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Abstract :   
 
Rare earth elements (REEs), attractive to society because of their applications in industry, agriculture and 
medicine, are increasingly released into the environment especially in industrialized estuaries. This study 
compared the REE distribution in the abiotic compartments: water (dissolved phase (<0.45 μm), 
suspended particulate matter (SPM)) and sediment of the Loire and Seine estuaries (France). A total of 
8 and 6 sites were investigated in the Loire and Seine, respectively, as well as 5 additional offshore sites 
for the Loire. Total REE concentrations were higher in the Loire for the dissolved phase (93.5 ± 63.3 vs 
87.7 ± 16.2 ng/L), SPM (173.9 ± 18.3 vs 114.0 ± 17.8 mg/kg dw) and sediments (198.2 ± 27.9 vs 
73.2 ± 27.4 mg/kg dw), explained by higher geogenic inputs. Individual REE contributions along with 
normalization highlighted heavy REE enrichments and Gd positive anomalies in the dissolved phase of 
the two estuaries, whereas REE distributions in SPM and sediments followed the natural abundance of 
the REE classes. The calculated Gd anomalies in the dissolved phase were higher in the Seine (9.7 ± 3.4) 
than in the Loire (3.0 ± 0.8), corresponding to 88.3 ± 5.1 % and 64.4 ± 11.1 % of anthropogenic Gd. This 
demonstrates a higher contamination of the Seine estuary, certainly due to the difference in the number 
of inhabitants between both areas involving different amounts of Gd used in medicine. Offshore sites of 
the Loire showed lower total REE concentrations (55.8 ± 5.8 ng/L, 26.7 ± 38.2 mg/kg dw and 
100.1 ± 11.7 mg/kg dw for the dissolved phase, SPM and sediments, respectively) and lower Gd 
anomalies (1.2 ± 0.2) corresponding to only 13.3 ± 3.9 % of anthropogenic Gd, confirming a contamination 
from the watershed. This study comparing two major French estuaries provides new data on the REE 
distribution in natural aquatic systems. 
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Graphical abstract 
 
 

 
 
 

Highlights 

► Total REE concentrations were higher in the Loire estuary than in the Seine estuary. ► Gd positive 
anomalies were reported in the dissolved phase of the two estuaries. ► The Gd anthropogenic 
contamination was higher in the Seine than in the Loire. ► REE concentrations and Gd anomalies were 
lower offshore than in the estuary of Loire. ► First study about the REE concentration and distribution in 
the Seine estuary. 

 

Keywords : Gd anomaly, abiotic compartments, dissolved phase, suspended particulate matter, 
sediment 
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sediments (198.2 ± 27.9 vs 73.2 ± 27.4 mg/kg dw), explained by higher geogenic inputs. Individual 

REE contributions along with normalization highlighted heavy REE enrichments and Gd positive 

anomalies in the dissolved phase of the two estuaries, whereas REE distributions in SPM and 

sediments followed the natural abundance of the REE classes. The calculated Gd anomalies in the 

dissolved phase were higher in the Seine (9.7 ± 3.4) than in the Loire (3.0 ± 0.8), corresponding to 

88.3 ± 5.1% and 64.4 ± 11.1% of anthropogenic Gd. This demonstrates a higher contamination of the 

Seine estuary, certainly due to the difference in the number of inhabitants between both areas 

involving different amounts of Gd used in medicine. Offshore sites of the Loire showed lower total 

REE concentrations (55.8 ± 5.8 ng/L, 26.7 ± 38.2 mg/kg dw and 100.1 ± 11.7 mg/kg dw for the 

dissolved phase, SPM and sediments, respectively) and lower Gd anomalies (1.2 ± 0.2) corresponding 

to only 13.3 ± 3.9% of anthropogenic Gd, confirming a contamination from the watershed. This study 

comparing two major French estuaries provides new data on the REE distribution in natural aquatic 

systems. 

Keywords: Gd anomaly, abiotic compartments, dissolved phase, suspended particulate matter, 

sediment  

 

1. Introduction 

Estuaries are unique dynamic physical and ecological systems at the interface between marine and 

freshwater environments. They constitute very rich particular ecosystems including wetlands, 

mudflats, (salt) marshes, valleys, forests, woods, bocages or (wet) meadows, very rich faunistically 

and floristically, promoting biodiversity. They also play a crucial role as habitat (nursery, feeding or 

migratory areas) for many aquatic and bird species. However, these areas, being really attractive 

economically because of their natural richness, are subject to strong anthropogenic pressure due to the 

high population density and the associated human activities and industrialization along their banks. 

These activities induce a discharge of contaminants, especially trace metals, into the environment 

reaching then estuaries. Acting as transition zones between the continent and the oceans, estuarine 

areas, are therefore particularly sensitive to contaminants as they are the receptable of both 
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anthropogenic and natural inputs from large watersheds. Moreover, estuaries are constantly changing 

environments subject to significant variations in salinity, turbidity and water level, coupled with daily 

and seasonal variations, such as tides, river flow and temperature, all influencing the fate of 

contaminants in these complex and dynamic environments. 

 Among trace metals, rare earth elements (REEs) attract more and more interest due to their 

remarkable electromagnetic, optical and catalytic properties. They are widely used in industry as 

permanent magnets, catalysts, phosphors, in new technology devices (laptops, optic fibers etc.), in 

renewable energy (such as wind turbines or solar panels) (Castor & Hedrick, 2006; Bru et al., 2015; 

Zhou & Fiete, 2020) and also in agriculture and aquaculture (Ozaki et al., 2000; Abdelnour et al., 

2019). Another increasing use of REEs is in medicine, where chelate forms of Gd are extensively used 

as contrast agents for MRI (magnetic resonance imaging; Blomqvist et al., 2022) which results in 

significant releases of Gd into the environment through the releases of wastewater treatment plants 

(WWTP), as demonstrated by many studies (Kümmerer & Helmers, 2000; Rabiet et al., 2009; 

Verplanck et al., 2010; Rogowska et al., 2018; Laczovics et al., 2023).  

REEs gather the fifteen lanthanoids (lanthanum (La), cerium (Ce), praseodymium (Pr), 

neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), 

dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu)) as 

well as scandium (Sc) and yttrium (Y). They are regrouped into three classes on the basis of their 

molecular weight (Bru et al., 2015): the light REEs (LREEs: La to Pm), the medium REEs (MREEs: 

Sm to Gd) and the heavy REEs (HREEs: Tb to Lu). All REEs, share similar chemical properties 

provided by their comparable electronic configuration: partially filled 4f electron shell, providing 

previously described unique electromagnetic properties. 

