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• REY particulate fraction results from soil
erosion in all hydrological conditions.
• Dissolved REY fraction reﬂects WWTP
efﬂuent during low ﬂow.
• Anthropogenic REY are observed in all
fractions except small colloids.
• Dilution and natural inputs hide REY anthropogenic anomalies during high
ﬂow.
• Observed Eu anomaly could be due to
Gd transmetallation during WWTP
process.
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a b s t r a c t
Understanding the possible consequences of anthropogenic activities on REY environmental fate and adverse effects on biota requires a detailed knowledge of their distribution between the particulate, colloidal and dissolved
fractions. Such information is practically non-existent for peri-urban rivers having heavily populated basins and
suffering from direct impacts from various human activities. The present study compared the distribution of REY
among the particulate (>1000 nm), coarse colloidal (1000 nm – 220 nm), small colloidal (220 nm – 10 kDa) and
dissolved (<10 kDa) water fractions in two peri-urban river basins having contrasted land uses (agricultural vs
urban/industrial) under low and high ﬂow conditions. Regardless of hydrological conditions, most of the REY
were in the particulate fraction for both catchments. These results suggest erosion of soils as the main source
of particulate REY in the two rivers, although a Nd anomaly of industrial origin occurred in the particulate and
coarse colloidal fractions of the industrialized river basin. During low ﬂow, the REY patterns of the dissolved fraction displayed marked Gd and Eu anomalies and a fractionation between Light REY and Heavy REY. Both characteristics reﬂect the inﬂuence of wastewater treatment plant efﬂuents on the dissolved REY patterns in the two
rivers. During high ﬂow, the dissolved fraction acquired a less fractionated, more natural Light REY and Middle
REY pattern, including much lower Gd and Eu positive anomalies. The REY fractionation of the coarse colloidal
fraction was close to the particulate, while small colloids were depleted in Light REY and more similar to the dissolved fraction. These different patterns suggest a difference in the nature of REY bearing phases between the two
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colloidal fractions. The available results collectively show that a complete understanding of REY environmental
fate and anomalies cannot be achieved from the sole study of ﬁlterable water fractions (typically <0.45 μm).
© 2021 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/).

the production of supermagnets, catalysts, medicines, and in the automobile industry (Knobloch et al., 2018; Zhang et al., 2017), although
the term critical actually derives from geopolitical rather than technological considerations (Zhang et al., 2017; Graedel et al., 2015). Anthropogenic uses of REY have been associated with REY anomalies in lakes,
estuaries, rivers and groundwaters worldwide (e.g. Nozaki et al., 2000;
Bau et al., 2006; Kulaksiz and Bau, 2007; Kulaksiz and Bau, 2013;
Klaver et al., 2014; Merschel et al., 2015; Hissler et al., 2016). Since
Bau and Dulski (1996), a positive Gd anomaly, related to the clinical
use of Gd-based contrast agents in Magnetic Resonance Imaging
(MRI), has been reported most frequently and is now considered worldwide as a distinctive signature of water inputs from wastewater treatment plants – WWTP (Bau and Dulski, 1996; Bau et al., 2006; Kulaksiz
and Bau, 2011a; Merschel et al., 2015; Louis et al., 2020). Such an anomaly occurs because Gd-based contrast agents are not degraded during
wastewater treatment due to their chemical stability (e.g. Verplanck
et al., 2010; Parant et al., 2018). Gd-based contrast agents are also
unreactive with environmental particles and the corresponding anomalies occur in the so-called “truly dissolved” fraction, deﬁned by Kulaksiz
and Bau (2013) as the fraction passing through 10 kDa ultraﬁltration
membranes. Other anthropogenic anomalies, notably La and Sm, have
been reported in the colloidal fraction (operationally deﬁned size
range 10 kDa – 220 nm) or particulate fraction (Kulaksiz and Bau,
2013; Klaver et al., 2014). Hissler et al. (2016) identiﬁed a positive Nd
anomaly in suspended particulate matter linked to steel manufacturing
activities. Our future ability to univocally distinguish between natural
vs. anthropogenically-driven REY fractionation and REY anomalies
therefore depends, on the one hand, on an adequate knowledge of
REY distribution among the truly dissolved, colloidal and particulate
fractions and, on the other hand, on the fate of such anomalies according
to hydrological condition changes. This is especially critical for urban
and peri-urban river systems where inputs from WWTP often contribute signiﬁcantly to the total water discharge. Moreover, the river basin
connectivity, which controls the contribution of the different REY
sources, can drastically change between low ﬂows and ﬂood conditions
(Hissler et al., 2014; Hissler et al., 2015a; Barber et al., 2017).
In the present study, we examined the REY patterns in two humanimpacted, small river basins having different lithology and land use,
during low and high ﬂow conditions. Speciﬁcally, (i) we analysed the
REY concentrations in the particulate (>1000 nm), colloidal (1000
nm–200 nm and 200 nm–10 kDa) and dissolved (<10 kDa) fractions
at both study sites and (ii) we quantiﬁed the associated analytical and
methodological uncertainties on REY concentrations in each fraction.
The results provide information on the links between hydrology and
REY concentrations in river systems impacted by diverse anthropogenic
activities and on the origin of the REY fractionation patterns in the different water fractions. These ﬁndings may be used to assess more precisely the impact of anthropogenic inﬂuences on REY geochemistry
and the potential ecotoxicological effects of REY in contaminated rivers.

1. Introduction
Lanthanides and yttrium (collectively referred to as REY) are powerful geochemical probes used to study igneous rock formation, continental crust evolution and chemical weathering, and to characterize the
underlying lithologies of river waters at local and continental scales
(e.g. McLennan, 1989, Elderﬁeld et al., 1990; Sholkovitz, 1992; Dupré
et al., 1996; Gaillardet et al., 2003; Bayon et al., 2015). REY mostly
occur as trivalent cations except for Ce and Eu, which are redox
sensitive. Speciﬁcally, Ce3+ can be oxidized to Ce4+ under oxic conditions, resulting in the formation of insoluble Ce oxides, whereas Eu3+
may be reduced to Eu2+ at elevated temperatures (above 200 °C) during the formation of hydrothermal ﬂuids and/or melting (Brookins,
1989; Liu et al., 2017; Ingrao et al., 2019). For these reasons, the REY pattern of natural waters often bears Ce or Eu anomalies resulting from
water-rock interactions or mineral dissolutions (Bau, 1999; Liu et al.,
2017). In addition, Y and Ho are geochemical twins and have equal
ionic radii (Brookins, 1989) and in the environment, a change in Y/Ho
ratio can be due to REY scavenging to Fe or Mn (hydr)oxides
(Bau, 1999; Ohta and Kawabe, 2001). Overall, REY are among the less
mobile elements during weathering (Gaillardet et al., 2003) and are
also highly particle-reactive (Merschel et al., 2017). A signiﬁcant part
of their so-called dissolved concentrations, which corresponds to an
operationally-deﬁned ﬁlterable fraction, is therefore often associated
with colloids (Elderﬁeld et al., 1990; Dupré et al., 1996; Gaillardet
et al., 2003; Pokrovsky et al., 2006; Kulaksiz and Bau, 2013; Hissler
et al., 2015a; Merschel et al., 2017).
Colloids can be deﬁned as inorganic and organic (macro)molecules
with at least one dimension between 1 nm and 1000 nm (Bufﬂe and
Leppard, 1995; Town and Filella, 2002). Although this operational,
size-based deﬁnition neglects other important functional characteristics
of colloidal matter, the key role of colloids in the biogeochemical cycles
of trace elements is widely accepted (Gustafsson and Gschwend, 1997;
Town and Filella, 2002; Vignati and Dominik, 2003; Gaillardet et al.,
2003; Andersson et al., 2006; Stolpe et al., 2012). The role of colloids
in determining the naturally fractionated REY patterns in ﬁltered natural waters and in REY removal during estuarine mixing is well
established (e.g. Elderﬁeld et al., 1990; Sholkovitz, 1992; Kulaksiz and
Bau, 2007; Davranche et al., 2015). However, relatively few studies
have been published about REY fractionation and speciation along the
particulate-colloidal-dissolved continuum, with most of them focusing
on Boreal and Arctic rivers (Andersson et al., 2006; Stolpe et al., 2012).
The possible role of colloids in REY speciation has also been directly documented in two large temperate rivers (Kulaksiz and Bau, 2013; Klaver
et al., 2014), but only hypothesized in a peri-urban river heavily impacted by human activities (Hissler et al., 2014; Hissler et al., 2015a;
Hissler et al., 2016). Furthermore, an accurate determination of the colloidal vs. truly dissolved REY levels strongly depends on the precision of
the analytical determinations, because analytical errors during ICP-MS
measurements will be propagated when calculating colloidal REY concentrations. The use of different techniques for separating colloids and
true solutions (e.g., cross-ﬂow ﬁltration vs. centrifugal ultraﬁltration)
may also contribute to methodological errors that will affect the ﬁnal accuracy of REY partitioning. To the best of our knowledge, no study has
yet documented the effect of propagated analytical and methodological
ultraﬁltration errors on the quality of the REY fractionation patterns observed and on the REY anomalies calculated.
In recent years, REY have also emerged as technologically critical elements because of their widespread use in industrial activities, such as

