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The distribution of Rare Earth Elements was investigated along the Danube River (from its sources in Germany to its delta in Romania/Ukraine) and in some of its tributaries for the first time during the fourth Joint Danube Survey (JDS4) in 2019. The negative Ce anomaly and the La/Lu ratio tend to decrease between Ulm (Germany) and the Black Sea, indicating an increasing trend of the anthropogenic influence as the Danube River runs toward the sea. This diffuse influence is also attested by the slow spatial variation of classical pollution parameters such as dissolved organic carbon (amount and optical characteristics) and nitrates. A strong gadolinium (Gd) anomaly (between 6 and 10), due to the release of anthropogenic Gd, was detected starting 10 km downstream the sources of the Breg River and the Brigach River, whose junction forms the Danube River. The anomaly remains larger than 10 until the Danube River leaves Croatia at Ilok. The anomaly pattern is related to the difference in the use of magnetic resonance imaging (MRI) in the countries sharing the Danube River watershed. The estimated annual flux of anthropogenic gadolinium in the Black Sea is 0.9 ton/year. An Ytterbium anomaly was detected in stations close to the delta and needs further investigation.

Introduction

Rare Earth Elements (REEs), i.e. the fifteen lanthanides (from Lanthanum to Lutetium) to which Yttrium and Scandium are often associated, are increasingly present in our modern life: Y, La, Ce, Eu, Gd, and Tb in fluorescent lamps [START_REF] Hobohm | Optimized elemental analysis of fluorescence lamp shredder waste[END_REF], Ce in batteries [START_REF] Porvali | REE(III) recovery from spent NiMH batteries as REE double sulfates and their simultaneous hydrolysis and wet-oxidation[END_REF], Nd, Pr and Dy in permanent magnets, La in catalysts (Kulaksız and Bau, 2011a), Ce in diesel fuel additives [START_REF] Dale | Transformation of cerium oxide nanoparticles from a diesel fuel additive during combustion in a diesel engine[END_REF] are some examples. Anthropogenic uses of REE can both increase their concentrations above natural background levels and alter their natural distribution pattern by introducing anomalies in REE profiles. While the solid waste that may result from their use can be collected and potentially reprocessed [START_REF] Hobohm | Optimized elemental analysis of fluorescence lamp shredder waste[END_REF][START_REF] Yang | REE recovery from end-of-life NdFeB permanent mgnet scrap: a critical review[END_REF][START_REF] Porvali | REE(III) recovery from spent NiMH batteries as REE double sulfates and their simultaneous hydrolysis and wet-oxidation[END_REF][START_REF] Becci | Sustainable strategies for the exploitation of end-oflife permanent magnets[END_REF], the same is not true for REEs used in the medical field, in particular in contrast agents. These include Gd-based contrast agents (GBCAs), used in Magnetic Resonance Imaging (MRI) examinations. GBCAs are eliminated through the urine and are therefore found in urban wastewater. These complexes are nonbiodegradable and pass through wastewater treatment facilities to be released into aquatic environments. Since the first evidence (Bau and Dulski, 1996), the presence of Gd has been detected in aquatic ecosystems in many countries, even when they do not have MRI facilities.

Table S1 provides data extracted from literature about Gd concentrations in non-saline surface waters around the world. It is difficult to calculate an average value as the data were obtained over 25 years in different hydrological conditions, in pristine waters as well as in highly urbanized areas. The highest value was measured (492 ng/L) in Postdam (Berlin/Brandenburg Metropolitan Area) by Kulaksız and Bau (2011b).

Although Gd is probably the most documented REE as a micropollutant of increasing concern, anthropogenic La has been detected in the Rhine River in Germany (Kulaksız and Bau, 2011a).

