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a b s t r a c t
Anthropogenic activities linked to various new technologies are increasingly disrupting REEs biogeochemical cycles.
A catchment-based perspective is therefore necessary to distinguish between natural (i.e., changes in lithology) and
human-related sources of REEs variability. In the present study, REEs patterns, anomalies and ﬂuxes were investigated in the French part of the Moselle River basin (Moselle River itself and some of its headstreams and tributaries).
The REEs patterns in the headstream waters were highly variable and mostly related to the complex underlying lithology (granite, sandstone, tuff and graywacke). Along the Moselle River, the presence of positive Gd anomalies and
a regular LREEs depletion/HREEs enrichment pattern on sandstone/limestone substrates were the most distinctive
features. The Gd anomaly varied from 1.8 to 8.7, with anthropogenic Gd representing 45 to 88% of the total Gd. A
linear relationship was obtained between the anthropogenic Gd ﬂux and the cumulative population along the watershed. However, the magnitude of the Gd anomalies was shown to depend on the methodological approach chosen for their calculation. The use of a threshold value to identify the presence of an anthropogenic Gd anomaly may
therefore be basin (and lithology) dependent, and care has to be taken in comparing results from different rivers or
lithologies. Concentration of anthropogenic Gd in the Moselle River and its tributaries were close to, or above, the
value of 20 ng/L reported in literature to elicit adverse biological effects in laboratory cell cultures. The ecotoxicological signiﬁcance of Gd anomalies deserves further investigation because concentrations of anthropogenic Gd may
also vary depending on the methodological approach used for calculating Gd anomalies.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Rare Earth Elements (REEs) are commonly used in geochemistry as
process and/or source tracers, as they behave in a coherent way along
the lanthanide series. Many studies have reported changes in their distribution patterns during rock weathering and transport in natural
water systems (Elderﬁeld et al., 1990; Sholkovitz, 1992; Tricca et al.,
1999; Aubert et al., 2001; Hannigan and Sholkovitz, 2001). In waters unaffected by human activities, negative anomalies of cerium (Ce) and europium (Eu) can occur due to their redox behavior (De Baar et al., 1988;
German and Elderﬁeld, 1989; Bau, 1991). Some small gadolinium (Gd)
and lanthanum (La) anomalies can also be found in estuaries or seawater because of the differences among REEs complexes stabilities (Byrne
and Kim, 1990; Bau, 1999).
However, the worldwide consumption of REEs in new technologies,
industries, medicine and agriculture has widely increased over the last
decades (Haxel, 2002; Humphries, 2010; Du and Graedel, 2011;
Gasanov et al., 2018). These anthropogenic uses disrupt the geochemical and biological cycles of REEs and lead to the enrichment of some
REEs in natural waters. Gadolinium enrichment was the ﬁrst REEs enrichment reported in the 1990s by Bau and Dulski (1996): a positive
Gd anomaly due to anthropogenic activities was identiﬁed. Since then,
Gd anomalies have been documented worldwide and reported in rivers
and lakes (Tricca et al., 1999; Möller et al., 2000, 2014; Elbaz-Poulichet
et al., 2002; Knappe et al., 2005; Bau et al., 2006; Kulaksız and Bau,
2007; Rabiet et al., 2009; Hissler et al., 2014, 2015, 2016; Klaver et al.,
2014; Kim et al., 2020), in groundwater (Möller et al., 2000; Knappe
et al., 2005; Rabiet et al., 2009), in estuaries and coastal waters
(Nozaki et al., 2000; Elbaz-Poulichet et al., 2002; Kulaksız and Bau,
2007; Lerat-Hardy et al., 2019), and even in tap water (Kulaksız and
Bau, 2011a; Tepe et al., 2014; Schmidt et al., 2019).
Indeed, organic Gd complexes are used as a contrast agent in magnetic resonance imaging (MRI). These complexes are water soluble
and highly stable to avoid any direct interaction between the toxic
Gd3+ ion and cellular components during clinical uses. Because of
their stability, Gd complexes are not removed by conventional wastewater treatment plants (WWTPs), and WWTP efﬂuents are now recognized as the principal source of anthropogenic Gd (Gdanth) (Bau and
Dulski, 1996; Kümmerer and Helmers, 2000; Verplanck et al., 2005,
2010). Toxicological effects linked to the clinical use (via intravenous injection) of Gd-based contrast agents are well established and increased
Gd levels have been reported in bones, kidneys, brain, and skin of
human subjects following MRI examination, without reported clinical
consequences up to now (Chazot et al., 2020). However, the clinical intravenous exposure route has little relevance in environmental contexts
and, at the time of writing, we are unaware of reports documenting
anomalous Gd levels in humans from drinking water with anthropogenic Gd anomalies. On the other hand, anthropogenic forms of Gd
can bioaccumulate in tissues of freshwater bivalves and elicit temporary
biochemical responses (Perrat et al., 2017; Pereto et al., 2020). Gadoteric
acid, one of the most commonly-used MRI contrast agents and a likely
contributor to the observed Gd anomalies, can slow down the growth
of a zebraﬁsh cell line at concentrations as low as 20 ng/L (on a Gdbasis), although it does not cause lethal effects at exposures levels up
to 200 mg/L (Parant et al., 2019). Estimation of natural vs. anthropogenic concentrations of Gd in natural waters is usually performed after
calculating the corresponding Gd anthropogenic anomalies.
The presence of a Gd anomaly is normally estimated using the neighboring REEs of Gd, but currently there is no standardized methodology
for this process. Many studies have used Sm and Tb (Bau and Dulski,
1996; Tricca et al., 1999; Knappe et al., 2005; Bau et al., 2006; Klaver
et al., 2014) or Eu and Tb (Nozaki et al., 2000; Elbaz-Poulichet et al.,
2002). Several more recent publications advise the use of Nd and Sm
(Kulaksız and Bau, 2007) or Nd and Eu (Kulaksız and Bau, 2013;
Merschel et al., 2015), which are light REEs. Kulaksız and Bau (2007) indicated that the use of light REEs to calculate Gd anomalies leads to Gd*

