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Abstract: Reductions in industrial pollutant loads and the introduction and modernization of wastew-
ater treatment facilities have improved the quality of inland waters in Europe and elsewhere, but
climatic change, changes in runoff and the legacy of mine wastes may increase pressures on many
aquatic environments. In the present study, data obtained by monitoring the French–German river
are collated to visualize long-term trends in the pollution, river discharges and temperatures of
Moselle waters. While air temperatures and accumulated heat sums in the catchment area showed
an upward trend, precipitation and discharge levels as well as river temperatures were less affected
by the ongoing climatic change. At the same time, the electric conductivity, i.e., the total suspended
solids, did not show the anticipated reductions, while oxygen levels and pH values have showed
upward trends since the 1990s. Despite the improvements in classical water quality parameters, the
flooding of abandoned mines, increased water abstraction for cooling and agriculture and untreated
old and emerging pollutants may aggravate environmental problems in the future. Climatic change
will probably modify the runoff of pollutant loads by increasing the severity of flash floods and by
concentrating water pollutants in drought spells.

Keywords: water quality; time series; monitoring; global change; pit water; SAAR-LOR-LUX

1. Introduction

The first natural history of the river was presented by the Roman teacher and poet
Decimus Magnus Ausonius (AD 310–395), who in his poem “Mosella” mentioned 16 fish
species native to the still oligotrophic river. Despite the presumably higher number of
taxa (many neozoa) nowadays, the water quality has significantly decreased since Roman
times, particularly worsening after the Industrial Revolution up to the late 1970s. Important
polluters were the soda and heavy industries and coal mining in France, Luxembourg
and Germany. At the same time, industrial vitality and wealth led to a steep increase in
population numbers in the region after the 1850s, increasing the environmental pressure
on the river and also constituted a bone of contention between France and Germany for a
long time.

Over recent decades, the European SAAR-LOR-LUX (Saarland, Lorraine and Luxem-
bourg) region has been experiencing serious deindustrialization and pronounced structural
changes. In consequence, the Saarland and the Département Moselle were confronted with
population loss in the 1990s, but recently population numbers have stabilized to about
1 million inhabitants in each of region. In contrast, the population of the Grand Duchy of
Luxembourg steadily increased by 160,000 to 0.6 million between the years 2000 and 2015,
which has put a high pressure on both the freshwater supplies and wastewater treatment fa-
cilities. While the water demand for industrial processes strongly declined in Luxembourg,
household consumption has increased by 1.35% per year over the last 15 years [1].

Phasing out the extraction activities in the French–German coal mining basin (Saar-
Lorraine) and the Luxembourgish–French Minette iron mining region affected the quantities
of acid mine drainage (AMD) that were and are being released into the Moselle catchment.
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Abandoning the open cast iron mines in the early years led to vast discharges of sulfates
into the Moselle. In the Saar region, the controlled flooding of coal mines has recently
begun and will lead to the upward movement of salts, heavy metals (copper and zinc)
and organic pollutants (e.g., PCBs) that have been disposed of underground. Raising the
groundwater levels on the German side will, however, only reach 330 m below ground. In
order to protect the drinking water reservoirs on both sides of the border, contaminated
waters will have to be pumped into the tributaries of the river Saar, so that post-mining
pollutants will inevitably end up in the Moselle at the junction of the city of Konz (south of
Trier). Site-adapted models simulating how water quality will be affected after phasing out
mining in the Lorraine region and data from the monitoring of mine waters in France have
been presented previously [2,3].

An extensive historic and economic overview on the interactions between industrial
activities and the Meurthe–Moselle River quality is presented by Garcier [4,5]. The un-
derlying information on the geology and the geomorphology of the Moselle catchment
area and an overview of the fluvial response to climatic and anthropogenic forcing of the
low-energy fluvial system in the French region are given by Cordier et al. [6]. Reports
on the biological and chemical qualities of the river Moselle are published on irregular
basis by the International Commission for the protection of the rivers Moselle and Saar
(IKSMS-CIPMS) [7,8].

Discharges of chlorine from the Lorrainian soda industry into the Meurthe tributary
continue to play an overwhelming role as the biggest pollutants of the Moselle ecosystem.
In the year 2008, an admixture of water from the river Meurthe increased the electric con-
ductivity of Moselle River water from 383 to 1578 µS cm−2 and the chloride concentration
from 17.2 to 389.3 mg L−1 [9]. Since the brine from soda production is not being discharged
constantly, strong seasonal differences in water quality may be expected downstream over
time. In contrast to the third biggest tributary, Meurthe, the second and first biggest tribu-
taries, respectively, the Sauer and Saar rivers, subsequently dilute the waters, leading to
the quasi-amelioration of these effects downstream.