2. Material and methods
2.1. River water sampling
Samples were collected in the upstream part of the Alzette River
basin, in the south-western part of Luxembourg. Two rivers were selected based on their contrasting geological setting and land cover
(Pﬁster et al., 2017; SI-1). The cropland area, which is the most affected
by soil erosion, and the agricultural practices can however be
2
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were performed in triplicates for solid residues (deposited on ﬁlters)
while ﬁltrates were pooled together by cut-off and stored in clean PP
Nalgene® bottles. Membrane ﬁlters used to isolate the particulate and
CC fractions were rinsed with 1 L of ultrapure water (Milli-Q, Millipore)
immediately before their use. One liter of sample was ﬁrst ﬁltered at
1000 nm using a PTFE membrane (Omnipore™, Millipore, Ø47 mm)
and then at 220 nm using a cellulose acetate membrane (Sartorius
Stedim Biotech, Ø47 mm). The remaining 220 nm ﬁltrate was separated
into the SC and the dissolved fractions by centrifugal ultraﬁltration (CU)
using Amicon® Ultra-15 10 kDa (Millipore) units for 40 min at 4000 g
(Heraeus Multifuge X3R, Thermo Scientiﬁc). The Amicon® units were
cleaned beforehand with 0.5 M HCl followed by 0.1 M of NaOH. The
units were rinsed twice with ultrapure water (Milli-Q, Millipore) after
each cleaning step, which was sufﬁcient to get the ultraﬁltrate pH
back to circumneutral values. Each centrifugal ﬁlter unit was
preconditioned with 5 mL of sample (subsequently discarded) before
the actual ultraﬁltration of 15 mL sample aliquots was carried out. Ultraﬁltration by CU was done in duplicate and (ultra)ﬁltrates were pooled
together beforehand to be acidiﬁed with HNO3 to 1% and stored at 4
°C. Finally, the CU technique does not allow ultraﬁltration mass balances
to be established to check for possible contamination or losses during
the separation process. The results obtained using CU were therefore
compared with cross-ﬂow ultraﬁltration (CFF) using a Pellicon® XL Cassette Ultracel® 10 kDa (Millipore) for the WT sample only (SI-2).

considered as similar in both catchments (SI-1 Table S1). The upper
Alzette River, highly impacted by urban and industrial activities, was
sampled at Schifﬂange (AU) and in a wetland area located few
kilometres downstream (WT). The sample collected at WT was only
used to compare colloidal/dissolved separation techniques, as explained
in Section 2.2.1. The Mess River basin, dominated by agricultural activities, was sampled at Pontpierre (MU). According to Wrede et al. (2015),
the seasonality between precipitations and potential evapotranspiration in Luxembourg strongly affect the run-off regime. This generates
low ﬂows during summer (June to September) and high ﬂows during
winter (December to March). Consequently, the ﬁrst sampling campaign was carried out on September 27, 2018 during low ﬂow conditions and the second one on March 12, 2019 during high ﬂow
conditions. The river discharges were measured at each location during
the sampling and were one order of magnitude higher during high
ﬂows compared to low ﬂows (Table 1).The water electrical conductivity
(TetraCond® 925, WTW), pH and temperature (SenTix® 940, WTW)
were measured directly in the ﬁeld (Table 1). All samples were stored
at 4 °C before further treatments and analysis.
2.2. Sample preparation
2.2.1. REY partitioning among particulate, colloidal and dissolved fractions
We used a “cascade” ﬁltration approach to isolate the following operationally deﬁned fractions: the particulate fraction above 1000 nm,
the coarse colloidal fraction between 1000 and 220 nm (CC in the rest
of the document), the small colloidal fraction between 220 nm and
10 kDa (SC in the rest of the document) and the dissolved fraction,
below 10 kDa. The threshold between the SC and the dissolved fractions
roughly corresponds to a diameter of 2.8 nm for a spherical molecule
(Erickson, 2009). Consequently, the dissolved fraction may contain
some humic substance complexes that could be considered as colloids
(Aiken et al., 2011; Lead and Wilkinson, 2006). All fraction separation
steps were performed in clean laboratory conditions. All ﬁltrations

2.2.2. Filter mineralization
The particulate and the CC fractions collected on the two types of ﬁlters, 1000 and 220 nm, respectively, were mineralized on a hot plate
using an HNO3-HF (12 h, T = 90 °C) / HClO4 (12 h, T = 120 °C) /
HNO3 (12 h, T = 90 °C) acid mixture. This protocol allowed a total digestion of all type of inorganic and organic material in the sample collected
on the ﬁlter membrane. The digested samples were then diluted with
HNO3 1% and stored at 4 °C before the ICP-MS analysis. In order to
control the REY background that could originate from the ﬁlter

Table 1
River discharge (Q in L s−1) and water physicochemical parameters measured at the Alzette (AU), Alzette wetland area (WT) and Mess (MU) study sites during low (LF) and high ﬂows
(HF) sampling campaigns. Dissolved Organic Carbon (DOC) measurements were performed in the <220 nm ﬁltrate while the other physicochemical parameters in the <1000 nm ﬁltrate
fraction. The electric conductivity (EC) is in μS cm−1, suspended particulate matter (SPM), DOC, cations and anions, particulate Fe and Al concentrations in mg L−1, alkalinity in mol L−1 and
colloidal and dissolved Al and Fe concentrations in μg L−1. The errors on SPM and DOC concentrations are ±1 standard deviation (n = 3). N.D. = Not determined. <D.L. = Not detected.

Q
SPM
DOC
EC
pH
T (°C)
Alkalinity
Ca2+
Mg2+
K+
Na+
Cl−
NO−
3
PO3−
4
SO2−
4
Ionic balance (%)
Ionic strength (mol L−1)
FeP
AlP
MnP
FeCC
AlCC
MnCC
FeSC
AlSC
MnSC
FeD
AlD
MnD

MU (HF)

MU (LF)

AU (HF)

AU (LF)

WT (LF)

1630
23.6 ± 7.2
5.4 ± 0.3
458
7.6
5.0
2.45
64.7
4.7
3.4
17.9
28.3
3.5
0.2
40.0
4.1
0.006
1.5 ± 0.5
2.5 ± 0.8
<D.L.
104.3 ± 1.6
172.5 ± 3.8
1.0 ± 0.1
46.6 ± 0.9
34.2 ± 0.5
<D.L.
4.5 ± 0.1
5.4 ± 0.1
27.9 ± 0.1

20
54.0 ± 6.0
6.0 ± 0.1
820
7.6
9.8
4.97
86.4
8.2
11.7
51.5
66.4
0.4
2.5
57.6
4.5
0.010
2.5 ± 0.4
2.3 ± 0.9
<D.L.
187.4 ± 12.8
27.9 ± 1.0
4.2 ± 2.3
114.9 ± 2.4
1.4 ± 0.5
<D.L.
13.5 ± 0.2
6.7 ± 0.4
472.6 ± 4.3

1500
9.8 ± 2.8
N.D.
760
7.8
7.2
3.26
107.7
7.7
12.3
32.7
48.3
1.1
0.2
137.7
1.7
0.011
0.6 ± 0.1
0.6 ± 0.1
<D.L.
6.9 ± 0.9
5.8 ± 0.8
0.2 ± 0.1
10.2 ± 0.2
1.2 ± 0.7
<D.L.
5.6 ± 0.1
18.5 ± 0.6
31.8 ± 0.1