The release of these elements into the environment causes a progressive enrichment in aquatic 

ecosystems which can disturb their natural abundance and biogeochemical cycle. Indeed, REEs are 

naturally present in the Earth’s crust and are mostly found in the trivalent oxidation level (III) in the 

environment. Nevertheless, some of them, such as Ce and Eu, can be oxidized or reduced to Ce (VI) 

and Eu (II) under certain conditions (de Baar et al., 1985a). REE’s behavior in aquatic ecosystems is 

well documented and showed their solubility can be influenced by several physicochemical 
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parameters, such as salinity, pH or suspended particulate matter (SPM) quantity (Elderfield & 

Greaves, 1982; Sholkovitz & Szymczak, 2000; Tepe & Bau, 2016; Thibault de Chanvalon et al., 

2016). In aquatic systems, REEs are mostly accumulated in the sediment than in the dissolved phase of 

the water column, as they tend to coagulate in colloids and to aggregate with SPM to end up in 

sediment (Tepe & Bau, 2016; Thibault de Chanvalon et al., 2016). Total REE concentrations reported 

in estuarine sediments are in the order of magnitude of mg/kg (Borrego et al., 2004; Marmolejo-

Rodríguez et al., 2007; Brito et al., 2018; Chi et al., 2021; de Freitas et al., 2021; Santos et al., 2023) 

while it is much lower in the dissolved phase of the water column (ng/L; Kulaksiz & Bau, 2013; Tepe 

& Bau, 2016; Cánovas et al., 2020) but with more reported anomalies (Elbaz-Poulichet et al., 2002; 

Censi et al., 2007; da Costa et al., 2021). REE enrichments, such as La, Sm, Gd or Tb, have already 

been highlighted in different studies on freshwater (Elbaz-Poulichet et al., 2002; Kulaksiz & Bau, 

2013; Merschel & Bau, 2015) and marine ecosystems (de Baar et al., 1985b; Alibo & Nozaki, 1999; 

da Costa et al., 2021), possibly due to their anthropogenic use in industrial, agricultural or medical 

fields. In addition, studies investigating Gd showed an increase in the recorded anomaly values 

highlighting a Gd enrichment over time (Hatje et al., 2016; Lerat-Hardy et al., 2019), probably linked 

to its use in medicine.  

The increase of REE concentrations in the environment, their possible bioaccumulation within 

aquatic organisms (Li et al., 2016; Wang et al., 2019; Briant et al., 2021; Rétif et al., 2024) and their 

potential toxic effects (Perrat et al., 2017; Cardon et al., 2019; Freitas et al., 2020) demonstrate the 

importance of investigating their distribution in natural environments, such as estuaries. The analysis 

of all abiotic compartments is necessary to better characterize the contamination of ecosystems by 

REEs as well as their fate and their bioavailability to organisms. However, most studies have not 

investigated all the abiotic compartments, focusing on either the sediment (Borrego et al., 2004; Brito 

et al., 2018; Costa et al., 2021) or the water column (Adebayo et al., 2020; Cánovas et al., 2020). 

Another essential goal is to understand the role of estuarine environments in the dynamics of REEs at 

the land-ocean interface. Similar to other pollutants, the challenge lies on determining whether 

estuaries act as sinks, sources or modifiers of REE behavior. However, there is a lack of research on 

the REE behavior in French estuaries, especially in the Seine estuary while the Loire (Thibault de 
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Chanvalon et al., 2016; Lortholarie, 2021) and the Gironde (Lerat-Hardy et al., 2019) estuaries have 

already been studied. 

The Loire and Seine estuaries share several similarities suggesting that their environmental 

and ecological characteristics may exhibit comparable dynamics and behaviors. They are both defined 

as macrotidal linked to their tidal ranges up to 6 m (Boët et al., 2011). They have variable extension of 

the maximum turbidity zone (MTZ) according to water flows and tidal ranges (GIP, 2014). The 

variability of the annual mean particulate organic carbon (POC) content in the Seine estuary was found 

to be similar to that in the Loire estuary (Etcheber et al., 2007). Furthermore, fish composition and 

assemblage structure indicate similarities between these estuaries (Selleslagh et al., 2009). This study, 

therefore aims to evaluate and compare the REE abiotic concentrations and possible anthropogenic 

contamination of the Loire and Seine estuaries. Total REE concentrations, as well as individual REE 

contributions, were measured in the abiotic compartments (dissolved phase and SPM of the water 

column; sediment) of several sites from both estuaries. The Post Archean Australian Shale (PAAS) 

normalization was used to account for geogenic inputs and to estimate anthropogenic inputs. Finally, 

Gd anomalies and anthropogenic Gd concentrations were calculated for the dissolved phase and 

compared between the two estuaries.  

 

2. Material and methods 

2.1.  Study areas 

The two studied areas, the Loire estuary and the Seine estuary, have different topographies and 

levels of pollution (Romana, 1994). The Loire estuary is 97 km long, from Ancenis to Saint Nazaire. 

The water reaching this estuary drains the largest watershed in France (118,000 km²; GIP Loire-

Estuaire, Agence de l’Eau Loire-Bretagne) covering 20 % of the total French territory and gathering 

about 13 million inhabitants. The estuarine area is highly industrialized and has a large agriculture 

activity as well as a high population density, mainly concentrated in the Nantes metropolis (about 

650,000 inhabitants) and the city of Saint Nazaire (about 70,000 inhabitants).  

The Seine estuary extends for 160 km, from Poses to Le Havre and drains a smaller watershed of 

79 000 km² (GIP Seine-Aval, Agence de l’Eau Seine-Normandie), but gathers 30 % of the total French 
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population (about 18 million inhabitants), including the Paris metropolis. The Seine basin accounts for 

50 % of the national river transport, as well as 40 % of the national economic activity (including 

agricultural and industrial activities), making it the most developed and industrialized river network in 

France (Romana, 1994; Lafite & Romana, 2001). The estuarine area is under strong anthropogenic 

pressure mainly from two cities: the Rouen metropolis (about 490,000 inhabitants) and the city of 

Le Havre (160,000 inhabitants).  

In 2013, the patterns of land use and water management (SAGE: Schéma d'Aménagement et de 

Gestion des Eaux) reports on the chemical water quality of the Loire and Seine estuaries, carried out 

by Agence de l’Eau Loire-Bretagne and Agence de l’Eau Seine-Normandie, respectively, stated to a –

 bad – chemical status for both estuaries. They were reconducted in 2017 and 2019 for the Loire 

estuary and the Seine estuary, respectively, and led to the same result. The REE levels of the Loire 

estuary have already been investigated (Thibault de Chanvalon et al., 2016; Lortholarie, 2021), but to 

our knowledge, no investigation of the Seine estuary for REE contamination has been performed so 

far.   

 

2.2.  Sampling 

The sampling of the two estuaries were carried out one year apart but during the same season to 

limit seasonal variations: in April 2021 for the Loire estuary and in April 2022 for the Seine estuary. 

In the Loire, 13 sites were sampled including 8 estuarine sites: Ancenis (L1), Bellevue (L2), Rezé 

(L3), Haute Indre (L4), Cordemais (L5), Paimboeuf (L6), Donges (L7) and Mindin (L8) and 5 

offshore sites: L9, L10, L11, L12 and L13. In the Seine, 6 estuarine sites were sampled: Poses (S1), 

Duclair (S2), Caudebec (S3), Vieux port (S4), Tancarville (S5) and Baie de Seine (S6) (Table S1, 

Figure 1). The estuarine sites of the two estuaries are impacted by different anthropogenic REE 

sources related to their two main uses in industry (as permanent magnets, in oil catalytic cracking or 

metallurgical alloys) and in medicine (especially nuclear medicine for MRI). In the Loire estuary, 

there are several WWTP: near Ancenis, Nantes and Mindin, as well as an aeronautical industry in 

Nantes, a coal-fired power plant in Cordemais, a refinery in Donges (the second largest in France) and 

the harbor shipyard of Saint Nazaire. The Seine estuary regroups three refineries including the first 
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and the third largest in France near Le Havre (Gonfreville-l'Orcher) and Tancarville (Port-Jérôme-sur-

Seine), respectively, as well as one near Rouen (Petit-Couronne). In addition to the coal-fired power 

plant and the industrial harbor of Le Havre, there are also many WWTP: near Poses, Rouen, Duclair, 

Caudebec, Tancarville and Le Havre. The Loire offshore sites are considered to be less exposed to 

anthropogenic inputs due to their location further from the watershed.  

