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Abstract

The present study focuses on the dynamics of trace metals (TM) in two European rivers, the
Mosel and the Meuse. A deterministic description of hydro-sedimentary processes has been
performed. The model used to describe pollutant transport and dilution at the watershed
scale has been enhanced with the implementation of the MicMod sub-model. The objective
of this study is to characterise the dynamics of TM in the water column and bed sediment.
A multi-class grain size representation has been developed in MicMod. The dissolved and
particulate TM phases have been calculated with specific partitioning coefficients associated
with each suspended sediment (SS) class. The processes involved in TM fate have been
calibrated in MicMod, including settling velocity, TM releases from the watershed (point
and diffuse loads), etc. Following the calibration of the parameters involved in TM transport
within the river ecosystem, the main goal is to describe TM dynamics using a pressure–
impact relationship model. It was demonstrated that the description of at least one class
of fine particles is necessary to obtain an adequate representation of TM concentrations.
The focus of this study is low flow periods, which are characterised by the presence of fine
particles. The objective is to gain a deeper understanding of the processes that control the
transport of TM. This paper establishes consistent pressure–impact relationships between
TM loads (urban, industrial, soils) from watersheds and concentrations in rivers.

Keywords: water quality modelling; trace metal; grain size; suspended sediment; partitioning
coefficient; hydro-sedimentary processes

1. Introduction
Trace metals are naturally present in the aquatic environment through bedrock ero-

sion and weathering processes [1–3]. In the last decade, studies have been dedicated to
understanding water chemistry [4,5] associated with anthropogenic loads and natural
contributions from different lithologies in watersheds. The budgets of trace metal sources
are described in [6], including river particulate metal fluxes from natural soil erosion.

Fluxes of anthropogenic and natural pollutants connect the watershed and the associ-
ated watercourses [7–9]. Among these pollutants, trace metals, in contrast to many other
types of pollutants, are highly persistent in sediments, since they cannot be degraded and
provide a delayed source of contamination to the river through leaching and erosion [3,10].
The potential ecological risk of each TM in sediments is determined by its total content and
speciation. The partitioning of TM in water is difficult to predict because it depends on a
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variety of additional factors associated with anthropogenic metal inputs, such as (i) pol-
lution origin; (ii) concentration and characteristics of suspended, colloidal, and dissolved
ligands; and (iii) changes in the physico-chemical parameters of water [11]. TM bound to
SS are transported with the flow but may also be deposited on the riverbed. Deposited
material may itself be subsequently eroded and resuspended. The association of TM and
SS varies according to several factors, including the chemical composition of the water and
the SS.

We propose to analyse the spatio-temporal dynamics of metal contamination along
two major rivers in Western Europe (the French part of the Mosel River watershed and the
Belgian Meuse River), using a modelling tool. Validation was carried out by comparing
calculated concentrations (and resulting fluxes) with observations.

The improvement of sediment quality in the most recent years in Europe and the de-
crease in metal concentrations since the 1970s [12] reflect the decisive role of environmental
policies, such as more efficient wastewater treatments and local applications of the Water
Framework Directive, WFD 2000/60/EC [13].

To assess metal pollution in river sediments, monitoring programs have been im-
plemented in watercourses, with variable measurement frequencies. The monitoring of
sediment quality and metal concentrations under the supervision of Water Basin Agencies
in several countries of Western Europe has produced a large amount of data on the liquid
and solid phases in the rivers, from local to international scales, under the supervision of
international commissions for the Rhine, Meuse, and Scheldt rivers [12,14,15].

The advantages and benefits of modelling are (i) its capacity to provide continuous
values (concentrations and fluxes) in space and time, (ii) its forecasting capacity at small
and large scales (once validated), (iii) its lower cost than monitoring programs, and (iv) its
predictive ability to simulate scenarios (i.e., management plans).

In this paper, we investigate TM modelling (dissolved and particulate phases) in the
water column of the river ecosystem. We aim to calibrate not only partitioning coefficients
of trace metals [16] but also settling velocities of different particle size classes, estimation of
trace metal releases from the watershed, etc. The goals of this paper were to (1) calibrate
parameters involved in equations describing trace metals transport and behaviour in the
river ecosystem, (2) describe trace metals dynamics with a pressure–impact relationship
model, and (3) strengthen the accuracy by validation on other datasets. This modelling
supplements the monitoring network with (i) calculated values for non-monitored rivers
and (ii) continuous spatio-temporal maps of concentrations and fluxes, in order to provide
useful support for water quality management [17], i.e., the European Water Framework
Directive 2000/60/EC [13].

2. Material and Methods
2.1. Study Sites Description and Dataset

Two continental rivers of Western Europe were selected based on the availability of
monitoring data and required data for the modelling (urban data, wastewater treatment
plants information, industrial releases, discharges, etc.). They are transboundary rivers
flowing from France to the North: the Meuse River flows from France to Belgium and the
Netherlands [18]; the Mosel River flows from France to Germany.

The Meuse River (950 km) was studied and modelled in its Belgian part (middle part
of the watershed). Its entire catchment (Figure 1) has a surface area of 34,564 km2 [19].
There are 624 rivers, 5561 km of simulated linear rivers, and 24,779 calculation nodes. The
study site was the Eijsden monitoring station, located at the Belgo–Dutch border at the
617 km point. At this point, the modelled Meuse and its tributaries have a catchment area
of 20,554 km2.
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Figure 1. Map of the International River Basin District of the Meuse (France (F), Belgium (B), GD
Luxembourg (GDL), Germany (G), the Netherlands (NL)). The Meuse River is marked by a light blue
line; deep blue lines represent tributaries; red lines are the borders; and yellow line is the International
River Basin District boundary. The projection system is Belgian Lambert 72 (LB72).