values that are more representative of the background measured in
pristine water. On the other hand, Hissler et al. (2015) recommend
using Nd and Dy, as they consider Gd a middle REE. Considering that
natural REEs abundances and patterns are geologically determined, different methodological choices will not necessarily yield equivalent
results in terms of REEs anomalies. The possible inﬂuence of such
choices on the actual numerical value of a given Gd anomaly must
therefore be evaluated to ensure meaningful inter-river comparisons,
correct identiﬁcation of anthropogenic inputs within a given basin and
a correct ecotoxicological evaluation of risks related to anthropogenic
Gd. Finally, Gd anomalies are increasingly seen as a simple, cheap and
easy-to-use proxy for the presence of potentially harmful compounds
contained in waste-waters (Pereto et al., 2020; Schmidt et al., 2019),
so that inadequate methodological choices may have practical economical and public health implications.
While the Gd anomaly is the most reported one associated with
human activities, some studies have highlighted other positive REEs
anomalies in natural waters. Kulaksız and Bau (2011b) showed Rhine
River contamination by anthropogenic lanthanum from the industrial
production of catalysts for petroleum reﬁning. In 2013, analyses conducted on Rhine River surface water samples also revealed a positive samarium anomaly, with the same source as the lanthanum anomaly
(Kulaksız and Bau, 2013).
Aquatic ecosystems around large cities, where MRI facilities are numerous, will likely be the most impacted by anthropogenic Gd (Kim
et al., 2020; Inoue et al., 2020). However, the pharmacokinetics of contrast agents will also affect their dissemination in a watershed. Urinary
excretion of contrast agents by patients having undergone MRI shows
an initial rapid elimination phase (half-time of about 2 h) followed by
a slower release with a half-time about 6 days (Czoch, 2019). However,
Kümmerer and Helmers (2000) reported the detection of contrast
agents in patients' urine 39 days after injection. It is therefore likely
that anthropogenic Gd might be disseminated in large watersheds depending upon the population density and the distribution of urban
areas.
Therefore, the ﬁrst purpose of the present study is to investigate the
relation between REEs distribution vs. landuse and population in a complex watershed. We have selected the French part of the Moselle River
watershed, including headstreams in the Vosges Mountains, tributaries
and the Moselle River itself from its source to the Luxembourg border.
To the best of our knowledge, there has not been any REEs investigation
conducted in the Moselle River basin at this scale. Only some data about
REEs in the headstreams in the Vosges Mountains are available (Tricca
et al., 1999; Aubert et al., 2001, 2002; Stille et al., 2006). The French Moselle River catchment is of great interest because of its geological and
land occupation contrasts. The second focus of this study is to compare
the effect of different calculation methods on the numerical value of the
observed Gd anomalies. The third objective is to evaluate whether the
measured concentrations of REE, including anthropogenic vs. natural
Gd, may be of ecotoxicological concern at the basin level.
2. Materials and methods
2.1. Studied area: the Moselle River catchment
The Moselle River is one of the main Rhine River tributaries. Its
French part (314 km length) is located in northeastern France, with its
source in the Vosges Mountains (Bussang) and a catchment area of
11,437 km2 (Fig. 1, with enlargements of the upstream and middle sections in Figs. SM1 and SM2 of Supplementary Materials). The studied
area is limited to the French part of the Moselle River watershed, from
its source to the Luxembourg border. All distances, given in river km
(rkm), are calculated with respect to the source. Samples were also collected in the Vosges mountains headstreams (upstream of any known
anthropogenic activity) and in twelve Moselle River tributaries (from
south to north): the Moselotte River (Mo), Cleurie River (Cl), Vologne
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Fig. 1. The French part of the Moselle basin, with its main tributaries, cities, WWTPs, and simpliﬁed geological characteristics. g = granite; tv = Tournasian/Visean, bk = Cambrian; t1, t2
and t3 = Lower, Middle and Upper Triassic periods, respectively; j1, j2 and j3 = Lower, Middle and Upper Jurassic periods, respectively.

River (Vo), Saint-Oger River (SO), Durbion River (Du), Euron River
(Eur), Madon River (Ma), Meurthe River (Me), Seille River (Sei), Fensch
River (Fen), Rupt de Mad River (RdM) and Orne River (Or) (Fig. 1).
Information on the geology was obtained from the InfoTerre database (http://infoterre.brgm.fr). The land use analysis was based on
2018 CORINE Landcover data (https://www.data.gouv.fr/fr/datasets/
corine-land-cover-occupation-des-sols-en-france/), and the population
analysis was based on the 2017 legal census (https://www.insee.fr), by
taking all communities along the Moselle and its main tributaries and
subtributaries into account (see Table SM1in Supplementary Materials).
It was assumed that the communities along the rivers were the most
likely to contribute to its pollution. The location of the wastewater treatment plants was obtained from the SIERM website (http://rhin-meuse.
eaufrance.fr/).
From a geographical, geological and land use point of view, the studied catchment can be divided into thREEs parts (Figs. SM3 and SM4 of
the Supplementary Materials). The Vosges Mountains constitute the
ﬁrst part, from the Moselle River source to Epinal (rkm 72.2 km), with
mostly crystalline rocks (granites, graywackes, gneisses) and some sedimentary rocks (sandstones such as Buntsandstein) (Nédeltcheva et al.,
2006a, 2006b). Land use in this area is mostly devoted to forestry (75%)
and agriculture (20%) (cattle breeding). The Lorraine Plateau is the second part, from Epinal to Messein (rkm 144), with sedimentary rocks
from the Trias period (marls, dolomites, gypsum, belonging to the
Muschelkalk and Keuper formations). This part is characterized by a reduction in the forested areas (55%), an increase in agricultural land
(35%) and some industrial zones around the main cities. The Moselle
cuestas constitute the last part, from Messein to the Luxembourg border
(rkm 314), with sedimentary rocks from the Jurassic period (marls,
limestone, clays). In this part, past and present industrialization is
more developed than in the other areas of the basin (up to 11%) and