Samples of surface water and intertidal sediments were collected at the 8 estuarine sites of Loire 

(L1 to L8) and the 6 estuarine sites of Seine (S1 to S6) (Table S1, Figure 1). At each site, three 

surface (< 10 cm depth) sediment samples (500 g) were collected, at low tide using an acid-cleaned 

plastic sampling cup, in clean plastic bags, on three 50 cm length squares, randomly selected but 

distanced by at least 1.5 m apart. Then, 2 L of water were collected with a sampling cane in prewashed 

(HNO3 10 %) plastic bottles. In addition, for the sites L5, L7 and L8 of Loire, subtidal sediments (1 to 

15 m depth) were collected in clean plastic bags using an Ekman grab from a boat. Following the same 

methodology, surface water and subtidal sediments (20 to 23 m depth) were collected at the 5 offshore 

sites of Loire (L9 to L13), except for L9 and L11 where only subtidal sediments and surface water 

were sampled, respectively (Table S1, Figure 1).  

Physicochemical parameters (including: temperature (T, °C), dissolved oxygen (DO, mg/L), 

salinity (S, g/L), conductivity (C, mS/cm), suspended particulate matter (SPM, g/L) and mean daily 

water discharge (Q, m
3
/s)) were recorded either directly in the field (for temperature), back in the 

laboratory (for salinity and SPM) or thanks to the SYVEL and SYNAPSES networks, from GIP Loire 

Estuaire and GIP Seine-Aval, respectively (Table S1). The mean daily water discharges during the 

sampling periods were of 503 to 807 m
3
/s and 320 to 342 m

3
/s for the Loire and Seine, respectively.  

 

2.3. Sediment characterization 

After collection, intertidal and subtidal sediments were aliquoted for grain size analysis and stored 

at 4 °C. Sediment grain size was determined for each site by laser diffraction using a laser 

granulometer (Malvern Mastersizer 3000) with a hydro-module (MV). About 0.1 g of fresh sediment 
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was weighted and mixed with 100 mL of demineralized water under magnetic stirring for 15 min. The 

samples were then introduced into the granulometer at a rotation of 1000 rpm. After reaching 

sufficient obscuration, 3 measures were taken per sample. Gradistat software was used allowing to 

determine the volume average particle size in µm (D50) as well as D10 and D90.  

The rest of sediment samples were frozen (-20 °C), freeze-dried, ground, homogenized and sieved 

at 2.5 mm. The organic matter (OM) content of sediment samples was estimated from the dried 

sediments. About 5 g were weighed in aluminum cups and calcined in a muffle furnace (Nabertherm 

LE) at 550 °C for 5 h. The ashes from the calcination were weighed and the difference in weight was 

used to estimate the OM content (%).  

 

2.4.  Sample preparation for ICP-MS analysis 

2.4.1.  Sediments 

Sample preparation was performed on freeze-dried sediments. Briefly, 200 mg of dry 

sediments were digested with a mixture of 250 µL of HNO3, 750 µL of HCl and 6 mL of HF, in a tube 

placed on a hot plate at 130 °C during four hours, before being evaporated to dryness at 100 °C. A 

second, 6-hour digestion step was performed at 130 °C with a mixture of 4 mL of HNO3 and 20 mL of 

high purity water. The acid digests were then transferred to Falcon® tubes and brought to a final 

volume of 50 mL with ultrapure water. Three procedural blanks and international certified reference 

materials (BCR-667, estuarine sediment and PACS-3, marine sediment, NRC, Canada) were also 

processed with the samples. 

 

2.4.2.  Water 

Suspended particle matter  

Cellulose nitrate filters (0.45 µm) were pre-weighed in acid-washed Petri dish and dried out at 

60 °C before use. A volume of 1 L of water per site was filtered using the prepared filters to separate 

SPM from the dissolved phase. After water filtration, the filters were dried at 60 °C for 24 hours, 
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weighed and stored at -20 °C. Finally, they were digested following the same protocol than for 

sediments, including the processing of procedural blanks and certified reference materials.  

 

Dissolved phase 

Filtered water samples were acidified to 0.2 % v/v HNO3 and stored at 4 °C prior to preparation 

based on the study of Hatje et al. (2014). Briefly, at the Ifremer’s cleanroom, the samples were 

preconcentrated and separated from the saline matrix using columns filled with Nobias Chelate PA1 

resin (Hitachi High Technologies®). Then, 100 to 150 mL of each sample, spiked with Tm (50 ng/L) 

and adjusted at pH 4.7 ± 0.02 with buffer solution (NH4Ac 2.5 M), were loaded onto the columns at a 

speed of 1 mL/min using a peristaltic pump (ISMATEC). The columns were then rinsed with 5 mL of 

NH4Ac 0.05 M, and REEs were eluted with 1 mL of HNO3 1 M. To control the quality of the 

preconcentration, blanks consisting of “clean” seawater (free of trace metals), reference material 

(CASS-6, seawater, NRC, Canada) and spiked seawater (10 ng/L of REEs), were processed on each 

series. 

 

2.5.  Rare earth elements and Aluminum analysis by ICP-MS 

REE analysis of the abiotic compartments was performed using a TQ-ICP-MS (iCAP-TQ 

Thermo®) in KED mode with He as collision gas. Selected REE isotopes were the following: 
139

La, 

140
Ce, 

141
Pr, 

144
Nd, 

146
Nd, 

147
Sm, 

149
Sm, 

153
Eu, 

157
Gd, 

159
Tb, 

163
Dy, 

165
Ho, 

166
Er, 

169
Tm, 

172
Yb and 

175
Lu. 

Aluminum (
27

Al) was also analyzed in sediment and SPM samples. External calibration using multi-

element standard solutions (SCP Science) was performed at the beginning of each analytical session. 

Indium (
115

In, 2 ppb) was used as an internal standard in each sample. As quality controls, instrument 

blanks (6 % HNO3) and standard solutions containing 0.1 µg/L of REE were running on the ICP-MS 

every 10 samples. The REE concentrations in the blanks were subtracted from the sample 

concentrations. The limits of detection (LOD) and of quantification (LOQ) were determined in ng/L 

and mg/kg dw for each REE as follows: LOD = (mean of blanks + 3 * standard deviation of blanks) 

and LOQ = (mean of blanks + 10 * standard deviation of blanks) (Table S2).  
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2.6.  REE normalization and anomalies calculation 

REE concentrations are reported in nanograms per liter (ng/L) for the dissolved phase and in 

milligrams per kilogram of dry weight (mg/kg dw) for SPM and sediments. Total REE concentrations 

(ΣREE) were calculated as the sum of the individual REEs, and individual REE contributions were 

calculated as the mean percentage (%) for each REE. The mean values ± standard deviations (SD) 

were used to describe the data. The LREEs included La to Nd, the MREEs: Sm to Gd and the HREEs: 

Tb to Lu. Pm was excluded because it is radioactive and not naturally present in the environment.  

To visualize anomalies, REE concentrations were normalized to Post Archean Australian Shale 

(PAAS; Pourmand et al., 2012; Rétif et al., 2023). The geogenic background concentration of Gd was 

estimated by modeling the shape of the normalized REE pattern using a third-order polynomial fit 

(Möller et al., 2002, 2003; Hatje et al., 2016) excluding Ce and Eu due to their redox sensitivity as 

well as Gd because it is often anomalous. Gd anomalies were then calculated using the equation (1):  

eq (1):  GdN / GdN* = GdN / (ax
3
 + bx

2
 + cx + d) 

 

where GdN is the PAAS-normalized Gd concentration and GdN* is the geogenic background Gd 

concentration calculated by solving each fitted third-order polynomial of a, b, c and d parameters for 

x = 8 (Gd position) (da Costa et al., 2021). Values higher than 1 indicate positive anomalies and values 

lower than 1 indicate negative anomalies.  