The Mosel River (544 km) was studied and modelled in its French part (upstream
part of the watershed). Its entire catchment (the Mosel River and its tributaries, Figure 2)
has a surface area of 28,286 km2 [20]. There are 331 rivers, 4380 km of simulated linear
rivers, and 20,238 calculation nodes. At the French outlet, the Mosel has a catchment
area of 11,280 km2. The study site was the monitoring station located at Liverdun (Mosel,
193.5 km).

Figure 2. Map of the Mosel–Saar Transnational Basin (France, GD Luxembourg, and Germany).
The Mosel (to the West) and Saar (to the East) rivers are marked by dark blue lines; light blue lines
represent tributaries; red lines are the borders; and the yellow line is the International Mosel–Saar
Basin boundary. The projection system is the European Terrestrial Reference System 1989–Lambert
Azimuthal Equal Area (ETRS89-LAEA).
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These river systems are mainly influenced by oceanic climate and are characterised by
high flows in winter, with occurrences of flash floods, and low flows in late summer [12].
At the Eijsden monitoring station, the Meuse has a characteristic low discharge (i.e., daily
discharge not reached more than 10 days per year—2.7th percentile, 10/365), estimated to
be 30.9 m3/s [21]. The average annual discharge was 250.5 m3/s [21]. The largest recorded
daily discharge was 1590.1 m3/s. The Meuse is a typical lowland river, heavily equipped
for navigation and flood protection in the last 390 km (Belgian and Dutch parts). The Mosel
is characterised by a low flow (i.e., the monthly minimum flow reached once in five years;
statistical flow that gives information on the severity of the low flow) at the French outlet
of about 31.6 m3/s [22]. The average annual discharge was 111.8 m3/s at Uckange, 282 km
away from the source [23]. The largest recorded daily discharge was 1090.0 m3/s. The
2.7th percentile was estimated to be 11.9 m3/s. The Mosel is canalised from Nancy (150 km
downstream of its source), and its watershed is mainly agricultural and forested. Urban
and industrial areas are developed in the downstream part of the basin [20,24]. In this
context, the year 2020 was used for the Meuse and the Mosel simulations.

In this work, two metals, copper (Cu) and zinc (Zn), are characterised by contrasting
adsorption and desorption behaviours. Copper exhibits a significant dissolved fraction,
whereas zinc is mainly transported in particulate form [10,25]. For the Meuse and Mosel
basins, copper and zinc are inventoried as pollutant substances with a high toxic risk,
and their fluxes are among the ten largest emitted ones in the Rhine–Meuse basin [26].
We decided to focus on copper and zinc for the investigated basins. Trace metals and
suspended sediment data are available and used for the Meuse [21] and Mosel [27] for the
year 2020. These data were largely described in [16]. The modelling allowed us to calculate
anthropogenic fluxes of trace metals at the outlets of the two studied watersheds (Table 1).

Table 1. Simulated fluxes of Cu and Zn (kg/year) at the outlets of the Meuse and Mosel watersheds
(TM-d: Dissolved TM; TM-t: Total TM).

Meuse Fluxes (2020)
kg/y

Mosel Fluxes (2020)
kg/y

Cu-d 576 826
Cu-t 1000 1555
Zn-d 1830 3091
Zn-t 5980 8928

2.2. Methodology

The Pegase model [17,28,29] is a one-dimensional unsteady hydrological model op-
erating at the watershed scale (from a few square kilometres to more than one hundred
thousand square kilometres). The characterisation of transport and dilution, by applying
the principle of mass–balance relationships, has enabled the establishment of explicit and
consistent pressure–impact relationships between the loads discharged from the water-
sheds and the concentrations of pollutants in the river. The specificity of the model is its
ability to work at a high spatial resolution not only for small river basins (water body level)
but also for large drainage networks (>100,000 km2). It is a process-oriented, physically
based model. It consists of a set of partial differential equations describing the evolution
in space and time of selected state variables: flow rate, temperature, concentrations of
pollutants, nutrients, oxygen, and biological populations [29]. The evolution of fluxes from
the watershed induced changes in the aquatic ecosystem responses, which are explicitly
characterised by the model.

The model presented here is deterministic and physically based and proposes a de-
tailed representation of physicochemical processes controlled by environmental conditions.
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It is based on a set of kinetic equations representing the dynamics of the system and the
evolution of biological processes. Models of this kind are often opposed to more empirical
models based on a much simpler representation of process kinetics (e.g., QUAL2K [30],
WASP [31], AQUATOX [32]).

It has been demonstrated that, due to specific processes implied in TM behaviour,
namely their interaction with sediments, the riverbed can act as a secondary TM source
(or sink) through the process of erosion (or sedimentation) [10,14,33,34]. Modelling allows
for the establishment of balances between ecosystem compartments in the water column
(water and SS) and bed sediment. Due to their different behaviours, SS characterisation
(organic matter, metal oxides, clay, etc.) is essential, and many studies have described SS
into different classes [35].

The Cu and Zn loads from the described watersheds [21,27] were integrated into
the databases used (and provided) by the administrations (the Walloon Administration,
SPW, and the Rhin Meuse Water Agency, AERM): urban, industrial, wastewater treatment
plants, etc. These datasets were used to (i) calibrate the newly developed Micropollutant
Modelling (MicMod) sub-model, which describes specific processes involving TM, such as
adsorption, desorption, sedimentation, resuspension, etc; and (ii) perform TM simulations.
The calibration processes were specific to partitioning coefficients, SS settling velocities,
TM urban emission rates, and soil leaching functions (also referred to as diffuse loads) in
the investigated watersheds. The values assigned to the calibrated parameters used in the
simulations are presented in Table 2.

Table 2. Overview of the calibrated parameters and assigned values in the present modelling.