includes the two main cities of the catchment, Nancy (105,000 inhabitants) and Metz (115,00 inhabitants, rkm 250), and their urban areas
(256,000 inhabitants for Grand Nancy and 222,000 for Metz Métropole).
The areas occupied by forestry and agricultural activities are equivalent
(44% each). The most important industries in the Moselle River watershed are related to wood (sawmills, papermills), textile (upstream of
Messein) and to sodium chloride extraction and sodium carbonate production (along the Meurthe River, 20 km upstream of its junction with
the Moselle River i.e. rkm 195). Some large metal-related industries
are remaining: pig‑iron mill in Pont-à-Mousson (rkm 215) and steel
mills in the Fensch River valley, which joins the Moselle River at rkm
275, close to the Luxembourg border. Except steel-mills, none of these
industries is known to use REEs. Grand Nancy exclusively uses Moselle
River water for drinking water production: the intake station is located
at Messein. Metz Métropole combines surface water (Rupt de Mad
River) and Moselle River alluvial groundwater for its drinking water.
The Grand Nancy WWTP discharges into the Meurthe River, just upstream of its junction with the Moselle River, and the Metz Métropole
WWTP discharges directly into the Moselle River.
2.2. Sampling
A snapshot sampling strategy was applied, meaning that all the samples were collected in a reduced time window (10 days). All the samplings occurred in a period of median ﬂow, within a coefﬁcient of
variation of 20% observed for all the 12 gauging stations in operation
along the Moselle River in April 2019 (http://www.hydro.eaufrance.fr/
). Sampling campaigns were conducted in April 2019 and were divided
into four groups: the headstreams (April 2, 2019; 31 stations), the upstream section of the Moselle River from the source to Messein (April
12, 2019; 28 stations), the downstream section of the Moselle River
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from Messein to the Luxembourg border (April 04, 2019; 15 stations)
and the main tributaries (April 5 and 11, 2019; 29 stations). The
geographical position of each station, sampled once, is given in the
Tables SM2 to SM4 of the Supplementary Materials. Except for the headstreams, safe bridges with pedestrian access were selected from maps
(https://www.geoportail.gouv.fr/) to serve as sampling stations. The average distance between sampling station along the upstream section of
the Moselle River was 4.6 km. It was higher for the downstream section
(15 km), as less safe bridges were available. For the tributaries, a limited
number of stations was selected based on the presence of safe bridges
sufﬁciently close to their junctions with the Moselle River.
Surface water samples were collected in 500 mL PTFE bottles previously washed with HNO3 acid and rinsed with ultrapure water. Except
for headstreams, where the bottles were directly immersed in the
water, these samples were taken using a bailer thrown into the river
from the middle of a bridge (sampling depth = 5 cm). Bottles were
rinsed with river water before sample collection. One bottle was used
at each sampling station to measure all the parameters. The samples
were stored at 4 °C and ﬁltered within 24 h after sampling.



0:33
Eu=Eu∗ ¼ EuPAAS = SmPAAS 0:67  TbPAAS

The Gd anthropogenic anomaly and the corresponding anthropogenic and natural Gd concentrations were calculated with several approaches. In the remainder of the paper, the results for Gd/Gd* and
Gdanth will be discussed based on the Nd and Dy calculations, but a comparison between different methods (see below) will also be presented.
(According to Bau and Dulski, 1996)
∗

Gd=Gd ¼ GdPAAS =ð0:33  SmPAAS þ 0:67  TbPAAS Þ

∗

Gd=Gd ¼ GdPAAS =10ð2logSmPAAS −logNdPAAS Þ

∗

log Gd ¼ ð4  log EuPAAS − log NdPAAS Þ=3

∗

Gdanth ¼ Gd−Gd

ð1Þ

ð5Þ

(According to Hissler et al., 2015),

The samples were ﬁltered in the laboratory through 0.45 μm nominal pore size regenerated cellulose syringe ﬁlters (Phenomenex®). For
the rest of this paper, the fraction below 0.45 μm is called the “ﬁlterable
fraction” and consists of dissolved ions and colloids b0.45 μm. Aliquots
(50 mL for REEs and minor elements, 10 mL for major elements) of
the ﬁlterable fraction were acidiﬁed immediately after ﬁltration with ultrapure HNO3 acid (at 1% v/v, acid class “Optima” to determine REEs and
minor elements; and at 2% v/v, acid class “Trace mMetal” for major cations). Other sample aliquots (80 mL) were preserved at 4 °C without
acidiﬁcation for measurements of dissolved organic and inorganic carbon (DOC and DIC), total nitrogen (TN), major anions, orthophosphates,
and ammonium.
DOC and DIC were measured with a Shimadzu TOC VCHS combined with a TNM-1 module for TN determination. Orthophosphates
and ammonium were quantiﬁed by spectrophotometric methods
with a HACH DR 2400 spectrophotometer (HACH PhosVer3 detection method 8048 for orthophosphates and Nessler micromethod
−
adapted from HACH method 8038). Major anions (Cl−, SO2−
4 , NO3 ,
NO−
2 ) were determined by ion chromatography (Thermo Scientiﬁc
Dionex iCS 3000), and major cations (Mg, Na, K, and Ca) were determined by inductively coupled plasma atomic emission (ICP AES)
(Thermo Scientiﬁc iCAP 6300 Duo).
REEs were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Thermo Scientiﬁc iCAPQ+prepFast) without
preconcentration. Re and Rh at 50 ppb were used as online internal
standards. The instrument was tuned for oxide and doubly charged
ion formation, and interference corrections for oxide and hydroxide
were applied when necessary. The analytical error was below 5%.The
quantiﬁcation limit, calculated as 10 times the standard deviation of replicated blank measurements, was 1 ng/L for all REEs. The ﬁltration blank
results (n = 15) were always below detection limits. SLRS-6 reference
material water was used to control the ICP-MS accuracy and reproducibility (Yeghicheyan et al., 2019) (Table SM5 of the Supplementary
Materials).

Ce=Ce∗ ¼ CePAAS =ð0:5  LaPAAS þ 0:5  PrPAAS Þ

ð4Þ

(According to Kulaksız and Bau, 2013),

Gd=Gd ¼ GdPAAS =ð0:4  NdPAAS þ 0:6  DyPAAS Þ

The REEs concentrations were normalized by the Post Archean
Australian Shale (PAAS) (McLennan, 1989). The Ce and Eu anomalies,
which are mostly natural anomalies in the hydrosphere, were calculated
using Eq. (1) (Hissler et al., 2015) and Eq. (2) (Olivarez and Owen,
1991), respectively.