In water samples (Kulaksız and Bau, 2013) as well as in shells [START_REF] Valdés-Vilchis | Rare Earth Elements and Yttrium (REE+Y) patterns in recent Anadara brasiliana shells from Playa Norte, Barra de Cazones (Veracruz, Mexico): Evidence of anthropogenic contamination linked to river output?[END_REF], samarium positive anomalies have been related to petrochemical industries, where Sm-based catalysts are used. Furthermore, the industrial activities related to the extraction and purification of REEs as well as REE-based products manufacturing can release REEs in aquatic ecosystems. According to [START_REF] Chen | The profiling of elements and pesticides in surface water in Nanjing, China with global comparisons[END_REF], contamination by REEs of the Qinhuai River in China might be related to electronic waste recycling and permanent magnet industries. In Dingnan County (China) heavy contamination of soil and water has been recorded close to a REEs mine [START_REF] Liu | Water, sediment and agricultural soil contamination from an ion adsorption rare earth mining area[END_REF]. Mining activities not focusing directly to REEs can also be the source of contamination by these elements, as shown by [START_REF] Khan | Assessing anthropogenic levels, speciation, and potential mobility of rare earth elements (REEs) in ex-tin mining area[END_REF] in a former tin mining area. Runoff from agricultural fields where municipal sludge [START_REF] Kaegi | Quantification of individual Rare Earth Elements from industrial sources in sewage sludge[END_REF] and/or chemical fertilizers [START_REF] Hu | Physiological and biochemical effects of rare earth elements on plants and their agricultural significance: a review[END_REF][START_REF] Turra | Sustainability of rare earth elements chain: from production to food -a review[END_REF] have been applied can participate also to surface waters pollution by REEs. Urban runoff, contaminated by particulate pollution related to coal burning and transport activities, is also a contributor of La and Ce discharges in surface water [START_REF] Shajib | Rare earth elements in surface specific urban runoff in Northern Beijing[END_REF].

Once anthropogenic REEs are detected in surface water, there is a risk of transfer to drinking water. Bank filtration is used in many countries for drinking water production and its efficiency as a barrier against transfer of pharmaceutical residues has been questioned [START_REF] Kondor | Occurrence of pharmaceuticals in the Danube and drinking water wells: Efficiency of riverbank filtration[END_REF]. As early as 2009, Gd has been detected as a micropollutant in tap water in Berlin (Kulaksız and Bau, 2011b), with a rapid increase over a few years [START_REF] Tepe | High-technology metals as emerging contaminants: Strong increase of anthropogenic gadolinium levels in tap water of Berlin, Germany, from 2009 to 2012[END_REF]. Bank filtration is not the only way to get anthropogenic Gd into tap water: karst aquifers can be easily contaminated as shown by Rabiet et al. (2009) in the Hérault watershed (France) and [START_REF] Boester | Utilize gadolinium as environmental tracer for surface watergroundwater interaction in Karst[END_REF] in Bavaria. Recently anthropogenic Gd has been reported in four tap waters in China, in the district of Guiyang (Han et al., 2021). If Gd-related health risks were thought to be minimal when GBCAs started to be used in the 1980s, more recent data indicate possible retention in different human organs such as kidney [START_REF] Fraum | Gadolinium-based contrast agents: a comprehensive risk assessment[END_REF], brain [START_REF] Chazot | Brain MRIs makeup the bulk of the gadolinium footprint in medical imaging[END_REF] or bones [START_REF] Veiga | Presence of other rare earth metals in gadolinium-based contrast agents[END_REF]. [START_REF] Thomsen | Are the increasing amounts of gadolinium in surface and tap water dangerous?[END_REF] has suggested monitoring more closely Gd as risks associated with tap water are not well known. Accumulation of REE has been detected in many aquatic organisms (such as crabs [START_REF] Lavezzo | Detection of rare-earth elements using fiddler crabs Leptuca leptodactyla (Crustacea: Ocypodidae) as bioindicators in mangroves on the coast of São Paulo, Brazil[END_REF] and bivalves shells [START_REF] Merschel | Rare earth elements in the aragonitic shell of freshwater mussel Corbicula fluminea and the bioavailability of anthropogenic lanthanum, samarium and gadolinium in river water[END_REF][START_REF] Goff | Compound-specific recording of gadolinium pollution in coastal waters by great scallops[END_REF][START_REF] Mouchi | Rare earth elements in oyster shells: provenance discrimination and potential vital effects[END_REF][START_REF] Valdés-Vilchis | Rare Earth Elements and Yttrium (REE+Y) patterns in recent Anadara brasiliana shells from Playa Norte, Barra de Cazones (Veracruz, Mexico): Evidence of anthropogenic contamination linked to river output?[END_REF] with the Gd anomaly linked to anthropogenic uses remaining detectable in bivalves [START_REF] Pereto | Corbicula fluminea: A sentinel species for urban Rare Earth Element origin[END_REF]) and fish [START_REF] Lortholarie | Rare earth element bioaccumulation in the yellow and silver European eel (Anguilla anguilla): A case study in the Loire estuary (France)[END_REF]. However, REEs seem to undergo biodilution along the food chain [START_REF] Amyot | Fate and trophic transfer of rare earth elements in temperate lake food webs[END_REF][START_REF] Santos | Fate and trophic transfer of rare earth elements in a tropical estuarine food web[END_REF] and the possible risks associated to their dietary uptake remain to be elucidated. Recently, [START_REF] Souza | Evidence of high bioaccessibility of gadolinium-contrast agents in natural waters after human oral uptake[END_REF] discussed the evidence of high bioaccessibility of gadolinium-contrast agents after ingestion of Gd-contaminated tap water.