Input Parameter Units Value

Urban emission rates mg/PE/d

Cu 8.5
Zn 10.0

Soil loads functions mg/m3

Diss. Cu 1.0
Part. Cu 0.5
Diss. Zn 4.0
Part. Zn 2.5

Settling velocities m/s

Clay 9.3 × 10−6

Fine silt 1.2 × 10−5

Coarse silt 2.3 × 10−5

The partitioning coefficients for copper and zinc were calibrated for the Meuse and
Mosel basins [16]. Estimation of urban emission rates was approached using methods
reported in the literature [6,26,29,36]. Diffuse loads are due to livestock farming activities
and diffuse loads from soils. These loads can be estimated using semi-statistical functions
that are region-specific. These parameters were found to be both sensitive and critical for
the modelling of TM and SS within the river ecosystem. It is important to note that settling
velocities are the only relevant parameters for the calibration of SS concentrations. The
values for clay, fine silt, and coarse silt were calibrated in the French Mosel watershed.
This step is a prerequisite for later simulations, the results of which should demonstrate a
significant effect of grain size distribution on the fate of TM in rivers.



Water 2025, 17, 1876 6 of 22

2.3. Model Implementation

Modelling suspended sediment concentrations is a critical issue for trace metal char-
acterisation [37,38]. Furthermore, the chemical composition and physical properties of SS
during high flow may be very different from those during low flow [10,39]. Consequently,
transport by advection and dispersion, as well as erosion and sedimentation, are essential
processes driving the fate of SS.

Generally, TM concentrations in sediments (SS and bed sediment [BS]) are mainly
influenced by fine particles [12,14,40]. The smaller the particle size, the higher the surface
area/volume ratio (and also the surface area/weight ratio); the concentration of trace
metals in sediments (expressed in mg/kg) is therefore higher for smaller particles.

Particulate matters in rivers play an important role in controlling trace metal speci-
ation. In MicMod, the particulate phase is represented by a multi-class system. There
are N + 1 classes, where N is parameterisable. Organic suspended matter is considered
separately from mineral suspended matter due to its possible degradation in the water
column [17,29]. This representation is integrated into the operational model by the POMD
method [41]. Common models such as WASP and QUAL2K take into account trace metals
in river systems, but they do not consider the fractional distribution of suspended sediment.
The multi-class system of particulate phase in MicMod constitutes a significant advantage
over most traditional approaches.

Four distinct classes of particles were used to simulate the heterogeneity of SS with
respect to erosion and sedimentation: from the “very fine” SS fraction, which has a very
low settling velocity either because of its size or its density, towards “coarser” classes in
which SS are more prone to sedimentation, reaching the river system during higher flow
conditions. The four classes of mineral suspended sediment are considered in the MicMod
sub-model, according to [16], which compiled data from [42–45]: mean diameters for clay
(dmoy = 1 µm), fine silt (dmoy = 9 µm), coarse silt (dmoy = 40 µm), and sand (dmoy = 157 µm).
This sub-model is implemented in the Pegase model in order to (i) characterise the transport
and fate of TM (dissolved and particulate phases) in a river ecosystem and (ii) describe the
Cu and Zn pressure–impact relationships. These improvements will strengthen the model
as an operational management tool, compliant with the requirements of European Water
Framework Directive 2000/60/EC (WFD).

The MicMod sub-model is composed of the main processes involving sediments
(suspended sediments expressed in g/m3 and bed sediments expressed in g/m2) and
micropollutants in a river ecosystem [16]. Two separate compartments are considered:
(i) sediment concentration due to deposition and (ii) sediment concentration due to resus-
pension, for each particle size class. The principle of sediment conservation is respected:
the temporal variation in sediment content within a compartment equals the difference
between sedimentation and resuspension [46].

The chemical forms (bound complexes, free ions, etc.) of trace metals are controlled
by the physicochemical and biological characteristics of the aquatic environment. Their
mobility, transportation, and partitioning in natural river systems involve very complex
processes that depend on the physicochemical properties of the contaminants, water, and
sediments [47].

The solid–solution distribution of trace metals was quantified using the partitioning
coefficient, Kd, a general concept described in the literature [10,48], and expressed as

Kd = Css/Cw

where Css is the metal particulate concentration per mass (mg/kg) and Cw is the dissolved
metal concentration per volume (mg/m3). Kd depends on the abundance and speciation of
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elements in materials. Elevated Kd values indicate that elements have a high affinity for
solid phases, whereas elements with low Kd values are more easily weathered, removed in
soil solution and/or groundwater, and transported in dissolved phases in the river [48].
For a given element, the Kd may depend on several environmental factors, including the
time required to reach equilibrium, the nature of particles, the concentration of complexing
ligands, the particle concentration, and even biological activity [49,50].

The Cu and Zn partitioning coefficients calculated according to grain sizes (clay,
fine silt, and coarse silt) at Eijsden [16] have been used in the environmental modelling
dedicated to the assessment of water quality.

Adsorption, desorption, sedimentation, resuspension, and discharges from the water-
shed are described as first-order processes in the deterministic, physically based Pegase
model [28,46,51] (Supplementary Materials, Equation (S1)).

3. Results and Discussion
3.1. Calibration of Specific Parameters Involved in Equations Describing TM Behaviour

One of the objectives of this study is to provide an analysis of the calibration process
for critical parameters and processes within a deterministic aquatic ecosystem model. The
MicMod sub-model requires a large amount of data to calculate TM concentrations in
the river ecosystem. The following parameters need to be calibrated: (i) urban emission
rates, (ii) soil load functions, and (iii) settling velocity by SS class (in order to describe the
TM transport and behaviour in the water column, in interaction with the bed layer). The
calibration of metal partitioning coefficients between (i) SS and water column and (ii) BS
and water column was realised in [16] and is partly discussed in this paper.