ð3Þ

(According to Kulaksız and Bau, 2007)

2.3. Analytical methods

2.4. Calculations

ð2Þ

∗

ð6Þ
ð7Þ

In these equations, X is the measured concentration in the samples,
X* is the calculated geogenic concentration, and XPAAS is the elemental
concentrations measured in the sample and normalized to the PAAS.
Fractionation between light REEs (LREEs; La, Ce, Pr, Nd) and heavy
REEs (HREEs; Dy, Ho, Er, Tm, Yb, Lu) was calculated using the PAASnormalized LaPAAS/YbPAAS ratio, that between LREEs and middle REEs
(MREEs; Sm, Eu, Gd, Tb) was calculated using the LaPAAS/SmPAAS ratio,
and that between MREEs and HREEs was calculated using the GdPAAS/
YbPAAS ratio. All the necessary ﬂow data to estimate REEs ﬂuxes were
obtained from the HYDRO database (http://www.hydro.eaufrance.fr/).
3. Results and discussion
3.1. Surface water main characteristics
This section summarizes the surface water main characteristics
+
(DOC, DIC, NO−
3 , NH4 ) along the Moselle River, as they provide information about the geological substrate and/or anthropogenic pressure. The
related ﬁgures can be found in the Supplementary Materials (Fig. SM5).
The inorganic carbon describes the carbonate and bicarbonate species
and shows clear changes in geology along the Moselle River. The DIC
is approximately 4.7 mg/L at the Moselle River source and ranges from
2.3 to 3.6 between Bussang (rkm 3.1 km) and Arches (rkm 62.3).
From downstream of Epinal (rkm 71.2) up to Messein (rkm 144), the
DIC varies from 3.7 to 12.9 mg/L due to the transition between granitic
rocks and marls/dolomites. Downstream of Messein, the DIC increases
up to 36.3 mg/L at Malling (rkm 293) close to the border with
Luxembourg. Dissolved organic carbon, nitrates and ammonium are parameters related to urbanization and anthropogenic activities (Henze
et al., 2002). The DOC concentration at the Moselle River source is
0.4 mg/L and remains lower than 1.4 mg/L until Eloyes (rkm 53.3 km).
This area corresponds to a rather sparsely populated zone, with a population density of 130 inhabitants/km2, to be compared to the average
value of 320 inhabitants/km2 along the Moselle River (calculated between the source and the Luxembourg border). Downstream of Eloyes,
industrialization withpaper mills at Arches (rkm 62.3 km) and Golbey
(rkm 78 km) and urbanization cause an increase in DOC concentration
from 1.9 to 3.3 mg/L.
Nitrates can be introduced into aquatic systems in different ways:
via atmospheric emissions (Driscoll et al., 2001), fertilizer run-off
(Deal et al., 1986), and WWTP efﬂuents (Henze et al., 2002). Nitrates
are approximately 1.1 mgNO−
3 /L at the Moselle River source and
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increase with the population up to 14 mgNO−
3 /L at the Luxembourg border. The ammonium concentration stays very low (0.02 to 0.10 mgNH+
4 /
L) or lower than the quantiﬁcation limit from the source to Arches (rkm
62.3), except for the sample “Les Meix” (29.9 rkm; 0.65 mgNH+
4 /L),
which is just downstream of a WWTP discharge. The ammonium concentration from Arches (rkm 62.3) to Messein (rkm 144 km) varies be+
tween 0.06 and 0.21 mgNH+
4 /L and increases to 0.31 mgNH4 /L
downstream of Messein and to 0.70 at Millery (rkm 202 km). Millery
is the sampling point just downstream of the conﬂuence between the
Moselle River and the Meurthe River. The Meurthe River receives the
WWTP efﬂuents of Grand Nancy and has salt industries that use ammonia in their operation along its course (Steinhauser, 2008).

5

3.2.1. Head catchments
Depending on the geological substrate and anthropogenic pressure,
the REEs patterns in the Vosges headstreams can be divided into thREEs
groups. The ﬁrst group represents water in contact with tuff and
greywacke (Fig. 2a). In this part of the Vosges Mountains, the total
REEs concentration ranges between 34 and 232 ng/L, with LREEs
representing 58 to 68% of the total REEs, MREEs representing 9 to 26%,
and HREEs representing 7 to 19%. The patterns of these samples present
a strong negative Ce anomaly (Ce/Ce*: from 0.15 to 0.44) and LaPAAS/
YbPAAS ratios from 0.19 to 0.38, indicating slight LREEs depletion. The
second group represents water in contact with sandstone (Fig. 2b). In
this group, the total REEs concentration varies between 109 and
1150 ng/L, with LREEs representing 53 to 64% of total REEs, MREEs
representing 14 to 17%, and HREEs representing 18 to 30%. REEs patterns show a negative Ce anomaly (Ce/Ce*: from 0.41 to 0.74) and a
small positive Eu anomaly (Eu/Eu*: from 1.25 to 1.48). LaPAAS/YbPAAS
values vary from 0.14 to 0.20, indicating slight LREEs depletion and
HREEs enrichment. The third group represents water in contact with
granites (Fig. 2c and d). In this part, the total REEs concentration ranges
between 324 and 1395 ng/L, with LREEs representing 67 to 86% of the
total REEs, MREEs representing 9 to 17%, and HREEs representing 5 to
15%. The REEs patterns present a slight concavity, with depletion in
LREEs (LaPAAS/SmPAAS: from 0.24 to 0.53) and HREEs (GdPAAS/YbPAAS:
from 1.20 to 1.81). Leybourne et al. (2000) explain that this kind of concave pattern could be produced by mineral weathering of host rocks,
particularly phosphate-bearing minerals. Furthermore, other studies of
REEs in Vosges mountain streams on granitic substrates (Tricca et al.,
1999; Aubert et al., 2001) exhibit similar PAAS-normalized REEs patterns. Granitic background water patterns do not show a negative Ce
anomaly or show only a small anomaly (Ce/Ce*: from 0.57 to 1.05),
and some of them display a slight negative Eu anomaly (Fig. 2d) ranging
from 0.50 to 0.93. According to Tricca et al. (1999), this Eu anomaly is
strongly lithology dependent.
None of these patterns in head catchment streams reveals a positive
Gd anomaly, except for the sample “Lamerey”, collected at the junction
of the stream with the Moselle River (rkm 3.5 km), which presents a
small Gd anomaly of 2.9 (based on Eq. (6)).