129
12.3 ± 6.2
4.4 ± 0.2
895
7.6
11.6
3.78
113.1
9.4
12.8
51.1
75.9
1.9
0.8
132.8
1.0
0.012
0.2 ± 0.1
0.1 ± 0.1
<D.L.
23.4 ± 4.7
1.8 ± 0.4
0.4 ± 0.1
69.5 ± 0.3
2.0 ± 0.8
4.9 ± 0.4
15.5 ± 0.1
14.6 ± 0.2
67.9 ± 0.3

190
N.D.
7.4 ± 0.2
975
7.5
14.0
3.57
99.6
9.0
21.1
64.2
92.9
5.6
2.3
129.5
0.3
0.012
2.9 ± 0.2
3.1 ± 0.6
<D.L.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.0 ± 0.1
6.6 ± 0.3
169.5 ± 0.5
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composition, a series of blank ﬁlters were also prepared and mineralized following the same procedure (SI-3). HF (Suprapur 40%, Merck),
puriﬁed HNO3 (13.5 N - Savilex DST-1000) and HClO4 (Suprapur 70%,
Merck) were used for the mineralization and all dilutions were performed with ultrapure water (Milli-Q, Millipore).
The mass of a given element in the digested sample was calculated
as follows (Eq. (1))


mmeas ¼ ½Xmeas  Vdigest −mblank
ð1Þ

with [X]CC,sub the concentration of a given REY in the CC fraction obtained by subtraction between the REY content in the ﬁltrates at
1000 nm and 220 nm in μg L−1. [X]<1000 is the measured concentration
of the given REY in the ﬁltrate below 1000 nm in μg L−1 and [X]<220 is
the measured concentration on triplicates of the given REY in the ﬁltrate
below 220 nm in μg L−1.


1 3
mmeas,220
ð4Þ
½XCC, min ¼ ∑i¼1
3
Vfilt,220 i

with mmeas the mass of a given REY in μg; [X]meas the measured concentration by ICP-MS of the given REY in μg L−1, Vdigest the volume of the
sample after dilution of the digested sample in L, and mblank the mass
of the given REY included in ﬁlter blanks in μg (SI-3).

with [X]CC,min the average concentration on triplicates of a given REY in
the CC fraction obtained after ﬁlter mineralization in μg L−1, mmeas,220
the mass of the given REY deposited on a 220 nm ﬁlter in μg; Vﬁlt,220
the volume of water ﬁltered for one ﬁlter triplicate in L.
The SC fraction could only be estimated by subtraction between the
REY concentrations measured in the ﬁltrate at 220 nm and the ultraﬁltrate at 10 kDa (Eq. (5))

2.3. Chemical analyses
The concentration of the suspended particulate matter (SPM) was
determined gravimetrically after ﬁltration at 1000 nm on the used
PTFE Membrane ﬁlter that was subsequently dried in a desiccator
until it reached a constant weight. The alkalinity (Mettler Toledo) and
the major cations and anions (Dionex DX 500 and DX 600) were measured directly after ﬁltration at 1000 nm. The dissolved organic carbon
(Teledyn-Tekmar Apollo 9000) was measured after the ﬁltration step
at 220 nm. The river water composition is summarized in Table 1.
The REY, Al, Fe and Mn concentrations were analysed with a Quadrupole ICP-MS (Agilent 7900) associated with an ISIS 3 (Agilent) injection
system. Analyses were conducted in He mode and 103Rh and 185Re were
used as internal standards. Analytical blank values were less than 1% of
the lowest sample concentrations for all elements. For all REY, the
detection limit was 0.3 ng L−1 and the quantiﬁcation limit was 1.0 ng
L−1. Calibration standards were prepared with Multi elements ICP standard solutions (CHEM-LAB Analytical) diluted in HNO3 1%. One natural
river water certiﬁed reference water (NRC-CNRC/SLRS-6) was analysed
several times along the analytical series. Its REY concentrations are not
certiﬁed but can be compared to Yeghicheyan et al. (2019). The values
we obtained were between 91 and 101% of the published data (SI-4).
Some samples were expected to present low REY concentrations.
They were pre-concentrated 5- to 8-fold before analysis by evaporation
at 60 °C of the 1% HNO3 acidiﬁed initial liquid matrix. These samples
were spiked with Tm to check for possible evaporative or adsorptive
losses and Tm recoveries were between 98 and 104% (SI-5).

½XSC ¼ ½X<220 −½X<10 kDa

with [X]SC the concentration of a given REY in the SC fraction in μg L−1.
[X]<220 is the concentration of the given REY in the ﬁltrate below
220 nm in μg L−1 and [X]<10 kDa is the concentration of the given REY
in the ultraﬁltrate below 10 kDa in μg L−1.
2.5. Calculation of the REY anomalies and the related anthropogenic
contributions
All data presented in the following parts were normalized to PostArchean Average Australian Shale (PAAS) from McLennan (1989).
Cerium (Ce) and Neodymium (Nd) anomalies were calculated from
Eqs. (6) and (7), respectively:
CeN =Ce∗N ¼ CeN =ð0:5LaN þ 0:5PrN Þ
∗

NdN =NdN ¼ NdN =ð0:6PrN þ 0:4SmN Þ

ð6Þ
ð7Þ

with CeN, NdN, LaN, PrN and SmN being the REY elemental concentrations
normalized to PAAS.
Gadolinium (Gd) and Europium (Eu) anomalies were calculated
based on the linear regression method described by Kulaksiz and
Bau (2011b) and (Kulaksiz and Bau, 2013) who identiﬁed a linear
trend between PrN, Nd N and Sm N. This trend is supposed to
continue up to GdN in pristine rivers and thus allows the calculation
of a Gd and Eu geogenic background, GdN⁎ (Eq. (8)) and EuN⁎ (Eq. (9);
SI-7).

2.4. Calculation of the particulate and colloidal fractions
The average REY concentration in the particulate fraction (in μg L−1)
was estimated according to Eq. (2).


1 3
mmeas,1000
ð2Þ
½XPart ¼ ∑i¼1
3
Vfilt,1000 i

∗

logGdN ¼ b0 þ b1 xGd

with [X]Part the average of the concentration of a given REY in the three
ﬁlter replicates in μg L−1; mmeas,1000 the mass of the given REY deposited
on one of the triplicate 1000 nm ﬁlters in μg (Eq. (1)), and Vﬁlt,1000 the
volume of water ﬁltered for one ﬁlter triplicate in L.
Two different techniques were used to estimate the REY concentrations in the CC fraction. On the one hand, the REY bound to CC were estimated by subtraction between the concentrations measured in the
ﬁltrates at 1000 nm and 220 nm (Eq. (3)). On the other hand, the REY
bound to CC were estimated directly using the concentration obtained
from the 220 nm mineralized ﬁlters (Eq. (4)). Results comparing the
subtraction and the mineralization techniques are gathered in SI-6. As
the mineralization procedure delivered less uncertainty in the results,
it will be used to present and discuss the REY content of the CC fraction.
½XCC,sub ¼ ½X<1000 −½X<220

ð5Þ

ð8Þ

Table 2
Estimation of the uncertainty (Δ) for the quantiﬁcation of the REY parameters. Values obtained for each individual sample are presented in SI-8.
REY parameter

Uncertainty formula

[X]meas, [X]<1000, [X]<220

Δ=Analytical error from ICP-MS measurement
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n
2
1
Δ ¼ SD ¼ ðn−1
Þ ∑i¼1 ðxi −xÞ n = 3 (Eq. (11))
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Δ ¼ σ A ¼ σ 2B þ σ 2C þ . . . þ σ 2n (Eq. (12))
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ 2 σ 2
 2
B
Δ ¼ σ 2A ¼ A 
þ CC þ . . . þ σnn (Eq.
B

[X]Part, [X]CC,min
[X]CC,sub, [X]SC using CU
[X]N, REY anomalies, REY ratios,
[X*], [Xant], [X]SC using CFF
logGdN∗ and logEuN∗

(13))
Δ = t(n−2)σxREY n = 3 (Eq. (14))

SD = Standard Deviation.
t(n−2) and σx REY calculated as in Miller and Miller (2010).
Part: particulate fraction concentration in μg L−1.
CC: coarse colloidal fraction concentration in μg L−1.