To introduce the reader to general differences in pollution levels along the flow di-
rection of the river, Figure 1 gives an overview of the 5-year (2011 to 2015) averages of
the electric conductivity determined at seven French and four German stations operated
under the guidance of IKSMS-ICPMS. A comprehensive overview of the water quality
of the Moselle (German side) from 1964 to 2000 is provided by Ehlscheid et al. [10], but
in the more recent peer-reviewed literature, information on the hydrology and chemistry
of the Moselle is generally lacking. A literature search in the Scopus® databank using
the keywords “Moselle” and “water” for the title and the abstract yielded 120 hits dating
back to the year 2000, but in none of the papers were data on the changes in water qual-
ity (time series) presented, despite intensive monitoring activities still being performed
along the river. Comprehensive overviews of annual averages of chemical parameters
are available from the databanks operated by the German Federal Institute of Hydrology
(https://fgg-rhein.bafg.de/, accessed on 1 October 2022).

The objectives of the present study are thus to collate, present and analyze openly
available data and to address changes in temperatures, discharge volumes and the chemical
properties of the Moselle water over the past 30 years. Here, we focus on the French–
German–Luxembourgish border region using daily climatological data from the catchment
area and hydrological and water chemistry data from representative monitoring stations.
Most of the data stem from the German river monitoring station Palzem, which is situated
just 10 km downstream of the well-known Schengen, the outstanding symbol of European
co-operation and integration.

https://fgg-rhein.bafg.de/
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Figure 1. Five-year average (2011–2015) of electric conductivity (EC), representing the quantity of 
total dissolved solids (TDS), at different points downstream of the river Moselle (upper left) and 
the representative pH values (lower left). A map of the Moselle catchment area and its tributaries 
(light blue) is shown at the right. Red dots and arrows represent higher EC and pH of the water of 
the Meurthe river southeast of Nancy before it enters the Moselle. Blue points and arrows indicate 
the relatively lower EC and pH of waters from the river Saar, which leads to the dilution of the 
Moselle water. Green points and arrow indicate the mean values for EC and pH determined in the 
Rhine before water enters the Moselle. According to the BfAG FGG database, the average EC (450 
μS m−3) is much lower in the Rhine, while pH is almost the same as in the Moselle. The names of 
major rivers entering the Moselle downstream from the left (northern) and right (southern) sides 
are indicated in gray. Numbers refer to different stations (see Table 1 and map above). Only the data 
from Palzem (station nr. 8) are presented in greater detail in the rest of the paper. 

Figure 1. Five-year average (2011–2015) of electric conductivity (EC), representing the quantity of
total dissolved solids (TDS), at different points downstream of the river Moselle (upper left) and
the representative pH values (lower left). A map of the Moselle catchment area and its tributaries
(light blue) is shown at the (right). Red dots and arrows represent higher EC and pH of the water of
the Meurthe river southeast of Nancy before it enters the Moselle. Blue points and arrows indicate
the relatively lower EC and pH of waters from the river Saar, which leads to the dilution of the
Moselle water. Green points and arrow indicate the mean values for EC and pH determined in
the Rhine before water enters the Moselle. According to the BfAG FGG database, the average EC
(450 µS m−3) is much lower in the Rhine, while pH is almost the same as in the Moselle. The
names of major rivers entering the Moselle downstream from the left (northern) and right (southern)
sides are indicated in gray. Numbers refer to different stations (see Table 1 and map above). Only
the data from Palzem (station nr. 8) are presented in greater detail in the rest of the paper. http:
//umap.openstreetmap.fr/de/map/bassin-de-la-moselle (accessed on 2 November 2022).

Table 1. List of water monitoring sites addressed in the paper. Locations are indicated in the map
above (Figure 1).

Nr. Country km Name of Station Data Source

1 F 9 Moselle-Ramonchamp SIERM Water Information System
2 F 44 Moselle-Archette SIERM Water Information System
3 F 119 Moselle-Tonnoy SIERM Water Information System
4 F 169 Moselle-Liverdun SIERM Water Information System
5 F 174 * Meurthe-Tomblaine SIERM Water Information System
6 F 234 Moselle-Vandieres SIERM Water Information System
7 F 298 Moselle-Sierck SIERM Water Information System
8 D 314 Moselle-Palzem LfU Gewässerschutz, Rheinland-Pfalz
9 D 343 * Saar-Kanzem LfU Gewässerschutz, Rheinland-Pfalz
10 D 485 Moselle-Fankel LfU Gewässerschutz, Rheinland-Pfalz
11 D 544 Moselle-Koblenz LfU Gewässerschutz, Rheinland-Pfalz

* refers to stations at the Moselle tributaries Meurthe and Saar.

http://umap.openstreetmap.fr/de/map/bassin-de-la-moselle
http://umap.openstreetmap.fr/de/map/bassin-de-la-moselle
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2. Materials and Methods

The water quality data used in this paper were obtained from eleven stations (Table 1
and Figure 1). Data sets were retrieved from public European monitoring networks and
were comprised of the following:

• River quality data (yearly averages) from seven water quality stations in Lorraine
(2008 to 2016) from the SIERM Water Information System Rhine-Meuse operated by
the Agence de l’eau Rhin-Meuse and EauFrance (http://rhin-meuse.eaufrance.fr/
accessed on 1 October 2022);