MREEs represent 15 to 17%, HREEs represent 10 to 14%, and [Gd] represents 6 to 9%. The percentages of LREEs and Gd (%LREEs and %Gd) globally decrease from upstream to downstream, while there is no clear
trend for %MREEs and %HREEs. From Messein to the Luxembourg border, the total REEs concentration ranges between 74 and 206 ng/L, decreasing from upstream to downstream. LREEs represent 51 to 69% of
the total REEs, MREEs represent 16 to 36%, HREEs represent 13 to 16%,
and [Gd] represents 8 to 28%. From upstream to downstream, %LREEs
decreases while %MREEs increases. This increase can be related to the
increase in %Gd from 51 to 82% of the MREEs. For %HREEs, no clear
trend emerges.
All patterns of the Moselle River display a natural negative Ce anomaly. This anomaly is more important upstream of Epinal (mostly gneiss,
granite, and sandstone background, with sparse urbanization), from
0.15 to 0.57, than downstream of Epinal (mainly marls, dolomites and
limestone background, with larger urbanization), from 0.60 to 0.87.
The REEs patterns of the Moselle River from Bussang to Epinal exhibit
MREEs enrichment. Fig. 3b and c, corresponding to the Moselle River between Epinal and Messein (marls and dolomites from the Trias period)
and the Moselle River between Messein and the border (limestone and
marls from the Jurassic period), respectively, show LREEs depletion and
HREEs enrichment. These depletions and enrichments increase along
the river ﬂow, with the LaPAAS/YbPAAS ratio varying from 0.48 (Epinal)
to 0.19 (Mailing, last point before the Luxembourg border) (Fig. 4).
The decrease in LaPAAS/YbPAAS could be explained by geochemical effects. Sholkovitz (1995) demonstrated that the order of REEs adsorption
onto particle surfaces upon increasing pH is LREEsN MREEsN HREEs.
Along the Moselle River, pH values vary from 6 to 6.5 in the Vosges
Mountains section (LaPAAS/YbPAAS 0.38–0.78), from 7 to 7.5 between
Epinal and Messein (LaPAAS/YbPAAS: 0.26–0.34), and from 8 to 8.5 up to
the Luxembourg border (LaPAAS/YbPAAS 0.15–0.27). Moreover, the solubility of HREEs is enhanced by carbonate speciation, producing LREEdepleted REEs patterns in waters where REEs are complexed by carbonate or bicarbonate species (Byrne and Kim, 1990; Johannesson and
Lyons, 1994; Leybourne et al., 2000). Dissolved inorganic carbon increases from the source to the Luxembourg border, especially downstream of Epinal, where the geological substrate changes from granite
to sandstone and then limestone. A signiﬁcant negative linear relationship (signiﬁcance level α = 0.05, coefﬁcient of determination = 0.77)
was found between LaPAAS/YbPAAS and DIC along the Epinal-Malling
stretch. The pH and inorganic carbon variations along the Moselle
River inﬂuence the REEs distribution in the dissolved water column.
Another explanation is that the decrease in the LaPAAS/YbPAAS ratio
could have an anthropogenic origin. Hissler et al. (2014, 2016) proposed
that this LREEs-depleted pattern might result from WWTP efﬂuent discharge onto rivers under “normal” river ﬂow conditions (except ﬂood
events). Indeed, WWTP efﬂuents have a very low LaPAAS/YbPAAS ratio
(e.g., 0.02–0.07; (Hissler et al., 2016, 2014)) compared to values observed in river waters. Regarding the positive Gd anomaly, it is detectable from sampling point “Le Pont Jean” (rkm 9.5) with a value of 1.8
and reaches a value of 8.7 near the Luxembourg border (using Dyand Nd-based calculations).

3.2.2. The Moselle River
From the Moselle River source to the Luxembourg border, REEs patterns can be split into thREEs groups (Fig. 3a, b and c), depending on the
geological substrate and urbanization. In the Vosges Mountains part,
from the source to Epinal (rkm 71.2), the total REEs concentration ﬂuctuates between 173 and 315 ng/L, with a very low concentration of
33 ng/L at the source. LREEs represent 68 to 78% of the total REEs,
MREEs represent 14 to 20%, HREEs represent 7 to 11%, and [Gd] represents 4 to 7%. These REEs parameters do not show any speciﬁc trend
in this part of the Moselle River. The surface waters of the Lorraine Plateau, from Epinal to Messein (rkm 144), have a total REEs concentration
ranging from 205 to 487 ng/L, with the concentration decreasing from
upstream to downstream. LREEs represent 68 to 73% of the total REEs,

3.2.3. The Moselle River tributaries
Fig. 5 represents REEs normalized patterns of the Moselle River's
tributaries. The REEs patterns are split into four subﬁgures according
to where tributaries ﬂow into the Moselle River. All the REEs patterns
display a negative Ce anomaly, except those of Saint-Oger (Ce/Ce*:
0.94–1.05). Negative cerium anomalies are more important for tributaries ﬂowing into the Moselle River upstream of Epinal and going
through granite/sandstone substrates (Ce/Ce*: 0.45–0.57) (Fig. 5a) than
for other rivers (Ce/Ce*: 0.65–0.84). The REEs patterns presented in
Fig. 5a show a small negative europium anomaly (Eu/Eu*: 0.81–0.95)
and slight MREEs enrichment. These characteristics could be related to
the REEs patterns of headstreams (Fig. 2c and d). Indeed, the Moselotte
River and Cleurie River ﬂow on a granitic background. The Vologne

3.2. REEs concentrations and patterns
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Fig. 2. Headstream REEs patterns, normalized with respect to PAAS, in the Vosges Mountains: waters in contact (a) with tuff and graywacke, (b) with sandstone, (c) and (d) with granite.
REEs are in abscissa.