Finally, the anthropogenic Gd concentrations (Gdanth) were calculated using the equation (2) 

(Hatje et al., 2016). Their percentage was then calculated, allowing the contribution of anthropogenic 

inputs to the total measured Gd concentration to be estimated. 

eq. (2): Gdanth = GdN – GdN*   

 

2.7.  Statistical analysis 

Statistical analysis was carried out using Rstudio. ANOVA tests were used for multiple group 

comparisons. First, Levene's tests were performed on the raw data to verify the homogeneity of the 
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variances. The normality of the data was then checked by using a Shapiro-Wilk test. If the results of 

these first two tests were positive, the ANOVA was carried out on the raw data, otherwise values were 

either log10- or sqrt-transformed to improve the data normality. Finally, if the ANOVA result 

indicated significant differences between the studied groups, they were identified by performing a 

Tukey’s HSD post-hoc multiple comparison test. For two-group comparisons, t-student tests were 

performed after verifying the data distribution normality and the variance homogeneity with a 

Shapiro-Wilk test and a Bartlett’s test, respectively. Since the anomaly data did not meet the normality 

requirement, Kruskal-Wallis tests were used followed by post-hoc Nemenyi tests for multiple 

comparisons. Finally, Wilcoxon’s tests were performed to verify the presence of anomalies 

(values ≠ 1). The significance level for all statistical tests was set at p-value ≤ 0.05.  

 

3. Results 

3.1.  REE concentrations 

Total REE concentrations for the studied abiotic compartments are shown in Figure 2. REE 

concentrations were the lowest in the dissolved phase for both estuaries. However, the results between 

SPM and sediments differed between the two estuaries, i.e. REE levels were the highest in sediment 

for the Loire estuary whereas they were the highest in SPM for the Seine estuary.  

Regarding the dissolved phase (Figure 2A, B, Table S3), the REE concentrations reported in 

estuarine sites (L1 to L8 and S1 to S6) of both estuaries were relatively similar but slightly higher in 

the Seine estuary (73.1 to 116.3 ng/L for S3 and S4, respectively) than in the Loire estuary (45.1 to 

234.5 ng/L for L7 and L8, respectively). No significant differences were observed between the studied 

sites, except in the Loire with much higher REE levels in L8 corresponding to Mindin (234.5 ng/L). 

The other sites in the Loire estuary had a mean value of 73.4 ± 29.7 ng/L with generally higher values 

in upstream sites (L1 to L4, 65.5 – 113.9 ng/L) than downstream sites (L5 to L7, 45.1 – 46.4 ng/L). In 

the Seine, REE levels were more homogenous among the different sites investigated. Moreover, the 

concentrations reported in the offshore sites of Loire (L9 to L13, 48.4 – 62.2 ng/L) were generally in 

the same range than those recorded in the estuary (L1 to L8).  
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Concerning SPM (Figure 2C, D, Table S4), REE concentrations were higher in the Loire estuary 

(130.4 ± 13.2 to 186.4 mg/kg dw for L8 and L4, respectively) than in the Seine estuary (97.0 ± 10.9 to 

141.9 ± 4.88 mg/kg dw for S6 and S5, respectively). The reported concentrations in the estuarine sites 

of each estuary (L1 to L8 and S1 to S6) were quite homogenous with only significant differences 

between sites L6 and L8 for the Loire estuary and between sites S5 and S6 for the Seine estuary. 

However, conversely to the dissolved phase, the offshore sites (L9 to L13) diverged from the estuarine 

sites (L1 to L8) of Loire with much lower REE levels (3.37 to 83.5 mg/kg dw for L12 and L10, 

respectively). 

The results for sediments (Figure 2E, F, Table S5) were similar to those of SPM. REE 

concentrations of intertidal samples from estuarine sites (L1 to L8 and S1 to S6) were higher in the 

Loire (125.6 ± 40.8 to 221.7 ± 64.1 mg/kg dw for L1 and L8, respectively) than in the Seine (20.0 ± 

4.39 to 97.8 ± 3.71 mg/kg dw for S2 and S6, respectively). In the Loire estuary, no difference in REE 

levels was observed between intertidal and subtidal samples (L5: 210.5 ± 17.4 vs 225.6 ± 43.6 mg/kg 

dw; L7: 182.3 ± 8.01 vs 203.1 ± 11.5 mg/kg dw; L8: 221.7 ± 64.1 vs 221.3 ± 25.8 mg/kg dw). In the 

Seine estuary, the site S2 stood out from the others with the lowest concentrations (20.0 ± 4.4 vs 83.9 

± 9.5 mg/kg dw in average for the other sites). Similarly to SPM, the REE levels recorded in the Loire 

offshore sites (L9 to L13, 85.8 ± 14.6 to 114.5 ± 15.4 mg/kg dw) were significantly lower than those 

reported in the estuary (L1 to L8).                                                                   

 

3.2.  REE distribution  

The individual REE contributions in the abiotic compartments of the two estuaries were 

investigated (Figure 3) and showed similar distribution patterns from SPM and sediment samples 

(LREEs >> MREEs ≥ HREEs) in contrast to those from the dissolved phase (LREEs ≥ MREEs > 

HREEs). Indeed, the dissolved phase patterns of both estuaries showed much higher percentages of 

MREEs (especially Gd) and HREEs, compared to those of SPM and sediments, with globally lower 

associated LREE percentages.  
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The results of the REE distribution in the dissolved phase of both estuaries are presented in 

Figure 3A, B and Table S6. Regarding estuarine sites (L1 to L8 and S1 to S6), both estuaries showed 

a higher contribution of LREEs (with a Ce predominance) compared to MREEs and HREEs with 50.1 

to 79.2 % in the Loire and 40.3 to 63.0 % in the Seine. The highest difference between the two 

estuaries was in the MREE contribution, reaching 10.7 to 25.8 % and 24.6 to 49.4 % for the Loire and 

Seine, respectively. These high values of MREEs were mainly due to the Gd contribution which was 

greater in the Seine (19.0 – 44.4 %) than in the Loire (6.3 – 20.2 %) estuarine sites and explained the 

variation of the MREE contribution between the two estuaries. HREEs showed the lowest contribution 

for both estuaries with a higher percentage in the Loire (10.0 to 23.6 %) than in the Seine (9.0 to 12.4 

%). The lower contribution of LREEs and HREEs recorded in the Seine compared to the Loire was 

probably due to the higher Gd contribution reported in the Seine estuary. Concerning the spatial 

comparison of the estuarine sites of each estuary, variations (especially for the Gd contribution) were 

noticeable. Concerning the Loire estuary, they were mostly visible for the site L8, having a much 

lower contribution of Gd (6.3 vs 16.0 ± 4.1 % in the other Loire estuarine sites) and MREEs (10.7 vs 

21.6 ± 3.9 %), thus increasing the LREE contribution (79.2 vs 58.6 ± 7.1 %) and explaining its 

diverging distribution pattern. In the Seine estuary, the Gd contribution was the lowest at site S6 and 

highest at site S3. Finally, the offshore sites (L9 to L13) diverged from the estuarine sites (L1 to L8) of 

Loire with a much lower Gd contribution (6.5 – 6.8 %), decreasing the global MREE contribution 

(12.0 – 12.4 %) and increasing the LREE contribution, reaching 68.6 to 70.7 %. However, the HREE 

contribution was similar between offshore and estuarine sites (17.4 to 19.1 % and 10.0 to 23.6 %, 

respectively). Thus, the REE distribution patterns for offshore sites, as well as L8 site were close to the 

patterns of SPM and sediments and showed the following distribution order: LREEs > HREEs > 

MREEs.  