• River quality data from Kanzem, Fankel and Koblenz (2011 to 2015) and Palzem
(fortnightly means from 1975 to 1989) from Landesamt für Umwelt Rheinland-Pfalz
(LfU, https://lfu.rlp.de/de/wasserwirtschaft/ accessed on 1 October 2022);

• River quality data and water temperature data from Palzem (daily means from 1990
to present) from Landesamt für Umwelt Rheinland-Pfalz (LfU, https://lfu.rlp.de/de/
wasserwirtschaft/ accessed on 1 October 2022);

• Discharge data from Perl (French–German border) as daily means from 1975 to present
from Wasserstraßen und Schifffahrtsverwaltung des Bundes (WSV), made available
from Bundesanstalt für Gewässerkunde (BfG, https://www.bafg.de/ accessed on
1 October 2022);

• Climate data (daily means) from the French military airport at Nancy-Ochey (WMO
station 7181, daily means from 1975 to 2020) downloaded via the KNMI climate
explorer (https://climexp.knmi.nl/getstations.cgi, accessed on 1 October 2022);

• Climate data (daily means) from Trier-Petrisberg (daily means from 1975 to 2021 from
Deutscher Wetterdienst (DWD, http://www.dwd.de, accessed on 1 October 2022);

• Data on chloride emissions into the water from the largest soda factories at the Meurthe
from the European Pollutant Release and Transfer Register (E-PRTR, http://prtr.ec.
europa.eu/#/home, accessed on 15 July 2020) for 2001 to 2016.

The openly accessible information was reviewed and published by the mentioned au-
thorities, but errors and inconsistencies cannot be completely ruled out. After collation and
cross-filing, data were analyzed and graphically represented using the statistical package
R (R Core Team) [11] and Microsoft® Excel®. The data of daily means are represented as
time series, classified as heat maps or aggregated over years. In order to compare climatic,
hydrological and chemical data, we used the calendar and not hydrological years.

3. Results and Discussion
3.1. Effects of Climate on Water Temperatures

In order to first determine the potential effects of climate change in the catchment
area, temperature and rainfall data of Nancy (upper Moselle) and Trier (central Moselle)
were evaluated. Over the last four decades, the mean annual temperatures in Nancy and
Trier increased by 0.46 ◦C (R2 0.5) and 0.52 ◦C (R2 0.56) per decade, respectively (Figure 2).
Average air temperatures between 1975 and 2020 were 10.1 ◦C in Nancy and 9.97 ◦C in
Trier, with a very high agreement between the time series (R2 0.88).

As can be seen in the heat maps in Figure 3, the accumulated heat sums above 0 ◦C
increased in the Moselle catchment area from the 1980s by about 170 degree-days per
decade. The increase was more pronounced and had a higher coefficient of determination
in Nancy (R2 0.6) than in Trier (R2 0.54). It is unclear whether the surplus in heat energy
increased evapotranspiration from the land surface in the catchment area and whether this
affected runoff and discharge. The increase in heat units or the growing degree days (GDD)
will also have extended the growing season into the autumn. In contrast, more frequent
heat spells and drought may reduce plant growth and vegetation cover, so that water
after strong precipitation events cannot effectively infiltrate into the soil. Nevertheless,
the amount of precipitation as well as the frequency of heavy rain (data not shown) do
not show a clear trend over the last 45 years, but precipitation sums are mirrored by the
cumulative discharge (see Figure 4).

http://rhin-meuse.eaufrance.fr/
https://lfu.rlp.de/de/wasserwirtschaft/
https://lfu.rlp.de/de/wasserwirtschaft/
https://lfu.rlp.de/de/wasserwirtschaft/
https://www.bafg.de/
https://climexp.knmi.nl/getstations.cgi
http://www.dwd.de
http://prtr.ec.europa.eu/#/home
http://prtr.ec.europa.eu/#/home
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Figure 2. Mean annual air temperatures in Nancy–Ochey (○, 1975–2020), Trier−Petrisberg (●, 1975–
2020) and water temperatures in Palzem (blue dots, 1990–2020). Right-hand side panels refer to air 
and water temperatures recorded in Trier and Palzem, respectively. Values are given as daily means 
for three decades. “DOY” refers to day of the year: DOY 1 is 1st of January. 