If anthropogenic REEs have been detected in different aquatic ecosystems, in particular in rivers, the number of samples collected is often limited to a couple as it can be seen in Table S1 (Supplementary Information section). It has to be recognized that sampling in watersheds of large rivers requires sophisticated logistics: Zhang et al. (1998) could only investigate the Yangtze River lower section (eight stations on about 1,000 km of a 6,300 km-long river) downstream of the city of Wuhan. Ma and Wang (2023) managed to sample 15 stations on tributaries of the complex Pearl River delta. In such cases, it is difficult to relate the REE concentration to the watershed characteristics and disentangle the actual contributions due to anthropogenic pressures from geological factors (Louis et al., 2020).

The fourth Joint Danube Survey (JDS4), which took place in summer 2019, was an extraordinary opportunity to monitor for the first time the REEs along the Danube River and in some of its tributaries. The Danube River watershed is the second largest in Europe with a surface of about 800,000 km 2 and is shared by nineteen countries, making it the most international river basin in the world, with a total population of 81 million inhabitants.

Organized by the ICPDR (International Commission for the Protection of the Danube River)

Monitoring and Assessment Expert Group, JDS4 made possible the sampling in twelve countries over a period of about one month (JDS4, 2021).

The purpose of the present study is to report for the first time the spatial distribution of REE concentrations in the Danube watershed and put this distribution in relation with those of other elements (alkaline earth metals, major ions (i.e., sulfates, chlorides and nitrates)), dissolved organic carbon (DOC) concentration and typology and the population living in this transnational watershed.

Materials and methods

Sampling

The full list of all sample locations, with their codes, is given in the Supplementary Information section (Table S2 for the Danube River and Table S3 for its tributaries). Sampling upstream from Ulm took place July 3 rd (between Neu Ulm and Donaueschingen) and July 4 th 2019 (along the Breg River and the Brigach River between Donaueschingen and the river sources) (Figure 1). Samples (n = 35) were grabbed from bridges (except at the sources), 5 cm below the surface using a bailer made of high-density polyethylene (PEHD) (SDEC, Reignac-sur-Indre, France).

Two tributaries were also sampled (Eisenbach River and Iller River) and two drinking water samples were collected in Donaueschingen and Ulm. The samples were transferred into clean 250 mL HDPE (High-Density PolyEthylene) bottles and kept in a coolbox in the dark until the arrival in the lab. They were then stored at 4°C in the dark pending treatment within 24hrs. Sampling downstream from Neu Ulm took place in mid-July, 2019, within the framework of the JDS4 (Figure 2). The sampling team in each country had previously received clean 500 mL HDPE bottles. Fifty-one samples were grabbed along the Danube and some of its tributaries from the banks or from the middle of the river. Groundwater samples were also collected in wells recharged with Danube water through bank filtration in Austria, Slovakia, Hungary, Croatia, Serbia, Romania and Bulgaria (Figure 2).

All samples were stored in a coolbox in the dark and transferred to the Environmental Institute (Kos, Slovakia) prior to their overnight shipment to France where they underwent pretreatment within one day. and some of its tributaries (orange dots) and groundwater samples (yellow diamonds).

