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Recently developed multi-element methods for filtered and unfiltered river water enable the analysis of 67

elements in a single analytical run, facilitating the assessment of multi-element fingerprints in monitoring

programs. To elucidate the occurrence and possible pathways of emerging contaminants, it is essential to

have baseline data for as many elements as possible to detect anomalies at specific environmental events.

However, the variability of element concentrations in river water on the temporal and spatial scale is only

poorly understood, causing considerable uncertainty for river water monitoring. Therefore, we conducted

comprehensive sampling campaigns to assess the spatiotemporal variabilities of element concentrations in

the river Rhine (Germany) at different discharge levels. Both, the long-term temporal (one-year data) and

the spatial variability data revealed a distinct behavior of two element groups in relation to the discharge:

elements showing a dilution effect (e.g.: B, Mg, S, K, Ca, Br, Sr, Mo, and U) or a co-rising effect (e.g.: Al, Si,

P, Ti, V, Mn, Fe, Ni, Cu, Ga, As, Rb, Y, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, Pb, and Th) with higher discharge in

the unfiltered river water. However, certain elements such as K, Ba or Gd displayed a variable behavior

throughout the dataset, underlining the importance of collecting enough baseline data from various

locations and conditions to detect anomalies. The analysis of unfiltered water samples in comparison with

the filtered fraction allowed us to detect opposite behavior between the dissolved and particulate fractions

for Co, Ni, As, Rb, Cs, and Gd. Cross-profile measurements were conducted to investigate spatial

variabilities, revealing that lateral spatial gradients in element concentrations (up to a factor of 4) are more

pronounced than depth gradients, likely caused by insufficient mixing of river influents or point-sources.

Thus, fixed monitoring stations or single-point sampling for long-term data acquisition might not be able

to capture the whole picture regarding element behavior in rivers.
Environmental signicance

Present challenges in describing the chemical status of rivers are a precise and fast response to rapid changes and the ability to conduct timely forecasts.
Therefore, adequate validated multi-analyte methods and sampling procedures must be in place. In previous publications, we presented versatile multi-element
methods for (un)ltered river water samples. Here, these methods are applied to provide an in-depth investigation of spatiotemporal variabilities at different
locations of the river Rhine at various discharge levels. In summary, low-resolution sampling in time and space disregards the impact of critical point-sources,
hides information and thereby induces high uncertainties in monitoring datasets. The multi-element approaches enable the creation of baseline datasets for
each element to detect anomalies and to serve as initial training data for forecasting tools.
1 Introduction

Rivers are transboundary vectors for various substances – from
inland waters to oceans, across country borders, or from spring-
and wastewater to drinking water. The chemical anthropogenic
Qualitative Hydrology, Am Mainzer Tor 1,

bafg.de

and Global Change, Bahnhofstraße 40,

Quantitative Hydrology, Am Mainzer Tor

cts, 2025, 27, 3856–3874
impact on surface waters cannot always be foreseen due to
a lack of monitoring data. Moreover, we are currently dealing
with contaminations of the past and present and are trying to
address future challenges.1,2 In order to operate an effective
alert system for river water quality, long-term baseline data and
stable sample processing systems need to be established. It is
important to improve our understanding of the transport
mechanisms and pathways of substances in rivers and to have
monitoring and prediction tools in place, to maintain a healthy
environment in rural and industrialized areas. Therefore, it is
necessary to be able to distinguish between anthropogenic
inputs and near-natural element cycles, as well as to understand
This journal is © The Royal Society of Chemistry 2025
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the uncertainties of existing monitoring approaches. Separating
the different sources contributing to river water chemistry and
providing articial intelligence (AI) training datasets for future
data analysis as well as forecasts are among the reasons to
produce reliable monitoring data of as many elements as
possible at high resolution.3–6

For inorganic analytes, mainly Cr, Ni, Cu, Zn, As, Cd, Sb, Hg
and Pb are included in long-term monitoring databases.7–9 In
addition to these so-called “legacy elements”, rare earth
elements (REEs) are also frequently used in multiple applica-
tion elds and have been found to enter aquatic systems
through several pathways, e.g. medical applications, mining,
electronic waste or chemical fertilizers.10–14 However, the
number of studies providing REE data from rivers and other
aquatic systems is limited.14 REEs are included in the list of so-
called “technology-critical elements” (TCEs) which also
encompasses the rarely analyzed elements Ga, Ge, In, Te, Nb,
and Ta. They are expected to be found in higher concentrations
due their use in modern technology and the resulting increased
mining activities.7 Furthermore, changing element composi-
tions of rivers can also provide valuable information on near-
natural processes within the catchment.15

In previous studies, we developed multi-element methods
for ltered river water samples (<0.45 mm)16 and whole water
samples (unltered river water)17 as tools for a better under-
standing of the comprehensive element content in rivers (67
different elements). These multi-element methods were devel-
oped to be applied in long-term monitoring approaches and for
the detection of anomalies over time. Whole water samples
enable the assessment of water status including the dissolved,
colloidal, and particulate fractions in one sample type. At low
suspended particulate matter (SPM) concentrations, when
sufficient SPM collection is challenging, the whole water sample
is a good alternative, by subtracting the ltered element
concentration from the whole water element concentration.
Additionally, the whole water sample is the only sample type
allowing us to calculate river element budgets including all
fractions. Moreover, the multi-element methods were devel-
oped to gain knowledge about spatiotemporal variabilities of
element concentrations in riverine systems and to improve our
understanding of element cycles.

For multiple (most oen economical and logistical) reasons,
the analysis of spatial or temporal trends along a river is usually
undertaken with single-point sampling at a dened depth.14,18–22

However, it is well-known that SPM and elemental concentra-
tions in rivers can be highly heterogeneous over time and across
river cross-sections. For instance, Bouchez et al.23 conducted
several sampling campaigns covering multiple depth proles in
the Amazon River basin. An underestimation by a factor of 2 was
found for Al and Cs in the particulate fraction of surface
samples compared to depth integrated values.24 To date,
sampling campaigns covering several sampling points in the
river cross prole for elemental analysis have mostly been
conducted for large rivers such as the Amazon River,23–25 the
Ganga basin,26 the Athabasca River,27 or several of the large
Arctic Rivers.28,29 Nevertheless, the availability of long-term data
from a single sampling point over a long period of time is also
This journal is © The Royal Society of Chemistry 2025
valuable to be able to detect changes over decades. In this case,
changing the sampling location is not recommended.9 The
frequency of sampling is an important question regarding the
necessary resolution to capture temporal variabilities.30–32

Floury et al.30 compared 40 min sampling frequencies with 7 h
and daily frequencies using ion chromatography and an auto-
mated monitoring station next to the Avenelles River which is
part of the Orgeval catchment in France. The results for Ca, as
one example, indicate that the lowest Ca concentration was
observed during the highest water discharge at rain events by
sampling at 40 min intervals. The 7 h and daily sampling
frequencies would not have captured this. Therefore, low-
frequency sampling could lead to a loss on information.30–32

In this study, large and small-scale spatiotemporal variabil-
ities in riverine systems were addressed by conducting four
different types of sampling campaigns in the German part of the
Rhine:

1. One-year temporal variability (daily integrated samples of
the rst seven days of each month between May 2021 and April
2022).

2. Short-term temporal variability (1-minute resolution for
10 min).

3. Spatial variability (5 vertical samples taken simultaneously
at 50 cm intervals across the full river cross-section including
lateral and depth variability).

4. Small-scale spatial variability (a 4 × 4 sampling grid
covering a 1.6 × 1.6 m window, sampling from one riverbank to
the other at a dened depth).

The sampling campaigns were conducted at three different
locations along the Rhine, with different hydrological, envi-
ronmental and anthropogenic conditions and at different
discharge stages (low, moderate and high). The Rhine is, at least
in comparison to previous literature on spatial or spatiotem-
poral variability campaigns, a shallow river which might lead to
a different effect regarding the river size.23–27 The main goals of
our study include the better understanding (i) of spatiotemporal
variabilities in element concentrations in our monitoring
approaches and (ii) of similar or differing element behavior in
relation to discharge and/or SPM. Samples from each sampling
campaign were analyzed for 67 elements, covering major, minor
and trace elements, in two different fractions: the ltered (<0.45
mm) and the whole water sample (unltered sample). In the
following, the term “dissolved” is used for the <0.45 mm fraction
next to “ltered”. For the one-year temporal variability study,
daily integrated samples were collected over a one-year period
between May 2021 and April 2022. To reduce the total number
of samples, only the rst seven days of each month were
investigated. The short-term temporal sampling campaigns
were conducted with a sampling frequency of 1-minute intervals
over a total time of 10min. For the spatial variability campaigns,
two different measuring frames were developed to enable in situ
and simultaneous sampling of several samples by an automatic
closing mechanism. One measuring frame was able to hold 5
vertically xed bottles at 50 cm distances, as well as sensors to
determine the water depth. It was used to determine the cross-
sectional variability. The second frame was built as a 4 × 4
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3857
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raster holding 16 bottles at 40 cm distances to cover small-scale
spatial variabilities.