As can be seen in the heat maps in Figure 3, the accumulated heat sums above 0 °C 
increased in the Moselle catchment area from the 1980s by about 170 degree-days per 
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Figure 2. Mean annual air temperatures in Nancy–Ochey (#, 1975–2020), Trier−Petrisberg
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daily means for three decades. “DOY” refers to day of the year: DOY 1 is 1 January.
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Figure 4. Cumulative yearly discharge in Perl plotted against the days (DOY, y-axis) of the respec-
tive year (x-axis). Data refer to the 1975 to July 2021 data series. 
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decade). In contrast to the mean annual water temperatures, daily water temperatures 
showed a pronounced relationship to the daily air temperatures at Trier and Nancy (both 
R2 0.81). The daily values for water and air temperatures for Palzem and Trier, respec-
tively, are shown for three decades in Figure 2 (right-hand side) in order to see whether 
there were changes in the annual cycles of heat transfer. In contrast, in the decade 1990 to 
1999, the water was warmer by 4.06 °C than the air. This difference was reduced to 3.46 
°C in the decade 2010 to 2019. However, the seasonal heat transfer did not change much 
during the time for which data were available. 

While only a slight increase in water temperatures was found at Palzem, the mean 
temperatures of the river Rhine increased by 1.7 °C at the Upper Rhine and by 1.2 °C (0.36 
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further warming of the Rhine of 1.9 °C for the period 2071–2100 as compared to the current 
situation was calculated by van Vliet et al. [16], while for the near future (2021–2050), 
lower rates of 0.4–0.6 °C have been suggested [17].  

Since river temperatures have been shown to be mainly affected by air temperatures 
[13], a stronger heating of the Moselle and thus an increased input of atmospheric energy 
was also expected at Palzem. However, it is very likely that the time series of the water 
temperature measurements was not long enough to see the multidecadal trends. At the 
same time, water temperatures in the region are not only affected by the energy fluxes 
(short and long wave radiation) at the air–water interface. Another factor could be the 
recharging of cooling water from the pressurized water nuclear reactor at Cattenom that 
overlays the climatic signal. The first block of the power plant came into operation in late 
1986 and the last block started in 1992. Thermal discharges from the four blocks amount 
to 220 MW [18] and are allowed to heat up the Moselle by 1.5 °C against the background 
with a maximum allowable temperature of 30 °C [19]. 

Palzem is situated about 30 km downstream from Cattenom, so that the thermal ef-
fects of cooling water discharges could indeed still be recognizable. A total of 8.8 m3 s−1 of 
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Mean annual water temperatures at Palzem were on average 4 ◦C higher than the
air temperatures, showing only a weak correspondence to the air temperatures of either
weather station (R2 0.28) and featuring only a slight upward trend over time (0.1 ◦C per
decade). In contrast to the mean annual water temperatures, daily water temperatures
showed a pronounced relationship to the daily air temperatures at Trier and Nancy (both
R2 0.81). The daily values for water and air temperatures for Palzem and Trier, respectively,
are shown for three decades in Figure 2 (right-hand side) in order to see whether there were
changes in the annual cycles of heat transfer. In contrast, in the decade 1990 to 1999, the
water was warmer by 4.06 ◦C than the air. This difference was reduced to 3.46 ◦C in the
decade 2010 to 2019. However, the seasonal heat transfer did not change much during the
time for which data were available.

While only a slight increase in water temperatures was found at Palzem, the mean
temperatures of the river Rhine increased by 1.7 ◦C at the Upper Rhine and by 1.2 ◦C
(0.36 ◦C per decade) in Koblenz (Middle Rhine) between 1978 and 2011 [12]. Similar trends
of 0.3 ◦C per decade were observed for the Elbe and Danube [13] and for Northern and
Eastern Germany [14]. In the UK [15], river warming was less pronounced (0.22 ◦C per
decade), with April being the fastest-warming month (+0.63 ◦C per decade on average). A
further warming of the Rhine of 1.9 ◦C for the period 2071–2100 as compared to the current
situation was calculated by van Vliet et al. [16], while for the near future (2021–2050), lower
rates of 0.4–0.6 ◦C have been suggested [17].

Since river temperatures have been shown to be mainly affected by air tempera-
tures [13], a stronger heating of the Moselle and thus an increased input of atmospheric
energy was also expected at Palzem. However, it is very likely that the time series of the
water temperature measurements was not long enough to see the multidecadal trends. At
the same time, water temperatures in the region are not only affected by the energy fluxes
(short and long wave radiation) at the air–water interface. Another factor could be the
recharging of cooling water from the pressurized water nuclear reactor at Cattenom that
overlays the climatic signal. The first block of the power plant came into operation in late
1986 and the last block started in 1992. Thermal discharges from the four blocks amount to
220 MW [18] and are allowed to heat up the Moselle by 1.5 ◦C against the background with
a maximum allowable temperature of 30 ◦C [19].

Palzem is situated about 30 km downstream from Cattenom, so that the thermal effects
of cooling water discharges could indeed still be recognizable. A total of 8.8 m3 s−1 of water
are withdrawn from the Moselle, 3 m3 s−1 are vaporized and 5.8 m3 s−1 are recharged into
the river [18], which equals a loss of 10% of water under minimum discharge conditions.
The lower mean cumulative discharge values at Perl after 1990 (see Figures 4 and 6 upper
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right panel) parallel the higher extraction of cooling waters since the start of the operation
of the power station. The mean flow times between Cattenom and Palzem are in the
range of 5–10 h, depending on the discharge volumes [20]. For the Rhine, it has been
calculated that river temperatures in Mainz have increased by 1.4 ◦C due to the thermal
discharges upstream, but the decommissioning of four German nuclear power stations in
2011 significantly reduced the thermal pollution of the Rhine [12].