ð3Þ
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p<10% ¼ nE<10% =nE,tot

ð9Þ

ð16Þ

where xGd and xEu are the coefﬁcients of the PrN, NdN and SmN linear regression obtained using the least squares method (Kulaksiz and Bau,
2011b). Anomalies are then quantiﬁed by the ratios GdN/GdN⁎ and EuN/
EuN⁎. The concentration of the anthropogenic contribution can be estimated from the geogenic background and the total concentration of
the given REY (Eq. (10)).

with p<10% the probability of having an E value below 10%; nE,tot the number of E values in the considered range of concentrations and nE <10%, the
number of E value below 10%. p<10% has a value between 0 and 1.

½Xant  ¼ ½Xtotal −½X∗ 

3.1. Analytical and methodological errors

3. Results

ð10Þ

3.1.1. Analytical errors
Measured concentrations are used for all calculations in this study.
Dissolved and SC values are directly issued from them. Concentration
values below 1 ng L−1 (except blanks) are always obtained after sample
pre-concentration as described in Section 2.3 and SI-5. The 288 REY concentrations measured in this study range from 0.07 (blanks) to
10,498 ng L−1 (mineralized ﬁlters). E has a median value of 6%, an average of 10% and a standard deviation of 12%. However, E varies markedly
depending on the measured concentrations. Between 10 and 20 ng L−1
p<10% is 0.86 while it is 1.0 above 20 ng L−1. Below 10 ng L−1 E is much
more dispersed and ranges from 1.0 to 86%. The corresponding p<10%
value is 0.59 between 5 and 10 ng L−1 and falls to 0.17 below 1 ng
L−1. As could be expected, the lower the measured concentrations, the
higher the probabilities of having high uncertainties (Fig. 1 and SI-8).
Sixty REY concentrations are measured and/or used to calculate SC
and the dissolved fractions (Fig. 1). The concentrations are below
10 ng L−1 for 85% of the samples. Then, E is dispersed and presents 38
values above 10%. These E values explain the high uncertainties that
might be observed on both SC and truly dissolved fractions (Fig. 1).
This is particularly true for SC, which is calculated from two sample
types and cumulates the uncertainties from the two concentrations
used for its calculation (Eqs. (5) and (13)).

with [Xant] the anthropogenic concentration of a given REY that contributes to the total REY concentration in the sample; [X]total the total concentration of the given REY; [X⁎] the calculated geogenic
concentration of the given REY.
2.6. Calculation of the errors
For each quantiﬁcation, the corresponding uncertainties (Δ) were
calculated from the standard deviation of replicate measurements
(Eq. (11)) or using error propagation (Eqs. (12)-(14)) as summarized
in Table 2. In the present study, we consider that analytical errors
from ICP-MS measurements were the ﬁrst level of uncertainty when
calculating REY partitioning among the particulate, colloidal and dissolved fractions. The analytical errors are a function of each measured
REY atomic mass and were obtained using Mass Hunter 4.4 software
(Agilent technologies©) for 9 replicate measurements. Other sources
of error arose from the weighing of volumes for Vdigest (Eq. (1)),
Vﬁlt,1000 (Eq. (2)) and Vﬁlt,220 (Eq. (4)), which presented an error of
0.0001, 0.01 and 0.01 g, respectively. Finally, for REY normalized to
PAAS, no uncertainties are known for PAAS values. Thus, uncertainties
for normalized concentrations only correspond to the propagation of
uncertainties from measured REY concentrations (Eq. (13)).
To have more clarity about relative uncertainty, Δ was normalized
by its parameter value to address the size of the uncertainty and was
calculated as in Eq. (15):
E ¼ Δ=X  100

3.1.2. Error related to mineralization
Data resulting from the ﬁlter mineralization of the particulate and
the CC fractions are calculated from three uncorrelated parameters
(see SI-8): the ﬁltrate volume, the digested volume and the measured
concentration (Eqs. (1), (3) and (4)). Thus, the dispersion between triplicates, measured with SD in Eq. (12), depends on the variability of these
three parameters. The measured REY concentrations in digested volumes are always above 10 ng L−1 and are mostly between 100 and
1000 ng L−1. Such high concentrations correspond to lower uncertainties in comparison with the other water fractions. Consequently,
the standard deviation estimated for the particulate and CC concentrations are principally due to the differences between the ﬁltered volumes
or the variations in the measured concentrations between replicates.
Uncertainties are generally low in those two fractions (Fig. 2) because
replicate samples can be very homogenous. However, higher uncertainties can be observed for AU during low ﬂow. This would suggest
higher heterogeneity for the analysed replicates (Fig. 2D).

ð15Þ

with E the percentage of error varying between 0 and 100, Δ the uncertainty attached to X and X is the parameter of interest as summarized in
Table 2 or as a volume (Vdigest, Vﬁlt,1000 and Vﬁlt,220). Finally, the probability p<10% of having an E value below 10% for a range of measured REY
concentrations is calculated as in Eq. (16):

3.2. Comparative performance of centrifugal (CU) and cross ﬂow (CFF)
ultraﬁltration
The comparison was conducted only on WT and MU samples collected during the low ﬂow sampling campaign (Table 1). The REY patterns for the CFF permeate and the CU ultraﬁltrate are very similar for
the colloidal and dissolved fractions. For the latter, the CFF concentrations from La to Tm are always smaller, with the difference progressively decreasing along the lanthanide series and disappearing for Yb
and Lu. Consequently, LaN/YbN ratios differ for CU (0.03 ± 0.01 and
0.02 ± 0.01 for WT and MU, respectively) and CFF (0.004 ± 0.001 and
0.012 ± 0.002 for WT and MU). The GdN values are also equal for the
two techniques (Fig. 3A and 3C). The CFF mass balances range from 42
to 47% for light REY (LREY: La to Nd), from 38 to 53% for medium REY
(MREY: Sm to Dy), except for Gd (85 to 103%) and from 46 to 92% for

Fig. 1. Repartition of E (%) by classes (bars) in the small colloids and dissolved fractions.
Total n value is 60 (see SI-8 for more details).
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Fig. 2. PAAS-normalized REY patterns for particulate, coarse and small colloidal and truly dissolved fractions in the Mess River (MU) during high ﬂow (A) and low ﬂow (B) and in the upper
Alzette River (AU) during high ﬂow (C) and low ﬂow (D). The error bars correspond to 2Δ. Raw concentration data used to calculate PAAS-normalized REY patterns are gathered in SI-9.

During high ﬂows, the particulate fraction presents lower REY
concentrations than in low ﬂow conditions with a similar PAASnormalized pattern. The particulate and CC fractions also exhibit very
similar patterns. SC is slightly more depleted in LREY than CC and presents a small Eu anomaly (Table 3) and a Lu depletion (Fig. 2A). The dissolved pattern is strongly depleted in LREY compared to the other
fractions, as shown by LaN/YbN = 0.21 ± 0.01 and LaN/EuN = 0.20 ±
0.05 (Table 3). Positive Eu and Gd anomalies are observed in the dissolved fraction with values of 1.56 ± 0.40 and 2.00 ± 0.26, respectively
(Fig. 2A and Table 3). Gdant represents 50 ± 10% of the total Gd concentration in this fraction (Table 3). A negative Ce anomaly of 0.46 ± 0.04
can be observed in the dissolved fraction (Fig. 2A and Table 3). Finally,
Gd positive and Ce negative anomalies in the <220 nm ﬁltrate fraction
are less pronounced (Fig. 2A) and closer to 1 (Table 3) compared to
the dissolved.
During low ﬂows, the particulate and CC fractions present a similar
pattern with a small enrichment in MREY (Fig. 2B and Table 3). LaN/
YbN = 0.85 ± 0.26 and EuN/YbN = 1.65 ± 0.50 in CC are similar to
the ratios in particulate, but LaN/EuN = 0.51 ± 0.17 differs and indicates
a more fractionated pattern in CC than in particulate (Table 3). The SC