Consequently, the different sampling campaigns addressed
four different topics. Sampling type no. 1 (one-year data) was
used to establish a grouping of element behavior based on
samples from regular monitoring networks. Sampling type no. 2
(short-term temporal variability) was conducted to assess the
inuence of temporal effects on manual consecutive sampling
at the same sampling spot and at a dened depth, which is
oen conducted for grab sampling or generally for single-point
sampling. The objective was to examine whether observed
spatial variabilities can be to some extent an expression of
temporal variabilities. The spatial variability campaigns (no. 3)
were used to extend our knowledge regarding multi-point vs.
single-point sampling to re-evaluate current monitoring
approaches which mostly rely on single-point sampling. The
small-scale spatial variability campaign (no. 4) examines the
required sampling density to resolve pronounced variabilities in
the river cross-prole. To the authors' knowledge, there are no
existing studies with similarly dense spatiotemporal sampling
campaigns in the river cross-prole including the analysis of 67
major, minor and trace elements in the ltered and unltered
water fractions. Moreover, the investigation of turbulence-
driven small-scale temporal and small-scale spatial variability
provided novel comprehensive datasets which are not yet
available in the present literature.
2 Materials and methods
2.1 Sampling locations

The Rhine is a major European river with a length of about 1250
km between its source in Switzerland and the North Sea in the
Netherlands (of which 870 km ow through Germany). The
Rhine catchment area is known to contain densely populated,
farming and industrialized sections, leading to a diverse mix of
substances originating from different sources.9,33,34 In this
study, all sampling sites were located along the German part of
the Rhine (refer to Fig. 1: Koblenz (KAA), Niederlahnstein (LST),
Brohl (BRL) and Emmerich (EMM)). They were chosen to cover
the different hydrological conditions in the middle and lower
Rhine areas as well as the direct inuence of the river Moselle
aer its conuence at the BRL station. Moreover, the site
selection was based on available sampling infrastructure from
the Federal Institute of Hydrology (BfG) and the Federal
Waterways and Shipping Administration in Germany (WSA) in
terms of existing monitoring stations or ships. All sampling
campaigns were conducted between September 2020 and May
2022 at different discharge levels (high, moderate, and low
discharge events).
2.2 Sampling devices and materials used

To conduct river water sampling, in situ samplers were selected:
2 l Van-Dorn bottles (Aquatic BioTechnology, Spain), consisting
of open tubes with openings and lids on both sides, were
positioned along the ow direction of the river to minimize
turbulence. Both lids close automatically by releasing a drop
3858 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
weight that hits a trigger. Moreover, a latex ring was ordered
from the provider that is suitable for element analysis. Before
their rst utilization, they were leached in 2% HNO3 (v/v) for
48 h, signicantly improving the background concentrations of
Cu, Zn and Sn.

For storage and transportation of the samples, 1 l PE
sampling bottles (Kautex, Germany) were used. They were
rinsed three times with 2% HNO3 (v/v) and three times with
ultrapure water (#0.055 mS cm−1 (corresponding to $ 18.2 MU

cm)) before sampling. They were dried under clean room
conditions (laminar ow box, SPETEC GmbH, Germany). PP
vials (50 ml, VWR catalyst Laboratory Services, USA) were
leached with 2% HNO3 (v/v). Aer a minimum leaching time of
24 h, they were rinsed three times with ultrapure water and
nally dried under clean room conditions.

For the ltration of the samples, 50 ml syringes (HENKE-
JECT®, HENKE SASS WOLF GmbH, Germany) and syringe
lters (0.45 mm, cellulose acetate, Minisart® NML, Sartorius,
Germany) were used. All lters were pre-conditioned with the
respective sample before ltration into 50 ml PP vials. The
purication of all acids used for acidication of the ltered
samples and for the digestion of the unltered samples – HNO3

(65% w/w, EMSURE®, Merck GmbH, Germany) and HCl (37%
w/w, EMSURE®, Merck GmbH, Germany) – was conducted via
subboiling distillation (DST-1000, Savillex, USA).
2.3 Sampling campaigns

Four different sampling campaigns were conducted to cover
a wide range of possible variabilities in river water monitoring
with regard to multi-element analysis: (1) one-year temporal
variability, (2) short-term temporal variability, (3) spatial vari-
ability and (4) small-scale spatial variability.

2.3.1 One-year temporal variability. All samples as well as
discharge and turbidity data for the one-year temporal vari-
ability study originated from the environmental radioactivity
monitoring network of the BfG. Automatic water samplers
collect daily integrated river water samples over 24 h, creating
2.5 l samples which are stored at < 8 °C. The samples are
collected and transported each month from the respective
sampling location to the environmental radioactivity laboratory
of the BfG. For the one-year data analysis, aliquots of the daily
integrated samples from days 1 to 7 of every month from May
2021 to April 2022 were gathered. Not all daily integrated
samples per month were assessed to reduce the total number of
samples for this study. The following monitoring stations were
considered for multi-element analysis (Fig. 1; n = 84 per sample
type and station): Koblenz–Rhine (river-km: 590.3), Koblenz–
Moselle (river-km: 2.0), Weil–Rhine (river-km: 170.3), and
Wesel–Rhine (river-km: 814.0).

2.3.2 Short-term temporal variability. A high frequency
sampling campaign was conducted at the stations Koblenz–
Rhine (KAA), Brohl (BRL) and Emmerich (EMM) to assess
possible short-term temporal variabilities (Fig. 1 and Table 1).
Samples were taken at a xed depth (25 cm from the surface)
from a pier with two self-constructed 2 m sampling devices
which contained a Van-Dorn bottle and a drop weight (Fig. S1).
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Map of Europe with the location of the research area (red box). (B) Overview map of the Rhine basin with the different sampling
locations in this study: the red circles indicate the locations of the fixed monitoring stations for the one-year data collection (Wesel/Rhine,
Koblenz/Rhine, Koblenz/Moselle, and Weil/Rhine); the yellow triangles depict the locations of the sampling campaigns conducted from a ship or
a pier (Koblenz (KAA), Niederlahnstein (LST), Brohl (BRL) and Emmerich (EMM)). The backgroundmap is a 90m resolution Digital Elevation Model
from the Shuttle Radar Topography Mission (SRTM GL3)35 with the calculated stream network using MATLAB TopoToolbox by Schwanghart and
Scherler (2014).36
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Samples were obtained at 1-minute intervals, to address the
short-term temporal variability. All sampling campaigns were
conducted between September 2020 and January 2022 (Table 1).
Two high discharge campaigns were conducted at the station
KAA, since the rst sampling campaign (HW1: 5022 m3 s−1)
could not be performed from the pier due to inaccessibility. It
had to be conducted from a pedestrian way with a railing for
safety reasons. Therefore, a second high discharge campaign
(HW2: 3528 m3 s−1) was conducted from the pier at a lower
discharge compared to HW1.

2.3.3 Spatial variability. To assess spatial variabilities, cross-
prole samplings were conducted with a self-constructed
measuring frame that can hold ve vertically xed 2 l Van-Dorn
bottles at 50 cm distances, thus covering a sampling depth of 2
m (Fig. S2). Sampling with the measuring frame was conducted
from sampling ships provided by the Federal Waterways and
Shipping Administration in Germany (WSA). These ships can
target and remain xed at precise sampling locations by
anchoring themselves to the riverbed with hydraulic stamps and
they have large cranes that allow sampling with heavy equip-
ment. If these sampling ships were not available, e.g. at the
sampling station in Emmerich, the ship was kept in place via
GPS coordinates. Two 100 kg weights were additionally xed to
the bottom of the measuring frame to reduce the driing of the
frame within the river water current. The measuring frame was
This journal is © The Royal Society of Chemistry 2025
also xed with a rope from the ship to avoid driing or rotating
around its own axis. To activate the automatic closing mecha-
nism of the Van-Dorn bottles, a drop weight frame was con-
structed around the frame. The frame pressed on the closing
mechanisms of the Van-Dorn bottles while released. Prior to
sampling, the drop weight frame was lied and xed with a pin
on a rope. Once the measuring frame reached the desired
sampling location, the closing mechanism was triggered by
pulling the rope and the drop weight frame caused the Van-Dorn
bottles to close. The water depth during sampling was assessed
through two different depth sensors, the YSI EXO 3 (Xylem Inc.,
USA) and the Nortek Vector (Nortek AS, Norway), which were
attached to the measuring frame. Depending on the water depth,
the measuring frame had to be deployed one to three times per
cross-prole location to cover the whole river depth.