It must be noted that, besides Cattenom, until the year 2008, other (conventional)
power stations (la Maxe/Metz, Blénod/Pont-á-Mousson and Richemond/Thionville) led
to significant heat discharges of over 500 MW into the Moselle. However, these plants
completely ceased production in 2015 [18]. Based on the data series from 1996 to 2017,
water at Perl was 0.75 ◦C warmer on average than that at Cochem (data not shown). In
recent years, however, Moselle water has been cooler in Perl more often than in Cochem
and Palzem, which could reflect the mentioned decommissioning of conventional power
stations in the Metz region, suggesting the turnover to naturally cooler conditions upstream.
Interestingly, times with cooler water in Perl as compared to Cochem were often the spells
with low discharge volumes. During such low-water conditions, Cattenom obviously did
not extract water from the Moselle but relied on potentially cooler cooling waters from the
nearby Mirgenbach lake and the Vieux Pré reservoir, which is located 100 km away in the
Vosges mountains. However, as mentioned above and in Section 3.2, cumulative discharge
at Perl decreased after 1990 in part due to the massive evaporation of cooling waters.

Many authors suggested that river warming has marked effects on aquatic biodiver-
sity and will generally favor the thermophilous invasive alien species. While systematic
investigations in Europe are generally lacking, species sensitivity distributions (SSDs) are
available for how native and alien freshwater mussel species will respond to climatic
change, a different water depth (water discharge) and different oxygen levels [21]. River
warming will probably also create a higher toxicity of water pollutants [22] and favor
waterborne diseases, which in turn may have an adverse impact on fish populations and
biodiversity [15]. It must also be noted that higher river temperatures will increase the
partial pressure of CO2 in the sediment and speed up chemical weathering and microbio-
logical degradation so that the water chemistry will be changed by global warming and
the admixture of atmospheric CO2 [23]. Unfortunately, data on CO2 levels in the water of
the river Moselle were not available, but, e.g., in the river Ruhr, it has been shown that
the increasing atmospheric CO2 concentration is paralleled by rising levels in freshwater
ecosystems and that these lead to acidification [24].

From our analyses, we conclude that a general warming of the river Moselle in analogy
to the atmospheric warming in the region cannot be observed, most likely due to the over-
whelming effects of water abstraction and the use of the river water for industrial cooling.

3.2. River Discharge

As mentioned above, precipitation sums in the catchment area showed no clear trends
between 1975 and 2020 (Figure 2). Mean annual sums were 769 mm in Trier and 825 mm in
the slightly moister Nancy. The relationship between the two data series was not as strong
(R2 0.49) as the one reported above for the temperatures. In the heat maps in Figure 3, one
can observe that the conditions became a bit drier in spring and the early summer after the
year 2001, as indicated by the accumulated precipitation sums between day 100 (10 April)
and 200 (19 July). Based on 30-year moving averages from the 20th century, strong regional
differences in precipitation changes were found in Germany [25]. In the Moselle region, a
clear shift to drier summer and wetter winter conditions was observed, a finding that was
also confirmed using the time series for 1951–2006 [26].

As mentioned above, discharge sums seemed to have some relationship with the
precipitation sums upstream at Nancy (R2 0.64). Figure 4 suggests that cumulative water
volumes received until a certain date have overall decreased in recent decades, whereas on
a daily basis (Figure 5 upper left) this cannot be seen. Changes in daily and accumulated
Q during the year specified after the four decades 1980 to 2019 are shown in Figure 6
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(upper left and upper right), confirming that there have been marked changes, with around
25% less annual discharge nowadays compared to the 1980s. As mentioned above, the
start of the operation of the power station Cattenom in the late 1980s coincided with
and in part caused reduced discharges. Together with the increasing heat sum and thus
a higher evapotranspiration from the land surface, the lower quantities of rainfall and
discharges may be perceived as an indicator of climatic change in the Moselle catchment
area. However, such evaluations should be based on more than one measuring station and,
apart from climatic change, should consider changes in land cover and management [27].
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In contrast to the Moselle, no relationship between precipitation sums and annual
discharges of seven streams was found in the Baltimore region, but an increase in winter
precipitation sums was confirmed [28]. Future changes in the seasonality, discharge regimes
and flooding risks in the Rhine–Moselle catchment area can be studied using regional
circulation and ecohydrological models under different climate change scenarios [29,30].
Still, it must be noted that such models will not be able to predict flooding events such as
the Nancy flash flood 21/22 May 2012 [31] and, more recently, the catastrophic Ahr flooding
of 14/15 July 2021. In order to evaluate the risks of both high and shallow waters, it may
be useful to derive long time series and to include proxies and historical information, e.g.,
flooding marks on buildings [32]. A 150-year reconstruction of low flows for the Moselle
River has been presented previously, confirming that the extreme low flows in the summers
of 1976, 2003 and 2018 were unprecedented [33]. Nevertheless, the severity and frequency
of floods will most likely intensify in the Moselle catchment in the near future (2021–2050),
as has been modelled by Thirel et al. [30].
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parameters electric conductivity, chlorophyll a contents, oxygen and pH determined at Palzem. Data
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2010–2019 (green lines). For discharge, data for the decade 1980 to 1989 (black lines) are available
as well.