Analytical methods

Sample filtration and ancillary parameters

Samples were filtered through regenerated cellulose syringe filters (Phenomenex®) with 0.45 µm nominal pore size. Only the filterable fraction, which consists of dissolved ions and colloids < 0.45 μm, is considered in the present paper. Aliquots (50 mL for REEs, 10 mL for major elements) of the filterable fraction were acidified immediately after filtration with ultrapure HNO3 (at 1% v/v, acid class "Optima" for REEs and at 2% v/v, acid class "Trace Metal" for major cations). Other sample aliquots (80 mL) were preserved at 4 °C without acidification for measurements of dissolved organic and inorganic carbon (DOC and DIC), total nitrogen (TN), major anions and characterization of the dissolved organic matter (DOM) by optical methods (section 2.2.3). DOC and DIC were measured with a Shimadzu TOC VCHS combined with a TNM-1 module for TN determination. Major anions (Cl -, SO4 2-, NO3 -) were determined by ion chromatography (Thermo Scientific Dionex iCS 3000) and major cations (Mg, Na, K, and Ca) by inductively coupled plasma atomic emission (ICP AES) (Thermo Scientific iCAP 6300 Duo).

REEs analysis

REEs were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Thermo Scientific iCAPQ+prepFast) without preconcentration. Re and Rh at 50 ppb were used as online internal standards. The instrument was tuned for oxide and doubly charged ion formation, and interference corrections for oxide and hydroxide were applied when necessary. The analytical error was below 5%. The quantification limit, calculated as 10 times the standard deviation of replicated blank measurements, was 1 ng/L for all REEs. The filtration blank results (n = 15) were always below detection limits. SLRS-6 reference water was used to control the ICP-MS accuracy and reproducibility [START_REF] Yeghicheyan | A new interlaboratory characterisation of silicon, rare earth elements and twenty-two other trace element concentrations in the natural river water certified reference material SLRS -6 (NRC -CNRC)[END_REF] (Table S3).

The REEs concentrations were normalized by the Post Archean Australian Shale (PAAS) [START_REF] Mclennan | Rare earth elements in sedimentary rocks; influence of provenance and sedimentary processes[END_REF][START_REF] Rétif | From geochemistry to ecotoxicology of rare earth elements in aquatic environments: Diversity and uses of normalization reference materials and anomaly calculation methods[END_REF]. The Ce and Gd anomalies were calculated using Eq (1)

and Eq(2) [START_REF] Hissler | Anthropogenic rare earth element fluxes into floodplains: Coupling between geochemical monitoring and hydrodynamic sediment transport modelling[END_REF], respectively.

Ce/Ce*=CePAAS/(0.5×LaPAAS+0.5×PrPAAS) (1)

Gd/Gd* = GdPAAS/(0.4xNdPAAS + 0.6xDyPAAS) (2)
where X is the measured concentration in samples, X* the calculated geogenic concentration, and XPAAS the concentration normalized by the PAAS. Finally the anthropogenic Gd concentration was deduced using Eq(3):

Gdanth = Gd -Gd* (3)
It should be noticed that the calculation method used in the present study for the Gd anomaly tends to maximize the value of the Gd anomaly compared with other calculation methods (Louis et al., 2020;[START_REF] Rétif | From geochemistry to ecotoxicology of rare earth elements in aquatic environments: Diversity and uses of normalization reference materials and anomaly calculation methods[END_REF].

Optical methods

Synchronous fluorescence spectra (SF50) were collected on a Hitachi F-2500 fluorimeter equipped with a Xenon lamp, by using FL Solution 2.0 software and a 1 cm x 1 cm 3.5 mL quartz cuvette. The gap between excitation and emission was set at 50 nm. The 50 nm deviation provides information on both fluorescence due to protein-like substances (excitation at around 280 nm) [START_REF] Baker | Fluorescence properties of some farm wastes: implications for water quality monitoring[END_REF] and humic substances (humic acids and fulvic acids;

excitation between 300 nm and 400 nm) [START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitation-emission spectroscopy[END_REF]. Since the absorbance of the sample may interfere with fluorescence, the absorbance at 254 nm was checked for each sample. UVvis spectra (200-600 nm) were collected on a Shimadzu UV-2600 spectrophotometer, using a 1 cm x 1 cm quartz 3.5 mL cuvette. Ultra-pure water was used for blanks.

As A254 was less than 0.1 cm -1 for 90% of the samples, the absorbance was considered low enough to record fluorescence directly, without any correction for the inner-filter effect. The SF50 spectra were collected at the natural pH of the samples. The blank was performed with ultra-pure water. The fluorescence intensities were expressed in Raman units (R.u.).