The spatial variability sampling campaigns were performed
between April 2021 and February 2022 at the stations KAA, BRL
and EMM (Table 1 and Fig. 1). Due to the limited availability of
ships, especially during high discharge, not all discharge levels
were covered in the project time. Two sampling campaigns at
high discharge had to be aborted due to severe weather condi-
tions and the associated safety and health risks. Moreover, due
to the high discharge level during the sampling campaign at
station LST (LST_HW), collection of a complete depth prole
was not possible since the vertical measuring frame (with the
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3859
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Table 1 Information on all sampling campaigns conducted for the short-term temporal, spatial and small-scale spatial variability in Koblenz
(KAA), Niederlahnstein (LST), Brohl (BRL) and Emmerich (EMM) at the river Rhine. It has to be noted that the sampling station KAA was only used
for the short-term temporal variability campaigns, while LST which is close to KAA was used for both spatial variability campaigns due to the ship
availability at that location. In some cases and for different reasons (e.g., COVID pandemic, working safety restrictions, and ships not available),
sampling was not feasible and the respective campaigns are marked with a “—”

LST/KAA BRL EMM

River-km (Rhine) 586.0/590.3 620.3 852.6

Short-term temporal variability Low water level (LW)
Sampling date 23.09.2020 23.09.2020 24.09.2020
Discharge in m3 s−1 793 1130 1160
No. of samples 11 10 11

Moderate water level (MW)
Sampling date 21.01.2021 21.01.2021 22.01.2021
Discharge in m3 s−1 1417 1870 1590
No. of samples 10 11 11

High water level (HW)
Sampling date HW1: 02.02.2021 12.02.2021 10.01.2022

HW2: 11.02.2021
Discharge in m3 s−1 HW1: 5022 4560 4610

HW2: 3528
No. of samples 11/10 10 10

Spatial variability Low water level (LW)
Sampling date 17.11.2021 25.11.2021 05.10.2021
Discharge in m3 s−1 811 850 1170
No. of samples 56 52 66

Moderate water level (MW)
Sampling date 15.04.2021 22.04.2021 10.08.2021
Discharge in m3 s−1 1255 1250 3160
No. of samples 67 91 101

High water level (HW)
Sampling date 10.02.2022 — 10.01.2022
Discharge in m3 s−1 2318 — 4610
No. of samples 56 — 13

Small-scale spatial variability Low water level (LW)
Sampling date 30.11.2021 — 06.10.2021
Discharge in m3 s−1 781 — 1170
No. of samples 68 — 74

Moderate water level (MW)
Sampling date — 29.11.2021 —
Discharge in m3 s−1 — 1320 —
No. of samples — 76 —
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additional weights) was not capable of withstanding the ow
velocities at depth and the potential loss of the installation was
foreseeable.

2.3.4 Small-scale spatial variability. In addition to the rst
described measuring frame, which will be referred to as the
vertical measuring frame in the following, a second measuring
frame with 16 2 l Van-Dorn bottles was constructed. The
bottles were xed in a 4 × 4 grid covering a 1.6 × 1.6 m
window (Fig. S2). The 4 × 4 measuring frame was used to
assess the small-scale spatial variability in the river cross-
prole. The small-scale sampling was conducted at a dened
depth from one riverbank to the other, but it did not cover the
complete depth-prole since for this sampling campaign type,
only the small-scale spatial variability within one grid is
relevant.
3860 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
2.4 Sample handling and storage

Aer sampling for the short-term temporal (Section 2.3.2), the
spatial (Section 2.3.3), and small-scale spatial (Section 2.3.4)
variability campaigns, an aliquot of 50 ml river water was
ltered immediately using 50 ml syringes and syringe lters,
which had been pre-conditioned with the respective sample.
They were further acidied with puried HNO3 to 2% HNO3

(v/v). All ltered and acidied samples were stored frozen at
−20 °C.

The unltered samples were stored at +4 °C in the dark in 1 l
PE bottles aer sampling. Samples from EMM were stored
frozen (aer ltration and acidication) or cooled (whole water
samples) aer transport to the BfG laboratory in Koblenz. Due
to the large volume of 1 l whole water samples and capacity
limitations, freezer storage was not feasible.
This journal is © The Royal Society of Chemistry 2025
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The one-year temporal variability samples were treated
differently because they were derived from the regular German
environmental radioactivity monitoring system of the BfG.37

Within 1 to 7 days of arrival of the daily composite samples at
the BfG laboratory, aliquots of 50 ml unltered water samples
using 50 ml syringes and ltered aliquots of 50 ml (<0.45 mm)
were stored frozen at −20 °C in 50 ml PP vials. Due to the
unavoidable time delay in transport from the regular nation-
wide German monitoring network and as published previ-
ously,17 a potential inuence of storage artifacts cannot be
completely excluded for these samples.38 However, this would
most likely cause a systematic bias which does not affect the
comparison of temporal variabilities within the one-year
temporal dataset.

Before further analysis or sample preparation, all samples
were acclimatized to room temperature.
2.5 Analytical protocols

All analyses were performed using an Agilent 8900 inductively
coupled plasma triple quadrupole mass spectrometer ICP-QQQ-
MS (Agilent Technologies, Japan) connected to an ESI auto-
sampler (ESI SC4 DX, ESI Elemental Service & Instruments
GmbH, Germany). Before each analysis, the instrument was
tuned using 10 mg l−1 of Li, Co, Y, Ce and Tl by checking the
oxide formation rate (140Ce16O+/140Ce+ <2%), the doubly
charged ion ratio (140Ce++/140Ce+ <3%), the sensitivity, and the
relative standard deviation (<3%) for all analysis modes/gases
used (He, H2, and O2). Multi-element analyses were conducted
according to Belkouteb et al.16 for ltered river water samples
and Belkouteb et al.17 for unltered (whole water) river water
samples. Both methods include 67 elements: Li, Be, B, (C), Na,
Mg, Al, Si, P, S, (Cl), K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, Ge, As, Se, Br, Rb, Sr, Y, [Zr], Nb, Mo, Ru, Ag, Cd, In, Sn, Sb,
Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Hf, Ta, W, Ir, Pt, [Au], Hg, Tl, Pb, Bi, Th, and U. For the
ltered samples, Zr and Au, marked in brackets, were excluded
from the method due to their proven instability in a HNO3

matrix during method development and validation.16 However,
Zr and Au are sufficiently stabilized for the analysis of whole
water samples, while C and Cl cannot be analyzed due to the
loss of C as CO2 in the digestion process as well as the use of
HCl as a digestion reagent.17 The whole water samples were
digested using 8 ml 65% HNO3 (w/w, sub-boiled) and 4 ml 37%
HCl (w/w, sub-boiled) in a closed-vessel microwave system
(MARS 6, CEM, Germany) with a ramp time of 20 min to 175 °C
and a hold time of 20 min. For quality control of the digestion
process, the sediment reference materials SdAR-M2 (Interna-
tional Association of Geoanalysts, UK) and NWWQB-1 (Envi-
ronment and Climate Change Canada) were suspended in
ultrapure water to simulate whole water samples as described
by Belkouteb et al.17 Three quality control replicates as well as
three blanks (ultrapure water) were digested in each digestion
run (n= 40 including up to 31 samples per run). Aer digestion,
the samples were completely transferred to volumetric asks
(50 ml) using a diluted digestion matrix solution (concentrated
acid mixture of 2HNO3 : 1HCl diluted in a 1 : 50 ratio with
This journal is © The Royal Society of Chemistry 2025
ultrapure water). They were subsequently analyzed for the
element concentration via ICP-QQQ-MS. Each element was
quantied in both sample types using a 10-point calibration.
Further quality control measures comprise the direct analysis of
surface water reference materials SPS-SW-1 and -2 (Spectrapure
Standards AS, Norway) as well as NW-TMDA-51.5 (Environment
and Climate Change Canada) by ICP-QQQ-MS and the use of the
internal standards (ISTD) 103Rh and 185Re. For the following
elements no certied reference material was available for the
ltered surface water matrix: C, Cl, Ge, Br, Zr, Nb, Ru, In, Te, I,
Hf, Ta, W, Ir, Pt, Au, and Hg. Therefore, calibration check
solutions were used additionally for quality control. Details of
the applied methods can be found in the respective publica-
tions.16,17 Aer analysis and correction with the ISTD, the
respective data sheet per measurement with all concentration
data was exported from Agilent MassHunter Soware (Mass-
Hunter 4.5, Workingstation, Version C01.05).
2.6 Statistical analysis