Comparing the annual discharge sums at Perl to those at Cochem shows that between
40 and 52% of the water arriving at the lower Moselle stems from the upper Moselle, with
a slight decrease in recent years (data not shown). These findings may indicate that the
potential effects of climatic and land use change are more pronounced in the French Vosges
than in the German Rhenish (Hunsrück and Eifel) mountains. The somewhat stronger
increase in temperature sums in Nancy than in Trier (Figure 2) points to the same conclusion.
It must be noted that even a very protective land use strategy cannot fully mitigate the
catastrophic effects of flash floods.

Long-term investigations with large field lysimeters have shown that groundwater
recharge is higher under grassland than under deciduous and coniferous forests and that
growing stands will turn more than half of the incoming precipitation into water vapor [34].
Besides the changes in land use and the transformation of vegetation (growth and damage
of forests by air pollutants, storms, calamities, fires and drought), changes in radiation
and greenhouse gases will also affect the energy balance and continental evaporation.
While the ongoing CO2 fertilization effect will reduce the transpiration of vegetation and
increase runoff at a global level [35], the “global brightening” over Europe may have led to
higher evapotranspiration in recent decades. It is unclear how land-use changes, forestry
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and changes in the air quality and radiation budget have affected the evapotranspiration
and run-off in the Moselle catchment area, but cumulative river discharge seems to have
decreased in recent decades. Due to the expected decreases in precipitation and changes in
evapotranspiration, it may be further decreased by 26% in the Eastern Vosges at the end of
the 21st century, as has been calculated for the Strengbach catchment area [36].

We conclude that the observed reductions in the discharge of the river Moselle after the
1980s are related to climatic changes and increased water abstraction for cooling purposes.
It is unclear, however, whether changes in land use and the indirect effects of climate
change on the vegetation interacted with the regional water cycle.

3.3. Industrial Discharges and Water Quality

While from the 1970s to 1990s CaCl2-chlorine discharges from soda factories into the
Meurthe often exceeded 200 kg s−1 [4], chlorine discharges have been limited to 31 kg s−1

and must not lead to the salinization of the Moselle waters downstream (Hauconcourt)
(more than 400 mg L−1 chlorine) [9]. This regulation implies that, under unsuitable condi-
tions, brines need to be stored in large basins on the premises of companies. Modulation
basins can nowadays store up to 3.7 million m3 in an area of 50 ha (see southeast of Nancy
in GoogleEarthTM), but it is unclear whether these would stand extreme flash floods.

According to data from the European Pollutant Release and Transfer Register (E-
PRTR), the two largest soda factories in the years 2008 to 2015 emitted, on average, 788.000 t
of chlorides into the water, ranging from 580,000 in the year 2011 to 1,014,000 tons in 2010.
However, the data for the same eight years on EC, pH and chlorine contents in water
from Tomblaine (Meurthe) showed only a slight relationship with the registered emissions
(R2: 0.22, 0.21 and 0.18, respectively). Interestingly, emissions showed stronger positive
relationships with the precipitation sum in Nancy (R2 0.37) and the annual discharges of the
Moselle in Perl (R2 0.45), which suggests that the volume of diluting waters is considered
to manage the releases of brine. Moreover, the data on Cl emissions in 2008 to 2015 show
a strong negative relationship with the annual mean temperatures in Nancy (R2 0.78),
probably suggesting that releases decrease with hot weather and high water temperatures.
This also implies that large volumes of brine will have to be stored during longer drought
spells as flash floods could cause much greater damage.

Groundwater quality in the Lorraine has significantly worsened in recent years and
compromises the production of clean drinking water in many places. Increasing hydro-
logical drought and lower discharge levels due to climate change will lead to a reduced
dilution of point sources and by the year 2050 may seriously affect the production of clean
waters from surface waters [37,38]. Nevertheless, there is a lack of detailed analyses of
both the surface and groundwater chemistries. Only recently have geochemistry maps on
European scales for pH and calcium in groundwaters become available [39]. No informa-
tion was available in the literature on the future discharge policies and management of
Moselle waters, but in Luxembourg there are plans currently to use more bank filtrate for
the preparation of drinking water. In France, there are discussions to recover the CaCl2
brines near Nancy by reverse osmosis or to lead effluents via a pipeline to the Rhine north
of Strasbourg. The latter project (Calcoduc) has been abandoned because it would seriously
affect the water quality of the river Rhine. After the closure of the last Alsatian potassium
mines in 2004, the Cl- concentrations have been declining significantly (<20 mg L−1).