Regarding the SPM REE distribution patterns (Figure 3C, D, Table S7) of both estuaries, they 

were similar with a contribution of LREEs of 86.4 ± 0.2 % and 85.6 ± 0.3 %, MREEs of 7.5 ± 0.1 % 

and 7.4 ± 0.2 % and HREEs of 6.1 ± 0.2 % and 7.0 ± 0.1 %; in the estuarine sites of Loire (L1 to L8) 

and Seine (S1 to S6), respectively. The predominant REE for each class were the same in both 
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estuaries, i.e. Ce for LREEs, Sm for MREEs and Dy for HREEs. Concerning the site comparison, no 

differences were highlighted either between estuarine sites of the two estuaries or between the 

estuarine (L1 to L8) and offshore (L9 to L13) sites of Loire, since the percentages of offshore sites 

were comparable with 87.4 ± 2.6 %, 6.9 ± 0.6 % and 5.7 ± 2.1 % for LREEs, MREEs and HREEs, 

respectively. Only L10 slightly differed from the other studied sites with a lower HREE contribution 

of 3.1 % (vs 6.3 ± 0.6 % in all the other sites of Loire) resulting in a higher contribution of LREEs 

(90.1 vs 86.4 ± 0.7 %). 

Comparably to SPM, the sediment distribution patterns were relatively similar between the two 

studied estuaries (Figure 3E, F, Table S8). The LREE and MREE percentages of intertidal estuarine 

sites (L1 to L8 and S1 to S6) were quite close with 86.8 ± 0.2 % and 83.2 ± 1.0 % of LREEs, 7.3 ± 

0.1% and 8.2 ± 0.3 % of MREEs in the Loire and Seine, respectively. The HREE percentages differed 

though with a higher percentage in the Seine estuary (8.5 ± 0.8 %) compared to the Loire estuary (5.9 

± 0.2 %), resulting in a divergent distribution pattern in the sediments of Seine (LREEs > HREEs ≥ 

MREEs). The two estuaries had a predominance of Ce, Sm and Dy in LREEs, MREEs and HREEs, 

respectively. As for the results of REE concentrations, no differences of REE contribution were 

highlighted between intertidal and subtidal sediments from the Loire sites combining these two types 

of sampling. Similarly to SPM, no differences were found between estuarine sites of both estuaries nor 

between the estuarine (L1 to L8) and offshore (L9 to L13) sites of Loire. The average contributions of 

offshore sites were of 88.4 ± 0.6 %, 7.0 ± 0.3% and 4.6 ± 0.3 % for LREEs, MREEs and HREEs, 

respectively. 

 

3.3.  Gd anomalies and anthropogenic concentrations 

REE concentrations normalized to PAAS are presented in Figure 4. The patterns of the dissolved 

phase (Figure 4A, B) of waters from the two estuaries showed MREE and HREE enrichments 

compared to LREEs with negative Ce anomalies and positive Eu and Gd anomalies. The Ce and Eu 

anomalies were lower in the Seine than in the Loire. Conversely, the Gd anomalies were of higher 

magnitude in the Seine than in the Loire and in the estuarine sites (L1 to L8) compared to the offshore 
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sites (L9 to L13) of Loire. Regarding SPM (Figure 4C, D) and sediments (Figure 4E, F), the REE 

patterns of both estuaries were similar with a HREE depletion, more visible in the Loire estuary than 

in the Seine estuary for both matrices as well as different Eu anomalies (positive or negative) 

especially noticeable in the Loire. Similarly to the REE distributions, there were no differences 

between normalized REE patterns from intertidal and subtidal sediments, as well as from the estuarine 

and offshore sites of Loire.  

Ce, Eu and Gd anomalies were calculated and are presented for the dissolved phase in Figure 5 

and Table S3. The values were presented according to the estuary. Ce anomalies were negative and 

significantly higher in the Seine estuary (0.87 ± 0.04) compared to the Loire estuary, where anomalies 

were lower in estuarine sites (0.72 ± 0.14) compared to offshore sites (0.76 ± 0.04) (Figure 5A). The 

same trend was observed for the Eu anomalies with significantly higher values in the estuarine sites 

(1.36 ± 0.07) compared to the offshore sites (1.17 ± 0.05) of Loire and to the Seine estuary (1.14 ± 

0.05) (Figure 5B). The highest differences were observed for the Gd anomalies. The Seine estuary 

values were significantly higher (mean value of 9.70 ± 3.40) compared to the Loire, with higher values 

in estuarine sites (3.02 ± 0.80) than in offshore sites (1.16 ± 0.05) (Figure 5C). Gd anomalies in 

estuarine sites ranged from 4.71 to 14.66 for S6 and S3 in the Seine and from 1.73 to 3.90 for L8 and 

L2 in the Loire. These results are consistent with the normalization patterns reported in the dissolved 

phase of both estuaries (Figure 4) showing a higher magnitude of Gd anomalies in the Seine than in 

the Loire and in estuarine sites compared to offshore sites.  

Anthropogenic Gd concentrations were estimated based on the calculation of geogenic Gd 

concentrations. Their contributions to the total measured Gd concentrations in the dissolved phase of 

each site of the two estuaries are presented in Figure 6 and Table S3. Both estuaries showed Gd 

anthropogenic inputs but they were much greater in the Seine estuary (S1 to S6), corresponding to 

78.8 to 93.2 % of the total measured Gd, compared to the estuarine sites of Loire (L1 to L8) reaching 

42.2 to 74.3 %. Inter-site variations were also noticeable. In the Loire, L8 showed the highest total Gd 

concentration, mainly due to geogenic Gd (57.8 % of the total measured Gd vs 32.5 ± 7.1 % for the 

other estuarine sites of Loire) also corresponding to the site with the lowest anthropogenic 
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contribution. The highest anthropogenic Gd contribution was measured in L2 (Figure 6A). In the 

Seine, S4 showed the highest total and anthropogenic Gd concentrations. The highest and lowest 

anthropogenic Gd contributions were recorded in S3 and S6, respectively (Figure 6B). Finally, the 

anthropogenic Gd contribution in the offshore sites (L9 to L13) of Loire was much lower than in the 

estuary (L1 to L8), reaching only 9.5 to 18.6 % (Figure 6A). 

 

4. Discussion 

4.1. REE concentrations 

Overall, the REE concentrations measured in the abiotic compartments of both estuaries are 

comparable to many other studies focusing on REEs in abiotic compartments (Table 1). Regarding the 

dissolved phase, the range of REE concentrations measured in this study (45.1 – 234.5 ng/L in the 

Loire and 73.1 – 116.3 ng/L in the Seine, Table S3) was similar to those reported in the water of the 

Huelva estuary in Spain (26 to 380 ng/L; Cánovas et al., 2020) and of the Gironde estuary in France 

(93.9 – 182.5 ng/L; Lerat-Hardy et al., 2019). They were mostly lower than those recorded in river and 

estuarine waters from Europe and USA, as well as in Pacific and Atlantic seawater (22 to 2,134 ng/L; 

Kulaksiz & Bau, 2013; Tepe & Bau, 2016; Adebayo et al., 2020). The recorded values are also lower 

than those previously measured in the Loire estuary (234 to 1,140 ng/L; Lortholarie, 2021), possibly 

due to flow variations between the different sampling periods. Indeed, the sampling of the present 

study was performed in April as opposed to December in the Lortholarie study (2021), involving 

possible high variations in the daily water discharge of the Loire estuary, influenced by seasonal 

parameters and therefore impacting the measured REE concentrations. The reported REE values in 