For further data analysis, R soware (version 4.2.1, 2022 The R
Foundation for Statistical Computing) was used. The limit of
quantication (LOQ) was determined by using a minimum of
ten blank replicates using either a 2% HNO3 (v/v) solution for
the ltered samples or a diluted digestion matrix solution (1 :
50) for the whole water samples. The following calculation was
used: LOQ = x + 10 × SD with SD being the standard deviation
and x being the mean of all blank concentrations per element.
The results below the LOQ or with a relative standard deviation
(RSD) above 10% for three analytical replicates per measure-
ment were not considered in the further data analysis. Recov-
eries in a range of 80 to 120% were chosen as acceptable per
element. The selection criteria for analytes from the total of 67
elements for detailed data analysis were as follows: (i) the
availability of at least 50% of all considered data points or (ii)
a visible trend at a certain event or campaign. Concentration–
discharge-relationships (c–Q relationships) for the one-year data
were determined via loglinear regression (base 10). Outliers in
a row per element were detected based on the R package
“outliers”, applying Grubbs' test with a statistical signicance of
p < 0.05. Pearson's correlation coefficients were calculated to
determine correlations with p < 0.05 between elements and
discharge or SPM using the R package “corrr” and “corrplot”.
Standardization was performed with the R package “dplyr” by
transforming the concentrations of one group into standard-
ized values (z-scores) with a mean of 0 and a standard deviation
(SD) of 1. K-means clustering using the elbow method was
performed with the R packages “factoextra” and “stats” based
on standardized concentration data (z-scores). By applying the
elbow method to 69 samples, k = 2 was determined as the best
number of clusters out of the available data.
3 Results and discussion
3.1 Temporal variability campaigns

3.1.1 One-year data. Additional information is available in
the supporting information (SI) and at https://zenodo.org/
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3861
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records/17080553. The one-year dataset of the station Koblenz–
Rhine includes the measured dissolved fraction (<0.45 mm), the
measured whole water (unltered sample) and the calculated
particulate concentration (difference between the twomeasured
concentrations). K-means cluster analysis (elbowmethod; k= 2,
n = 69) was conducted as an example on all whole water
samples from the station Koblenz–Rhine to dene element
groups based on their similar behavior in varying element
concentrations for one year. A clear pattern between two
distinct element groups was observed for the whole water
fraction (Fig. 2A): cluster 1 (P, V, Mn, Fe, Co, Ni, Cu, Ga, As, Rb,
Y, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, Pb, and Th) and cluster 2 (B, S,
K, Ca, Br, Sr, Mo, and U). Furthermore, a strong positive
correlation with a Pearson correlation factor above 0.70 (p <
0.05) was found between discharge (Q) and V (0.80), Fe (0.81), Co
(0.77), Ni (0.78), Ga (0.81), Rb (0.74), Y (0.77), Ce (0.74), Pr (0.73),
Nd (0.74), Sm (0.71), Gd (0.77), and Th (0.71) in the whole water
samples (Fig. 2B and Table S1). Conversely, for elements S
(−0.80) and Br (−0.78), a strong negative correlation below
−0.70 (p < 0.05) was identied. Therefore, in comparison to the
cluster and correlation diagram, increasing discharge might
lead to higher concentrations of elements in cluster 1 while the
opposite is expected for cluster 2 (Fig. 2). The exemplary c–Q-
relationships (Fig. 3) reect the above-mentioned division of
two element groups for Koblenz–Rhine within the whole water
fraction. The higher the discharge, the higher the concentration
for the elements Fe, Cu, Ga, As and Gd in the whole water
fraction which are also part of cluster 1 (Fig. 2 and 3). Thus, a co-
rising effect is observable. The opposite trend is observed for
elements B and S which are grouped in cluster 2; hence,
a dilution effect is observable at higher discharge in the whole
water samples. At higher discharge, higher turbidity was
measured due to higher SPM concentrations (Fig. S3). Conse-
quently, elements showing a co-rising effect tend to be trans-
ported by SPM while the dilution effect elements are found
predominantly in the dissolved fraction.

Exceptions to the above-mentioned pattern are K and Ca:
almost constant regression lines are observed for the whole
water fraction (Fig. 3 and S4) indicating a chemostatic behavior,
which means that a variation in element concentration is
absent or only slightly present in relation to the discharge.19,31

Potassium (K) shows an almost zero correlation with discharge
(r = 0.005, p < 0.05) conrming a chemostatic behavior in the
whole water samples. Calcium (Ca) in the whole water samples
shows highly signicant positive correlations (p < 0.05) not only
with elements grouped as dilution effect elements, e.g. with B
(0.66), Sr (0.82) and U (0.89), but also with Ba (0.60) and a weak,
but negative correlation with discharge (−0.20). Interestingly,
even though Ba is grouped as a co-rising effect element in the
cluster diagram, the correlation between discharge and Ba for
the whole water samples is signicantly positive (p < 0.05) but
very low with r= 0.32 (Fig. 2). Signicant positive correlations of
Ba (with r above 0.6) with other elements that show a co-rising
behavior, such as Fe (0.66) and Co (0.70) and the REEs, La (0.67),
Ce (0.68), Pr (0.66), Nd (0.71), Sm (0.64), and Gd (0.69), as well as
with elements grouped as dilution effect elements, such as K
3862 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
(0.79) and U (0.68), indicate multiple impacts and hence,
a variable behavior of Ba (Fig. 2 and Table S1).

When comparing the different water fractions, Gd, for
instance, shows opposite trends between the whole water and
ltered samples at higher discharge: its concentration
decreases in the ltered samples while it increases in the whole
water samples (Fig. 3). Consequently, whole water Gd shows
a co-rising effect while dissolved Gd is diluted at higher
discharge. The dominance of particle-bound Gd in the whole
water fraction is clearly visible when looking at the calculated
particulate load in Fig. 3. This leads to the assumption that
under high discharge levels several diffuse sources for particle-
bound Gd exist in the catchment. The same pattern is observed
for the elements Co, Ni, As, Rb, and Cs (Fig. 3 and S5 SI).
Elements such as Fe and Ga show an almost constant or rather
slightly increasing or decreasing concentration in the dissolved
fraction while their concentration increases rapidly with higher
discharge in the whole water fraction and, therefore, in the
particle-bound fraction (Fig. 3). This pattern is also observable
for P, V, Mn, Y, La, Ce, Pr, Sm and Pb (SI Fig. S5). The elements
S, Br, and Mo show a dilution behavior in all fractions with
increasing discharge (Fig. 3 and S5 SI) and thus, they may be
interesting as indicators for other substances with a clearly
dened dilution. For the ltered samples of the one-year data,
more results are available for the stations Koblenz–Moselle,
Weil–Rhine andWesel–Rhine in the SI (SI Section 3). No further
data exist for the whole water samples at Koblenz–Moselle,
Weil–Rhine and Wesel–Rhine.