To extract quantitative information out of the SF50 spectra, a decomposition procedure was applied [START_REF] Assaad | Spectrophotometric characterization of dissolved organic matter in a rural watershed: the Madon River (N-E France)[END_REF]. In this approach, the synchronous fluorescence spectrum of a single fluorophore is represented by a Gauss function (Eq (4)): 

𝑆𝐹() = 𝐹(𝑏) • 𝑒𝑥𝑝(-( -𝑏) 2 2𝑐 2 ⁄ ) (4 

Databases

Maps were constructed using Qgis 3.16 (https://www.qgis.org). Shape files for the Danube River and its main tributaries were extracted from the WISE database (https://www.eea.europa.eu/data-and-maps/data/wise-large-rivers-and-large-lakes).

Brigach and Breg courses were obtained from the Baden-Württemberg Government (https://rips-dienste.lubw.baden-wuerttemberg.de).

The location and the capacity of the urban wastewater treatment plants along the Danube River and its (sub)tributaries were obtained from the dissemination platform of the Urban Waste Water Treatment Directive (UWWTD) (https://uwwtd.eu/) for the EU countries (2016 data) and from ICPDR for non-EU countries.

The 1:1,000,000 geological (GK1000) data of Germany were downloaded from the database of the federal Institute for Geosciences and Natural Resources (https://www.bgr.bund.de).

Ancillary data for DOC and nitrates were compared to the 2017 water quality data provided 

Results and discussion

Physical-chemical parameters

This section summarizes the main characteristics of the surface water of the Danube, and particularly those related to dissolved organic matter (DOM) and nitrates which can provide information on the global anthropogenic pressure on the river basin.

In their upper parts, the Brigach River and the Breg River are flowing on silica-rich rocks (granite, sandstone). Their concentrations in alkaline minerals (calcium, magnesium, potassium and sodium) increase gradually moving downstream where they are leaching Triassic and Jurassic rocks (i.e. limestone, marlstone) (Figure S1 and Table S5). At Ulm, the Danube River meets the Iller River, its first large tributary (Figure 3). This alpine river average flowrate at the confluence is larger than the Danube River average flowrate (70 m 3 /s versus 53 m 3 /s), which causes a strong dilution. This dilution (Figure S2) is further accentuated at the junction with the Inn River, a large alpine tributary of low mineral content (Table S5) whose discharge flowrate is similar to that of the Danube at their junction (≈ 2200 rkm). The Inn River has its maximal flowrate in summer due to the snow melting in the Alpine upper part of its watershed (Figure S3). Its dilution effect is seen on the mineral content of the Danube waters (Figure S2). Downstream Passau, the calcium, magnesium and potassium concentrations are stable until the Danube reaches the Black Sea. The sodium concentration increases, which can be seen as a result of the discharge, in the aquatic environment, of urban wastewater containing detergent residues. DOC is higher in the samples collected upstream Ulm, in particular in the waters of the Brigach River and of the Danube River, than downstream Ulm (average of 3.1 mg /L and 2.0 mg /L respectively) (Figure 4). The Inn River carries very little DOC (0.5 mg/L in Passau-Ingling) (Table S4). DOC does not vary much in the middle section of the Danube River (average of 1.7 mg/L).

Large inflows from the tributaries (up to 7.5 mg /L for Morava River) are quickly diluted: the Morava River discharge rate is only 6% of the Danube River at their junction. In the Lower Danube, DOC increases (average 2.8 mg /L), which seems to be controlled by inflows from tributaries with less dilution effects than upstream. This increase in DOC in the Lower Danube was also highlighted during the JDS3 campaign (Joint Danube Survey 3, 2015). Synchronous fluorescence spectra and their deconvolution provide further insight into the nature of DOM (Figure 5). Protein-type fluorophores are linked to biological reactions in water but also to the runoff of biological substances from the watershed and the discharge of raw sewage or insufficiently treated urban wastewater. Their fluorescence is largely due to the presence of the indole group which is present in tryptophan (an essential amino acid for humans, which is produced only by microorganisms and plants), in auxins (plant hormones)

and in acids bound to urine (such as, for example, 5-hydroxy-indolylacetic acid, a metabolite of serotonin). Other fluorescent substances that can be found in the same spectral region as tryptophan in the SF50 spectra are threonine (λexc ≈ 280 nm), another essential amino acid for humans, and tyrosine (λexc ≈ 270 nm), also an amino acid.

