia-Solsona and Jeandel, 2020). This previous model
considered the Ebro River (net Fg = 2.9 ng L DHa representative fluvial
input as the Rhone and Ebro Rivers dominate freshwater discharge to
the NW Mediterranean Sea (Arnau et al., 2004). An extrapolation from
the Ebro River leads to Nd inputs from coastal rivers of 290 + 29 kg yr!
to the NW Mediterranean Sea (Garcia-Solsona and Jeandel, 2020). The
effective river loadings of the Las and Eygoutier Rivers (0.7 + 0.2 kg
yr~1) are relatively small compared to the extrapolated values from the
Ebro River. While the Rhone and Ebro watersheds are indeed the most
significant (101,817 km? and 85,708 krnz) of 34 river watersheds (total
surface of 230,000 km?) of the NW Mediterranean Sea (Arnau et al.,
2004), they might not represent small rivers as it has been demonstrated
for 25 small rivers vs. five largest rivers in the Arctic (Brown et al.,
2020). We could extrapolate the effective contribution of 32 small rivers
(SR) of the Mediterranean coast to the ocean by multiplying the specific
loading flux of the Las and Eygoutier River (Q5, 0.011 to 0.026 kg Nd
km~2 yr~1, Table 1) by the watershed surface areas of 32 rivers of this
region (SSR = 42,475 km?) and ¢.

= Qs X ST x ™

The effective dissolved flux of small rivers (18 % in terms of surface
area coverage) ranges from 140 to 327 kg yr~, which is similar to the
estimated value (290 + 29 kg yr~! of Nd) based on the major Ebro River.

Reﬁ‘ —SR
"NWMediterraneanSea
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This observation is consistent for other trace metals (Cu and Pb) when
relating the small Mediterranean coastal-draining rivers to the Rhone
River (Nicolau et al., 2012).

In summary, the contributions of small fluvial systems to the oceans
should be revisited in mass balance budgets of trace elements, especially
during contrast seasons (base flow vs. flood, Xu et al., 2023) to constrain
annual fluvial fluxes. Nonetheless, this direction would lead to increased
inputs of Nd into the NW Mediterranean Sea and might not help
constrain the Nd budget, as the most recent mass balance model (Garcia-
Solsona and Jeandel, 2020) pointed toward missing output fluxes
removing Nd (and light REEs) from the surface water column.

4. Conclusion

The karstic geology of two watersheds, along with various anthro-
pogenic activities, governs the emissions, transport, and fates of REEs in
the study area. Their annual fluvial loadings of dissolved and particulate
fractions substantially vary depending on base flow or flood events;
dissolved and particulate Nd concentrations increase five to seven times
between the two conditions. Therefore, flow-weighted mean concen-
trations are undoubtedly required to integrate these extreme events into
annual data, which are essential in accurately establishing the fluvial
fluxes of REEs in their mass budgets.

Besides the more common Gd anomalies in river water that could be
associated with wastewater of medical origins, we also observed sig-
nificant La anomalies in the dissolved and atmospheric fractions, which
might be associated with petroleum refining activities. However, the
atmospheric source of La needs to be further constrained. Furthermore,
Tb anomalies were also observed in the surface water of the large bay,
covering a vast surface area receiving treated wastewater discharge.

Finally, within the two watersheds, we estimated the dissolved,
particulate, and atmospheric loading of Nd and determined that atmo-
spheric deposition was a significant input, while particulate loading was
the principal output of Nd from the watershed. On the other hand, the
fluxes within Toulon Bay are dominated by river dissolved fluxes (64.2
%), porewater diffusion (16.9 %), and atmospheric deposition (14.6 %),
while anthropogenic emissions, submarine groundwater discharge, and
mobilization from the particulate fraction remain minor. The total flux
of these external sources was estimated to be 1.1 & 0.2 kg yr™}, which
remains insignificant compared to the oceanic water mass advection of
338 kg Nd yr !, Although the contribution from these two watersheds
(total surface area of 130 km?) and Toulon Bay (34 km?) remains limited
with regards to the mass budget of the NW Mediterranean Sea, an
extrapolation of these values to the watersheds of 32 small rivers (be-
sides the major Rhone and Ebro Rivers) would lead to a contributions
between 140 and 327 kg yr '. In other words, these results would
warrant considering typically small Mediterranean rivers in the ocean’s
mass balance of trace elements.
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