In the following sections, we divide the elements mainly into
the previously established two groups: the dilution effect and
co-rising effect elements. However, it is important to keep in
mind that elements can deviate from this grouping, which is
caused by multiple inuencing factors. One example is Ba,
which is grouped as a co-rising element in the cluster analysis,
but shows a similar behavior to dilution as well as co-rising
elements in the correlation diagram for the whole water
samples (Fig. 2). Knapp et al.19 described a time-dependent
effect in the Erlenbach catchment in Switzerland between May
and November in 2017 and 2018, respectively. They reported
that some elements and solutes in the dissolved fraction such as
chloride, potassium and nitrate show a long-term dilution
behavior, while on the event-scale (e.g. precipitation) the c–Q
behavior varies between a dilution and co-rising pattern due to
different reaction processes including atmospheric deposition
or biological processes.19 This must also be considered when
looking at long-term data. Different events may show varying
effects on elements, which provides an opportunity to detect
anomalies, e.g. if the input source is known at a certain
discharge event, through precipitation, snow melt or anthro-
pogenic sources. These ndings indicate that long-term data
are needed to dene a baseline for each element at each
sampling location or monitoring station, encompassing several
annual cycles and events. By making anomalies visible at
specic environmental events, the source of the element
concentrations in rivers can be better determined if different
water fractions are monitored, i.e. either the dissolved fraction
together with SPM or the dissolved fraction together with the
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Results of the one-year temporal variability campaign at Koblenz–Rhine of the whole water samples (first seven days of each month
between May 2021 and April 2022, n = 84). (A) K-means clustering (k = 2, elbowmethod) of standardized data (z-scores of all one-year data per
element) and (B) Pearson correlationmatrix of selected elements and the discharge (Q). Exact r- as well as the respective p-values of the Pearson
correlation matrix are listed in the SI (Tables S1 and S2). The colour indicates the sign of the r-value (−1 to 1) and the size of the dots corresponds
to the value of the correlation coefficient (−1 to 0 and 0 to 1).
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whole water samples. Pokrovsky et al.21 analyzed the dissolved
fraction (<0.45 mm) of the Taz River in Western Siberia between
2015 and 2020. The elements Be, V, Cr, Co, Ni, Cu, Cd, Pb and
Nb showed a positive correlation with river discharge for the
dissolved fraction, which is also apparent in our study for the
whole water samples; however, for Co and Ni, a dilution
behavior is observed for the dissolved fraction underlining the
This journal is © The Royal Society of Chemistry 2025
importance of analyzing different river water fractions (Fig. 2).
Interestingly, a strong increase in Fe concentration also
becomes visible in the ltered fraction at higher discharge
levels, by plotting the concentration against time, which is not
as apparent as in Fig. 3 (refer to Fig. S6). Pokrovsky et al.21 found
that Fe shows a varying transport behavior that could be inu-
enced by several factors such as its mobilization under reducing
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3863
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Fig. 3 Concentration–discharge (c–Q) plots (logarithmic scale, base 10) as log-linear regressions with a confidence interval of 95% (in a lighter
shade) for the elements B, S, K, Fe, Ga, As, Ba, Gd as examples from the one-year dataset for water samples from the Koblenz–Rhine station (first
seven days of eachmonth betweenMay 2021 and April 2022, n= 84). The particulate fraction was calculated as difference based on the available
data for the filtered and whole water (unfiltered) fraction.
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conditions in groundwater or by organic colloids in surface
waters. Two further examples of European Arctic rivers for
which long-term multi-element data for the ltered fraction
(<0.45 mm) are available are the Severnaya Dvina39 and Pechora
River.40 They underline the varying behavior of Fe in Arctic
rivers. Both studies revealed that three elemental groups for the
ltered fraction could be dened depending on discharge and
seasonal variations. For the Pechora River, for instance, gener-
ally decreasing concentrations with higher discharge were
found for the elements Li, B, F, Na, Mg, Cl, Ca, Rb, Sr, Mo, Ba, W
and U while co-rising behavior was observed for Be, Al, Ti, V, Ni,
Ga, Cs, Se, Nb, Y, Zr, Hf, and Th and the REEs.40 Varying
behavior was observed in the third group including P, N, K, Fe,
Mn, Cu, Zn and Mo.40 Please note, that the river studied here is
signicantly different from Arctic rivers. When comparing the
different water fractions, we found again that Rb exhibits
a dilution behavior in the dissolved fraction in accordance with
the ndings for the Pechora River; however, in the whole water
fraction, a co-rising behavior is observed underlining again the
importance of the analysis of different water fractions to
determine the total riverine element behavior. Another example
is Ba, which showed varying behavior in our dataset unlike in
the Pechora River for which a dilution effect was observed.40

In addition to our results for the river Rhine, van der Perk
and Vilches33 found that the legacy elements Cr, Cu, Zn, Cd, Hg
and Pb showed a negative relation with discharge in SPM due to
the possible introduction of uncontaminated SPM at high
discharge levels leading to a dilution effect in the riverine SPM.
They analyzed SPM monitoring samples at the German–Dutch
3864 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
border in Lobith, which were gathered bi-weekly between 2011
and 2016.33 Moreover, Liu et al.22 found that the partitioning
between the sediment and water phase averaged over long time
scales between 2000 and 2020 in the Yangtze River shows
opposite trends for Cr (decreasing water and increasing sedi-
ment concentration) and Pb (increasing water and decreasing
sediment concentration). Thus, long time series are necessary
to identify changes in element concentrations between sample
fractions and to detect anomalies over time. Details about the
potential multiple impact factors could be detected if a long-
term multi-element ngerprint dataset were available at the
respective sampling location. The application of multi-element
analysis is therefore a valuable tool to generate a long-term
overview and for the understanding of a wide range of
elements. However, for long-term data it is also important to
gather complementary parameters such as pH, salinity or the
organic matter content in addition to discharge and SPM
concentration so that different impact factors can be better
determined and interlinked. The importance of different
inuencing factors is highly dependent on the characteristics of
a water body (e.g. catchment area and properties, climatic
conditions, etc.) and thus the sampling strategy and analyte set
should be chosen accordingly. The one-year data highlighted
the already established possibility of grouping elements
according to their behavior with discharge into co-rising, dilu-
tion, chemostatic and varying behavior.19,31 However, the cluster
analysis for the unltered water samples revealed that clus-
tering the elements without additional parameters identies
mostly two groups of elements, which mainly show either
This journal is © The Royal Society of Chemistry 2025
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a dilution or a co-rising behavior when compared to discharge
variations. A varying behavior was only observable for Ba or K by
calculating Pearson correlation coefficients. Moreover, the
analysis of both, ltered and unltered river water, and the log-
linear regression showed that the c–Q-relationships can differ
between the sample types, e.g. for Co, Ni, As, Rb, Cs, and Gd.
Since most of the available long-term element data refer to the
dissolved fraction, long-term monitoring efforts should include
the analysis of whole water samples in the future to complete
the picture of element behavior in the water cycle.

3.1.2 Short-term temporal variability. To examine poten-
tial short-term temporal variations in element concentrations,
the relative standard deviations (RSDs) of all samples taken per
sampling campaign were compared. The RSDs of all 1 min
intervals of the Koblenz–Rhine campaign (KAA) reveal mostly
a higher variability in the ltered fraction (Fig. 4A). The RSDs
of the ltered low discharge samples (KAA_LW) were mostly
below 20%, except for Si, Yb, and Pb. However, all further
sampling campaigns showed RSDs higher than 20%. This
indicates that the short-term temporal variability increases
with higher discharge in the dissolved fraction. The REEs, Ce,
Pr, Nd, Sm, Tb, Dy, Ho, Er, Yb, and Lu, display one of the
highest RSDs in the KAA_MW campaign of the ltered
fraction.
Fig. 4 Relative standard deviation (RSD) in % of measured element con
ability campaign for the station KAA at different discharge levels (LW, MW
were taken at 1-minute intervals for a total of 10 min (n= 10 or n= 11, Tab
KAA station, two high discharge campaigns (HW1 and HW2) were condu

This journal is © The Royal Society of Chemistry 2025
An opposite trend is shown in Fig. 4B (whole water samples)
where only a few elements show RSDs higher than 20%, such as
Zn in three out of four sampling campaigns which is not
observable at the further sampling locations (EMM and BRL,
Fig. S7 and S8) indicating a possible point-source of Zn close to
the KAA station. In addition, the REEs, Ce, Pr, Nd, and Er, again
show higher RSDs between 20 and 30% in the KAA_MW
campaign. These differences between the ltered fraction and
the whole water samples were also visible at the other sampling
locations (EMM and BRL, Fig. S7 and S8). Elements with high
RSDs in the ltered fraction, for instance almost all REEs, V, Cr,
Fe, Zn, Ga, Y or Pb (Fig. 4), are grouped as co-rising elements in
Section 3.1.1; therefore with higher discharge, higher concen-
trations are expected for the co-rising elements in the whole
water fraction.