heavy REY (HREY: Ho to Lu; Fig. 3A and 3C). Errors, expressed as 2Δ, are
higher for CFF than for CU in particular for Pr, Nd, Sm, Tb, Ho and Lu
(Fig. 3A and 3C).
In Figs. 3B and 3D, the colloidal fraction corresponds to all colloids
between 10 kDa and 1000 nm. For CU, those values are obtained by
subtracting the concentration below 10 kDa from the concentration
below 1000 nm, whereas with CFF separation technique, the colloidal
concentrations are directly measured in the retentate (see SI-2). However, the REY colloidal concentrations remain 2 to 5 times higher for
CU than for CFF. Finally, errors linked to the colloidal fractions are similar and small for all patterns except for Gd and Lu in CFF at the WT sampling site (Fig. 3B). Unless otherwise speciﬁed, only results from CU will
be further used to discuss the distribution of REY in the present work.
3.3. REY concentrations in the Mess River: marls dominated by agricultural
landscape
With the exception of Gd and some HREY, the REY are more concentrated in the particulate fraction and progressively decrease from CC to
the dissolved fraction in both hydrological conditions (Fig. 2).
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Fig. 3. Comparison of PAAS-normalized REY patterns in low ﬂow conditions. (A) and (B) present the dissolved fraction (< 10 kDa) and the colloidal fraction (10 kDa to 1000 nm),
respectively, for the Alzette River at WT (cf = 8.9). (C) and (D) present the dissolved and the colloidal fractions, respectively, for the Mess River at MU (cf = 7.0). The numbers
indicated in (A) and (C) correspond to the recovery yield obtained with the CFF technique (see also SI-2). Indicated error bars are 2Δ.

SC fraction is more concentrated than its corresponding CC fraction
and the SC pattern is more fractionated and presents more uncertainties
and ﬂuctuations than the CC (Fig. 3C and Table 3). In the SC fraction, Yb
and Lu are enriched compared to other REY (LaN/YbN = 0.21 ± 0.11)
and REY normalized concentrations increase from La to Sm and then decrease from Eu to Dy (Fig. 2C). A negative Eu anomaly is present in both
colloidal fractions (SC: 0.22 ± 0.09 and CC: 0.74 ± 0.14). Finally, the dissolved pattern remains depleted in LREY as shown by the LaN/YbN =
0.14 ± 0.03 and LaN/EuN = 0.16 ± 0.05 ratios (Table 3). Positive Eu
and Gd anomalies are observed in the dissolved fraction with values of
2.61 ± 0.81 and 2.77 ± 0.42, respectively. Gdant represents 64 ± 12%
of the total Gd concentration in the dissolved fraction (Table 3). A negative Ce anomaly (CeN/CeN⁎ = 0.58 ± 0.07) is noticed for the dissolved
fraction (Fig. 2C and Table 3). The pattern of the <220 nm ﬁltrate fraction is similar to that of the dissolved, although it is less fractionated between LREY and HREY and with lower REY anomalies (Fig. 2C and 2D;
Table 3).
During low ﬂow, a positive Nd anomaly is detected in both particulate and CC (Fig. 2D and Table 3) due to a Nd concentration increase, as
shown by the SmN/NdN ratio below 1. The CC and SC patterns present a
small MREY enrichment and a slight depletion in LREY with LaN/YbN =

pattern is more depleted in LREY than particulate and CC fractions with
LaN/YbN = 0.55 ± 0.11 and EuN/YbN = 0.41 ± 0.11. The pattern of the
dissolved fraction is strongly depleted in LREY in comparison to HREY as
outlined by LaN/YbN = 0.02 ± 0.01 and EuN/YbN = 0.40 ± 0.05. Positive
Eu and Gd anomalies can be observed in the dissolved fraction with
values of 2.90 ± 0.56 and 32.2 ± 4.4, respectively (Fig. 2B and
Table 3). Gdant represents 97 ± 2% of the total Gd (Table 3). The patterns
of the <220 nm ﬁlterable fractions are less fractionated as they integrate
the combined characteristics of dissolved and SC fractions (Fig. 2A and
2B; Table 3). As an example, the positive anomalies in Gd and Eu are
also identiﬁed but with lower intensity than for the dissolved fraction
(Fig. 2B and Table 3).
3.4. REY concentrations in the upper Alzette River: limestones and marls
dominated by urban and industrial landscapes
During high ﬂow, the particulate fraction presents higher REY concentrations than in low ﬂow conditions with a similar PAASnormalized pattern. Furthermore, LREY concentrations are very close
between the dissolved, CC and SC fractions with higher MREY and
HREY concentrations observed in the dissolved fraction (Fig. 2C). The
7
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Table 3
PAAS-normalized REY ratios, anomalies and related anthropogenic concentrations for the different fractions at each sampling location. The errors are in italic and correspond to 1Δ. Raw
concentration data used to calculate ratios are gathered in SI-9.

LaN/YbN

LaN/EuN

EuN/YbN

CeN/CeN∗

EuN/EuN∗

SmN/NdN
NdN/NdN∗
GdN/GdN∗
Ndant (ng L−1)
Nd⁎ (ng L−1)
Euant (ng L−1)
Eu⁎ (ng L−1)
Gdant (ng L−1)
Gd⁎ (ng L−1)

Size

MU (HF)

MU (LF)

AU (HF)

AU (LF)

Particulate
CC
SC
Dissolved
<220 nm ﬁltrate
Particulate
CC
SC
Dissolved
<220 nm ﬁltrate
Particulate
CC
SC
Dissolved
<220 nm ﬁltrate
Particulate
CC
SC
Dissolved
<220 nm ﬁltrate
CC
SC
Dissolved
<220 nm ﬁltrate
Particulate
CC
Particulate
CC
Dissolved.
<220 nm ﬁltrate
Particulate
CC
Particulate
CC
Dissolved
Dissolved
Dissolved
Dissolved

1.03 ± 0.17
1.09 ± 0.10
0.77 ± 0.25
0.21 ± 0.01
0.49 ± 0.09
0.69 ± 0.18
0.70 ± 0.04
0.69 ± 0.24
0.20 ± 0.05
0.46 ± 0.05
1.48 ± 0.22
1.56 ± 0.15
1.11 ± 0.58
1.01 ± 0.43
1.06 ± 0.10
0.88 ± 0.19
0.88 ± 0.02
0.86 ± 0.15
0.46 ± 0.04
0.76 ± 0.07
–
0.63 ± 0.18
1.56 ± 0.40
0.89 ± 0.06
1.25 ± 0.18
1.20 ± 0.04
0.92 ± 0.14
0.92 ± 0.03
2.00 ± 0.26
1.05 ± 0.11
0.0
0.0
574 ± 48
63.4 ± 1.3
0.55 ± 0.38
0.99 ± 0.04
4.95 ± 1.07
4.93 ± 0.23

0.91 ± 0.19
0.85 ± 0.26
0.55 ± 0.11
0.02 ± 0.01
0.21 ± 0.01
0.67 ± 0.12
0.51 ± 0.17
0.41 ± 0.11
0.05 ± 0.01
0.25 ± 0.04
1.35 ± 0.26
1.65 ± 0.50
1.33 ± 0.58
0.40 ± 0.05
0.74 ± 0.14
1.00 ± 0.29
1.10 ± 0.29
1.06 ± 0.06
0.81 ± 0.13
1.05 ± 0.05
–
0.99 ± 0.29
2.90 ± 0.56
1.31 ± 0.23
1.23 ± 0.23
1.21 ± 0.38
0.92 ± 0.18
0.99 ± 0.32
32.2 ± 4.4
6.20 ± 0.48
0.0
0.0
1684 ± 161
34.3 ± 6.0
0.36 ± 0.05
0.14 ± 0.01
28.1 ± 0.7
0.90 ± 0.11

0.99 ± 0.05
1.12 ± 0.42
0.21 ± 0.11
0.14 ± 0.03
0.17 ± 0.05
0.69 ± 0.06
0.73 ± 0.32
0.55 ± 0.35
0.16 ± 0.05
0.26 ± 0.08
1.45 ± 0.19
1.53 ± 0.46
1.20 ± 0.90
4.58 ± 2.07
0.66 ± 0.20
0.96 ± 0.06
0.94 ± 0.30
0.93 ± 0.32
0.58 ± 0.07
0.77 ± 0.17
0.74 ± 0.14
0.22 ± 0.09
2.61 ± 0.81
1.27 ± 0.26
1.18 ± 0.07
1.43 ± 0.29
0.98 ± 0.06
0.87 ± 0.22
2.77 ± 0.42
1.27 ± 0.20
0.0
0.0
368 ± 11.0
4.76 ± 0.65
0.51 ± 0.24
0.32 ± 0.01
2.78 ± 0.54
1.57 ± 0.06

