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Abstract 12 

Increase of water quality in aquatic systems has become a hot button issue in recent decades. 13 

However, with the aim to implement an effective remediation strategy, the first step is to 14 

identify the sources of diffuse and point-source pollutions using several tracers. In urban 15 

areas, B isotopes, Gd enrichment, Cl- or carbamazepine concentrations can be used as 16 

wastewater treatment plant tracers. 17 

In this study, a focus was made on the quantification of a wide variety of inorganic 18 

compounds (elements, ions, isotopic ratios) all along the Marque River, a small stream 19 

located in Northern France receiving effluents coming from seven wastewater treatment 20 

plants (WWTPs). The objectives were (i) to determine the importance of the WWTPs 21 

discharge during low water events, (ii) to assess the efficiency of conventional tracers in 22 

quantifying the contribution of the WWTPs and (iii) to investigate new potential tracers less 23 

commonly used. 24 
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The results have shown, through statistical analyses ANOVA (Analysis Of Variance) tests, 25 

PCA (Principal Component Analysis) and contribution calculations, that the WWTPs 26 

discharges strongly impact the water composition of all the watercourse and particularly 27 

during the first six kilometres. However, due to high discharges of wastewaters not always 28 

well treated, some classical indicators (e.g. B, Rb/Sr) have shown limitations when used 29 

alone. The use of a set of relevant tracers including alkali metals could therefore be one 30 

solution for overcoming such a problem. Finally, other indicators like Rb/B or Gd/Pt ratios 31 

may also be a way to tackle this issue; they are indeed promising to discriminate the source of 32 

wastewaters. 33 

 34 

Keywords: anthropogenic impact, inorganic tracers, river, WWTP discharge 35 

 36 

Highlights 37 

The Marque River is highly impacted by WWTPs especially in its first six kilometres. 38 

The contribution of WWTPs could be skewed using classical tracers  39 

 40 

Concentrations of Ca, K, Na, Rb were found suitable to determine WWTPs contribution. 41 

Gd/Pt ratio could be a good indicator of the impact of WWTP discharges into the river. 42 

Graphical abstract 43 
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 51 

I. Introduction 52 

Anthropogenic activities have intensified over the last decades at an unprecedented pace 53 

resulting in burdening pressures on all the environmental compartments (i.e. air, water or soil) 54 

(Vareda et al., 2019; Vystavna et al., 2013; Gworek et al., 2014; Moldovan, 2007; Da Silveira 55 

et al. 2011; Leterme et al., 2014; Douay et al., 2007; Donoso et al., 2015). Concerning more 56 

specifically water resources and aquatic ecosystems, the impacts observed originate from 57 

various sources including urban, agricultural or industrial activities (Müller et al., 2020). 58 

Regardless of the geographical location, type or nature of the water bodies, the omnipresence 59 

of anthropogenic contamination is often linked to various processes, including infiltrations, 60 

atmospheric fallouts, industrial or urban discharges, runoff (Moldovan, 2007; Lapworth et al., 61 

2012; Müller et al., 2020). Therefore, the ability to determine the origin of the contamination 62 

is of primary importance from the environmental regulation and mitigation perspectives. This 63 

ability is supported by studying (geo)chemical tracers, such as pharmaceutical compounds for 64 

urban pollution (Collado et al., 2014; Lacey et al., 2012, Currell et al., 2022), isotopes 65 

(Adebowale et al., 2019) or groups of pollutants/elements associated with specific industrial 66 

contamination, e.g. metals for smelters (Prygiel et al., 2015; Saha et al., 2017; Kerfoot et al., 67 

2018), La and Sm for fluid catalytic cracking (Kulaksiz and Bau, 2006). However, as some 68 

tracers are not specific to a unique anthropogenic source, it is therefore important to use a 69 

panel of tracers to determine accurately the origin of the contamination (Rabiet, 2005; Gasser 70 

et al., 2014, McCance et al., 2020). 71 

For surface freshwater such as rivers, one of the most important anthropogenic inputs come 72 

from wastewater treatment plants (WWTPs). Numerous tracers can be used to determine the 73 

impacts of these facilities on their surrounding environment (Rabiet et al., 2005; Gasser et al., 74 

2010; Williams et al., 2013; Lockmiller et al., 2019). For instance, boron isotopes are known 75 
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to be good tracers of household water inputs associated with the use of boron in detergents 76 

and cleaning products (Barber et al., 2006; Guinoiseau et al., 2018). Carbamazepine (an anti-77 

epileptic drug) (Clara et al., 2004; Dickenson et al., 2011), sucralose (sweetener) (Van 78 

Stempvoort et al., 2013; Stefania et al., 2019), caffeine (Buerge et al., 2003; Warner et al., 79 

2019) and other contaminants of emerging concerns such as pharmaceuticals or 80 

polyfluoroalkyl substances (Tian et al., 2020) can also be relevant tracers of domestic 81 

wastewaters. Chloride and nitrate ions have also been reported but their concentrations could 82 

be naturally high in some specific environments (Gasser et al., 2014; Khazaei and Milne-83 

Home, 2017). However, they can be used successfully as co-tracers (Gasser et al., 2014; 84 

McCance et al, 2018). Because of the utilization of Gd as a contrast agent in Magnetic 85 

Resonance Imaging (MRI), this metal is found routinely in WWTPs and can efficiently 86 

highlight wastewater inputs (Bau and Dulski, 1996; Hatje et al., 2016). Its high stability in the 87 

environment has been demonstrated so that Gd has become an excellent indicator of WWTPs 88 

discharges (Holzbecher et al., 2005; Lawrence and Bariel, 2010). 89 

The Marque River in Northern France is classified as a river with a high anthropogenic 90 

impact and is declassified as “bad status” for both ecological status (because of nutrients and 91 

oxygen) and chemical status (because of polycyclic aromatic hydrocarbons, some pesticides 92 

and industrial substances) according to the European Water Framework Directive (WFD) 93 

(data available on https://www.eau-artois-picardie.fr/). Understanding the anthropogenic 94 

pressures exerted on the Marque River through a study along the river course is also of 95 

interest to improve the management of this watercourse, given that a non-negligible 96 

contribution of WWTPs is suspected. It is particularly crucial during dry periods. A sampling 97 

campaign along the Marque River was therefore performed in July 2019 with the aim to 98 

determine the chemical compositions (major, trace and ultra-trace elements) as well as stable 99 

water isotopes during a low water period. This campaign was specifically performed during a 100 
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dry event with the aim to emphasize the impact of the discharge of WWTPs on the Marque 101 