River source is on a granitic background, but sandstone soils are present
further downstream. Some REEs patterns of Durbion and Saint-Oger
(Fig. 5b) present slight MREEs enrichment. Those rivers have sources
on sandstone backgrounds, but downstream, these rivers ﬂow on
Muschelkalk formations. The tributaries of the Moselle River downstream of Nancy (Fig. 5c) ﬂow on marls/limestone and their REEs patterns display LREEs depletion and HREEs enrichment (LaPAAS/YbPAAS
ratio: 0.19–0.36) as observed, for example, in the Moselle River sample
locations downstream of Messein. A positive gadolinium anomaly is visible in the REEs patterns of the Madon River (Ma), Meurthe River (Me),
Rupt-de-Mad River (RdM), Seille River (Se) and Fensch River (Fe), with
values ranging from 1.9 to 12.7 (using Dy- and Nd-based calculations).
3.3. Gd anomaly calculations
Although reporting of anthropogenic Gd anomalies in natural waters
continues to increase, a standardized method to identify such anomalies
has not yet been deﬁned. Using our set of data for the Moselle River
sampling stations, we calculated the Gd anomaly using different
known equations (Eqs. (3) to (6)). The results of these calculations are

presented in Table 1 together with calculations of Gd* and Gdanth obtained from Gd/Gd* calculated using Eq. (6). The different equations
do not give the same value of Gd/Gd*, with the use of Nd and Dy
(Eq. (6)) tending to maximize the anomaly and the use of Sm and Nd
(Eq. (4)) tending to minimize it. Eqs. (4) and (5) give the smallest values
of the Gd anomaly, in agreement with Kulaksız and Bau's (2007) assertion on the use of LREEs in Gd/Gd* calculations. However, all four equations sort Gd anomalies in the same order, i.e., the smallest Gd anomaly
is always obtained for the same sample irrespective of the calculation
method. It is therefore possible to compare the intensities of Gd anomalies among samples only if the anomaly is calculated in the same way
for all samples. Furthermore, caution must be exercised to set a threshold value to classify a given Gd anomaly as anthropogenic. Using Sm and
Tb (Eq. (3)) to calculate Gd/Gd*, Bau et al. (2006) deﬁned a value of 1.5
as the threshold for an anthropogenic Gd anomaly. Applying this value
to the present data for the Moselle River would imply the presence of
anthropogenic Gd at the Moselle River source (Gd/Gd* = 1.6 using
the Nd and Dy method; Table 1), which is not consistent with the
known geochemical conditions. Moreover, if we draw a parallel between the values in Table 1 and the REEs patterns in Fig. 3a, the Gd
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Fig. 3. Moselle River REEs patterns, normalized with respect to PAAS, (a) in the Vosges Mountains part, from the Bussang source to Epinal, (b) along the Lorraine Plateau, from Epinal to
Messein, and (c) along the Moselle cuestas, from Messein to the Luxembourg border. REEs in abscissa.

anomaly appears clearly at the “Le Pont Jean” sample, which also corresponds to a Gd anomaly of 1.6 using Sm and Tb. This is why it was decided to take 1.8 as the threshold value here, using Nd and Dy for
calculation. It should be noted that the use of Nd and Dy in the Gd anomaly calculation will increase the Gdanth concentration and %Gdanth over
those determined with other calculations.

Fig. 4. Relation between LAPAAS/YbPAAS and DIC in Moselle River waters for the stretch
between Epinal and Malling.

In the head catchment, only one sample (“Lamerey”) shows a Gd
anomaly of 2.9. In this sample, Gdanth represents 65% of the total Gd
(Gdtot 11 ng/L). Unlike other headstream samples that were taken in
nonurbanized areas, the “Lamerey” sample was collected in a small village (Bussang) where mixed sewage treatment (collective and
noncollective) is taking place. This small Gd anomaly can then be explained by the presence of noncollective sanitation units, which can release efﬂuent contaminated by Gd in the environment. Gd can be
released for at least one month after MRI examination (Kümmerer
and Helmers, 2000). Along the Moselle River course, a positive Gd
anomaly appears from the “Le Pont Jean” sampling point (rkm 9.5)
(Fig. 2a) with a small value of 1.8 (Table 1). The positive Gd anomaly remains detectable in all water samples along the Moselle River after the
“Le Pont Jean” sampling point, increasing to a value of 8.7 near the
Luxembourg border. The Gdanth proportion in the ﬁlterable fraction
varies from 44% to 88% of the total Gd. The increase in the positive Gd
anomaly can be related to the increase in the cumulative population
along the Moselle River. The two steps at the “Millery” (rkm 202) (Gd/
Gd*: 4.4) and “Ay” (rkm 266) (Gd/Gd*: 7.6) stations correspond to
WWTP discharges from the Nancy (500,000 person equivalent) and
Metz (440,000 person equivalent) urban areas, respectively. Alternatively, it is also noteworthy that natural Gd levels, estimated using
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Fig. 5. Tributary REEs patterns, normalized with respect to PAAS, according to where they ﬂow into the Moselle River, (a) upstream of Epinal, (b) and (c) between Epinal and Messein,
(d) downstream of Messein. REEs in abscissa.

Eqs. (6) and (7), showed a decreasing tendency along the Moselle River
starting from Eloyes (rkm 53.3). Thus, variation in a positive Gd anomaly can be driven by both an actual increase in anthropogenic Gd inputs
or by a decrease in natural Gd levels at constant concentrations of anthropogenic Gd. Considering the corresponding ranges in the Moselle
river (2.5–18.5 ng/L for Gd* and 9.3–20.3 ng/L for Gdanth), the second
factor seems to be the most important in controlling the observed increase in the Gd anomalies along the course of the Moselle river. Furthermore, the calculations of Gd anomalies using different approaches
(Table 1) would result in different longitudinal patterns of Gd contamination along the Moselle River. For example, the threshold of 1.8 for a
Gd anthropogenic anomaly is already exceeded at Le Pont Jean (rkm
9.5) when using Eq. (6), but only between Millery (rkm 202) and
Malling (rkm 293) when using Eq. (4).
For the Moselle River tributaries (Table SM4 of the Supplementary
Materials), the gadolinium positive anomaly is only clear in REEs patterns of the Madon River (Ma) and of tributaries of the Moselle River
downstream of Nancy (Gd/Gd*: 1.8–12.7), except for the Orne River
(Gd/Gd*: 1.4) (Table SM6 of the Supplementary Materials). Positive
gadolinium anomalies are particularly noticeable for the Rupt-de-Mad
and Fensch rivers, with values of 6.6 and 12.7, respectively. The Ruptde-Mad River is a small river (54 km long), with a small average ﬂow
(3.6 m3/s), and its catchment drains a population of approximately