0.79 ± 0.70
0.76 ± 0.23
0.57 ± 0.43
0.02 ± 0.01
0.18 ± 0.02
0.60 ± 0.56
0.71 ± 0.21
0.34 ± 0.12
0.04 ± 0.01
0.21 ± 0.03
1.33 ± 1.22
0.87 ± 0.26
1.66 ± 1.74
0.55 ± 0.13
0.87 ± 0.21
1.00 ± 0.87
0.91 ± 0.27
0.87 ± 0.12
0.78 ± 0.28
0.86 ± 0.08
0.80 ± 0.15
1.22 ± 0.44
4.55 ± 0.75
1.85 ± 0.35
0.94 ± 0.70
0.83 ± 0.25
1.18 ± 0.57
1.39 ± 0.42
141 ± 16
32.07 ± 2.19
16.4 ± 80.0
1.36 ± 1.26
89.4 ± 34.5
3.51 ± 0.53
0.40 ± 0.05
0.11 ± 0.01
99.4 ± 0.5
0.71 ± 0.08

CFF devices used in the present study, while no analogous information exists for CU. Previous research suggests that no systematic differences in the elemental partitioning between colloids and the true
solution are obtained using regenerated cellulose membranes with
different surface areas (Kottelat et al., 2008). The different dissolved
REY concentrations obtained by CFF and CU in the present study may
indicate an overestimation of dissolved REY by CU following membrane saturation or breakthrough of small colloids. Alternatively,
losses of small colloids (<10 kDa) or the adsorption of dissolved
molecules onto the CFF membrane may lead to an underestimation
of dissolved REY when using this technique. The colloidal losses in
CFF can originate from i) hydrodynamic effects (i.e., concentration
polarization at the membrane surface) or/and ii) chemical interactions between macromolecules and the membrane surface (Larsson
et al., 2002).
Artefacts linked to hydrodynamic effects can be practically eliminated by using a cross-ﬂow ratio higher than 15, while membranemacromolecule interactions may be minimized by using a CFF concentration factor above 10. The cross-ﬂow ratio is deﬁned as the ratio between the sample ﬂux in the retentate line divided by the sample ﬂux
in the permeate line. The concentration factor is the ratio between the
initial sample volume of ﬁltered water to be fractionated by CFF and
the retentate volume at the end of the fractionation (SI-2 Eq. A2). Our
experimental procedure satisﬁed the ﬁrst condition with cross-ﬂow ratios that were always larger than 20 but fell slightly short of the second
condition with concentration factors between 7.0 and 8.9. Note that
high concentration factors also reduce errors when calculating the

0.76 ± 0.23 and LaN/YbN = 0.57 ± 0.43, respectively. CC also presents a
small negative Eu anomaly (0.85 ± 0.15) (Fig. 2D and Table 3). The dissolved pattern is strongly depleted in LREY, as marked by LaN/YbN =
0.02 ± 0.01 and EuN/YbN = 0.55 ± 0.13 (Table 3). Positive Eu and Gd
anomalies are observed in the dissolved fraction with values at 4.6 ±
0.8 and 141 ± 16, respectively (Fig. 2D and Table 3). Gdant represents
99 ± 0.5% of the total Gd in this fraction (Table 3and Fig. 2D). The pattern of the <220 nm ﬁltrate fraction is similar to that of the dissolved
fraction, although less fractionated between LREY and HREY and with
lower REY anomalies (Fig. 2C and 2D; Table 3).
4. Discussion
4.1. Comparative performance of the two REY separation techniques for the
small colloids and the dissolved fractions
The differences in the REY patterns of the colloidal and dissolved
fractions indicate that the simple separation between particulate and
ﬁlterable fractions cannot capture the full complexity of REY behaviour
in the studied river waters. Therefore, the separation between colloidal
and dissolved REY is an important step before characterizing and quantifying anthropogenic REY anomalies.
The CU and CFF device used in the present study have the same
membrane type (regenerated cellulose) and the same nominal cut-off
of 10 kDa according to the manufacturer speciﬁcations (Millipore). A
good agreement between nominal and actual membrane cut-off was
conﬁrmed experimentally by Larsson et al. (2002) for the Pellicon XL
8
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4.2. New insights for the anthropogenic impact on REY in rivers

colloidal fraction at the end of the CFF (SI-2 Eq. A2). However, differences between permeate and retentate were always high in our experiments and errors on the calculated colloid concentrations remained
low (SI-2 for data). On the other hand, the particles with a size close
to that of membrane pores could have been partially retained by the
CFF membrane because of a concentration factor of less than 10.
The likelihood of a possible membrane saturation during ultraﬁltration using CU was veriﬁed by comparing two different ultraﬁltration
procedures for the Amicon® Ultra 15 10 kDa device. In the present
study, 30 mL of the dissolved fraction were necessary to perform the
various analytical determinations. In a ﬁrst procedure, this volume
was obtained by 2 successive 15 mL ultraﬁltration with the same membrane, while 2 different membranes were used for the second procedure. No differences were observed between the two procedures (SI10 Fig. S5), implying that the ﬁrst procedure did not saturate the
Amicon® membranes and that the differences observed between CU
and CFF should not be caused by methodological artefacts when using
the CU procedure.
CFF mass balances for major cations, anions, manganese and gadolinium were constantly above 90% (SI-2 CFF excel ﬁle). These elements
usually occur as dissolved (ionic) species or small inorganic complexes,
suggesting that adsorption losses to the CFF membrane can be considered negligible. Organic carbon also showed a good mass balance (SI-2
CFF excel ﬁle), conﬁrming that small organic complexes were not
trapped by the CFF membrane either. Conversely, elements known to
form (hydro)oxides in the colloidal-size range, such as Fe or Al (Town
and Filella, 2002; Gaillardet et al., 2003), have recoveries between 45
and 65% only (SI-2 CFF excel ﬁle), close to those of most of the REY
(Fig. 3A and 3B). Thus, the observed REY poor mass balances for CFF
likely arise from “losses” of the colloidal fraction during the separation procedure. This hypothesis is also geochemically coherent
with the REY fractionation observed in the dissolved fraction
(Fig. 3A and 3C). For HREY, CFF recoveries are up to 92% (SI-2 in
the Excel ﬁle) and the dissolved concentrations are similar between
CU and CFF, in agreement with the higher afﬁnity of HREY for organic
colloids (Tang and Johannesson, 2003; Pourret et al., 2007a; Pourret
et al., 2007b; Pourret et al., 2007c). On the contrary, the low CFF recoveries and the marked differences between the two techniques indicate the more important role that Fe and Al colloids (i.e. clay
nanoparticles, ox(hydro)ides, Fe/humic complexes) could play as
MREY and LREY carries. These macromolecules could react with the
CFF membrane as previously discussed.
Despite these differences, both techniques yield a similar fractionation pattern along the lanthanide series and point to the common occurrence of a signiﬁcant colloidal REY fraction in the <220 nm ﬁltrate.
It remains however a matter of speculation as to whether the most accurate dissolved REY concentrations are provided by CU or CFF. If the
‘losses of colloidal REY’ are the sole cause of poor CFF mass balances,
the dissolved concentrations obtained by CFF may be as valid as those
obtained by CU. However, no deﬁnite decision can be made a priori as
to the colloidal of dissolved nature of CFF ‘losses’ (Steinmann et al.,
1999). For this reason, we chose to base the discussion in this paper
on dissolved results obtained by CU. Johnsen et al. (2016) showed that
the Amicon® Ultra 15 10 kDa can retain proteins larger than their nominal cut-off, but their experimental procedure did not allow them to
conﬁrm the actual membrane cut-off. The permeability of CU units to
colloids having a size close to the nominal cut-off cannot therefore be
excluded.
The CU technique presents a practical interest due to its ease of
use in comparison to CFF, especially during ﬂood events when high
frequency sampling (from minutes to hours) is necessary to accurately study the REY partitioning between colloidal and dissolved
fractions. A community-level effort is clearly needed to correctly
calibrate CU devices before accumulating a large set of data without
adequate quality control procedures on the accuracy of REY fractionation procedures.