River.  102 

Several problematic are raised along the study: (i) how the WWTPs modify the 103 

concentrations of substances chosen and are these modifications significant?; (ii) is PCA 104 

allowed to demonstrate the WWTPs impact on the river and to discriminate anti-correlated 105 

and correlated substances to the WWTPs?; (iii) are several well-known conservative 106 

substances and/or WWTPs conventional tracers efficient in the case of a river highly impacted 107 

by WWTP; (iv) are some new substances (and/or ratio of substances) could be used as 108 

alternative tracers of WWTPs discharges? 109 

 110 

II. Material and Methods 111 

II.1. Study site and water sampling 112 

The Marque River is located in Northern France and is 32-kilometer-long (Figure 1). It has its 113 

source at Mons-en-Pévèle and flows into the Roubaix Canal at Wasquehal, before joining the 114 

Deûle River. The chemical composition of the Marque River has been already monitored at 115 

high frequency through various physico-chemical parameters, nutrients (Ivanovsky et al., 116 

2016) and Mn (Superville et al., 2018). However, these studies were limited to specific 117 

sampling points located in the vicinity of the WWTP of Villeneuve d’Ascq. Here, water 118 

samples were collected along the river course from Mons-en-Pévèle to Wasquehal at 23 119 

sampling points in July 16 and 17, 2019. Seven out of the 23 sampling points were sampled 120 

directly in the discharges of WWTPs whose characteristics are reported in Table S1. The 121 

other sampling points are located along the watercourse except for one sampling site 122 

corresponding to a tributary of the Marque River: the Zécart stream (Figure 1). 123 
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 124 

Figure 1: The Marque River watershed and the sampling points. WWTPs are labelled as 125 

AAA[X-Y], with AAA an abbreviation for the facility’s name, X and Y referring to the two 126 

most adjacent sampling points with X the one upstream and Y the downstream sampling 127 

points. BD TOPAGE is the French hydrographic reference system representing the streams 128 

(blue line), PE stands for population equivalent, MLL stands for Marquette-Lez-Lille, CLC 129 

stands for Corine Land Cover, a European biophysical land cover database. 130 

 131 

Annual average flow rate of Marque River is monitored by the Regional Direction of the 132 

Environment, Development and Housing (DREAL) at sampling points 5 (Pont-à-Marcq) and 133 

9 (Bouvines). In 2019, the annual flow averages were respectively 14,200 and 29,250 m3 d-1 134 

in Pont-à-Marcq and Bouvines (http://www.hydro.eaufrance.fr/) and the WWTPs average 135 
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contributions over the total water flow were respectively 20% and 22% (See Table S1 in 136 

Supporting Information for the WWTP inflows values). The Marque River receives the 137 

discharge of several WWTPs representing around 144,000 population equivalent (PE), of 138 

which the Villeneuve d’Ascq WWTP representing the major part with 118,000 population 139 

equivalent. 140 

Water samples were collected on July 16 & 17, 2019 during a dry event; no precipitation was 141 

recorded since June 20, 2019. Consequently, contributions from runoff originating from 142 

impermeable surfaces or agricultural fields were considered insignificant and allow only the 143 

wastewater treatment plant influence on the watercourse to be estimated. It was also likely 144 

that major anthropogenic pressures on the Marque River were mainly associated with 145 

WWTPs discharges, and to a lesser extent with untreated sewage discharges. The daily 146 

average flows of the river during the sampling campaign were around 900 m3 d-1 (sampling 147 

point 5 - Pont-à-Marcq) and 8,200 m3 d-1 (sampling point 9 - Bouvines) 148 

(http://www.hydro.eaufrance.fr/). Water at sampling point 5 received the discharges from the 149 

3 small WWTPs [Thumeries (THU[0-1]), Attiches (ATT[1-2]) and Pont-à-Marcq (PAM[3-150 

5]], while the river water at sampling point 9 was subject to the three previously cited 151 

WWTPs plus three additional WWTPs: Templeuve (TEM[7-8]), Cobrieux (COB[7-8]) and 152 

Cysoing (CYS[8-9]). Based on the discharges of WWTPs given by the sewer operator system 153 

(Noreade) in Table S1, WWTPs discharges contribution was estimated. At Pont-à-Marcq, the 154 

flow of the Marque River was almost equal to the sum of the WWTP discharges. Between 155 

Pont-à-Marcq and Bouvines, several referenced streams or wetlands contribute to dilute the 156 

effluents of the WWTPs and represent 30% of the total flow. Moreover, exchanges between 157 

groundwater and the Marque River cannot be excluded as previously demonstrated (Crastes 158 

de Paulet and Dufrenoy, 2012). Overall, it is likely that the contribution of WWTPs is 159 

important at least until Pont-à-Marque (the first six kilometres) during dry period. 160 
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II.2. Chemicals 161 

All solutions were prepared using ultrapure water (Milli-Q gradient, Millipore, electrical 162 

resistivity of 18.2 MΩ cm). Mono-elemental standard solutions were purchased either from 163 

SCP Science (Courtaboeuf, France) or from Courtage Analyses Services (Mont-Saint-Aignan, 164 

France). The multistandard solutions of platinum group elements (PGEs) (Astasol, 100 mg L-1 165 

in 20% HCl, v/v) and of rare earth elements (REEs) (100 mg L-1 in 5% HNO3, v/v) used for 166 

calibration were obtained from SCP Science. Nitric acid (67-69%, Optima and trace metal 167 

grade) was purchased from Fisher Scientific (Illkirch, France). Trace metal grade 168 

hydrochloric acid (35-38%) and thiourea (>98%) were acquired from Merck (Darmstadt, 169 

Germany). Certified reference material SLRS-6 (river water) was purchased from the 170 

Canadian National Research Council (NRC-CNRC, Ottawa, Canada). Acetate cellulose filters 171 

(0.45 µm), polyethersulfone filters (0.45 µm) and glass fiber filters (0.70 µm) were purchased 172 

from Sartorius. 173 

 174 

II.3. Sampling strategy 175 

For each site, two precleaned high density polyethylene (HDPE) bottles (500 mL) were used 176 

for the sampling. One was dedicated to physicochemical parameters measurements on site 177 

(i.e. pH, O2, temperature, conductivity) immediately after sampling. These parameters were 178 

measured using a portable multimeter instrument (WTW, Weilheim, Germany) previously 179 

calibrated in the laboratory. The other bottle was used to collect water for further chemical 180 

composition determination. Upon various targeted parameters, several protocols were applied 181 

for the storage and the treatment of the samples.  182 

For anions, water was filtered through acetate cellulose filter (0.45 µm) and stored in HDPE 183 

scintillation vials at 4°C until analysis. For PGEs the protocol was similar to that used for 184 

anions with an additional acidification and stabilization step after filtration (acidification up 185 
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2% v/v using concentrated HCl and addition of solid thiourea to reach a concentration around 186 