SPM of different estuaries and rivers from China, India, Thailand and Brazil (2.8 to 534.4 mg/kg dw; 

Censi et al., 2007; Chunye et al., 2008; Shynu et al., 2011; Han et al., 2021, 2023; Santos et al., 2023) 

were in the same range as those measured in the Loire (3.4 – 186.4 mg/kg dw) and Seine (97.0 – 141.9 

mg/kg dw) estuaries (Table S4). The investigation of estuarine sediments from Spain, Thailand, 

Mexico, India, China, Portugal and Brazil revealed REE concentrations from 14.2 to 253.3 mg/kg dw 

(Borrego et al., 2004; Censi et al., 2007; Marmolejo-Rodríguez et al., 2007; Shynu et al., 2011; 
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Deepulal et al., 2012; Brito et al., 2018; Chi et al., 2021; Costa et al., 2021; de Freitas et al., 2021; 

Santos et al., 2023) which are close to the values recorded in the present study (85.8 – 225.6 mg/kg dw 

for the Loire and 20.0 – 97.8 mg/kg dw for the Seine, Table S5). Moreover, the values reported in the 

Loire estuary for these two compartments are consistent with previous studies on REEs in the same 

studied area, reporting values ranging from 51 to 489 mg/kg dw and from 129.6 to 199.0 mg/kg dw in 

SPM and sediments, respectively (Thibault de Chanvalon et al., 2016; Lortholarie, 2021).  

Total REE concentrations were globally lower in the dissolved phase and higher in SPM or 

sediments as reported in other studies (Censi et al., 2007; Amyot et al., 2017). These differences 

indicate that REEs preferentially accumulate in SPM and sediments due to agglomeration processes. 

Indeed, various studies have shown that REEs tend to coagulate in colloids and aggregate with 

particulate matter to end up in the sediment at low salinity whereas at high salinity they tend to be 

solubilized and are mostly distributed in the dissolved phase (Tepe & Bau, 2016; Thibault de 

Chanvalon et al., 2016). In the present study, the estuarine sites of Loire and Seine (L1 to L8 and S1 to 

S6) can be associated with low salinities (0.1 to 23.6 g/L, Table S1), explaining the higher 

concentrations in SPM and sediments than in the dissolved phase (Figure 2). This phenomenon could 

also explain the variation in results reported for SPM and sediments between the estuarine and 

offshore sites in Loire. The salinity of offshore sites (L9 to L13) ranged from 31 to 35 g/L (Table S1) 

and is associated with lower REE concentrations (Figure 2C, E). For the dissolved phase, although 

offshore sites correspond to higher salinities (thus inducing solubilization of REEs), they present 

similar REE concentrations to estuarine sites (Figure 2A). This observation may be due to the global 

dilution, as well as limited dynamic exchange with particles or sediments offshore compared to within 

the estuary.  

The magnitude of the REE concentrations in SPM and sediments, being slightly higher in the 

Loire estuary than in the Seine estuary (Figure 2), might be explained by the different geogenic 

compositions of the studied areas (Negrel, 1997), with the Loire presenting a higher natural abundance 

of REEs or by a possible higher REE contamination in the Loire compared to the Seine.  
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Inter-site differences could be due to a higher amount of fine particles within the estuary, the MTZ 

being between L5 and L8 in the Loire and between S5 and S6 in the Seine (Table S1). Therefore, 

grain size and organic matter content were also measured in the sediment samples of both estuaries 

(Figure S1). This allowed to demonstrate that high REE concentrations were rather associated with 

sediments with low grain size and high OM content, mostly significant for the Loire estuary (Table S9 

and S10). These data also help to explain the differences in REE concentrations observed between 

estuarine (L1 to L8) and offshore (L9 to L13) sites. In the Loire, most of estuarine sediments showed 

lower grain size (D50 of 9.1 to 59.5 µm) and higher OM content (6.2 to 15.8 %) than offshore ones, 

which were mostly sandy (D50 from 53.6 to 158.2 µm) and with OM contents from 2.7 to 3.7 % 

(except in L12, D50 grain size = 11.8 µm and OM = 10.3 %) (Table S5, Figure S1A, C). These results 

indicate that the REE concentrations in the sediment (Figure 2) might also depend on the sediment 

characteristics, such as grain size and OM. The lower the grain size and the higher the OM content, the 

higher the REE concentrations. This is also consistent within the Seine estuary where S2 presented a 

slightly higher grain size (D50 of 52.4 vs 19.1 ± 10.7 µm in the other sites) and a globally lower OM 

percentage (1.7 vs 7.6 ± 3.7 %) (Table S5, Figure S1B, D), which therefore results in a lower 

concentration of REEs in the sediments of that site than in the others (Figure 2). Nevertheless, 

although subtidal sediments showed a lower percentage of OM (9.6 ± 1.6 %) compared to intertidal 

sediments (15.2 ± 0.6 %) of the same sites (L5, L7 and L8) in Loire (Table S5, Figure S1C), they did 

not show lower REE concentrations (Figure 2).  

To better account for the mineralogical variations of the studied sites and to compare them, REE 

concentrations in SPM and sediments were normalized to the Al concentrations for each site (Figure 

S2), as Al-normalization is often used for grain-size correction of the concentrations when studying 

sediments. The differences between the studied sites of the two estuaries were globally eliminated by 

Al-normalization for both matrices (Figure 2 and S2) except in L10 where REE concentrations 

became higher than in the other sites of Loire (Figure S2A, C). The differences between the estuarine 

(L1 to L8) and offshore (L9 to L13) sites of Loire were also eliminated or reversed with slightly higher 

REE concentrations in the offshore sites compared to the estuarine sites of Loire (Figure S2A, C). 
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This observation could be due to an underestimation of REE concentrations in the estuarine area using 

Al-normalization. Indeed, Al is widely used in the wastewater treatment (in coagulation and 

flocculation processes; Lee et al., 2012) and the Loire estuary might be contaminated by 

anthropogenic Al, leading to a bias in the Al-normalization results. Therefore, this data treatment 

might not be appropriated for highly industrialized and contaminated areas, such as the Loire or Seine 

(Coynel et al., 2016). Al concentrations were actually globally higher in SPM and sediments of 

estuarine sites (77.7 ± 7.2 and 71.1 ± 11.5 g/kg dw) compared to offshore sites (6.6 ± 6.1 and 20.6 ± 

10.0 g/kg dw), confirming the possible bias induced by Al normalization (Tables S4 and S5). 

 

4.2. REE distribution 

Regarding the REE individual contributions, the distribution of REE classes in the dissolved phase 

contrasted with those in SPM and sediments of the two estuaries, with a higher contribution of MREEs 

(mainly due to Gd) and HREEs and a lower LREE contribution than in the two other matrices.  

The important HREE contributions in the dissolved phase (Figure 3A, B) are consistent with the 

known REE behavior in the saline water column. Indeed, many studies have highlighted HREE 

enrichment in seawater (Elderfield & Greaves, 1982; de Baar et al., 1985b; Alibo & Nozaki, 1999; 

Kulaksiz & Bau, 2007; Piper & Bau, 2013) because LREEs have a higher affinity for SPM while 

HREEs tend to bind with dissolved ligands (Elderfield & Greaves, 1982; Ma et al., 2019). The 

offshore sites (L9 to L13) differed from the estuarine sites (L1 to L8) with a higher contribution of 

HREEs compared to MREEs (Figure 3A) which can be explained by the impact of the salinity 

gradient on REE solubilization in the water column. As explained above, at low salinities, REEs tend 

to be transferred from the dissolved phase to SPM and sediments, by coagulation which preferentially 

occurs for LREEs, whereas at high salinities REEs tend to be solubilized in the dissolved phase, 

preferentially for HREEs (Sholkovitz, 1993; Sholkovitz & Szymczak, 2000; Tepe & Bau, 2016). 