Except for SC, all fractions contain a REY anomaly that could be ascribed to an enrichment originating from a speciﬁc anthropogenic use
of a given lanthanide. The most enriched anthropogenic REY (AREY) is
Gd, which is used as a contrast agent in MRI exams (Bau and Dulski,
1996). The dispersion process of Gdant from the WWTP to the aquatic
systems is now quite well documented (Bau and Dulski, 1996; Möller
and Dulski, 2010; Kulaksiz and Bau, 2011b; Merschel et al., 2015). Anthropogenic inputs of Gd in the upper Alzette River basin have been previously reported (Hissler et al., 2014; Hissler et al., 2016; Hostache et al.,
2014). During low ﬂow conditions, our results are similar to those of
Kulaksiz and Bau (2013), who concluded that Gdant in the Rhine River
is only present in the dissolved fraction (<10 kDa) and does not react
with environmental particles either in the WWTP or in the river system
downstream of the WWTP efﬂuent. The present study shows that the
Gdant concentration in the dissolved fraction (<10 kDa) varies markedly
in the two contrasting hydrological conditions studied. The Gd anomaly
is much higher during low ﬂow than high ﬂow (Table 3 and Fig. 2). In
low ﬂow, the Gdant concentration represents 99% and 97% of total Gd
in the dissolved fraction at AU and MU sampling sites, respectively
(Fig. 2B and 2D). However, during high ﬂow conditions, the Gdant content in the dissolved fraction decreases to 64% and 50% of the total Gd
concentration in the solution, respectively (Fig. 2A and 2C). The river
hydrology clearly plays a crucial role regarding the dilution of dissolved
Gdant. When the river discharge increased, the concentration of dissolved LREY and MREY increased in comparison to the HREY (Fig. 2).
This different behaviour between REY was illustrated by the signiﬁcant
increases of the LaN/YbN and EuN/YbN ratios during high ﬂow at both
sites (Table 3). This LREY and MREY contribution can be caused by
more natural sources (e.g. eroded soil particles and colloids) that are
mobilized in different parts of the catchment and transported in the
river bed when the hydrological connectivity is activated during ﬂood
events and by mobilization of riverbed sediments. As for the other
LREY and MREY, a natural Gd contribution entered the composition of
the dissolved fraction during high ﬂow. Natural dissolved Gd concentration increased by factors of 5.5 and 2.2 for MU and AU respectively
(Table 3). This new Gd input may occur as ionic species or in association
with humic substances smaller than 10 kDa that remain operationally
included in the dissolved fraction. This result also highlighted that the
REY partitioning in the ﬁlterable fraction (<220 nm) integrates the different characteristics of both colloids and dissolved components, partly
masking the true extent of REY anthropogenic anomalies.
The dissolved fraction also shows a signiﬁcant positive Eu anomaly
in both hydrological conditions although it is more important during
low ﬂows like for Gd (Table 3 and Fig. 2). To the best of our knowledge,
it is the ﬁrst time that such a positive anomaly is described for Eu in the
dissolved fraction of contaminated rivers. Other data published on anthropogenically impacted river basins could have an Eu positive anomaly in their ﬁltered fractions (e.g. Nozaki et al., 2000; Klaver et al., 2014;
Tepe et al., 2014) without any mention made of it. Besides this, considering only the <220 nm (or higher) ﬁltrate fraction could considerably
limit the observation of a positive Eu anomaly as it is mostly visible in
the dissolved one (<10 kDa), as highlighted by Fig. 2 and Table 3. The
ﬁrst explanation of the Eu anomaly could be spectral interferences of
153
Eu with 137Ba and 136Ba oxides (Smirnova et al., 2006). However,
during our analysis, SRLS-6 average recoveries for 153Eu were 95 ± 2%
(n = 5; SI-4), excluding possible analytical interferences. A second explanation could be related to a redox change from Eu3+ to Eu2+. Such
changes usually take place during melting processes at high temperatures (e.g. Liu et al., 2017; Ingrao et al., 2019), but bacterial reduction
of Eu3+ has also been observed (Maleke et al., 2019). A third explanation could be the transmetallation from Gdant chelates in the WWTP
process, which could occur in our systems due to the major differences
between Gdant and Eu concentrations (Möller and Dulski, 2010). Moreover, an Eu positive anomaly is present only in the dissolved fraction as
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draining sedimentary bedrocks (Bayon et al., 2015), which is also concordant with the lithological and soil composition of the Alzette River
basin. Such a pattern suggests a close link between transported particulate REY and the presence of clay minerals in the river channels, because
clays generate very similar patterns (Coppin et al., 2002; Yang et al.,
2019). Additionally, it appears that hydrological conditions can modify
particulate REY concentrations (mass of REY in the water column in
μg L−1) and loads (mass of REY in the suspended particulate matter in
μg g−1) which both change according to the hydrological conditions,
but in different ways (Table 1 and Fig. 2). In the upper Alzette River,
the REY load changes from 46 ± 4 μg g−1 to 253 ± 77 μg g−1 in low
and high ﬂows, respectively. It appears that particles with higher content in REY are in suspension during high ﬂow, which explains the
higher concentrations observed in Fig. 2C and 2D. During our sampling
in the Mess River, particulate REY concentration is higher in low ﬂows
than in high ﬂows (Fig. 2A and 2B). This high concentration of particulate REY (in μg L−1) during low ﬂow for a signiﬁcantly lower river discharge (Table 1) is unusual in comparison to high ﬂow. It can be
explained by work on the bank of the river, in a region where soil sealing
due to urbanization is still increasing. This can release more particles
than usual in the water during low ﬂow sampling. However, the loads
of REY remain similar during both hydrological conditions with ∑REY
ranging from 185 ± 22 μg g−1 to 152 ± 33 μg g−1, respectively. Despite
the unexpected high suspended sediment concentration during low
ﬂow in the Mess River, same nature of particles seems to be transported
regardless of the hydrological conditions. This indicates the role of land
use on the transport of particulate REY. While both basins share similar
geology, the upper Alzette River basin presents land use composed of
27, 54, and 19% of forest, agricultural land and urban/industrial areas,
respectively, whereas the Mess River drains a basin composed of 9, 81
and 10% of forest, agricultural land and urban areas without any industry, respectively (SI-1). These main differences in agriculture and industry contributions to the land cover of the two catchments may explain
the difference in the particulate REY loads and composition between
high and low ﬂow periods.
The largest fractionation between LREY and HREY is observed for the
dissolved fraction, especially during low ﬂows (Fig. 2) as already mentioned by Kulaksiz and Bau (2013) and the references therein. More
precisely, the LaN/YbN and LaN/EuN ratios are below 0.1 in low ﬂow
(Table 3), while they slightly increase during high ﬂow (Table 3). Moreover, MREY are also depleted compared to HREY during low ﬂows, as illustrated by low EuN/YbN ratios (Table 3) whereas this depletion is lost
during high ﬂows (Table 3). This can only be attributed to a change in
the source of dissolved LREY between the two hydrological conditions.
In low ﬂow conditions, the dissolved REY patterns appear to bear a typical WWTP-ﬁngerprint (SI-11). These results prove that during the driest periods of the year, the WWTP efﬂuents are the main source of
dissolved REY in these two peri-urban rivers. On the contrary, when
high ﬂows occur, with the complete hydrological connection throughout the basins, more natural sources become the main contributors to
the REY budget in the two rivers. During this period, the WWTP ﬁngerprint is diluted by the natural ﬁngerprints and the LREY vs. HREY fractionation is signiﬁcantly reduced (Table 3). This is strengthened by the
negative Ce anomaly, observed during high ﬂows (Fig. 2), which is usually related to basin geology, soil solution and/or groundwater contributions (Dia et al., 2000; Gruau et al., 2004; Pédrot et al., 2008; Pourret
et al., 2010; Hissler et al., 2015b; Pédrot et al., 2015; Louis et al., 2020).
The CC patterns remain poorly fractionated and more similar to
those of the particulate fraction, albeit more than 1000-fold less concentrated (Table 3 and Fig. 2). During both high and low ﬂow periods, LaN/
YbN, LaN/EuN and EuN/YbN ratios are equal between CC and the particulate fractions. This suggests that the nature of REY-bearing particles is
similar for CC and the particulate fractions and that only their sizes differ
(Table 3, Fig. 2). On the contrary, SC patterns are more depleted in LREY
than CC and, consequently, the particulate fraction (Fig. 2). This depletion in LREY can be attributed to a change in the nature of colloids