10 mmol L-1) (Rodushkin et al., 2018). Concerning major, trace and rare earth elements, 187 

filtrated water samples were immediately acidified (up to 2% v/v HNO3) and stored in 188 

polypropylene vials instead of HDPE. For the determination of organic carbon, waters were 189 

filtered through glass fiber filters (0.70 µm) and stored at 4°C in previously calcinated glass 190 

vials. 191 

For stable water isotopes, HDPE vials were filled to the brim with filtered water 192 

(polyethersulfone filters, 0.45 µm) to prevent evaporation or condensation which could lead to 193 

water isotope fractionation. Samples were sent to Trent University (Canada) for isotopic 194 

analyses. 195 

For all parameters studied, blank samples were analysed to ensure no contamination occurred. 196 

These samples were made with the same acids and materials used on the field. Finally, no 197 

correction was performed during this study because blank levels represented less than 1% of 198 

the total concentrations. 199 

 200 

II.4. Instrumentation 201 

Major elements (B, Ca, K, Mg, Na, Sr) were quantified using an inductively coupled plasma - 202 

optical emission spectrometer (ICP-OES 5110 VDV, Agilent Technologies) calibrated using 203 

standard solutions. Concentrations of REEs (except Sc), PGEs and trace metal elements were 204 

determined using an inductively coupled plasma - single quadrupole mass spectrometer (ICP-205 

MS 7900, Agilent Technologies) using He as collision gas and Kinetic Energy Discrimination 206 

(KED) to eliminate spectral interferences (Trommetter et al., 2020; Trommetter et al., 2021). 207 

To correct possible matrix effects and signal drift, 74Ge, 115In, 185Re and 205Tl were used as 208 

internal standards (ISTDs) whose selection for each element was done according to the best 209 

fit with SLRS-6 certified concentrations. The recoveries of the measured concentrations were 210 
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in the range of 76% (Lu) to 117% (Ca) with the exception of Cs (54%). For rare earth 211 

elements, which concentrations varied from hundreds pg.L-1 to few µg.L-1, limits of 212 

quantification were comprised from 41 pg L-1 (Tm) to 537 pg L-1 (Y) (Trommetter et al., 213 

2020).  214 

Total Organic Carbon (TOC) concentrations were measured using a TOC-VCSH device 215 

(Shimadzu). Analyses were performed using the Non-Purgeable Organic Carbon method. 216 

Anions (Cl-, F-, SO4
2-, PO4

3-) were quantified using an ion chromatography Dionex ICS-217 

5000+ EG device (Thermo Fisher) equipped with an AS18 column (Ø = 4 mm, length = 250 218 

mm) and an AG18 guard column (Ø = 4 mm, length = 50 mm) using KOH (30 mmol L-1) as 219 

isocratic eluent. 220 

Water Isotopes (δ18O and δD, Deuterium) were measured using a liquid water isotope 221 

analyzer (LWIA-24d, Los Gatos Research) at the Water Quality Center (Trent University, 222 

Ontario, Canada). The delta notation was calculated relative to the V-SMOW (Vienna-223 

Standard Mean Ocean Water) standard (Equations 1 and 2) (Dang et al., 2021).  224 

���� = � ��	
��
�
�������	
��
�����
�
− 1� × 1,000  (Eqn. 1) 225 

 226 

�� = � � �� �
������ �� �����
�
− 1� × 1000   (Eqn. 2) 227 

Analytical recovery was assessed by using three isotopic natural water reference materials 228 

(CRMs, Elemental Microanalysis, UK), which cover a broad range of values found in natural 229 

waters (See Table S2 in Supporting Information). Averages and standard deviations of each 230 

measurement (standards and samples) were calculated based on eight injections (i.e. n = 8, 231 

750 nL each). We also used ultra-high purity water (18.2 MΩ.cm) as an in-house standard, 232 
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which was used together with official CRMs to bracket every two samples to monitor 233 

analytical drift. However, no correction was necessary. 234 

 235 

II.5. Data treatment, statistical treatment and principal component analysis 236 

(PCA) 237 

ANOVA tests were performed to highlight significant differences between concentrations 238 

observed in WWTPs discharges (n = 7) and in the watercourse (n = 14). A p-value of 0.001 239 

was chosen for significance due to the low number of sampling points with the aim to ensure 240 

the robustness of the statistical analysis. These results were obtained by using R software with 241 

the R Commander interface. The R Commander interface was conceptualized by Fox (2005). 242 

A hierarchical classification was also carried out for an overall overview of the sampling 243 

points and to highlight outlier points. In addition, FactoMineR package was used to perform 244 

PCA analysis. The description of this package and its use are available in the literature (Lê et 245 

al., 2008). Prior to these multivariate analyses, data were standardized to give similar weight 246 

to all the parameters. With the exception of Gd, as REEs showed similar behaviour in the 247 

watercourse, it was decided to use only the concentrations of one element (Ce) to enhance 248 

readability of the figures. The normalization of the rare earth elements profiles showed no 249 

cerium anomalies in the samples. Three typical normalized profiles are represented in Figure 250 

S1 (Supporting information). 251 

 252 

III. Results and discussion 253 

III-1. Overview on the data 254 

The averaged concentrations and ANOVA tests for all the parameters are available in Table 255 

S3 (see Supporting Information). 256 
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III.1.1. Evolution of physical-chemical parameters along the Marque River 257 

Among the physicochemical parameters recorded (pH, O2, temperature, conductivity and 258 

TOC), conductivity appears to be the most suitable tracer of WWTPs discharges (Figure 2a). 259 

Indeed, conductivity values were significantly different from those determined in the Marque 260 

River according to ANOVA test with p-values < 0.001. Generally, it could be noticed that the 261 

conductivity in the Marque River water was generally above 1,000 µS cm-1. These high 262 

values can be explained by the presence of chalk in groundwater as reported by previous field 263 

campaigns (Cary et al., 2014). However, the human consumption of salt, either as a cooking 264 

ingredient or as water softener, can explain the higher conductivity found in WWTPs (up to 265 

1,500 µS cm-1) (Yotova et al., 2019; Langhammer and Rödlová, 2013). Conductivity profile 266 

(Figure 2a) clearly demonstrates the impact of some WWTPs and the dilution of the WWTPs 267 

effluent by several tributaries. Increase of conductivity due to WWTPs (e.g. PAM[3-5] or 268 

VDA[11-12]) or decrease due to tributaries input and dilution (e.g. between sampling points 5 269 

and 7 or between sampling points 9 and 11) could indeed be observed. The impact of WWTPs 270 

on the physicochemical parameters were mainly observable when the discharges of the 271 

WWTPs were directly connected to the Marque River (THU[0-1], PAM[3-5] and VDA[11-272 