In the Danube watershed, the total pseudo-concentrations of fluorophores vary from 0.042 to 0.235 Raman units. These pseudo-concentrations are globally higher for the samples from the Brigach River and the Upper Danube River (0.065 to 0.235 Raman units). They decrease in the Median Basin (0.042 to 0.105 Raman units) before increasing after the confluence with the Timok (SW42-Tim) in the Lower Basin and the Delta (0.074 to 0.141 Raman units). The Eisenbach River, the Iller River and the Inn River carry little fluorescence. Other tributaries such as the Morava River, the Hron River, the Ipel River, the Tisza River and the Sava River bring a high quantity of fluorescent dissolved organic matter in the Upper and Middle sections of the Danube River Basin (0.114 to 0.208 Raman units). However, these contributions seem to disappear rapidly under the effects of dilution with the Danube River waters, as observed for the DOC values. In the Lower section of the Danube River basin and in its delta, the contribution of other tributaries (Iskar River, Yantra River, Russenski Lom River and Prut River) is also significant (0.103 to 0.211 Raman units) and seems less affected by dilution effects, as the fluorescence of the River Danube waters is higher downstream. In conclusion, once the Danube River meets its first large tributaries (Iller River in Ulm and Inn

River in Passau) the potential anthropogenic pressure exerted by the watershed is rather diffuse and no hot spot can be detected, either for nitrogen species or dissolved organic carbon. In particular, the dissolved organic carbon is slowly increasing, which can be explained by the increase of the served population from upstream to downstream.

REE spectra and anomalies

Figure 7 shows the REE normalized patterns for the Breg River and the Brigach River. The most upstream section of both rivers present patterns with flat sections between Dy and Lu (Heavy REE or HREE). These patterns are similar to those observed by Louis et al. (2020) for headwaters in the Vosges mountains, running on a similar geology (granite, sandstone). A negative Ce anomaly, induced by the redox characteristics of cerium, can be noticed for both rivers [START_REF] Elderfield | The rare earth elements in rivers, estuaries, and coastal seas and their significance to the composition of ocean waters[END_REF]. Indeed, Ce can have two oxidation states (Ce 3+ and Ce 4+ ) in the typical conditions of temperature and pressure of surface water and Ce 4+ is likely to combine with oxygen to form cerianite. As cerianite is very insoluble, its formation leads to Ce negative anomaly in water [START_REF] Seto | Chemical condition for the appearance of a negative Ce anomaly in stream waters and groundwaters[END_REF]. Along the Danube River, all samples but two exhibit a negative Ce anomaly (Figure S5) with an average value (± one standard deviation) of 0.66 ± 0.14 between Donaueschingen and Ulm and a slight trend downstream of Ulm (coefficient of determination R 2 = 0.14).

The La/Lu ratio varies between 0.05 and 0.35 in the Breg and Brigach river and tends to increase along their courses indicating a gradual depletion in LREE with respect to HREE (Figure S6). No clear trend is observed between Donaueshingen and Ulm for the La/Lu ratio because of the variable geology (marlstone, limestone) of the Danube basin in this section combined with possible anthropogenic influences (see below). The sampling is not sufficiently dense in this section to go deeper in the discussion. Between Passau (junction with the Inn River) and the Black Sea, the La/Lu ratio decreases slowly (R 2 = 0.18), revealing an increasing fractionation of the REE pattern. The observed decrease indicates increasing inputs from urban and industrial wastewater treatment plants along the Danube River, in agreement with the increase in sodium concentration. Indeed, highly fractionated REE patterns with LREE depletion and marked Gd anomalies are typical of wastewaters [START_REF] Martin | Contrasting distribution of REE and yttrium among particulate, colloidal and dissolved fractions during low and high flows in peri-urban and agricultural river systems[END_REF]. The explored tributaries present La/Lu ratios lower than those observed on the Danube River, suggesting a more marked impact of wastewater discharges in these water courses.

Gd anomalies are detected on the Breg River at the Vörenbach station (Be4) and on the Brigach River at the Sankt Georgen station (Bi3), about 10 km downstream their sources. All the samples collected between Donaueschingen and Ulm present a strong Gd anomaly (between 2.8 at station D2 and 10.9 at station D12). S4). To define a Gd anomaly as an anthropogenic anomaly, the threshold value of Gd/Gd* is usually set to 1.5 (Bau et al., 2006). In the case of the Danube River and its tributaries, the visible Gd anomalies are always above this threshold value: that allows the calculation of Gdanth concentrations. For the Danube River itself, the most important Gd/Gd* value is for the sample JDS4-4 (Gd/Gd*: 25.9). This sampling station is located in Germany, just downstream a WWTP effluent discharge.