3.1.1. Urban Emission Rates

The study sites are exposed to urban anthropogenic pressures. The rivers are charac-
terised by high levels of nutrients and metals dissolved in the water column and adsorbed
by suspended particulate matter [12].

The classical methodology reported in the literature for assessing urban trace metal
emission rates is based on measurements at the inlet and outlet of wastewater treatment
plants [6,26,36,52–55]. Local and regional variations are well known, even for emissions that
enter WWTP, where they are treated and subsequently reduced before being discharged
to receiving waters. The above cited studies are based on the same reduction rates for all
WWTP and could be improved. Commonly accepted values for urban TM emission rates
are shown in Table 3.

Table 3. Cu and Zn urban emission rates (mg/PE/d).

Cu Zn Source

6.0 35.0 [6]
3.2 18.0 [53]
- 7.45 [52]

8.5 46.0 [55]
8.5 10.0 This study

Urban loads to French rivers have shown a regular decrease in TM releases since
the 1960s [54], while the metal consumption by population, technologies, etc. showed an
opposite trend. This was an indication of improved long-term environmental efficiency
for metal emissions in France. The decrease in metal emissions depended on the activity
sector (urban, industrial, etc.). In addition, depending on the manufactured products used
in construction (urban structures buildings, roof runoff, etc.), TM releases could differ from
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region to region [6,53]. The more recent and representative values have been implemented
in MicMod. Zn emission rates have been decreasing steadily since 2007, which justifies the
value used in this study.

3.1.2. Soil Leaching Functions

Cu and Zn soil loads were calibrated on the basis of TM concentration measurements in
the upper parts of the rivers in the Mosel watershed, where urban and industrial discharges
are very low [28,29]. This procedure allows the estimation of TM load concentrations asso-
ciated with different types of soil (cultures, grassland, and forest). Due to calibration with
environmental measurements, this method gives good results for estimating soil leaching
functions (loads entering the river system from the soil watershed). TM loads (fluxes) were
calculated by multiplying the soil leaching function (mg/m3), the soil occupation (km2),
and the specific water discharge (m3/km2/s).

The concentrations of Cu and Zn in the Mosel tributaries were analysed. Two repre-
sentative monitoring stations (located upstream on the catchment) not impacted by urban
and industrial releases were selected: Autrive on the Moselotte River (46.4 km from the
source) and Thiebaumenil on the Vezouze River (53 km from the source), both tributaries of
the Mosel River. Calibration was carried out at these monitoring stations (by comparisons
between simulated and measured concentrations). Once calibrated, the soil load functions
were 1 mg/m3 for dissolved Cu, 0.5 mg/m3 for particulate Cu, 4 mg/m3 for dissolved Zn,
and 2.5 mg/m3 for particulate Zn. These functions, characterising TM loads from soils,
were added to the database (including urban, industrial, and wastewater treatment plants)
in order to carry out simulations.

Annual evolutions of Cu concentrations at these two monitoring stations are illustrated
in the Supplementary Materials Section (Figures S1 and S2).

The Cu and Zn concentrations in Mosel tributaries were below the Environmental
Quality Standards (EQS) [56]. The annual average of dissolved concentrations in the
Moselotte were 0.9 mg/m3 and 3.9 mg/m3 for Cu and Zn, respectively. On the Vezouze,
the annual averages of dissolved concentrations were 1.0 mg/m3 and 3.2 mg/m3 for Cu
and Zn, respectively. The EQS values for Cu and Zn [57,58] are 1.4 mg/m3 and 7.8 mg/m3.

Among the different pressures on the catchment, soil loads were more important
during high flow. During low flow, they were of the same order as urban emissions for
copper. The median Cu fluxes at the Mosel outlet were 3678 g/j from urban releases and
3631 g/j from soil leaching during the low flow period (June to September). However, the
median Zn fluxes at the Mosel outlet were characterised by a 2-fold ratio between urban
releases (6007 g/j) and soil leaching (12,683 g/j). The zinc soil load functions need further
calibration, using more monitored data from main rivers and their tributaries.

3.1.3. Settling Velocities

For adsorptive trace metals [40,59], suspended sediments play a significant role in their
fate. Therefore, bed sediments can be a major sink or a source of trace metals [34,60]. TM
concentrations are particularly sensitive to parameters such as settling velocity, critical
stress values on bed sediments (deposition or erosion), as well as metal partitioning coeffi-
cients [61–63].

Settling velocity values were proposed in [10], among other parameters impacting TM
behaviour. A settling velocity of 0.0001 m/s was indicated in [34], which is appropriate for
suspended silts (<30 µm) and clay (<2 µm). Measured settling velocities were comparted
with different prediction formulae [64]. Table 4 shows settling velocity values by grain
size class [10,34,61,64]. These values cover several orders of magnitude. Mean values were
calibrated in the MicMod sub-model.
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Table 4. Settling velocity (m/s) associated with SS grain size (µm).

Settling Velocity Range (m/s) Diameter (µm) Source

1.0 × 10−6–1.0 × 10−3 Very fine SS 1
[10]

1.0 × 10−5–1.0 × 10−3 Fine SS 2

9.0 × 10−6–2.0 × 10−3 - [61]

1.0 × 10−4 Silt < 30 µm
[34]Clay < 2 µm

5.7 × 10−7 1 µm
[64]5.6 × 10−5 10 µm

1.4 × 10−3 50 µm

9.3 × 10−6 Clay < 2 µm
This study1.2 × 10−5 Fine silt < 16 µm

2.3 × 10−5 Coarse silt < 64 µm
Note(s): 1 SS that exhibits very low settling velocity either because of its size or density. 2 SS prone to sedimentation,
entering the river during high flow conditions.