12]). Note that the term “impact” is here used to describe the modification of the 273 

concentration of a parameter/element in the Marque River caused by the input of WWTPs 274 

discharges.  275 

On the other hand, higher temperatures in WWTPs discharges than river water were also 276 

noticed. However, pH, TOC and O2 were not significantly different between WWTPs 277 

discharges and the Marque River water according to the ANOVA tests. Such observations 278 

have been previously noticed in the literature (García-Armisen et al., 2014). 279 
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III.1.2. Evolution of elemental concentrations along the Marque River 280 

Anions – The concentrations of chloride ions were generally higher in WWTPs than in the 281 

Marque River (Figure 2b). Along the river watercourse, concentrations of chloride ions were 282 

quite variable in comparison with other anions like fluorides (0.34 ± 0.04 mg L-1). Concerning 283 

sulphate ions, their concentrations were relatively constant in WWTPs (111 ± 12 mg L-1) 284 

while their concentration in Marque samples was more variable (126 ± 41 mg L-1). Finally, 285 

phosphate ions did not exhibit any particular trend. Indeed, 3 WWTPs had really high 286 

concentrations while the 4 others removed efficiently phosphate ions during the wastewater 287 

treatment process. 288 

Alkali and alkaline earth metals – Concentrations of Ca and Mg were quite constant 289 

(respectively 140 ± 8 and 20 ± 3 mg L-1) along the river and were closed to the concentration 290 

in WWTPs discharges (respectively 133 ± 7 and 23 ± 1 mg L-1). For the other elements, 291 

standard deviations ranged from 17% (Sr) to 72% (Cs). ANOVA tests were also performed to 292 

evaluate the differences between WWTPs discharges and Marque River samples (p-values set 293 

at 0.001). Cs (semi-quantitative), K, Na, Rb had concentrations significantly higher in 294 

WWTPs than in the Marque River. Their average concentrations were respectively 0.076 ± 295 

0.023 µg L-1, 39 ± 6 mg L-1, 165 ± 20 mg L-1, 23 ± 3 µg L-1 in WWTPs discharges while in 296 

the Marque River their average concentrations were 0.014 ± 0.010 µg L-1, 23 ± 6 mg L-1, 100 297 

± 27 mg L-1, 12 ± 4 µg L-1. Their profiles of concentrations along the river were close to the 298 

profile obtained for conductivity (e.g. profile of concentration for Rb depicted Figure 2c). 299 

Concentrations of Ba in wastewaters were found to vary significantly from one plant to 300 

another and no pattern/model for the evolution of barium along the river watercourse could be 301 

established (25 ± 18 µg L-1 in WWTP discharges and 34 ± 9 µg L-1 in the Marque sampling 302 

points). Various parameters used usually in irrigation (sodium adsorption ratio, magnesium 303 

adsorption ratio, sodium percentage, sodium soluble percentage and Kelly’s ratio) were 304 
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calculated. The definition of these parameters, their calculations and the p-value from the 305 

analysis of variance (Gaussian distribution for all the parameters) between WWTP and natural 306 

averages are compiled in the Supporting Information (see Table S4). The results obtained 307 

from these parameters tend to confirm the trends observed with the comparison of elemental 308 

concentrations between WWTP discharge samples and natural ones. Parameters based on 309 

alkali concentrations tend to have a lower p-value than those based on alkaline earth metals 310 

and could therefore be of interest for tracing WWTP discharges.   311 



15 

 

 312 

313 

314 

315 

316 



16 

 

Figure 2: Evolution of (a) EC, (b) Cl, (c) Rb, (d) B, (e) U, (f) Pt, (g) Ce, (h) Gd, (i) δD and (j) 317 

δO along the different sampling points (squares: WWTPs, dots: Marque River, triangle: 318 

Zécart) 319 

 320 

Trace elements – This section includes a wide variety of elements. Some of them showed 321 

very variable concentrations into WWTPs without any particular trend along the Marque 322 

River (i.e. Fe, Mn, Mo, Ni, Co, Al, W, Zr, Pb, Sb and Ti). It appeared that occasionally, one 323 

of the sampling sites was found to exhibit an unusual concentration (at least twice higher than 324 

the average in the watercourse samples) without any particular explanation. These “hot spots” 325 

were also not necessarily the same depending on the elements studied. Other elements 326 

exhibited only slightly different concentrations in WWTPs compared with the values recorded 327 

in the Marque River, according to their p-value between 0.001 and 0.01 (i.e. Zn [rooftops, 328 

pipelines, industries, etc. (Müller et al., 2020)], Bi [cosmetics and plastics (Fuerhacker et al., 329 

2003; Amneklev and Sörme, 2015)], V and Ni [geological background (Campbell et al., 2015; 330 

Moskalyk and Alfantazi, 2003)]). In contrast, Cr, Sn and As showed significantly different 331 

concentrations between the WWTPs discharges and the Marque River samples. Chromium 332 

(Kanagaraj et al., 2008; Baral et al., 2006) and tin (Fent, 1996; Chahinian et al., 2013; 333 

Pougnet et al., 2014) are used in various industries, which may explain their higher 334 

concentrations observed in the WWTPs. The low levels of As in WWTPs are likely due to its 335 

low concentration in the chalk aquifer [As is below 2 µg L-1 in drinking water according to 336 

the regional health agency (ARS) data] and to an efficient removal of residual As through 337 

flocculation processes and the removal of orthophosphates by ferric chloride addition 338 

(Ociński et al., 2016).  339 

A particular focus was set on boron and uranium (Figures 2d and 2e respectively) as boron 340 

concentration is sometimes used as WWTP tracer and U exhibits a particular decrease in 341 
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concentration along the Marque River watercourse. Boron, and particularly its isotopic 342 

signature, has already been reported as a good tracer for domestic water due to its use in 343 

laundry products inducing high concentrations of this element in WWTPs discharges 344 

(Guinoiseau et al., 2018). ANOVA test (p-value < 0.001) and the profile obtained during this 345 

study (see Figure 2d) confirmed its potential to highlight the impact of WWTPs on the 346 

watercourse. The profile of boron concentration followed a similar trend than those of other 347 

tracers such as EC (R= 0.92) (see Table S5 in supporting information). U concentrations 348 

varied from hundreds of ng L-1 to few µg L-1. The lowest concentrations were observed in the 349 

WWTPs discharges (see Figure 2e), excepted for THU[0-1] where the highest concentration 350 

of uranium (1.5 µg L-1) was recorded. In northern France, water used for domestic and 351 

industrial activities mainly comes from aquifers and this water ends up in WWTPs. In this 352 

study, Thumeries water inputs come from another sources mixture than the other cities of the 353 

studied watershed, which can explain higher natural concentration of U than in other WWTPs 354 

and subsequent dilution along the Marque. However, these concentrations remain low as the 355 

average concentration of tap water in France is 3.08 µg L-1 and the threshold value proposed 356 

by the World Health Organization is [U] = 15 µg L-1 (Caamano et al., 2011). 357 

Platinum group and rare earth elements – The highest Pt concentrations were found in the 358 