it is the case for Gdant (Fig. 2). The available results do not allow us to
choose deﬁnitively between the three explanations until a more detailed study has been performed to elucidate the potential anthropogenic sources of Eu in polluted river systems.
The particulate and CC fractions of the upper Alzette River carry anthropogenic Nd (Ndant) (Table 3 and Fig. 2D). During this study and contrary to the observations of Hissler et al. (2016), the corresponding
anomalies were only visible during low ﬂows (Table 3, Fig. 2D) and
were characterized by a high level of uncertainty (Table 3). In addition,
the Nd/Nd⁎ and the SmN/NdN ratios indicate a higher Nd concentration
in comparison to all other samples (Table 3). Hissler et al. (2016) attributed this enrichment to Nd inputs coming from past and/or current
steel making activities. This assumption was based on a speciﬁc
143
Nd/144Nd isotopic ratio that was closer to the isotopic compositions
of steel plant emissions than to all other suspended sediment sources
of the upper Alzette River basin. The presence of a speciﬁc anthropogenic source of Nd connected to the river is the only possibility of
reaching such a distinct 143Nd/144Nd signature in the river itself and
explaining the high uncertainty associated with the Nd anomaly compared with the other AREY. We surmise that only a speciﬁc source of
Nd, instead of a diffuse one, can generate such a high heterogeneity in
the sample replicates. Nevertheless, for the moment, these results are
not able to rigorously identify the nature of the speciﬁc phase that controls the presence of Ndant in the particulate and CC fractions of the
Alzette River. Although the use of big magnets, heavily enriched in Nd,
during steel production represents a likely source of Ndant, the mechanisms responsible for such a high fractionation for Nd require further investigations of the processes used in steel factories.
4.3. Changes in REY patterns in polluted rivers in contrasted hydrological
conditions and land uses
In the rivers studied, each of the PAAS-normalized REY patterns of
particulate, colloidal and dissolved water fractions presented very speciﬁc characteristics. Overall, LREY gradually became depleted from the
particulate to the dissolved fraction as conﬁrmed by the corresponding
decrease in LaN/YbN and LaN/EuN ratios (Table 3). The extent of LREY depletion in each fraction is also related to the river ﬂow. This observation
can be generalized for the two river catchments studied, which present
contrasted land use but a certain similarity regarding the geological
composition and the soil properties of agricultural lands. The PAASnormalized REY patterns of the different fractions look like a continuum
between two end-members: the particulate and dissolved fractions,
whose contributions depend on the hydrological conditions.
For both rivers, most of the REY are in the particulate fraction, independent of hydrological conditions (Fig. 2). For instance, the particulate
La represents between 84% (MU high ﬂow) and 98% of the total La (MU
low ﬂow) while the particulate Yb contributes between 68% (AU low
ﬂow) and 95% of total Yb (MU low ﬂow). However, one exception is observed for AU during low ﬂow where 82% of total Gd is in the dissolved
fraction (Fig. 2D). The particulate shows the same pattern with a slight
MREY enrichment, in agreement with the similar lithologies (Lias marls
and limestones) and soils in both catchments and regardless of the hydrological conditions (Fig. 2). It means that during our samplings, the
particulate REY fractions have similar sources, except for the small anthropogenic contribution of Nd at AU. The primary origin of those REY
comes from the erosion of soil particles by run-off occurring mainly in
cropland during long and intense rain fall events, when the lands are hydrologically connected to the river. An additional source could also be
the mobilization of riverbed sediment but most of these particles stored
on the riverbed after ﬂood events might have a similar origin and present same REY characteristics. As proposed by Hissler et al. (2016), a nonnegligible phosphate component (as natural primary or secondary minerals or fertilizer input), could be considered to explain the MREY enrichment. However, the patterns observed are also close to the PAASnormalized ones of clay suspended sediments (≤2 μm) in river systems
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local anthropogenic sources, with a clear dominant role of the WWTP
efﬂuent on the fractionation of the dissolved REY pattern regarding
LREY and HREY. During high ﬂows, a more natural contribution took
place and dilute the anthropogenic signature, as observed for Gd,
which enters the dissolved fraction as ionic species or in association
with humic substances smaller than 10 kDa. We also observed processes that can be related to the river basin land use, especially for the
particulate and colloidal fractions during the two contrasted hydrological conditions. Soil sealing in urbanized and industrial basins reduce the
quantity of REY particulate when the erosion of soil particles enriched
the suspended sediment in clays, which can be the main carrier material
for REY transport on particles in such river type. The land cover also
could play a role on the contributions between the coarse and small colloids, urban and industrial areas favouring the smallest fraction.

between CC and SC fractions. Indeed, when the colloidal size decreases,
colloids tend to change from bio-organo-mineral micro-aggregates, as
the CC fraction could be in this study, to amorphous oxides and organic
complexes (of variable size and nature) such as humic or fulvic acids
and proteins (Lead and Wilkinson, 2006), as the SC fraction could be.
REY adsorption onto minerals or their complexation to ligands are
quite complex processes and have a direct impact on the REY fractionation observed (Bau, 1999; Ohta and Kawabe, 2001; Davranche et al.,
2004; Davranche et al., 2005; Davranche et al., 2008). In the Mess
River, the data acquired during low ﬂows should be carefully used as
it is difﬁcult to predict the impact of the unexpected high suspended
sediment concentration on the CC and SC concentrations and patterns.
However, the LREY depletion observed in SC is more marked during
low ﬂows than high ﬂows when both colloidal fractions are more
homogenous (Table 3, Fig. 2). REY concentrations in SC and CC are
also impacted by hydrological conditions. They are similar in high
ﬂows (Fig. 2A and 2C) whereas low ﬂows present more different concentrations in both rivers (Fig. 2B and 2D). The combined effect of
river velocity/energy during transport, hydraulic parameters in changing hydrological conditions and aggregation/disaggregation processes
could explain such differences but would require more study. Finally,
the contributions of the two colloidal fractions change in the two basins,
with SC dominating for the upper Alzette (Fig. 2C and 2D), whatever the
hydrological conditions, whereas CC is the main contribution to the colloidal fraction in the Mess basin (Fig. 2A and 2B). Moreover, the colloidal
(CC and SC) contribution to the REY concentration in the water column
is more important for the Mess River than the upper Alzette River
(Fig. 2). This might be a speciﬁcity related to the land use. In the Mess
basin, where agricultural land dominates, soil microaggregate with
sizes higher than 220 nm is the most abundant in the water column.
In the upper Alzette, where urban and industrial areas are important,
smaller organic colloids could dominate in comparison to coarser colloidal fractions. Overall, the available results strengthen the major inﬂuences that hydrological conditions and land uses play in controlling
natural and anthropogenic REY distribution among different fractions
in small contaminated rivers with important consequences for the
study of REY speciation and potential ecotoxicological effects. Moreover,
clay minerals may be the main carrier material to the transport of REY
during ﬂood events, especially in landscapes where soils enriched in
clay material and reduced in organic matter are dominated by croplands. Finally, the aggregation/disaggregation dynamics of such particles in the river channel and their effect on REY transport deserve
further investigation.
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The REY positive anomalies and fractionation patterns are usually
evaluated in the ﬁlterable water fractions, operationally deﬁned as the
fraction passing through the pores of 0.45 or 0.22 μm membrane ﬁlters.
This approach masks the largely different REY fractionation in the dissolved and colloidal fractions, underestimates REY anomalies occurring
in those fractions (notably anthropogenic Gd) and prevents a full understanding of REY geochemical cycles and ﬂuxes in peri-urban and agricultural rivers systems.
This study conﬁrms the necessity to consider the different fractions
of the water column to evaluate the impact of anthropogenic activities
on REY in polluted rivers. In order to separate suspended sediment particles and colloids from the dissolved fraction, we propose an easy-touse methodology based on a combination between ﬁltration and centrifuge ultraﬁltration. Based on a rigorous estimation of the uncertainties,
we were able to accurately separate the REY particulate, coarse and
small colloidal and dissolved fractions from water collected in two
contrasted peri-urban streams during both low and high ﬂow conditions. The particulate fraction dominated the quantity of REY
transported in both hydrological conditions. In low ﬂows, the REY composition of the streams highlighted Gd, Eu and Nd anomalies related to
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