Based on the daily averages between 1990 and 2020, changes over time were found
in the river Moselle for the quality parameters electric conductivity, chlorophyll contents,
oxygen and, the most pronounced, pH. Figure 5 gives a full account of the data and suggests
that four of the mentioned indicators for water quality improved over recent decades. At
the same time, the annual dynamics in water quality showed changes over time, which are
primarily related to the timing, quantity and chemistry of industrial discharges. In order to
visualize these changes, the annual courses of the biochemical indicators were compared
for the decades 1990–1999, 2000–2009 and 2010–2019 (Figure 6).
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As can be seen, EC levels did not change much over time, but a slight change in
seasonality was observed. The reduced EC during the summer in the decade 2000 to 2009
may indicate that brine discharge times were adapted by the soda industry. Nevertheless,
the 2011–2015 five-year average still reached 1413 µS cm−1, which, using a standard
conversion factor of 0.5, is equal to an average concentration of 0.7 g L−1 total dissolved
solids (TDS) in the water at Palzem. Considering the five-year average discharge at Perl of
126 m3 s−1, 2.8 million t of solids are moved along this stretch by the Moselle every year. It
can be assumed that chlorides make up a quarter of the dissolved ions, since the five-year
mean of chloride discharges upstream amounts to 730,000 tons per year (calculation from
E-PRTR data). Figure 6 shows that, during the decade 2010–2019, EC increased again
somewhat during the summer. We hypothesize that this slight increase is probably due to
the lower discharge levels, i.e., a concentration effect. In unpolluted rivers, the relationships
between EC and Q are very clear, so that determining EC can be used as a proxy for Q [40].
Additionally, the present data confirm this relationship with a Pearson Product Moment
Correlation Coefficient between the two of −0.8.

In contrast to EC, the situation much improved for chlorophyll a and pH, and overall
their spring peaks have flattened in recent years. pH and oxygen levels increased from the
first to the last decade. The spring peak in chlorophyll a, the indicator for phytoplankton
mass, was paralleled by a higher pH in the decade 1990 to 1999, a relationship that has
also been reported for the Lower Rhine [41]. Phytoplankton growth begins when the days
get warmer and the involved photosynthesis will reduce the concentration of dissolved
carbon dioxide, which then causes the pH to rise. The data indicate that, in the summer,
chlorophyll a concentrations in the decade 2010 to 2019 went up again, probably due to the
lower discharge in recent years.

The general rise in pH in the waters of the Moselle is probably not only due to
the reduced discharges of acidic mine drainage and the relatively greater importance of
alkaline effluents from the soda industry, but may also reflect the reduced deposition of
acid-forming atmospheric pollutants (SO2 and NOx) in Central Europe after the successful
implementation of the UN-ECE Gothenburg Protocol in the 1990s. As has been shown
for the precipitation chemistry in the neighboring Black Forest and Hunsrück region [42],
SO4

− and NO3
− loads decreased dramatically and pH values increased from less than

4.5 in the early 1980s to 5.5 after the year 2018 (refer to data from the stations Schauinsland
and Deuselbach). The same will be true for the Vosges and the Moselle catchment area and
the lower input of acid-forming air pollutants was paralleled by the deindustrialization
in the Lorraine region. Another factor to consider is the rise in CO2 levels that has large
implications for biogeochemical cycles. The increased air-to-water flux of atmospheric CO2
has been shown to constantly lower the pH of ocean waters and it could be demonstrated
that CO2-driven acidification is also taking place in freshwaters [24].

While the iron and sulfate concentrations in the Moselle, its tributaries and in the
drinking waters increased dramatically after the controlled flooding of iron mines, the
levels have decreased over recent years [43]. Although mining and mine flooding have
been and will soon be terminated, steelmaking continues in the region and the elevated
levels of sulfates and dissolved metals are being measured in the Fensch river [44,45]. It
must also be noted that the industrial history in the former Lorrainian iron mining district
is and will be preserved in the high metal concentrations of suspended matter that can be
found in the Moselle behind the Fensch and the Orne mouth [46]. In standard laboratory
tests, river sediments from seven sites between Metz and the German border showed the
highest toxicity at Manom north of Thionville, but large differences were observed between
the sites, the different tests and endpoints applied [47].

While classical inorganic pollutants have been declining over time, organic micropollu-
tants and their metabolites are not routinely monitored since they have a complex chemistry
and make, e.g., sample preparation and analytical methods difficult. Within the German
environmental specimen bank program, the concentration trends of some xenobiotics in
bream in the large rivers are continuously monitored. Eight organic chemicals are being
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addressed that are listed as priority pollutants in the Water Framework Directive (WFD).
The highest and increasing concentrations of the persistent and carcinogenic polybromi-
nated diphenyl ethers (PBDEs) were found in fish from the Saar at Rehlingen showing
a fivefold increase after the year 2000 [48]. Upstream, the concentrations of the flame
retardant were only a tenth of those at Rehlingen, so it can be assumed that pollution stems
from production discharges from chemical complexes into the river Rosselle or from the
use and disposal of flame retardants used in the nearby steelworks.