WWTPs (from 0.53 up to 25 ng L-1) (Figure 2f). This result suggests a medical origin for Pt, 359 

which can be employed as anticancer drug. While automotive catalytic converters could be 360 

also a major source of Pt, medical Pt is in this case more likely the major source as we did not 361 

observe high concentrations of other PGEs (in particular Rh and Pd) which are more specific 362 

for catalytic converters (Omrani et al., 2020). Indeed, no peak of palladium and rhodium 363 

concentrations were observed during this study. Ir and Ru were below the limits of 364 

quantification which were respectively 0.1 ng L-1 and 0.2 ng L-1. 365 
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In this study, all rare earth elements were quantified. In the river, REEs concentrations ranged 366 

from hundreds of pg L-1 to dozens of ng L-1 and lower concentrations were observed in 367 

WWTP discharges than in the Marque samples. The highest concentrations were observed in 368 

the tributary of the Marque River, the Zécart stream (a 7-km long tributary less impacted by 369 

anthropogenic activities), while the lowest concentrations were observed in the WWTP 370 

discharges. By contrast with some other trace elements (see additional elements), WWTPs did 371 

not seem to impact significantly the evolution of the REEs. Conductivity and REEs profiles 372 

were totally different (e.g. increase of the concentration of REEs between sampling points 1 373 

and 3 vs a decrease for conductivity). As a representative example, Ce evolution along the 374 

Marque River watercourse is shown Figure 2g. 375 

Among the REEs, one exception should be highlighted: Gd. It is now well established that 376 

gadolinium can be a relevant tracer for WWTPs inputs due to the high stability of the Gd-377 

based contrast agents used for MRI, its specific used in medical field and its high 378 

concentrations in WWTP discharges (Holzbecher et al., 2005). Unlike the other REEs 379 

elements, its maximal levels were generally recorded in WWTPs discharges with 380 

concentrations ranging from 360 to 1,560 ng L-1 (Figure 2h). Thus, the evolution of the 381 

concentration of Gd was found to be totally different from that observed for the other rare 382 

earth elements. Moreover, its concentrations were much higher than the other REEs, ranging 383 

from hundreds of ng L-1 to several µg L-1. Contrary to the other REEs, the concentration of 384 

Gd was lower in the Zécart stream than in the Marque River. The evolution of Gd 385 

concentrations was almost the same than the one depicted for the conductivity (R = 0.80) (see 386 

Table S5 in supporting information). Two major differences could however be observed: 387 

PAM[3-5] strangely did not seem to impact the point 5 and CYS[8-9] did not induce an 388 

increase of the concentration of Gd. If the second observation can be explained by the similar 389 

concentrations of Gd of the WWTP discharge and the upstream sampling points for the point 390 
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8 and CYS[8-9], the first observation is more difficult to justify. The lack of information due 391 

to contamination of the point 4 (see “outliers, PCA and correlation” section thereafter) is 392 

damaging in this case. 393 

 394 

III.1.3. Stable water isotopes 395 

δD and δ18O were quantified during this study (Figures 2i and 2j). Their average values in 396 

WWTP discharges were -44.4 ± 0.7‰ and -7.4 ± 0.5‰ respectively for δD and δ18O. In 397 

Marque samples, the values were -42.8 ± 1.3‰ and -6.6 ± 0.5‰. Concerning the evolution of 398 

these parameters along the Marque River we could observe that δ18O was quite constant 399 

between the sampling points 1 and 9 (-6,7 to -6,0‰) with an exception at the sampling point 6 400 

where δ18O felt down to -7.5‰. At sampling point 10 the δ18O value fell down once again (-401 

7.5‰) before increasing between sampling points 11 to 15 for reaching -6,1‰. For δD, the 402 

evolution was more difficult to synthetize. An increase of δD values was observable from the 403 

sampling point 1, corresponding to the lowest value (-45.5‰), to sampling point 3. Then, a 404 

decrease was observed for sampling points 5 and 6 before a huge increase for reaching the 405 

maximal value at sampling point 7 (-40.5‰). A decrease was once again observed from 406 

sampling points 7 to 9. After sampling point 9, δD values alternated between increase and 407 

decrease with the exception of sampling points 13 and 14 with similar values. 408 

 409 

III.2. Data treatment and calculations 410 

III.2.1. Outliers, PCA and correlations between the parameters of interest 411 

Before analysing the data thoroughly, a hierarchical classification was carried out to 412 

determine potential outliers (See Figure S2 in Supporting Information). The sample 413 

corresponding to the upstream of Pont-à-Marcq WWTP (sampling point 4) was found to be 414 

significantly different from the others. Indeed, this point was characterized by very high 415 
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concentrations of Gd (3.6 µg L-1), Pt (71 ng L-1), Al (18 µg L-1), Ti (12 µg L-1), Cu (4 µg L-1), 416 

TOC (35 mg L-1). These concentrations were 4 to 20 times above the average calculated with 417 

the other Marque River samples and a low percentage of dissolved oxygen was also observed 418 

(14% vs 60% on average). Explanations were given by the sewer system operator (Noréade) 419 

on an accidental raw wastewater input just upstream this location during the campaign. This 420 

short incident was confirmed by an additional sampling performed one week later and 421 

showing no more unusual concentrations. Such kind of input are punctual but not exceptional 422 

in the Marque River. 423 

PCA allows having a better understanding and visualization of the distribution of the 424 

sampling points and elements influencing the most the Marque River. It was decided to keep 425 

22 parameters of interest. As one of the aims of the study was to find new potential inorganic 426 

tracers for assessing the origin of contaminated waters, the selection of the most suitable 427 

parameters was done by selecting: (i) parameters already known for being good tracers of 428 

WWTPs effluents (i.e. B, Cl-, EC, Gd and temperature); (ii) elements or parameters often 429 

studied in literature in case of punctual contaminations (i.e. As, Cu, Fe, Mn, Ni, Pb, pH and 430 

Zn); and (iii) other elements belonging to technology critical elements or showing interesting 431 

behaviour in the global PCA (i.e. Rb, Ba, Pt, Ce, Sr, SO4
2-, U, δD and TOC). 432 

The results of the PCA based on the 22 selected parameters are shown through PCA score 433 

plot (Figure 3) and PCA loading plot (Figure 4). 434 

 435 
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 436 

Figure 3: PCA score plot of the first two principal components. 437 

The first dimension is strongly linked to the WWTPs discharges. It is also possible to 438 

determine which elements might be more abundant in WWTP discharges than in the river 439 