Based on these results, it can be stated that the short-term
temporal variability and the representativeness of a single
sample is not an issue for whole water samples because of the
low RSDs. It might, however, be important for the dissolved
fraction. One explanation for the comparably higher RSDs of
the ltered fraction can be a methodological uncertainty
induced by the ltration procedure. With higher discharge, the
particulate load increases and therefore the lter retention may
change due to the formation of lter cakes, even though the
centrations for the complete dataset of the short-term temporal vari-
, and HW) for (A) filtered samples and (B) unfiltered samples. Samples
le 1). The dashed lines mark RSDs of 10% and 20%, respectively. For the
cted as explained in Section 2.3.2.

Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3865
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lter was pre-conditioned with the sample and replaced up to
ve times per sample during high particulate load ltration to
minimize these effects and to avoid lter rupture due to the
increasing pressure during the ltration. As reported in the
literature, ltration with a lower pore size is more suitable to
determine the so-called “truly dissolved fraction” (<1 kDa) and
to differentiate this fraction from the colloidal fraction.41 With
such a bias, a short-term temporal variability cannot be clearly
determined in the ltered fraction. However, the ltration was
performed in a careful manner as already explained. Another
explanation could be that differences in the 0.45 mm fraction are
more pronounced than in the whole water fraction for the co-
rising elements due to colloids or adsorption/desorption
processes in the ltered fraction causing higher RSDs. As
stated by Gaillardet et al.,42 sampling and ltration of organic-
rich river samples can also encounter a pass-through of the
colloidal phase which has to be taken into account when
analyzing ltered samples. Consequently, if this is the case,
short-term temporal variability cannot be excluded. These
assumptions warrant further examination by using different
lter pore sizes for the same sampling strategy applied in this
study for future studies.
Fig. 5 (A) and (B) Standardized concentrations (z-scores with mean =
0 and SD = 1) per element and per station (LST and BRL; EMM) sorted
according to Section 3.1.1. Boxplots show the median as the middle
line and the interquartile range (50% of all data) within the boxplots. (C)
Pearson correlation diagram for the whole water samples from all
spatial variability campaigns. Exact r- as well as the respective p-values
of the Pearson correlation matrix can be found in the SI (Tables S4 and
S5). The color indicates the sign of the r-value (−1 to 1) and the size of
the dots corresponds to the value of the correlation coefficient (−1 to
0 and 0 to 1). For EMM_HWonly one depth-profile was sampled due to
the weather and run-off conditions during sampling.
3.2 Spatial variability campaigns

3.2.1 Cross-prole measurements
3.2.1.1 Hydrological aspects. The results of the spatial vari-

ability campaigns are inuenced by the discharge during the
campaign, the sampling location along the river, the position of
the sampling bottle in the cross-prole of the river and lastly,
also by possible temporal variabilities because the duration of
one sampling campaign was up to 9 hours. The overview in
Fig. 5A reects, in accordance with Section 3.1.1, the two
element groups: dilution and co-rising effect elements. The
standardization was conducted per sampling station (LST, BRL,
and EMM) and per element as explained in Section 2.6 (z-scores
with mean = 0 and SD = 1). In the whole water samples, S, Ca,
and U as well as B, Mg and Mo (not shown) are found in lower
concentrations at high discharge levels (Fig. 5A). Exceptions are
K and Br, as they generally follow the pattern of a dilution
behavior with lower concentrations in comparison with the
campaigns at low and moderate discharge levels (LW and MW).
However, at high discharge (LST_HW and EMM_HW), their
concentration increases (Fig. 5A). Furthermore, a high vari-
ability was apparent for LST_HW. It has to be noted at this
point, that no sampling campaign for BRL during a high
discharge event was possible as no ship was available at that
time. When summarizing all data from the spatial sampling
campaigns, K, Br and U, which are grouped as dilution effect
elements (Fig. 5), show neither a strong positive nor a negative
correlation with SPM (K:0.33, Br:0.24, and U:-0.21; p < 0.05).

For Al, Si, P, Ti, V, Mn, Fe, Ni, Cu, Ga, As, Rb, Y, Cs, La, Ce,
Gd, Pb and Th, higher concentrations were determined at high
discharge events with factors between 4 and 80, in comparison
to a moderate or low discharge level at the LST and EMM
stations. All elements in Fig. 5B clearly show a co-rising effect at
the LST and EMM stations, except for Cu, Ba and Gd in EMM.
3866 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 This journal is © The Royal Society of Chemistry 2025
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Cu concentrations are highly variable at EMM_MW with the
highest mean concentration of 12.9 mg l−1 in comparison to
EMM_LW (2.79 mg l−1) and EMM_HW (6.04 mg l−1) while Ba
exhibits a dilution behavior at EMM and a co-rising effect at LST
in the whole water fraction (Fig. 5B). Cu shows a Pearson
correlation coefficient of only 0.06 with SPM (p < 0.05). The only
element that shows a strong positive correlation with Cu is Si
(0.85, p < 0.05; Fig. 5C and Table S4). According to van der Perk
and Vilches (2020),33 Cu along with other legacy elements, such
as Cr, Zn, Cd, Hg, and Pb, originates from anthropogenic point-
sources and these elements are mainly adsorbed on suspended
particulate matter. The opposite behavior observed in our
dataset for Koblenz–Rhine indicates that the contamination is
not as pronounced as in other areas along the Rhine while, for
instance, at the EMM station possible anthropogenic point-
sources might be present (Fig. 5B).

Ba has a positive correlation with SPM (0.61, p < 0.05) and
with elements which were previously grouped as co-rising
elements (Al, Si, P, Ti, V, Mn, Fe, Ni, Ga, As, Rb, Y, Cs, La, Ce,
Gd, and Pb: r > 0.6, p < 0.05) as well as with the elements K and U
(r > 0.6, p < 0.05; Fig. 5C and Table S4), which indicates a varying
behavior of Ba in the whole water samples. Interestingly, Gd
generally shows a higher concentration in EMM than at all other
sampling locations, except for the campaign LST_HW with the
highest overall concentration, suggesting a distinct point
source upstream of EMM (Fig. 5B). Moreover, for the BRL and
LST stations a decrease in element concentration in the whole
water samples was observed between LW and MW (Fig. 5B),
which could be due to the minimal differences in discharge of
the two campaigns (refer to Table 1).

When looking at both the one-year temporal and the spatial
data, it is evident that K and Ba exhibit highly variable
concentrations in both datasets. While K shows no correlation
with discharge (0.005, p < 0.05) or a minimal positive correlation
with SPM (0.33, p < 0.05), it shows the highest correlation with
Ba in both datasets (temporal: 0.79; spatial: 0.74; p < 0.05). For
K, variable behavior was also observed in other surface waters,
such as the Pechora River40 or in the Erlenbach catchment.19 K is
generally a mobile element. However, in the streams studied in
the Erlenbach catchment, for example, it showed a long-term
dilution behavior, but weathering processes potentially
generate particulate-bound K which follows a co-rising
behavior. Ba shows a signicant positive correlation with SPM
(0.61, p < 0.05) and a minimal positive correlation with
discharge (0.32, p < 0.05). Coffey et al.43 reported that the frac-
tionation change from particulate Ba to the dissolved fraction is
highly dependent on the SPM concentration, the salinity and
the river discharge. At high salinity levels, and consequently,
higher concentrations of Na or K, and low discharge, more di-
ssolved Ba is available than at high discharge. In laboratory
experiments, a release from the particulate to the dissolved
fraction occurred at low salinity. This could potentially explain
some aspects of the highly variable behavior of Ba in this study,
although studies from freshwater environments and marine
waters can only be compared to a limited extent. Moreover,
Coffey et al.43 also mentioned a high dependency of Ba on Mn
and Fe due to possible co-precipitation with their (oxyhydr)
This journal is © The Royal Society of Chemistry 2025
oxides. Positive correlations were observed in this study for Ba
with Mn and Fe above 0.6 (p < 0.05) in the whole water fraction
(refer to Fig. 2 and 5), which emphasizes a possible interlinked
behavior with the co-rising effect elements Fe and Mn.

The exceptional element behavior in this dataset of K, Br,
and U as well as Cu, Gd and Ba underlines again that different
inuencing factors are relevant for each sampling location,
time, and discharge.

3.2.1.2 Spatial aspects. The application of the vertical
measuring frame gathering ve samples at a time at a dened
depth revealed lateral variabilities from one riverbank to the
other within the river cross-section (Fig. 6 and 7). The elements
Gd, K, P and Fe, shown as examples, cover different factors and
element groups: Gd is an REE and exhibited a distinct behavior
at EMM due to a possible point-source, as indicated in the
previous section, K is an alkali metal and showed variable
behavior in the previous datasets, P is a non-metal, and Fe is
a commonly analyzed element in river monitoring. Further
results are shown in SI Section 6.