Only one other study has reported a positive Gd anomaly in Danube River. This is by Kulaksız and Bau (2011b), who analysed a sample grabbed in Austria. Using their data with the Nd and Dy calculation method, the Gd/Gd* anomaly is 2.8 and the Gdanth concentration is estimated at 47 ng/L. The JDS4 samples from SW6-D to SW10-D were collected in Austria. Their Gd/Gd* values are higher (from 10.8 to 18.1) for a lower calculated Gdanth concentration (from 8.3 to 9.5 ng Gdanth/L), which can be explained by the fact that the overall REE amounts for JDS4 are lower than for the study by Kulaksız and Bau, (2011b). However, as the exact location and sampling period of the Kulaksız and Bau (2011b) study are not known and it is difficult to establish a meaningful comparison.

Based on the values of Gd/Gd* and the corresponding calculated Gdanth concentrations two groups can be identified clearly along the Danube River and in its tributaries: from sample SW-D1 (Boefinger Halede) to sample SW-D31 (Ilok), with a Gd/Gd* globally above 10 and from sample SW-32 (Tisza) to sample SW-51D (Vilkova), with a Gd/Gd* globally below 10. Gd anomaly and Gdanth concentration in these two groups can be related to the number of MRI units and MRI exams in each crossed country (Fig. 10). It is interesting to note that the average Gdanth concentration between SW1 and SW31 (11 ng/L ± 2.5 n/L) is quite stable and does not closely follow the fluctuations in Gd anomalies. In the first group (Austria, Czech Republic, Slovakia, Hungary, Croatia), the number of MRI exams/year/inhabitants is between 4,000 and 6,000, while it exceeds 14,000 exams/year/inhabitants in Germany (Figure S7). In the second group (Serbia, Bulgaria, Romania), MRI exams/year/inhabitants are below 2,000 and data are missing for Moldavia and Ukraine. The low number of MRI exams in Bulgaria can explain why there is no Gd/Gd* detected in sample JDS4-46. The tipping point, where Gd/Gd* becomes lower than 10, is Ilok (Croatia) (i.e. SW31-D). We note that the sampling plan of JDS4 for the Danube Delta region included only one site in the Chilia arm. The possible impact of the large city of Tulcea on REE pattern in the Sulina and Sfantu Gheorghe arms of the Danube Delta would require further consideration.

The groundwater wells close to the Danube River are also affected by anthropogenic Gd (Fig. S8). Gd-containing contrasting agents are synthetized not to easily release ionic Gd 3+ , which is extremely toxic, inside the human body. This otherwise desirable property makes them particularly difficult to degrade during drinking water treatment production and explains the presence of Gd in tap water.

It can be expected that the situation will not improve in the near future [START_REF] Lachaux | Integrated environmental risk assessment of rare earth elements mixture on aquatic ecosystems[END_REF].

The risk associated with Gd might even increase with the application of advanced technologies The annual flux of Gdanth to the Black Sea, based on a total discharge just upstream of the delta of 6,500 m 3 /sec, is estimated at 0.9 ton/year, corresponding to 11 kg/year/million inhabitants. This is of the same order of magnitude as the flux discharged by the Garonne River in France (14 kg/year/million inhabitants) (Lerat-Hardy et al., 2019). The annual flux is comparable with the annual flux of other large watersheds, such as the Saint-Laurent Estuary and Gulf in Canada (0.9 ± 0.7 ton/year) [START_REF] Dang | The contrasting estuarine geochemistry of rare earth elements between ice-covered and ice-free conditions[END_REF] and the Pearl River (0.6 ± 0.6 ton/year for about 84 million inhabitants) (Ma and Wang, 2023).

Finally, an Ytterbium anomaly seems to appear at some sampling sites close to the delta, in particular in stations SW-D37 and SW-D48. This anomaly is also clear on two tributaries, the Sava River and the Velika Morava River. No information related to such an anomaly could be found in the literature. Ytterbium is not largely used: its main uses are related to the improvement of stainless-steel properties and the production of lasers. However, sedimentary phosphate deposits (Emsbo et al., 2015) and their dumped residues from fertilizer production can contain ytterbium [START_REF] Zirnea | Cluster analysis based of geochemical properties of phosphogypsum dump located near Bacau City in Romania[END_REF], which can be leached toward water bodies.