Combined together, these two phenomena favor an enrichment of HREEs in the dissolved phase that is 

increasing with the salinity gradient, thus explaining the higher contribution of HREEs in offshore 

sites.  
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Concerning SPM and sediments, the higher contribution of LREEs (especially Ce) compared to 

MREEs and HREEs (Figure 3C, D, E, F) is consistent with their known abundance in the Earth’s 

crust where LREEs are globally more abundant than MREEs and HREEs, with Ce being the most 

abundant REE in the environment (Christie et al., 1998; Bru et al., 2015).  

The high contribution of Gd compared to the other REEs in the dissolved phase of both estuaries 

(Figure 3) testifies of a Gd enrichment possibly due to a preferential anthropogenic contamination of 

this matrix, compared to SPM and sediments. Moreover, the contribution of Gd in the dissolved phase 

REE patterns from the Seine estuary is higher than that of the Loire estuary (Figure 3A, B), 

suggesting a possible anthropogenic Gd contamination, enhanced in the Seine. Finally, the lower Gd 

contributions in the dissolved phase REE patterns from the Loire offshore sites (L9 to L13) compared 

to the estuarine sites (L1 to L8) (Figure 3A) highlight a possible anthropogenic contamination of the 

estuarine area associated with continental releases enhanced by the dilution phenomena occurring 

offshore.  

 

4.3. Anomalies and estimated Gd anthropogenic inputs 

Normalized REE patterns, allowing to consider geogenic background concentrations, highlighted a 

HREE enrichment, as well as negative Ce anomalies and positive Eu and Gd anomalies, in the 

dissolved phase of the two estuaries. The HREE enrichment reported in both estuaries (Figure 4A, B) 

is consistent with previous studies highlighting the same phenomenon (Elderfield & Greaves, 1982; de 

Baar et al., 1985b; Alibo & Nozaki, 1999; Kulaksiz & Bau, 2007; Piper & Bau, 2013), as well as with 

the behavior of REEs in the water column already discussed (Sholkovitz, 1993; Sholkovitz & 

Szymczak, 2000; Tepe & Bau, 2016). Similarly, negative Ce anomalies, are often reported, as well as 

Eu anomalies (Elderfield & Greaves, 1982; Alibo & Nozaki, 1999; Möller et al., 2003, 2021; Piper & 

Bau, 2013), especially in seawater studies. Indeed, although most of the REEs are redox insensitive 

and exist in the trivalent form (III) in the environment, Ce and Eu can be oxidized or reduced to Ce 

(VI) and Eu (II) under specific conditions (de Baar et al., 1985a). The change in oxidation state can 

impact the solubility of these elements, leading to enrichment or depletion in the dissolved phase of 
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the water column. In the present study, the negative Ce anomaly (Figure 4A, B) indicates of its 

oxidation to Ce
4+

, which is less soluble than Ce
3+

, and tends to coagulate in colloids aggregating to 

SPM, a typical phenomenon in oxygenated and neutral pH waters (Elderfield & Greaves, 1982; 

Sholkovitz, 1993; Bau, 1999). Regarding the positive Eu anomaly (Figure 4A, B), it should be 

inherited from water-rock interactions involving Eu
2+

 (more soluble than Eu
3+

) enriched minerals 

associated to reducing and/or high-temperature hydrothermal systems (Sverjensky, 1984; Goldstein & 

Jacobsen, 1988; Danielson et al., 1992). The magnitude differences of the Ce and Eu anomalies 

between the two estuaries, higher in the Loire than in the Seine, and also higher in the estuarine sites 

(L1 to L8) than in the offshore sites (L9 to L13) of Loire (Figure 4A, B and 5A, B), can therefore be 

explained by differences in the physicochemical parameters of the studied waters, such as dissolved 

oxygen, pH, redox (which is known to vary seasonally in the Loire, depending particularly on 

eutrophication; Minaudo et al., 2015) as well as differences in the geochemical background. Several 

studies have shown that the magnitude of the Ce anomaly tends to increase with increasing salinity 

and depth (Elderfield & Greaves, 1982; de Baar et al., 1985b; Sholkovitz, 1993; Möller et al., 2021). 

The results of the present study show the opposite with higher anomalies in the estuarine sites 

compared to the offshore sites of Loire (Figure 4A and 5A), which are characterized by higher 

salinity and depth (Table S1).  

On the contrary to the total REE concentrations, Gd anomalies and anthropogenic Gd 

concentrations are higher in the Seine than in the Loire, as well as in the estuarine sites (L1 to L8) 

compared to the offshore sites (L9 to L13) of Loire (Figure 4A, B, 5C and 6). These results suggest a 

greater Gd contamination of the Seine estuary compared to the Loire estuary and of the estuarine area 

compared to the offshore. They also demonstrate the pressure of industrialization and of the high 

population density of these estuarine areas, leading to Gd enrichment as shown in many other studies 

(de Baar et al., 1985b; Alibo & Nozaki, 1999; Elbaz-Poulichet et al., 2002; Kulaksiz & Bau, 2007, 

2013; Merschel & Bau, 2015; da Costa et al., 2021; Lortholarie, 2021). The Gd enrichments are often 

related to its anthropogenic uses (Kümmerer & Helmers, 2000; Rabiet et al., 2009; Verplanck et al., 

2010; Hatje et al., 2016; Lerat-Hardy et al., 2019), especially extensive as contrast agents during MRI 
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(Blomqvist et al., 2022), reaching 22 to 66 tons of Gd used per year
 
(Thomsen, 2017). The difference 

in Gd contamination between the two estuaries (Figure 5C and 6) might be explained by the different 

population densities, being much higher in the Seine (including the Paris metropolis), and therefore 

implying higher potential annual releases induced by a likely higher number of MRIs. Moreover, the 

mean daily water discharges between the two estuaries being much higher during the sampling of the 

Loire (503 to 807 m
3
/s) compared to the Seine (320 to 342 m

3
/s) could also be an explanation for the 

difference of the Gd anomaly magnitudes. The difference between estuarine and offshore areas could 

be attributed to the distance to the terrestrial sources on the one hand and to the dilution in seawater on 

the other hand. The estimation of the geogenic and anthropogenic Gd contributions to the total REE 

concentrations (Figure 2 and 6) also allowed to confirm the Gd is mainly due to a natural abundance 

in the Loire estuary which is the opposite of the Seine estuary, especially under anthropogenic 

contamination.  

A recent study by Rétif et al. (2024) which investigated the REE distribution along the food web 

of the Loire estuary showed that organisms accumulate REEs. This bioaccumulation was higher in 

species from lower trophic levels compared to fish belonging to higher trophic levels. However, the 

highest reported anomalies were found in fish species with Eu, Tb, Gd and Lu anomalies. These 

results, combined with the present work, indicate a possible transfer of Gd from the dissolved phase to 

the biota. Additionally, another study on Anguilla anguilla from the Loire estuary also highlighted a 

great accumulation of Gd in the gonads of female organisms (Lortholarie et al., 2021).  

Regarding SPM and sediments, the result of normalization, highlighting a HREE depletion 

(especially in the Loire) associated with no noticeable anomalies (Figure 4C, D, E, F), is consistent 

with the abundance of different REE classes in the Earth’s crust but differs from other studies. These 

studies, including those which focused on the Loire estuary, highlighted a MREE enrichment in SPM 

and sediments (Thibault de Chanvalon et al., 2016; Lortholarie, 2021; Han et al., 2021, 2023). 