(Rb, EC, Gd, Cl- or B). As expected, the Zécart stream is the most anti-correlated sampling 440 

point with respect to the WWTPs. Figure 3 also confirms the first sampling point in the 441 

upstream of the Marque River is strongly influenced by THU[0-1] before being diluted by 442 

river water. It is interesting that from point 10 to point 13 the behaviour of the sites is more 443 

and more similar to that of the VDA[11-12] sampling point and then seem to slightly shift 444 

toward natural river water (Zécart point) for sampling points 14 and 15. For other WWTPs 445 

(with the exception of THU WWTP but no upstream points are available), their impact looks 446 

less important than the VDA WWTP may be due to low discharge compared with the river 447 

flow or discharge far from the downstream point associated. 448 

 449 

 450 
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  451 

 452 

 453 

 454 

Figure 4: PCA loading plot (n = 22) of the three first principal components. 455 

 456 

Additionally, Zn, Cu, Sr, Pt and even the temperature, less reported in the literature, are also 457 

considered interesting as their values are linked to WWTPs. Arsenic and most REEs are anti-458 

correlated with WWTPs probably due to their removal during the treatment processes (Ge and 459 

al., 2020, Rabiet and al. 2006). REEs are generally adsorbed onto Al, Mn or Fe-460 

(oxy)hydroxides (Davranche et al., 2005; Marmolejo-Rodríguez et al., 2007; Liu et al., 2017). 461 

As already described in the literature, arsenic is also correlated with Mn (R = 0.47, see Table 462 
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S5 in SI) (Bacquart et al., 2015; Gorny et al., 2015). To confirm the trends observed with 463 

PCA, correlation coefficients values for the selected elements and the studied sites are 464 

presented Table S5 and agree with the PCA results. 465 

Concerning the second and third dimensions, they appeared to be much more complex to 466 

interpret and only hypotheses can be formulated. The second dimension could be related to 467 

the variability of speciation of the elements according to the water evolution (e.g. 468 

precipitation, redox conditions, etc.). Indeed, EC, B, Cl- or δD are normally considered as 469 

conservative parameters and it can be observed that they are hardly impacted by the second 470 

dimension. Gd is conservative as a complex but not conservative naturally (Kulaksiz and Bau, 471 

2007). In the Marque River, the percentages of natural Gd have been calculated (see Figure 472 

S3 in Supporting Information and Eqn. 3) and found to be mainly anthropogenic (>98% 473 

except for Zécart). 474 

%"#$%& = ((.*∗$,-.(./∗01-)3,- ∗ 100   (Eqn. 3) 475 

With GdN, NdN, and DyN, the concentrations of Gd, Nd and Dy normalized with the 476 

concentrations of European shale (Bau et al., 2018). 477 

On the third dimension, Co, U, V and in a lesser extent Ni were correlated. One hypothesis 478 

could be the drinking water source that finally ends up in WWTPs. In THU[0-1], the origin is 479 

known to be partly different and thus could influence the evolution of these elements along 480 

the Marque River.  481 

 482 

III.2.2 Determination of the WWTPs impact using inorganic tracers 483 

III.2.2.1. Conventional tracers used for WWTPs discharges advantages and 484 

drawbacks 485 

Concentrations of chloride, conductivity and boron – The Marque River was found to be 486 

strongly impacted from its source by WWTPs discharges. The results of the Section III.2.1 487 
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showed significant differences between concentrations of chloride ions in WWTPs and those 488 

found in the Marque River. Conductivity, Cl- and boron were among the physicochemical 489 

parameters significantly different between WWTPs and natural samples according to 490 

ANOVA. These parameters still appeared interesting for assessing the contribution of 491 

WWTPs. However, the high concentrations found at the beginning of the Marque River due 492 

to high WWTPs inputs limited the observed enrichment especially for both chloride and 493 

conductivity (Figures 2a and 2b). Boron is often used as tracer due to its isotopic signature. 494 

However, the boron isotopes ratios were not determined in this study.  495 

 496 

Rb/Sr ratios and concentrations of rubidium – Rb/Sr ratio is used to determine the influence 497 

of WWTPs because rubidium is more concentrated than Sr in WWTPs discharges (Nirel and 498 

Revaclier, 1999; Rabiet, 2006). An increase of the Rb/Sr values is thus expected for each 499 

sampling point immediately downstream a WWTP. However, in the case of the Marque River 500 

strongly impacted by WWTPs, this ratio does not seem of interest. Indeed, in some samples of 501 

the river, the ratio Rb/Sr was found to be higher than in WWTPs discharges. Nevertheless, the 502 

concentration of Rb alone could be a good indicator to discriminate WWTPs and Marque 503 

samples (Nirel and Revaclier, 1999; Rabiet, 2006) (see Figure 2c). In our case study, despite 504 

the high values recorded in the WWTPs effluents, an increase of the concentration of Rb was 505 

not necessarily observed downstream (as for as Gd, EC and B). Moreover, this ratio is not 506 

adequate for tracing WWTP discharges at long scale.  507 

Gd anomaly – Gd anomaly (Gd/Gd*) is calculated using Equation 4 (Hissler et al., 2015; 508 

Louis et al., 2020): 509 

"#/"#∗ = 3,-(.*∗$,-.(./01-  (Eqn. 4) 510 
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With GdN, NdN, and DyN the concentrations of Gd, Nd and Dy normalized with the 511 

concentrations of European shale (Bau et al., 2018). The Figure 5 represents the evolution of 512 

the Gd anomaly along the Marque River. 513 

 514 

Figure 5: Evolution of Gd/Gd* (logarithmic scale) along the Marque River. (squares = 515 

WWTPs, dots = Marque River and triangle = Zécart sampling point) 516 

 517 

According to Figure 5, the highest Gd anomalies were observed for the WWTPs while the 518 

lowest one was observed in the Zécart stream. This sampling point was only impacted by 519 

COB[7-8] (and eventually by some sceptic tanks). The natural Gd anomaly for the Marque 520 

River could not be calculated as the source of the Marque River was almost dry. In literature, 521 

when Gd/Gd* is above 1.4-1.8, an anthropogenic effect could be suspected (Rabiet, 2006; 522 

Louis et al., 2020). This chart clearly demonstrates a high impact of WWTPs and possibly the 523 

impact of sceptic tanks discharges and exceptional (such as the outlier point 4) or recurrent 524 

direct untreated sewage discharges onto the Marque River.  525 

 526 
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III.2.2.2. Selection of other tracers of WWTP discharges. 527 

Data used were based on the results obtained around Villeneuve d’Ascq. Indeed, for this 528 

point, VDA WWTP discharges directly in the Marque River and this WWTP was found as the 529 

most impactful WWTP during this study. Assuming only the river flow upstream and WWTP 530 

discharge contribute to the river flow downstream the WWTP, the mixing equation is defined 531 

by Equation 5: 532 

56678 = 5,9:;<&=>%? ∗ [A]CDEF
GH���I [A]K�
GH���[A]��LMI [A]K�
GH���   (Eqn. 5) 533 

With [A] representing the concentration of the studied tracer, 5,9:;<&=>%? the discharge 534 

downstream the WWTP, 56678 the discharge of the WWTP. By modifying (Eqn. 5) we 535 

could calculate the contribution of the WWTP discharge onto the downsteam flow (Eqn. 6): 536 