5400 inhabitants. In relation to its length, the Rupt-de-Mad River has
many WWTPs (nine WWTPs, representing a total of 5100 person equivalent) that have simple treatment processes (pretreatment, sand ﬁlter,
inﬁltration, even constructed wetland). The Fensch River sampling
point is located downstream of a WWTP discharge, this WWTP treats
the sewage water of the whole Fensch valley (17 townships, 100,000
person equivalent).
3.4. REEs ﬂuxes
Total REEs (sum of all REEs) ﬂuxes were estimated at different sampling points (i.e., where ﬂow rate values were available) (Table 2). It
should be noted that during the sampling periods, average ﬂow conditions were observed for all streams. The “Golbey” (rkm 78) and
“Millery” (rkm 202) samples display the most important REEs ﬂuxes
(768. and 1083.60 × 10−3 kg.d−1). The “Golbey” sampling point is located just downstream of the ﬁrst large community along the Moselle
River (Epinal, at rkm 71). The “Millery” point is located downstream
of the Moselle River and the Meurthe River conﬂuence (north of
Nancy). The Meurthe River is particularly loaded with minerals due to
the presence of quarries along its course. Moreover, the Moselle River
receives efﬂuents from the Grand Nancy WWTP, which could explain
the increase in Gdanth ﬂux between Gondreville and Millery. Globally,
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Table 1
Gadolinium anomaly calculations along the Moselle River course using different equations. Gd* and Gdanth in ppt calculated with
Dy and Nd. Gradient from the lowest (dark blue) to highest (dark red) Gd anomaly.

rkm

Source

Gd/Gd*

Gd/Gd*

Gd/Gd*

Gd/Gd*

(Dy & Nd)

(Sm & Tb)

(Eu & Nd)

(Sm & Nd)

1.6

1.5

0.9

Gd*

Gdanth

%Gdanth

0.6

-

-

-

Les Sources

1.17

1.5

1.2

1.0

0.6

-

-

-

Bussang

3.1

1.4

1.2

1.2

0.5

-

-

-

St-Maurice

7.8

1.5

1.2

1.0

0.6

-

-

-

Le Pont Jean

9.5

1.8

1.6

1.2

0.8

11.5

9.3

44.5

Fresse /Mos.

11.4

1.9

1.5

1.2

0.8

11.5

10.7

48.1

Le Thillot

14.3

2.3

2.0

1.4

1.0

11.8

13.8

55.6

Ramonchamp

18.9

2.4

2.0

1.5

1.1

12.0

16.6

58.1

Ferdrupt

21.7

2.0

1.7

1.4

0.8

12.1

11.6

48.9

Rupt

27.7

1.9

1.7

1.3

0.8

11.1

10.2

47.9

Les Meix

29.9

2.7

2.3

1.8

1.2

11.6

20.3

63.5

Vecoux

36.9

1.9

1.7

1.3

0.8

11.8

11.1

48.5

Eloyes

53.3

1.8

1.4

1.2

0.7

18.5

14.2

43.4

Arches

62.3

1.8

1.4

1.2

0.8

16.6

14.0

45.7

Golbey

78

1.8

1.4

1.1

0.8

16.3

12.4

43.3

Chavelot

81

2.1

1.7

1.4

1.0

14.4

16.2

53.0

Châtel

93

2.1

1.8

1.3

1.0

13.2

14.2

51.8

Portieux

98.6

2.2

2.0

1.3

1.0

11.4

14.1

55.1

2.2

1.9

1.3

1.1

11.6

14.0

54.6

103.
Charmes
5
Bainville

114

2.4

2.0

1.4

1.3

10.2

14.2

58.1

Bayon

122

2.4

2.1

1.5

1.3

9.6

13.6

58.5

Velle / Mos.

129

2.4

2.1

1.4

1.4

9.0

12.7

58.6

Tonnoy

133

2.5

2.1

1.5

1.3

9.0

13.2

59.6

Flavigny

140

2.5

2.1

1.4

1.3

9.4

14.2

60.3

Messein

144

2.4

2.3

1.4

1.2

8.2

11.9

59.0

Maron

154

2.3

2.1

1.5

1.1

6.7

9.1

57.4

Pierre

166

2.5

2.1

1.4

1.1

6.1

9.3

60.4

Gondreville

176

2.9

2.5

1.7

1.2

5.4

10.3

65.5

Liverdun

189

2.7

2.6

1.6

1.4

4.5

7.7

63.2

Millery

202

4.4

3.9

2.4

2.5

5.5

18.6

77.2

Dieulouard

209

8.7

9.2

3.4

4.0

2.6

19.8

88.5

Corny

235

5.0

5.3

2.1

2.9

2.7

10.7

80.0

Ay

266

7.6

8.5

4.0

2.6

2.6

17.5

86.9

Bousse

268

7.9

7.4

3.8

2.3

2.8

19.4

87.3

Malling

293

8.4

9.1

3.5

5.4

2.5

18.2

88.1
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Table 2
REEs ﬂuxes along the Moselle River course (in 10−3 kg.d−1).