Nevertheless, the present study, observing anomalies in the dissolved phase, that were absent in SPM 

or sediments, even though REE concentrations were higher in these two solid matrices, is consistent 
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with other studies that mostly quantified anomalies in the dissolved phase compared to the particulate 

phase or sediment (Elbaz-Poulichet et al., 2002; Censi et al., 2007; da Costa et al., 2021). 

5. Conclusion 

This study comparing the REE levels in the abiotic compartments from the Loire and Seine 

estuaries highlighted overall higher total concentrations in the Loire than in the Seine, and lower 

concentrations offshore than within the Loire estuary. These differences could be due either to 

variations in REE contamination or to differences in the geogenic REE background of both areas, and 

also imply an anthropogenic contamination of the estuarine area. In both estuaries, total REE 

concentrations were higher in SPM and sediments than in the dissolved phase which is consistent with 

the known fate of REEs in aquatic systems. Investigation of individual REE contributions, along with 

the normalization of REE concentrations by PAAS, highlighted HREE enrichments, as well as Gd 

enrichments/anomalies in the dissolved phase of both estuaries. On the contrary, the REE distribution 

patterns in SPM and sediments followed the crustal abundance of the different REE classes for LREEs 

and MREEs, but highlighted a slight HREE depletion. The high Gd contributions and anomalies 

measured in the dissolved phase suggest a Gd contamination in the two estuaries, possibly due its 

extensive anthropogenic use as contrast agent in medicine, as already reported in other estuaries in 

developed countries. This demonstrates that although REEs tend to accumulate in SPM and sediments, 

the dissolved phase is the main impacted matrix by anthropogenic uses of REEs. The distribution and 

normalization results, combined with the estimated anthropogenic Gd concentrations results in the 

dissolved phase, highlighted that the Gd contamination was higher in the Seine compared to the Loire, 

rather indicating a high geogenic contribution as an explanation for the high total REE concentrations 

recorded in the Loire. Finally, higher anthropogenic inputs were reported in the estuarine area 

compared to the offshore of Loire, confirming the estuarine contamination induced by the important 

anthropogenic pressures related to their high industrialization and population density. The present 

work, comparing two major French estuaries with different topographies and pollution levels, provides 

new data on the distribution of REEs in natural aquatic systems.  
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Fig.1. Sampling sites of water (blue circle), intertidal (brown square) and subtidal (yellow 

square) sediments of the Seine (A) and Loire (B) estuaries with associated salinities (blue font, 

PSU). S1: Poses, S2: Duclair, S3: Caudebec, S4: Vieux-Port, S5: Tancarville, S6: Baie de Seine, L1: 

Ancenis, L2: Bellevue, L3: Rezé, L4: Haute-Indre, L5: Cordemais, L6: Paimboeuf, L7: Donges, L8: 

Mindin, L9: Offshore 1, L10: Offshore 2, L11: Offshore 3, L12: Offshore 4 and L13: Offshore 5. 
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Fig.2. REE concentrations in the dissolved phase (A, B; ng/L), suspended particulate matter (C, 

D; mg/kg dw) and sediments (E, F; mg/kg dw) of the Loire and Seine estuaries. About sediments: 

subtidal sediments are presented in hatched histogram bars whereas intertidal sediments are in regular 

histogram bars. Different letters represent significant differences (ANOVA or t-student test, p-

value ≤ 0.05) between studied sites for which n > 2, ns: not sampled.  
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Fig.3. REE distribution (%) in the dissolved phase (A, B), suspended particulate matter (C, D) 

and sediments (E, F) of the Loire and Seine estuaries. About sediments: subtidal sediments are 

presented in hatched colors whereas intertidal sediments are in regular colors, ns: not sampled. 
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Fig.4. PAAS-normalized REE patterns (log10-scaled axis) for the dissolved phase (A, B), 

suspended particulate matter (C, D) and sediments (E, F) of the Loire and Seine estuaries. Post-

Archean Australian Shale normalization was performed using Pourmand et al. (2012) dataset.  
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Fig.5. Ce (A), Eu (B) and Gd (C) anomalies in the dissolved phase of the Loire and Seine 

estuaries. Different letters represent significant differences (Kruskal-Wallis test, p-value ≤ 0.05) 

between studied sites for each element. Values significantly different to 1 (Wilcoxon test, p-value ≤ 

0.05) are denoted by superscript “*”. Lower and upper margins of boxes show 1
st
 and 3

rd
 quartiles, 

whiskers represent maximum and minimum values, the median is defined by the middle line, the mean 

by the cross and outliers are drawn as individual points. 

 

 

  

  

 
Fig.6. PAAS-normalized Gd concentrations with associated geogenic and anthropogenic 

concentrations for the dissolved phase of the Loire (A) and Seine (B) estuaries. ns: not sampled.
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Table 1. Comparison of total REE concentrations and reported anomalies in the three studied 

abiotic matrices (dissolved phase, suspended particulate matter (SPM) and sediment) from 

studies about estuaries of three different continents. Presented data correspond to the minimum and 

maximum values for each matrix from each study.  

 

Area Study Estuary 

Total REE concentrations 
Anomal

ies 
Dissolved 

phase 

(ng/L) 

SPM 

(mg/kg 

dw) 

Sediment 

(mg/kg 

dw) 

Ameri

ca 

Marmolejo-Rodríguez et 

al., 2007 

Marabasco 

(Mexico)   

27.5 - 

157.3 
Eu 

Adebayo et al., 2020 
Pettaquamscutt 

(USA) 

253.8 - 

2076.9 * 
    

Ce, Eu, 

Gd 

de Freitas et al., 2021 
Jaguaripe 

(Brazil) 
    

202.0 - 

220.0 
Ce, Eu 

Costa et al., 2021 
Patos Lagoon 

(Brazil) 
    

75.5 - 

253.3 
Ce 

Santos et al., 2023 Subaé (Brazil)   
102.0 - 

163.0 

22.6 - 

180.0 
Eu 

Asia 

Censi et al., 2007  
Mae Klong 

(Thailand) 

2916.2 - 

42863.6 * 

155.5 - 

283.3 

14.2 - 

127.6 
Ce, Eu 

Shynu et al., 2011 Mandovi (India)   
83.7 - 

202.9 

120.4 - 

226.5 
Ce, Eu 

Deepulal et al., 2012 Cochin (India)     
62.0 - 

231.0 
Ce, Eu 

Chi et al., 2021 Liao (China)      
106.6 - 

174.7 
Eu 

Europ

e 

Borrego et al., 2004 Huelva (Spain)     
36.0 - 

197.7 
Ce 

Thibault de Chanvalon et 

al., 2016 
Loire (France)   

89.0 - 

489.0 

195.0 - 

199.0 
Ce, Eu 

Brito et al., 2018 Tagus (Portugal)     
18.0 - 

210.0 
Ce, Eu 

Lerat-Hardy et al., 2019 
Gironde 

(France) 
93.9 - 182.5     

Ce, Sm, 

Gd 

Cánovas et al., 2020 Huelva (Spain) 26.0 - 380.0     
Ce, Eu, 

Gd 

Lortholarie, 2021 Loire (France) 
234.0 - 

1140.0 

51.0 - 

333.3 

129.6 - 

172.0 

La, Ce, 

Gd 

This study  

Loire (France) 45.1 - 234.5 
3.4 - 

186.4 

85.8 - 

225.6 

Ce, Eu, 

Gd 

Seine (France) 73.1 - 116.3 
97.0 - 

141.9 

20.0 - 

97.8 

Ce, Eu, 

Gd 

 *: values initially presented in nmol/L but converted to ng/L for easier comparison 
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