Detailed investigations for Gd, as one example, show that
two factors play a major role when higher concentrations are
observed in a river cross-section from the le to the right river
bank, e.g. in EMM_MW with a factor of around 2 (Fig. 6): (i)
a possible anthropogenic point-source upstream and close to
EMM, leading to higher concentrations in the dissolved fraction
and (ii) the association of REEs with SPM in the whole water
samples with a strong positive correlation of La, Ce and Gd with
SPM for all spatial variability campaign data (0.93, 0.96, 0.83, p <
0.05; Fig. 5C and SI Table S4). The strong association of REEs
with SPM was also observed for the Moselle by Le Meur et al.44

Furthermore, Gd is an element for which an anomaly, in
comparison to other REEs, has already been described not only
in the Rhine but also worldwide in industrialized areas.10,13

Kulaksız and Bau13 detected not only Gd anomalies in the
Rhine, but also anomalies for La and Sm, caused by anthropo-
genic point sources. In the case of Gd, these anomalies are
traced back to Gd compounds used in MRI (magnet resonance
imaging) contrast agents.13,14 It is known that Gd-based contrast
agents are only transported in the dissolved fraction,13,45 which
could be the case for the sampling campaign in Emmerich at
a moderate water level (EMM_MW, Fig. 6A). In comparison to
the sampling campaign in Emmerich at a low water level
(EMM_LW, Fig. 6D), Gd concentrations are around 300 times
higher in the dissolved fraction for EMM_MW. As observed in
Section 3.1.1, a higher Gd concentration in the dissolved frac-
tion at a lower discharge would have been expected in the long-
term data. However, there is no continuous monitoring of Gd at
the sampling station in Emmerich. Based on the spatial vari-
ability campaign data, it has to be assumed that an introduction
of dissolved Gd species into the river occurred at the sampling
time of EMM_MW (moderate water level) but not of EMM_LW
(low water level). Regarding the whole water samples, higher
concentrations of SPM also lead to higher concentrations of
particulate bound Gd (Fig. 5C). For EMM_LW, an increase in
SPM concentrations from the le to the right river side up to
a factor of 4 was observed, from 5.00–10.9 mg l−1 at the le river
side to 16.3–23.8 mg l−1 at the right river side, which explains
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3867
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Fig. 6 Concentrations in mg l−1 of Gd and K in the spatial variability sampling campaigns EMM_MW (Emmerich–Rhine at a moderate discharge
level (A–C and G–I)) and EMM_LW (Emmerich–Rhine at a low discharge level (D–F and J–L)) in different sampling fractions: filtered fraction (top
row), whole water samples (middle row) and calculated particulate load (bottom row). White circles indicate measurements below the LOQ or
with an analytical RSD > 10%.
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the higher Gd concentration in the whole water fraction
compared to the dissolved fraction. For K, an increase in the
particulate fraction is evident in both campaigns EMM_MW
and EMM_LW from the le to the right river side, as shown
Fig. 7 Concentrations in mg l−1 of P and Fe in the spatial variability samp
level (A–C and G–I)) and EMM_LW (Emmerich–Rhine at a low discharge l
row), whole water (middle row) and calculated particulate load (bottom
analytical RSD > 10%.

3868 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
exemplarily in Fig. 6I and L.19 The opposite pattern was
observed in the ltered fraction (Fig. 6G and J) which underlines
the importance of the analysis of several sample fractions to
gain more detailed insights. P shows the same pattern as K for
ling campaigns EMM_MW (Emmerich–Rhine at a moderate discharge
evel (D–F and J–L)) in different sampling fractions: filtered fraction (top
row). White circles indicate measurements below the LOQ or with an

This journal is © The Royal Society of Chemistry 2025
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EMM_MW but not for EMM_LW (Fig. 7). At low water levels, P
concentrations are evenly distributed across all fractions in the
river cross-prole. Fe seems to show no spatial pattern for the
whole water fraction having a concentration 100 times higher
than in the ltered fraction for EMM_MW. However, in the
ltered fraction a clear decrease in concentration from the le
to the right riverbank of a factor 2 was observed for EMM_MW
and EMM_LW (Fig. 7G and J).

Depth-prole variations in element concentrations were less
apparent in our datasets than lateral differences within the river
cross-prole. Spatial variabilities are known to be more
pronounced with depth than across the river.24,26 Lupker et al.
(2011)26 showed for the Ganga basin, that while Na and Si
concentrations decreased in SPM, Al, Fe, Mg, and, K concen-
trations increased with depth because of different settling
velocities. The examination of SPM monitoring data within our
project (20+ years) revealed similar results for SPM concentra-
tions, indicating that lateral variabilities are more pronounced
than vertical variabilities.46 According to Slabon et al.,46 an
increased lateral variability in the Rhine is more likely due to
turbulent mixing processes and, to a lesser extent, affected by
site specic properties (e.g. channel curvature and width or
sedimentary characteristics). In contrast to our study, Bouchez
et al.24 found that an underestimation might occur when
samples are only grabbed from the river surface by conducting
cross-section measurements at the Amazon River, e.g. for Al
and Cs in the particulate fraction by a factor 2. They attributed
this to the hydrodynamic sorting of larger grain sizes
towards the bottom. Even though grain size measurements
were not included in this study, it is evident that the lateral
variability is stronger than the depth-prole variability at the
Rhine. This could be explained by the fact that the Rhine is
rather shallow (e.g., the highest depth during the sampling
campaigns was around 7 m) compared to the Amazon River
(depths up to 60 m,).23 In shallow rivers, different mechanisms
such as river conuences might drive a stronger lateral vari-
ability than a depth-prole variability. Moreover, the water
ow might be less turbulent resulting in a stronger lateral
gradient.

The insights obtained from the spatial sampling
campaigns not only highlight the variability between
different discharge levels, but also the variable element
distribution in river cross-proles. This is an important
aspect when it comes to possible uncertainties in monitoring
data, especially since monitoring data refer mostly to a single
measurement point, especially in regulatory approaches.
Unlike further publications on spatiotemporal variabilities
in the river cross-prole, uncertainties in river monitoring of
the Rhine are more pronounced on the lateral scale than with
depth. Differences in element concentrations with factors of
up to 4 between the right and le riverbank indicate that
single-point sampling cannot provide a comprehensive
picture regarding element behavior in rivers.

3.2.1.3 Spatiotemporal aspects. Fig. 6 and 7 indicate again
that short-term temporal variabilities could play a role. Over-
lapping sampling points are available because the vertical
measuring frame only covers a depth of 2 m with 5
This journal is © The Royal Society of Chemistry 2025
simultaneous samples, and hence, it had to be positioned
several times in the depth-prole to cover the whole prole from
the river surface to the riverbed. During this sampling proce-
dure, some of the sampling bottles overlapped with samples
taken previously. The overlapping points in Fig. 6 and 7, e.g. for
K or Fe in EMM_LW, show concentration differences in the
ltered and whole water fractions corresponding to about a 26%
change for K in the ltered fraction or to about 37% for Fe in the
whole water fraction, respectively. This is a good example of
possible short-term temporal variations. The river continues
owing and a different time stamp is recorded for the second
sampling point. In Fig. 4 and Section 3.1.2., it is shown that
short-term temporal variations were rather low when analyzing
several samples (n = 10) taken at 1-minute intervals from the
same spot for the whole water samples, but relatively high in the
ltered fraction suggesting short-term temporal variability in
element concentration. Consequently, spatial variabilities could
be also an expression of temporal variabilities.

3.2.2 Small-scale spatial variability. The small-scale spatial
variability covers distances of 40 cm between each sampling point
in a 4 × 4 grid with a total vertical and lateral length of 1.6 m ×

1.6 m. This frame was positioned 5 times in the river from the le
to the right riverbank (L01 to L05) at intermediate depth. The
results from one sampling campaign in Emmerich during low
water level are presented as one example in Fig. 8. Further results
are depicted in SI Section 7.

Small-scale variabilities within one sampling grid were not as
pronounced as the cross-section differences for the station EMM.
They were observed, for example, for L05 in the calculated
particulate fraction for Gd (Fig. 8C) with a factor of around 1.7
between the maximum concentration (149 ng l−1) to the mean
concentration (85.8 ng l−1). For all further element concentrations
in the whole water and ltered fractions, variations within
a sampling grid were below a factor of 2 for all elements (refer to SI
Section 7).