Conclusions

At between Mohringen (Germany) and Ulm. Codes in Table SI4. 
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 1 Figure 1: Sampling sites along the Danube River between Ulm and Donaueschingen (samples
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 2 Figure 2: Sampling sites along the Danube River between Ulm and the Black Sea (green dots)

  )where F(b) is the pseudo-concentration of the fluorophore, b (in nm) its characteristic excitation wavelength, i.e. the wavelength where the maximal fluorescence is recorded and c a parameter related to the width of the Gauss function. Each SF50 spectrum was decomposed into five Gauss functions (i.e., distinct fluorophores groups) by deconvolution. With a 50 nm gap the water Raman scatter interferes with the fluorescence of the fluorophore with a characteristic excitation wavelength of 355 nm and the contribution of water to this fluorophore is further corrected for.
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 3 Figure 3: Danube River watershed area (in orange) as a function of the received tributaries

Figure 4 :

 4 Figure 4: Dissolved organic carbon (DOC) along the Danube River. D = Donaueschingen, U =

Figure 5 :

 5 Figure 5: Protein-like and humic-like fluorescence in the Danube River watershed in July 2019.

Figure 6 :

 6 Figure 6: Nitrates along the Danube River. D = Donaueschingen, U = Ulm.

Figure 7 :

 7 Figure 7: REE patterns, normalized with respect to PAAS, along the Breg River and the Brigach

Figure 9 :

 9 Figure 9: Gd anomaly and Gdanth concentration downstream from the sources to Ulm (a) and

Figure 10

 10 Figure10was built using data on the location and capacity of wastewater treatments plants

  designed to degrade urban micropollutants in wastewater treatments plants, with the ultimate goals to reduce aquatic ecosystems contamination on one hand and potentially reuse treated wastewater on another hand. The risk associated with the dissemination of free Gd 3+ cannot be ignored considering the possible degradation of Gd-based contrast agents(Oluwasala et al., 2022).

Figure 10 :

 10 Figure 10: Gd anomaly in the Danube River watershed in as a function of the population and

  short distance from their sources the Brigach River and Breg River present REE patterns already influenced by the release in the aquatic environment of anthropogenic Gd. The Gd concentration in the Danube River is influenced by the development of MRI facilities and examinations. The slow decrease of the La/Lu ratio between Ulm and the Black Sea indicates an increasing anthropogenic influence as the Danube River flows downstream. As this survey was the first one to analyze REEs in the Danube River basin, future work will focus on consolidating the data with an increase of the number of sampling points in the Middle and Lower sections of the Danube as well as along the largest tributaries. Analysis of sediments could also bring information on the distribution of REE in the watershed. Although the monitoring of REE and the understanding of their origin and fate in large and complex watersheds are not easy tasks, they should be pursued, taking the example of the logistics developed during JDS4.
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 S1 Figure S1: Main geological characteristics a) between the sources and Nendingen (Germany) b)

Figure

  Figure S2: Main anions concentrations along the Danube River during JDS4. Comparison with the TNMN data for 2017. Donaueschingen = D, Ulm = U

  

  

  

  

  

  

  

  Flow rates in some specific stations were measured during the JDS4 and retrieved from the JDS4 database (https://data.danubesurvey.org/jds4/).The Eurostat database provided the data about the number of MRI examinations in Europe (https://data.europa.eu). Complementary data for non-EU countries were extracted from the OECD Health Database (https://www.oecd.org/els/health-systems/health-data.htm).The distances are established from the mouth at the Black Sea for the Danube River and from the confluence with the Danube River for its tributaries. The Danube River is divided into three main parts: the Upper Danube River refers to the river course between the sources and rkm 1789.5 (Kližská Nemá, Slovakia); the Middle Danube River to the river course between rkm 1789.5 and rkm 943 (Turnu Severin, Romania); the Lower Danube River to the river course

	between	rkm	943	and	the	Black	Sea

by ICPDR through the TransNational Monitoring Network (TNMN) scheme (https://www.icpdr.org/main/sites/default/files/nodes/documents/tnmn2017_annex_1.xls).

(https://www.icpdr.org/flowpaper/viewer/default/files/roof_report_2004_annexes.pdf).
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