Using the values from Table 4, Figure 3 shows the simulated annual evolution of par-
ticulate Cu concentrations adsorbed by clay, fine silt, and coarse silt (the annual evolution
of particulate Zn concentrations is shown in Supplementary Materials, Figure S3). Due to
the preferential trace metal adsorption by clay, the clay settling flux had a strong influence
on particulate TM concentrations (Figure 4). The clay settling flux (expressed in g/m2/d)
occurred when flow velocity was sufficiently low (Supplementary Materials, Figure S4); the
critical flow velocity at which clay can settle is considered to be ≤ 0.15 m/s. Fine silt settling
flux occurred when flow velocity was lower than 0.3 m/s. When flow velocities were in the
range of 0.15 and 0.3 m/s, fine silt preferentially settled, with higher settling fluxes when
velocities were close to 0.15 m/s. When flow velocities were lower than 0.15 m/s, the load
of fine silt sediments from the watershed decreased due to a decrease in specific discharges.
The fine silt concentration in the water column also decreased. Below the threshold of
0.15 m/s, clay settling occurred and increased with decreasing flow velocities.

Figure 3. Time series of simulated particulate Cu concentrations adsorbed by clay (dashed curve), fine
silt (dotted curve), and coarse silt (dotted-dashed curve); particulate Cu concentrations adsorbed by
total SS (continued curve); total Cu concentrations (bold curve); and measured total Cu concentrations
(dots) at Liverdun (193.5 km) on the Mosel River, year 2020.
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Figure 4. Time series of simulated settling fluxes (g/m2/d) of clay (continued curve) and fine silt
(dotted curve) at Liverdun (193.5 km) on the Mosel River, year 2020.

3.2. Characterisation of Trace Metal Dynamics with a Pressure–Impact Model
3.2.1. Assessment of Sediment Distribution by Class

The Meuse River was studied at the Eijsden monitoring station (617 km), located at
the Belgo–Dutch border.

Suspended sediments and their associated grain sizes (clay, fine silt, coarse silt, and
sand) can significantly influence the behaviour of trace metals in a river ecosystem. A
prerequisite for simulating TM behaviour is an accurate representation of hydro-sedimentary
processes. For each type of release (urban, industrial, and soil loads), the SS loads were
distributed in each considered grain size class (clay, fine silt, etc.). The distribution between
dissolved and particulate phases of TM was calculated according to SS concentrations and the
Kd partitioning coefficient of each class, assuming fixed partitioning coefficients per class.

The SS concentrations simulated by the MicMod sub-model were compared to the
observations at the Eijsden monitoring station. Time series comparisons of total SS concen-
trations and SS concentrations by class are presented for the year 2020 (Figure 5).

Figure 5. Time series of simulated total SS concentrations (g/m3, continued curve); clay (dashed
curve); fine silt (dotted curve); coarse silt (dotted-dashed curve); sand (small dashed curve); and
measured total SS concentrations (crosses) in the water column at Eijsden (617 km) on the Meuse
River (year 2020).

The simulated flow in the Meuse River at Eijsden (Supplementary Materials, Figure S5)
provides the hydrological context. In the first approach, the simulated SS concentrations
were well correlated with flow. The contribution of different particulate fractions was con-
trasted. The model showed that low flows were characterised by more clay relative to other
sediment classes, while during high flows, the sand fraction increased. The sedimentation
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period was identified during low flow conditions. Each class of sediment decreased, even
the finest clay class when the flow velocity was sufficiently low (≤0.15 m/s).

3.2.2. Trace Metal Contamination of the River Ecosystem (Sediment and Water Column)

Figure 6 shows the comparison between all simulated and measured Cu concentrations
at the Eijsden monitoring station (on the Meuse River, during the year 2020). It indicates
that the simulated total Cu concentrations during high flow (black dots) are almost constant
(around 2 mg/m3), while the measurements show variations between 1 and 5 mg/m3. A
similar effect, although less pronounced, is observed for Zn (Figure 7), where simulated
values are above 7 mg/m3, with most values around 10 mg/m3, while measured values
fluctuate between 4 and 20 mg/m3. Considering low flow periods (coloured dots, Figure 6),
the scatter plot was quite well aligned on the 1:1 line. Some discrepancies between simu-
lated and observed Cu concentrations remained during high flow periods, where simulated
concentrations were globally underestimated. The underestimation of Cu concentrations
during high flow periods could be caused by an underestimation of particulate matter
from soils by leaching. An increase in river discharges induced an increase in the coarse
sediment fraction (>63 µm) in the river relative to the fine particle fractions (<63 µm) [65].
As the fine particle fraction carries TM, we focus on the low-flow conditions in this study.
This is less obvious for Zn (Figure 7).

Figure 6. Comparison between all simulated and measured total and dissolved Cu concentrations
(black and grey dots, respectively), and total and dissolved Cu concentrations during low flow conditions
(yellow dots and blue dots, respectively), at the Eijsden monitoring station (617 km), year 2020.

Figure 7. Comparison between all simulated and measured total and dissolved Zn concentrations
(black and grey dots, respectively), and total and dissolved Zn concentrations during low flow conditions
(yellow dots and blue dots, respectively), at the Eijsden monitoring station (617 km), year 2020.
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The validation phase consisted of comparisons between the dissolved and total TM
concentrations simulated by MicMod and the observations at the Eijsden monitoring station
on the Meuse River. Time series comparisons of dissolved and total Cu concentrations are
presented for the year 2020 (Figures 8 and 9; dissolved and total Zn concentrations are
shown in the Supplementary Materials, Figures S6 and S7). The dissolved Cu concentrations
were not influenced by the flow variations and were constant throughout the year. The
simulation predicted an influence of hydrology, and consequently of SS concentrations,
on total Cu and Zn concentrations. During January, February, and the end of the year,
total Cu and Zn concentrations were variable. This was reflected in particulate Cu and
Zn concentrations (Supplementary Material, Figures S8 and S9). The model expected
that particulate Cu and Zn concentrations entering the river system would be lost by
sedimentation during the low flow period (Supplementary Materials, Figure S10). Overall,
simulated concentrations (SS and TM) during this period are within the range of observed
values. Indeed, high flow was not well represented, probably due to the input of coarser
particulate matter from soils. Total Zn concentrations showed a slight discrepancy between
simulated and observed values (Supplementary Materials, Figure S7), probably due to a
specific load dynamic during 2020 (from urban or soil emission rates). Nevertheless, they
remained within the same order of magnitude as the observations. Since TM is mainly
adsorbed by fine particles, this work focused on that fine grain size class.