Fresse
Rupt
Vecoux
Golbey
Châtel
Velle
Gondreville
Millery

Flow
m3/s

Drained area
km2

Cumulated population
millions

Gd

1.05
2.67
10.8
22.6
22.3
27.4
37.3
69.5

71
152
589
1217
1491
1975
3338
6830

0.0045
0.0142
0.0151
0.134
0.163
0.180
0.247
0.690

2.00
4.910
21.14
56.10
52.88
51.27
50.85
144.69

as expected, the Gdanth ﬂux increases with the population expansion
along the Moselle River: a linear correlation (at a signiﬁcance level of
5%) was obtained between the Gdanth ﬂux and the cumulated population in the watershed between the source and Millery (coefﬁcient of determination = 0.99) (Fig. 6). The anthropogenic REEs (AREEs) pool
represented between 3 and 24% of the REEs ﬂux, and this proportion increased from upstream to downstream along with the cumulative population. These results agREEs with those of Hissler et al. (2014) for the
Alzette River basin under similar ﬂow conditions. Some comparisons of
AREEs ﬂuxes could be made with other rivers despite the inherent uncertainties in ﬂux calculations based on a single sampling. For the Moselle
River catchment, the speciﬁc Gdanth ﬂux has been estimated to be between 1.4 and 2.0 × 10−4 kg.d−1.km−2. In comparison, AREEs ﬂuxes
have been estimated to range from 7.0 × 10−5 kg.d−1.km−2 (Kulaksız
and Bau, 2013, using Eu and Sm to calculate Gdanth) to 1.2 × 10−3 kg.
d−1.km−2 in the Rhine River (Klaver et al., 2014, at Lobith station, using
Sm and Tb to calculate Gdanth and including Laanth), 1.1 × 10−4 kg.d−1.
km−2 in the Alzette River (Hissler et al., 2015, using Dy and Nd to calculate Gdanth) and 8.0 × 10−6 kg.d−1.km−2 in the Weser River (Kulaksız
and Bau, 2007, using Sm and Tb to calculate Gdanth).
3.5. Potential toxicity due to REEs in the Moselle River watershed
Concentrations of individual lanthanides measured in the French
part of the Moselle River watershed are at least thREEs orders of magnitude lower than levels reported to be of potential concern in ecotoxicological studies (González et al., 2015; Galdiero et al., 2019). The sum of
all lanthanides, which is usually assumed to share the same mode of action, is also below levels reported to be of potential concern (RomeroFreire et al., 2018). Such comparisons must however be interpreted
with the utmost caution considering that the actual ecotoxicity of lanthanides may be underestimated because of our limited knowledge of
their speciation in standardized tests (Gonzalez et al., 2014).
In the speciﬁc case of Gd, the possible ecotoxicological effects of
Gdant ought to be compared with those of gadoteric acid, or other representative Gd-based MRI contrast agents, rather than with those of

Fig. 6. Relation between the Gdanth ﬂux and the cumulative population.

Gdanth

LREEs

MREEs

HREEs

REEs

2.80
7.50
32.62
103.20
86.4
77.86
65.48
127.4

28.54
63.50
276.23
768.00
625.10
553.65
475.82
912.16

10−3 kg.d−1
0.96
2.4
10.32
24.27
27.40
30.00
33.33
109.46

21.21
45.32
197.27
541.22
434.14
383.36
321.43
580.71

4.53
10.80
46.33
123.5
104.51
92.42
88.92
204.05

inorganic Gd forms. The average concentration of Gdant was 13.6 ±
3.4 ng/L (arithmetic mean ± 1 standard deviation, n = 30, Table 1) in
the Moselle River and ranged from about 2 to 76 ng/L in the Moselle
tributaries (Table SM6). These levels are close to, or exceed, the value
of 20 ng/L of gadoteric acid reported to slow down the growth of cultured ﬁsh cells in laboratory tests (Parant et al., 2019). Parant et al.
(2019) also note that the ecotoxicity of gadoteric acid may originate
from its chelating structure rather than from the Gd ion itself,
conﬁrming that the biological effects of natural and anthropogenic Gd
must be evaluated independently. In particular, estimation of anthropogenic Gd anomalies via ICP-MS measurements should be completed by
determination of the exact structure of the contrasting agents actually
responsible for the observed Gd anomalies (Birka et al., 2016).
Taking into account the difﬁculties to separate REEs one from another due to their similar chemical and physical properties, the presence
of REEs other than Gd in Gd-based contrast agents cannot be excluded
(Veiga et al., 2020). Finally, if Gd is largely used for MRI, other REEs
are currently investigated to improve the diagnostic sensitivity (Baek
et al., 2020). Continued (and possibly continuous) monitoring, especially under low-ﬂow conditions, will be of particular importance
given that the anthropogenic Gd load originates from WWTP whose
contribution to river ﬂow becomes more important during droughts.

4. Conclusions
The REEs patterns of headstream waters vary greatly and are
strongly affected by substrate geology, with clear negative Ce anomalies, LREEs depletion and HREEs enrichment being the most distinctive
characteristics of water ﬂowing on tuff, graywacke and sandstone. On
the other hand, a granite substrate imparts a typical concave shape to
the REEs proﬁles (likely linked to the presence of phosphate-based minerals) along with a slight Eu negative anomaly (also linked to basin
lithology).
A Ce anomaly is present along the whole Moselle River, although it
tends to decrease along the river course in response to changes in geology. LREEs depletion and HREEs enrichment (along with anthropogenic
Gd enrichment) are the most distinctive features of REEs proﬁles downstream of Epinal (rkm 71.2) where the basin geology changes from predominantly crystalline to sedimentary rocks. The corresponding LaPAAS/
YbPAAS ratios show a regular decreasing trend along the river course as a
function of pH and the increasing predominance of carbonated rocks in
the river basin.
Based on calculations using Dy and Nd, the presence of Gd anomalies
can be detected at the Moselle River source as well as in some Moselle
River headstreams and tributaries. Inputs from WWTPs and decentralized
sewage treatment units may account for such anomalies. On the other
hand, the use of different calculation methods can shift the appearance
of the anthropogenic Gd anomaly in the Moselle River further downstream. Consequently, the choice of threshold values to identify the presence of Gd anomalies must be carefully evaluated against local or basinscale geological peculiarities, and extrapolation between rivers should
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be performed with care. Similar recommendations apply when comparing anthropogenic Gd ﬂuxes among different river basins.
The methodology used for calculating Gd anomalies also inﬂuences
the subsequent estimation of natural vs. anthropogenic Gd levels and
must be accounted for when trying to assess the possible ecotoxicological effects of anthropogenic Gd. In this sense, the use of the Dy- and Ndbased calculation (which tends to maximize Gd anomalies and, hence,
Gd anthropogenic concentrations) represents a conservative approach
for risk evaluation. Considering that the ecotoxicological effects of Gdbased contrast agents may be linked to their chelating structures rather
than the Gd ion itself, routine ICP-MS measurements should however be
completed by other techniques to identify the exact structure of the
compounds responsible for the observed Gd anomalies.
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