 537 

NOPQRSTUQSOP (%) =  V��LMV�DEF
GH��� ∗ 100 = [A]CDEF
GH���I [A]K�
GH���[A]��LMI [A]K�
GH��� ∗ 100 (Eqn. 6) 538 

This contribution calculation requires that the element studied has a conservative behaviour. 539 

The expected contribution was calculated based on parameters Gd, Cl-, EC and B known for 540 

being conservative. Here these tracers could be used as the differences between upstream 541 

concentrations (point [11]) and VDA[11-12] concentrations are significant to allow 542 

calculation. Four downstream sampling points (12, 13, 14 and 15) were used to evaluate the 543 

evolution of the contribution and the potential conservative behaviour of the studied 544 

parameters. Gd, Cl- and EC showed contributions between 39-41% for the closest 545 

downstream sampling point [12] and 48-54% for the sampling points 13 to 15. The gap 546 

between the contributions of the WWTP calculated for the points 12 and 13 could be 547 

explained by another discharge of untreated water (not evidenced during this monitoring). 548 

Such difference could also be explained by daily variations of the WWTP treatment plant 549 

discharges or the uncertainty of the measurements. All the parameters studied were 550 
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considered suitable for the contribution calculation when the calculated values were around 551 

±5% the values obtained with these three reference parameters (i.e. Gd, Cl- and EC). For each 552 

sampling point, only the elements which were determined suitable as tracing elements were 553 

considered in Table 1. 554 

Table 1: Assessment of the conservative behaviour of several elements in comparison with 555 

Cl-, Gd and EC. 556 

Point 12 (1.4 km) Point 13 (4 km) Point 14 (6.9 km) Point 15 (7.7 km) 

B, F-, SO4
2-, NO3

- 

PO4
3-, Ca, K, Mg, Na, 

Sr, Ni, As, Rb, Mo, 

Sb, Cs, Ba, U, Pt, O2, 

TOC 

F-, NO3
-, Ca, K, Na, Ni, 

Rb, Ba, Pt, Mo, Sb 

NO3
-, Ca, K, Na, Ni, 

Rb 
NO3

-, Ca, K, Na, Rb 

 557 

From this table, we can notice that really few parameters can be used for calculating the 558 

contribution of WWTPs at long distance. Indeed, additionally to the classical tracers selected 559 

in this study (Cl-, Gd and EC), only 4 major elements (Na, Ca, K and Rb) were found suitable. 560 

Alkali metals appear to be conservative and could be good and easily measurable indicators in 561 

case of high natural Cl- concentration or higher boron contribution due to potential other 562 

sources (Hasenmueller and Criss, 2013). A slight overestimation was observed for B over the 563 

point 12 (60% vs 50% for the other classical tracers). Such overestimation can be explained 564 

by other sources of boron. Boron isotopic analyses could help to understand the origin of this 565 

element. For calculating contribution at short distance F-, Ni, Ba, Sb, Mo and Pt could be 566 

added to the list of selected elements. The conservative behaviour of Pt at short scale was 567 

confirmed by additional experiments (section thereafter) considering the concentrations of Gd 568 

and Pt. This set of elements could be interesting for calculating in short range direct 569 

contribution of WWTP on a river and understanding potential transformation occurring 570 

thereafter in the river. 571 
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Inter-elements ratios were also investigated to better discriminate between WWTPs 572 

discharges and natural samples. By contrast with the ratio Rb/Sr, the ratio B/Rb ratio was 573 

found to be quite constant in the 7 WWTPs varying from 10.6 to 12.5 (vs 9.7 to 19.6 for 574 

Rb/Sr). The higher the ratio, the less impacted the river by WWTPs inputs (Figure 6). Thus, 575 

this B/Rb ratio allows discriminating efficiently the WWTPs from the natural samples in this 576 

aquatic system. 577 

 578 

Figure 6: Evolution of B/Rb and Rb/Sr ratios along the Marque River (square = WWTPs, dots = 579 

Marque River, triangle = Zécart). 580 

 581 

Water isotopes were also analysed. Correlations were performed with all elements and no 582 

correlation was found for δ18O. On the contrary, as depicted in Table S5 and Figure 3, δD 583 

showed a significant anticorrelation with Cl-, Gd and EC which are the usual tracers of 584 

WWTPs discharges. The evolution of δD is shown in Figure 2i.  585 

δD could therefore be of interest in determining WWTP discharges. Moreover, we could 586 

observe that the value of δD for point 13 was close to that of VDA[11-12] while for point 12, 587 

the value was close to the least contaminated sampling site (characterized by the lowest 588 

values of EC and Gd). This change of δD value could indicate an additional input coming 589 

from WWTP or non-treated discharge. Looking at the profiles of Gd, Cl-, EC and B (Figure 590 
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2a, 2b, 2h and 2d), a slight difference between points 12 and 13 has already been observed, 591 

but not as significant as the variation of δD. However, point 11 also had a similar δD as the 592 

VDA treatment plant, but in this case no other parameters showed the presence of discharge 593 

from the treatment plant. This parameter could be interesting for tracing WWTP discharge but 594 

a better understanding of its variation is needed. 595 

The representation of δD as a function of δ18O can also be studied and is shown in Figure 7. 596 

 597 

Figure 7: Representation of water isotopes for the samples and the global precipitation. The 598 

average isotopic composition of local precipitation is calculated using monthly data found on 599 

waterisotopes.org a website designed by Gabriel Bowen for Villeneuve d’Ascq city (squares= 600 

WWTPs, dots= Marque River, triangle= Zécart). 601 

 602 

The same pattern was generally observed for WWTPs samples with lower δ18O values than 603 

expected for precipitation. Only THU[0-1] had a different behaviour. This difference further 604 

strengthens the hypothesis of different water origin for this sampling point (as already 605 

evidenced with U). Three watercourse samples (6, 10 and 11) had a behaviour close to that 606 

observed for the treatment plants. For points 10 and 11 the explanation was probably the 607 

same. A significant decrease in values was observed for a large number of parameters 608 
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between points 9 and 10 showing that dilution occurred. Two hypotheses can be proposed. 609 

Dilution may come from (i) the two surface tributaries shown in Figure 1 and/or (ii) an 610 

exchange with groundwater. Exchange with groundwater is not expected to occur between 611 

point 11 and 15 according to the calculation of the contribution of the VDA[11-12] WWTP. 612 

The increase of the concentrations of calcium, the decrease of temperatures, the decrease of 613 

the concentrations of REE possibly due to their low concentrations in groundwater 614 