Figure 8. Time series of simulated dissolved Cu concentrations (mg/m3, curve) and measured
dissolved Cu concentrations (dots) at Eijsden (617 km) on the Meuse River, year 2020.

Figure 9. Time series of simulated total Cu concentrations (mg/m3, curve) and measured total Cu
concentrations (dots) at Eijsden (617 km) on the Meuse River, year 2020.

Some modelling studies have simulated TM transport for specific hydrological events
over a few days [66] and under contrasting hydrology [10]. The simulations achieved
in this paper are relevant for representing the annual period, with a focus on low flow



Water 2025, 17, 1876 13 of 22

conditions, in order to validate the processes describing TM and SS behaviour in a large
river system. The multi-class system description was analysed in terms of class distribution
and associated grain size (cf. Section 3.4). The influence of Kd on the multi-class sediment
system was also assessed (cf. Section 3.5).

3.3. Distribution by Class of Particulate Trace Metal

In the Meuse watershed, the distribution of particulate Cu on SS by class is shown in
Figure 10 (Supplementary Materials, Figure S11: particulate Zn concentrations adsorbed
by total SS, clay, fine silt, and coarse silt). Particulate TM were mainly adsorbed by clay.
From June to September, all particulate TM were adsorbed by clay, as coarser sediments
settled during the low flow period. This situation lasted during October and November.
It was only from January to April and in December, during the high flow period, that
other sediment fractions such as fine silt, supplied by drainage from the catchment, were
available in the water column to adsorb particulate TM.

Figure 10. Time series of simulated particulate Cu concentrations adsorbed by total SS (mg/m3,
curve), clay (dashed curve), fine silt (dotted curve), and coarse silt (dotted-dashed curve) at Eijsden
(617 km) on the Meuse River, year 2020.

3.4. Optimisation of the Suspended Sediments Modelling

The MicMod sub-model is composed of four classes of mineral suspended sediments:
clay < 2 µm, 2 < fine silt < 16 µm, 16 < coarse silt < 64 µm, and 64 < sand < 250 µm. Fine SS
classes control TM behaviour through adsorption and desorption processes, sedimentation
on the riverbed, and resuspension in the water column. According to the flow, variable
fractions of fine to coarse particles are implied in river dynamics, and TM fluxes are moved
downstream by transport and vertically in the water column (to or from the bed layer).

The number of particle classes used to simulate SS heterogeneity, along with the
associated class-specific parameters, have an impact on simulated dissolved and particulate
TM concentrations. To evaluate this effect, comparisons were achieved between a one-class
(1-class) and a four-classes (4-classes) SS model. The characterisation of the 1-class model is
based on a “mean” particle, with a size of 63 µm, a settling velocity of 1.2 × 10−5 m/s, a
Cu partitioning coefficient of 0.120 m3/g, and a Zn partitioning coefficient of 0.175 m3/g.

An additional simulation was conducted using a 1-class model with clay particles
as the only SS, with a size equal to 1 µm, a settling velocity of 9.3 × 10−6 m/s, a Cu
partitioning coefficient of 0.218 m3/g, and a Zn partitioning coefficient of 0.391 m3/g.

Figures 11 and 12 show that simulated dissolved Cu and Zn concentrations were
higher with the 1-class mean particle model than with the 4-classes model. Simulated total
Cu and Zn concentrations were higher with the 1-class mean particle model than with the 4-
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classes model during the low flow period (Supplementary Materials, Figures S12 and S13).
The 1-class model with clay particles shows Cu and Zn concentrations similar to those
simulated by the 4-classes model, except for slight discrepancies during an intermediate
period between April and July. The sedimentation process was well represented during
low flow in the 1-class model with clay particles.

Figure 11. Time series of simulated dissolved Cu concentrations by the four-classes model (mg/m3,
continued curve), the one-class model with clay particles (dashed curve), the one-class model with
mean particles (dotted curve), and measured dissolved Cu concentrations (dots) at Eijsden (617 km)
on the Meuse River (year 2020).

Figure 12. Time series of simulated dissolved Zn concentrations by the four-classes model (mg/m3,
continued curve), the one-class model with clay particles (dashed curve), the one-class model with
mean particles (dotted curve), and measured dissolved Zn concentrations (dots) at Eijsden (617 km)
on the Meuse River, year 2020.

Figure 13 shows the total SS concentrations simulated by the 4-classes model, the
1-class mean particle model, and the 1-class model with clay particles. It shows that the
concentrations of mean particles and clay particles were comparable in terms of total SS
concentrations. It also shows that coarser particles than clay must be taken into account
during high flow conditions to accurately simulate SS concentrations.

Table 5 shows that the statistics (10th percentile, 50th percentile, and 90th percentile)
of simulated TM concentrations are systematically overestimated with the 1-class mean
particle model (compared to the results with the 4-classes system model). This demonstrates
that TM concentrations were better characterised by the 4-classes system model.