In the bassin houiller lorrain, the controlled flooding of ancient coal mines had already
commenced after 2006, whereas in the mining in German Saarland was only given up six
years later. Pit waters are pumped and discharged into the pre-flooders of the river Saar to
avoid contact with drinking water extraction areas. Currently, 21 million m3 per year of
pit water are being pumped from former French and German coal mines into the Saar pre-
flooders, 18 million m3 from the mainly right-hand sided German mines and 3 million m3

from the left-hand French side. An analysis of suspended matter and pure water showed
that PCB levels and heavy metals (zinc) often exceeded the reference values [49,50]. Pit
water has high levels of barium, boron, sulfate, chloride and ammonium, but the levels
of heavy metals and organic pollutants will gradually decrease in the long term in the
river Saar.

High loads of heavy metals and certain polycyclic aromatic hydrocarbons (PAH)
have also been found in suspended matter of the Moselle (Perl), which often surpass
the French and German reference values [8]. The copper loads in particular are highly
elevated downstream at Palzem mainly in the summer months. Since the year 1994, the
concentrations have tripled in suspended matter and reach over 160 µg kg−1 [51]. While
the increasing copper pollution was ascribed to the abrasion from the brass heat exchangers
employed at the Cattenom nuclear power station, elevated levels of highly condensed PAH
such as B(a)P in Moselle and Saar could originate from the runoff from the multitude of
brownfields in the formerly heavily industrialized region. Both, copper and PAH have
considerable ecotoxicity, which may affect the organisms in the Moselle watershed. It has
been suggested that waters of Cattenom’s Mirgenbach lake receive 30 t of copper annually
from the corrosion of cooling systems [52] and strong increases in copper concentrations in
the water and the sediments have been shown [53]. Due to the toxic effects of the metal,
the phytoplankton biomass between 1986 and 2006 was reduced so that, as a consequence,
the fish biomass decreased too due to the missing food supply.

In formerly industrialized regions, large amounts of pollutants may be discharged
by stormwaters [54], and with the increasing frequency and severity of flash floods the
remobilization of inorganic and organic pollutants from unvegetated stockpiles may play a
greater role in the future. Furthermore, the input of ecotoxic copper, e.g., from corrosion
in power plants and from spraying in viniculture, need to be addressed in the future.
Nevertheless, it will be difficult to monitor all the chemical substances and their metabolites
and to differentiate geogenic from anthropogenic sources [55], but the list of priority
substances (currently 45 according to Directive 2008/105/EC) and the environmental
quality standards will provide scientific support for the evaluation of the chemical status of
European rivers such as the Moselle. Another topic will be the increased brownification of
surface waters that has also been observed in recent years in Central Europe. As has been
suggested by researchers [56], this phenomenon is due to the stronger release of dissolved
organic compounds (DOC) and associated pollutants, e.g., heavy metals in forest regions
that are prone to drought and calamities.

4. Conclusions and Outlook

We conclude that warming, changes in water discharge and acidity, and the direct
pollutant emissions from ongoing industrial and energetic processes will continue to exert
environmental pressures on the Moselle. Largely ignored problems are the pollutant
inputs via the runoff from historic aboveground brownfields and mine waste deposits,
the discharges of untreated mine waters into river systems as well as the inability of



Water 2022, 14, 3600 13 of 15

wastewater treatment facilities to capture and degrade, e.g., microplastics, flame retardants,
pharmaceuticals and personal care products.

With the ongoing climate change and the expected rise in the frequency of droughts
and low waters, as in 2018 and 2022, there will be greater pressures on rivers and their eco-
nomic, ecological and environmental functions as coolants, transport routes and reservoirs
of clean waters and fish. The example of pollution in the Oder River and the massive dying
off of fish in August 2022 also shows that international cooperation needs to be intensified
and laboratory facilities must be maintained to quickly understand and to respond to such
incidents. Apart from studying chemical quality, more efforts must be made in the future
to monitor the associated biological changes, e.g., the occurrence of blooms of toxic algae
(e.g., Prymnesium parvum), cyanobacteria (Microcystis spec.) and invasion of potentially
aggressive neobiota.

The present study gives an overview of the changes in the water quality and the
discharge of the river Moselle and discusses some of the underlying climatic and eco-
nomic factors driving the environmental impacts. However, it was limited to basic water
quality criteria and data from a selected monitoring station with a long time series. It is
recommended to perform further analyses of multi-decadal changes in the water chemistry
and discharge of other European rivers and catchment areas to get a deeper insight into
the environmental and climatic pressures on the water cycle. The results from the long-
term monitoring of classical parameters, emerging pollutants and biota in the light of the
ongoing climatic change will eventually be helpful to readjust European water policies.
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