Both low discharge sampling campaigns of the vertical and
small-scale measuring frame in Emmerich were conducted at
subsequent days and similar discharge (refer to Table 1). It is again
emphasized that the Gd concentration is high in the dissolved
fraction at the sampling station EMM with concentrations
between 180 and 323 ng l−1 at the right river side (L04 and L05 for
Gd in Fig. 8) which is the dominant fraction in the whole water
samples (265 to 389 ng l−1) while the calculated particulate
concentration is lower with concentrations between 16.7 and 174
ng l−1. Several entry paths of anthropogenic Gd could be available
at this sampling point, which is exclusively present in the di-
ssolved fraction and most prominent in effluents of wastewater
treatment plants (WWTPs) containing Gd-based MRI contrast
agents.13 The sampling location at the right side of the Rhine in
Emmerich is inuenced by several metropolitan areas along the
Rhine (Cologne, Düsseldorf and the major part of the Ruhr basin
with about 5 million inhabitants) and the respective right
tributaries Ruhr, Emscher and Lippe with distances of around 40
km, 50 km and 80 km, respectively, from the sampling location in
Emmerich. The high concentration of dissolved Gd near the right
riverbank indicates that a nearby point source could be present, or
that the mixing of river conuences was not yet completed at the
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3869
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Fig. 8 Concentrations of Gd and Ga in mg l−1 in the small-scale spatial variability sampling campaigns in EMM in different sampling fractions:
filtered fraction (A and D), whole water (B and E) and calculated particulate fraction (C and F). L01 to L05 indicate one 4 × 4 sampling grid (16
sampling bottles) at the different sampling locations in the river cross-profile with the following distances from the left riverbank: L01: 35.5 m,
L02: 105.5 m, L03: 175.5 m, L04: 245.5 m, and L05: 315.5 m. Grey spots indicate measurements below the LOQ or with RSDs > 10%. White spots
indicate sampling spots which could not be sampled.
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position of the sampling location.46,47 Therefore, a tributary or
aWWTP could only be detected at one river side due to insufficient
mixing of the two different water masses.
3870 | Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874
Additionally, the rarely analyzed elements Ga (Fig. 8) and Y
(refer to SI Section 7), both grouped as co-rising elements, show
higher concentrations on the le river side (L01, L02 and L03)
This journal is © The Royal Society of Chemistry 2025
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for the whole water samples (Fig. 8 and SI Section 7). Further-
more, the particulate fraction dominates the total Ga load with
factors of 10 to 20 between the particulate and dissolved frac-
tions. Overall, the small-scale spatial variability campaign
underlines that lateral variabilities in element concentration
within the river cross-section are more pronounced than small-
scale spatial variabilities.
3.3 Overall challenges and lessons learned from the study

The complex and cross-disciplinary nature of this study was
associated with several logistical and technical challenges
referring to e.g., sampling, storage, and analysis. These were
already mentioned in the respective section but are presented in
a condensed manner here once again. (I) Time pressure arising
from heavy weather events: the reaction time for high discharge
events was very short and all safety requirements had to be
considered as high discharge bears several occupational safety
and health risks. For future studies, we advise that it is very
important to maintain a high level of communication between
scientists and ship crews, with clear decision structures.

(II) Many different samples were collected and analyzed in
this study. Due to various logistical and organizational
constraints, not all samples could be processed in exactly the
same manner. However, these differences are clearly described
and resulting limitations are openly discussed in the manu-
script. For example, since the one-year temporal variability data
were derived from the regular monitoring network of the BfG,
time delay in processing the samples was unavoidable due to
the long transport distances to the main laboratory.

(III) A general lack of certied multi-element surface water
reference materials for several elements remains a challenge in
the application of multi-element analyses, which was discussed
already by Belkouteb et al.,16,17 providing a suitable workaround
by using in-house quality control checks.

(IV) When analyzing 67 elements, it is evident that not all
elements are present above the respective LOQs in the respec-
tive river. Therefore, for further data analysis we dened that at
least 50% of the data must be above the LOQ for the next data
processing steps. In addition, as an additional quality measure,
element concentrations were not considered if recoveries per
element in the quality checks were outside of the acceptable
range of 80 to 120%.
4 Conclusions

Multi-element analysis in a single analytical run enables an
almost complete and fast overview of the element content in
river water samples. Two methods yielding concentrations of 67
elements for ltered (<0.45 mm) and unltered samples (whole
water samples) were used to gain a detailed picture of the
element distribution on spatial and temporal scales at three
locations in the German part of the Rhine (Koblenz, Brohl, and
Emmerich) and different discharge levels (low, moderate and
high). The temporal and spatial variability campaign data
showed in relation to discharge that the elements can be mainly
grouped into two main groups within the whole water fraction:
This journal is © The Royal Society of Chemistry 2025
elements showing a dilution effect (e.g.: B, Mg, S, K, Ca, Br, Sr,
Mo, and U) or a co-rising effect (e.g.: Al, Si, P, Ti, V, Mn, Fe, Co,
Ni, Cu, Ga, As, Rb, Y, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, Pb, and Th)
with higher discharge. This grouping is generally used as
a starting point to detect anomalies through variable element
concentrations caused by specic anthropogenic and environ-
mental effects at a certain spot, which can be benecial e.g. for
AI training datasets in the future. The investigation of element
concentrations in both the unltered and the ltered samples
over the one-year temporal (May 2021 to April 2022) or the
spatial scale (e.g. Emmerich with around 350 m river width and
7 m river depth) in relation to discharge or SPM content,
allowed the identication and description of further differences
between elements and their partitioning, such as for K, Cu, Ba
or Gd. The analysis of ltered as well as unltered river water
samples allowed us to observe opposite long-term element
behavior between the fraction, e.g. dissolved Gd showed a dilu-
tion effect while whole water Gd followed a co-rising effect
which was also visible for Co, Ni, As, Rb, and Cs. This obser-
vation emphasizes the need for the analysis of different frac-
tions, e.g. to analyze at least either the dissolved and whole
water fraction or the dissolved and particulate fraction to
provide a better understanding of the processes at monitoring
sites.

The simultaneous sampling of ve samples in a vertical row
in 50 cm distances for assessing spatial variabilities while
minimizing the effect of temporal variabilities revealed that
depth gradients are not as relevant as lateral variabilities for the
Rhine which is a rather shallow river compared to the large
rivers for which depth gradients were previously described in
cross-prole measurements.23 In our study, lateral differences
in element concentrations of up to a factor of 4 were observed
which is likely due to delayed mixing of water masses aer the
inow of tributaries or due to possible point-sources located
close to the sampling points. The novel sampling strategy for
small-scale variabilities developed for this study provided
insight into possible short-term changes; however, these varia-
tions can be considered to be only of minor importance for the
whole water fractions, while it might be interesting to follow up
on more detailed investigations for the ltered fraction.

In summary, the following main conclusions can be drawn
from our different types of sampling campaigns:

� Long-term multi-element data with different sample frac-
tions (e.g., at least ltered and unltered water) are necessary to
comprehensively detect anomalies over time.

� Short-term temporal variabilities were not observed in the
whole water fraction while they can be present to some extent in
the ltered fraction (<0.45 mm).

� Spatial variabilities in river cross proles are dominated by
lateral gradients (at least for shallow rivers such as the Rhine)
while depth gradients were less pronounced.

� Cross-prole differences are more pronounced than small-
scale spatial variabilities.

Consequently, sampling at only one river side may induce
uncertainties in measured concentrations and single-point
monitoring activities should include an initial and ongoing
site-specic characterization to better describe potential blind
Environ. Sci.: Processes Impacts, 2025, 27, 3856–3874 | 3871
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spots. As an example, regular sampling of both river sides as
a calibration tool could be an option to reduce uncertainties in
monitoring, especially if catchment wide statements such as the
establishment of element budgets are required. The presence of
possible point-sources such as Gd or Cu indicates the necessity
for frequent monitoring with sufficient spatial resolution to
detect anthropogenic impacts, especially in densely populated
areas.
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Geochemistry, Elsevier, 2014, pp. 195–235.

43 M. Coffey, F. Dehairs, O. Collette, G. Luther, T. Church and
T. Jickells, The Behaviour of Dissolved Barium in Estuaries,
Estuarine, Coastal Shelf Sci., 1997, 45, 113–121.

44 M. Le Meur, E. Montargès-Pelletier, A. Bauer, R. Gley,
S. Migot, O. Barres, C. Delus and F. Villiéras,
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