Water 2025, 17, 1876 15 of 22

Figure 13. Time series of total SS concentrations simulated by the four-classes model (mg/m3,
continued curve), the one-class model with clay particles (dashed curve), the one-class model with
mean particles (dotted curve), and measured total SS concentrations (dots) at Eijsden (617 km) on the
Meuse River, year 2020.

Table 5. Statistics on simulated Cu and Zn concentrations with the 1-class mean particle model and
the 4-classes system model.

1-Class Model (Mean Particle) 4-Classes Model

Cu-d Cu-t Zn-d Zn-t Cu-d Cu-t Zn-d Zn-t

P10 1.23 1.82 5.39 7.87 0.99 1.77 3.50 6.23
P50 1.55 2.02 6.62 8.78 1.21 2.04 4.21 8.90
P90 2.21 2.46 8.50 14.71 1.42 2.43 4.53 14.55

The modelling of particulate TM transport and sedimentation–erosion processes
was better characterised using a grain size SS description with more than a single class.
Using two classes is common [10,67] and provides acceptable results. The multi-class SS
system with four size classes, developed in this work, showed good results for modelling
particulate TM transport and erosion–sedimentation processes. More than the number
of classes, the grain size and the associated parameters (partitioning coefficient, settling
velocity, critical velocity from which particles can settle, etc.) characterising each grain size
class were the most important prerequisites to ensure the best representation of the TM
cycle in the river system.

3.5. Validation of SS and TM Modelling on Other Datasets

The copper and zinc partitioning coefficients were calibrated according to grain size
(clay, fine silt, and coarse silt) in the Meuse River at the Eijsden monitoring station [16].
These Kd values have been used in environmental modelling dedicated to water quality
assessment and have contributed to an explicit description of TM behaviour in the Meuse.
The adsorption modelling hypothesis and associated Kd values were applied to another
river basin (Mosel) with the same characteristics as the Meuse in terms of discharges, hydro-
morphology (canalised rivers), etc. Suspended sediments and trace metals concentrations
were studied in the Mosel watershed at the Liverdun monitoring station (193.5 km on the
Mosel River).

Within this new application, time series comparisons of dissolved and total Cu concen-
trations at the monitoring station are presented for the year 2020 (Figures 14 and 15). Dis-
solved and total Zn are shown in the Supplementary Materials Section (Figures S14 and S15).
The simulated flow of the Mosel River at Liverdun (Supplementary Materials, Figure S16)
provides the hydrological context. The simulated SS concentrations (Supplementary Materials,
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Figure S17) were well correlated with the flow. The simulation predicted a slight influence
of hydrology on total Cu and Zn concentrations. Dissolved Cu and Zn concentrations were
not influenced by flow variations and were relatively constant throughout the year. High
variability in flow conditions was observed from January to May and from November to
December. This is reflected in the particulate Cu and Zn concentrations (Supplementary
Materials, Figures S18 and S19). The model expected that the particulate Cu and Zn concen-
trations entering the river system were lost by sedimentation (Supplementary Materials,
Figure S20). Overall, simulated concentrations were in the range of observed values during
low flow conditions. The multi-class SS system (four size classes) produced good results for
modelling particulate TM transport and erosion–sedimentation processes on the Mosel River.

Figure 14. Time series of simulated dissolved Cu concentrations (mg/m3, curve) and measured
dissolved Cu concentrations (dots) at Liverdun on the Mosel River (193.5 km), year 2020.

Figure 15. Time series of simulated total Cu concentrations (mg/m3, curve) and measured total Cu
concentrations (dots) at Liverdun on the Mosel River (193.5 km), year 2020.

This confirms the conclusion of [16] that Kd calibration is mainly influenced by hydro-
sedimentary dynamics and grain size characterisation: a detailed description of grain size
distribution allows better characterisation of particulate TM partitioning on SS and more
accurate calibration of partitioning coefficients.

4. Conclusions
An assessment was performed on the interactions between trace metals and mineral

suspended sediments using a deterministic description of hydro-sedimentary processes,
including a multi-class sediment system. The MicMod sub-model simulated the behaviour
of SS and TM, involving their transport and fate in the river ecosystem. The French part
of the Mosel River and the Belgian part of the Meuse River were the first to be studied.



Water 2025, 17, 1876 17 of 22

Dissolved and particulate copper and zinc concentrations were calculated in different
configurations of SS classes along these two river stretches.

Previous calibrations of TM partitioning coefficients were used and enhanced, par-
ticularly for the Mosel watershed. The point and diffuse emissions were found to be
significantly different at local and regional levels. Diffuse loads were associated with rainy
periods and high flow conditions. The investigation focused on Cu and Zn loads from soil
leaching. Dissolved and particulate TM concentrations were characterised using measure-
ments in the upper parts of the Mosel watershed. We focused on low flow periods, which
are more suitable for the transport of fine particle fractions. Other sources of TM were
considered and calibrated: (i) urban emission rates from anthropogenic activities in the
Meuse watershed and (ii) settling velocities described by grain size classes. A compilation
of the literature was presented to establish a review of settling velocity values according to
grain size class.

Suspended sediment, Cu, and Zn modelling were studied and characterised for
the Meuse and Mosel basins, with the aim of providing a good description of pressure–
impact relationships. This strengthens the capacity of the model to support water quality
management in accordance with the European WFD.

The coupled modelling of SS and TM was intrinsically associated with a better rep-
resentation of TM behaviour in river ecosystems. It was demonstrated that a description
of at least one class of fine particles is necessary to adequately represent TM concentra-
tions. A description of four classes (with one fine particle class < 2 µm and one coarse
class > 150 µm) provided more suitable results. It is evident that these considerations
contribute to enhancing the compliance of MicMod with WFD applications.

It was necessary to improve the knowledge of SS transport mechanisms in the context
of a physico-chemical water quality survey at the holistic watershed scale, in order to
describe TM transport. This has consequently led to a better understanding and modelling
of aquatic ecosystems. The issue of partitioning coefficients and their role in the modelling
approach has been thoroughly addressed. It has enabled the extension of water quality
assessment from monitoring stations (measured data) to a spatially and temporally dis-
tributed diagnosis (with calculated concentrations available anywhere and at any time
within the modelled river network).

It could be interesting to evaluate (i) the MicMod sub-model and its associated method-
ology at other monitoring stations, and (ii) the input of TM and SS from the tributaries of
the Meuse River (i.e., the Geul River), in order to refine calibration under various conditions
(hydromorphology, hydrology, and pressures), while also considering local specificities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w17131876/s1, Figure S1: Time series of simulated dissolved Cu
concentrations (mg/m3, curve) and measured dissolved Cu concentrations (dots) at Autrive (46.4 km)
on the Moselotte River (year 2020). Figure S2: Time series of simulated dissolved Cu concentrations
(mg/m3, curve) and measured dissolved Cu concentrations (dots) at Thiebaumesnil (53 km) on
the Vezouze River (year 2020). Figure S3: Time series of simulated particulate Zn concentrations
adsorbed by clay (dashed curve), fine silt (dotted curve), and coarse silt (dotted-dashed curve);
particulate Zn concentrations adsorbed by total SS (continued curve), total Zn concentrations (bold
curve); and measured total Zn concentrations (dots) at Liverdun (193.5 km) on the Mosel River, year
2020. Figure S4: Time series of flow velocity (m/s) at Liverdun (193.5 km) on the Mosel River, year
2020. Figure S5: Time series of simulated flows (m3/s) at Eijsden (617 km) on the Meuse River, year
2020. Figure S6: Time series of simulated dissolved Zn concentrations (mg/m3, curve) and measured
dissolved Zn concentrations (dots) at Eijsden (617 km) on the Meuse River, year 2020. Figure S7: Time
series of simulated total Zn concentrations (mg/m3, curve) and measured total Zn concentrations
(dots) at Eijsden (617 km) on the Meuse River, year 2020. Figure S8: Time series of simulated total

https://www.mdpi.com/article/10.3390/w17131876/s1
https://www.mdpi.com/article/10.3390/w17131876/s1


Water 2025, 17, 1876 18 of 22

Cu concentrations (mg/m3, continued curve) and simulated particulate Cu concentrations (dashed
curve) at Eijsden (617 km) on the Meuse River, year 2020. Figure S9: Time series of simulated total
Zn concentrations (mg/m3, continued curve) and simulated particulate Zn concentrations (dashed
curve) at Eijsden (617 km) on the Meuse River, year 2020. Figure S10: Time series of simulated
settling fluxes (g/m2/d) of clay (continued curve) and fine silt (dotted curve) at Eijsden (617 km)
on the Meuse River (year 2020). Figure S11: Time series of simulated particulate Zn concentrations
adsorbed by total SS (mg/m3, curve), clay (dashed curve), fine silt (dotted curve), and coarse silt
(dotted-dashed curve) at Eijsden (617 km) on the Meuse River, year 2020. Figure S12: Time series
of simulated total Cu concentrations by the four-classes model (mg/m3, continued curve), one-
class model with clay particles (dashed curve), one-class model with mean particles (dotted curve),
and measured total Cu concentrations (dots) at Eijsden (617 km) on the Meuse River (year 2020).
Figure S13: Time series of simulated total Zn concentrations by the four-classes model (mg/m3,
continued curve), one-class model with clay particles (dashed curve), one-class model with mean
particles (dotted curve), and measured total Zn concentrations (dots) at Eijsden (617 km) on the
Meuse River (year 2020). Figure S14: Time series of simulated dissolved Zn concentrations (mg/m3,
curve) and measured dissolved Zn concentrations (dots) at Liverdun on the Mosel River (193.5 km),
year 2020. Figure S15: Time series of simulated total Zn concentrations (mg/m3, curve) and measured
total Zn concentrations (dots) at Liverdun on the Mosel River (193.5 km), year 2020. Figure S16: Time
series of simulated flows (m3/s) at Liverdun (193.5 km) on the Mosel River, year 2020. Figure S17:
Time series of simulated total SS concentrations (g/m3, continued curve), clay (dashed curve), fine silt
(small dashed curve), coarse silt (dotted-dashed curve), sand (dotted curve), and measured total SS
concentrations (g/m3, black crosses) in the water column at Liverdun (193.5 km) on the Mosel River
(year 2020). Figure S18: Time series of simulated total Cu concentrations (mg/m3, dashed curve),
simulated particulate Cu concentrations (continued curve), and total measured Cu concentrations
(dots) at Liverdun (193.5 km) on the Mosel River, year 2020. Figure S19: Time series of simulated
total Zn concentrations (mg/m3, dashed curve), simulated particulate Zn concentrations (continued
curve), and total measured Zn concentrations (dots) at Liverdun (193.5 km) on the Mosel River, year
2020. Figure S20: Time series of simulated settling fluxes (g/m2/d) of clay (continued curve) and fine
silt (dotted curve) at Liverdun (193.5 km) on the Mosel River (year 2020). Equations S1: First-order
processes such as adsorption, desorption, sedimentation, resuspension, and discharges from the
watershed described in the water column and suspended sediments.
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Abbreviations

AERM Agence de l’Eau Rhin-Meuse
BS Bed sediment
C Clay
CS Coarse silt
FS Fine silt
Kd Partitioning coefficient
MicMod Micropollutant modelling
POMD Processes of organic matter degradation
RWS Rijkswaterstaat
SPW Service public wallon
SS Suspended sediment
TM Trace metal
WFD Water Framework Directive 2000/60/EC
WWTP Waste water treatment plant
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