(Munemoto et al., 2015; Johannesson et al., 1997) and the decrease of the values for δ18O may 615 

validate the hypothesis of groundwater input from hyporheic zone possibly coupled with an 616 

infiltration upstream of this zone. However, δD which is often used as a tracer for 617 

groundwater input (Johannesson et al., 1997) did not seem to confirm this hypothesis with a 618 

value different from those observed in wastewater treatment plants. Point 6 also behaved 619 

similarly to WWTPs. High values for some elements (Ni, Pt, SO4
2-, etc.) were observed but 620 

no explanation could be given for these inputs.  621 

III.2.2.3. Does a relationship exist between Pt and Gd elements? 622 

A particular focus was performed on Pt and Gd. Both are described as Technology Critical 623 

Elements which are necessary for the development of new technologies and could be 624 

potentially subject to supply shortages (Cobelo-García et al., 2015). In addition, these 625 

elements can have a common medical source due to their utilization as contrast agents for 626 

MRI (Gd) and anticancer drugs (Pt) (Kümmerer and Helmers, 1997; Lenz et al., 2005). It 627 

should then be interesting to find a relation between these elements even if their 628 

concentrations were found to be highly variable in wastewaters. Ratios of Gd to Pt were then 629 

calculated in the different WWTPs ranging from 60 (PAM[3-5]) to 2,800 (WWTP THU[0-630 

1]). Various hypothesis can be put forward to explain such differences: (i) differences in the 631 

processes applied for wastewater treatment allowing a higher removal of Pt (as Gd being 632 

considered as conservative); and (ii) a locally different proportion of people treated for cancer 633 
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diseases with platinum-based drugs and for people undergoing MRI. Even if no hospitals are 634 

present in the vicinity of the WWTP (no direct discharges), patients coming back home after a 635 

cancer treatment or a MRI analysis are a source of Gd and Pt as an important percentage of 636 

the excretion (70-80%) takes place outside hospitals or medical centers. For the first 637 

hypothesis, sampling of the inflow and discharge of the different WWTPs could be of interest. 638 

In the literature, some publications have shown a decrease of the concentration of platinum 639 

between the discharge and inflow (Monteiro et al., 2017; Isidori et al., 2016) while others 640 

have pointed out no differences (Goullé et al., 2011). The ratio found in the studied WWTP 641 

did not seem to be impacted by the punctuality of the sampling. Indeed, grab sampling was 642 

performed (n = 5) for VDA[11-12] over 3 weeks in July 2019 and the Gd/Pt ratio was found 643 

to vary from 270 to 340. In this WWTP, concentrations of Gd and Pt were also quite constant 644 

(varying from 830 to 980 ng L-1 and from 2.6 to 3.2 ng L-1 for Gd and Pt respectively). 645 

Additional grab samplings were performed (n = 5 from June 25 to July 9, 2019) in the same 646 

period in another WWTP in Marquette-lez-Lille, the biggest WWTP in the Hauts-de-France 647 

region. In this WWTP, concentrations of Gd and Pt were much variable ranging from 870 to 648 

1,670 ng L-1 and from 7.7 to 15.2 ng L-1 respectively. The ratios obtained were thus different 649 

from those obtained in VDA[11-12] but remained quite constant over time, varying from 100 650 

to 130 over the 3 weeks. Additionally, stability tests for short distances were also conducted 651 

for these two WWTPs by sampling one point upstream, the WWTP effluent and four points 652 

downstream (the furthest one is at least than 2 kilometres). The differences observed between 653 

the direct discharge and the 3 others downstream sampling points were less than 10% 654 

showing a conservative behaviour of Pt at short scale. The stability of platinum-based drugs 655 

in the natural flow of rivers is not yet well documented in the literature (Curtis et al., 2010; 656 

Turner and Mascorda, 2015; Lenz et al., 2007) but it is well known that degradations of 657 

anticancer Pt-drugs occur in body and during WWTPs processes (Di Pasqua et al., 2012; 658 



32 

 

Hann et al., 2005). The short-term stability added with the non-conservative behaviour of Pt 659 

at longer scale should indicate an adsorption process of Pt on particulate organic matter 660 

(Wood et al., 1990; Cobelo-García et al., 2007). 661 

Gd/Pt ratios could also be a relevant parameter to determine the sources of a pollution as well 662 

as the change of speciation that could occur after the mixing of WWTP discharge in the river 663 

flow. The common source of Gd and Pt is really interesting and the fact that Pt can also come 664 

from catalytic converters abrasion can be a way to discriminate between WWTPs effluent and 665 

rainwater intakes. In this study, Gd and Pt are two elements easily quantifiable by ICP-MS 666 

because their interferents are not really concentrated. Here, the ratios were quite constant over 667 

time (for each WWTP separately), in dry conditions. Further experiments like high frequency 668 

sampling should be performed to see in what extent rainwater falls can modify (i) the ratio in 669 

WWTP; (ii) the conservative behaviour of Pt on short scale; and (iii) the ratio in the Marque 670 

River. Based on previous studies obtained from WWTPs, the concentrations of Pt are 671 

expected to increase, during the first rains due to the intake from soil erosion containing Pt 672 

particles coming from automotive catalytic converters (Monteiro et al., 2017; Laschka and 673 

Nachtwey, 1997). Such studies have been performed only on WWTPs but assessing the 674 

change of platinum behaviour between dry and rainy weather along a riverbed could be of 675 

interest for understanding the sources of the pollution by this element. 676 

 677 

IV. Conclusion 678 

Through statistical analyses and the use of several tracers (mostly EC, Rb, Cl-, Gd, As, B, Cr, 679 

Cs, Ho, K, Na, Rb, Sn, Sr, Y and to a lesser extent Pt), the large impact of WWTPs onto the 680 

Marque River elemental composition has been demonstrated. This conclusion was also 681 

confirmed based on flow calculation thanks to the data obtained from the WWTPs owners and 682 

the flows recorded by two monitoring stations along the river watercourse. The evolution of 683 
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various parameters was monitored and PCA analysis showed that the first dimension, related 684 

to WWTPs discharges, represented around 40% of the total variability. The PCA treatment 685 

also allowed determining which elements are positively or negatively correlated with the 686 

presence of WWTPs confirming results already obtained in the literature with the strong 687 

correlation between WWTPs discharges and the presence of elements such as Gd and B. Note 688 

that to go further on B behaviour, an isotopic study should be undertaken in the future. 689 

During this study, some classical tracers were sometimes difficult to validate due to the high 690 

input of WWTP discharges upstream of the Marque River (high concentrations/values at the 691 

river source for EC, Rb/Sr and Cl-, no reference value for "#/"#∗). Based on the calculation 692 

of the contribution of the biggest WWTP on the river (VDA[11-12]) and the results obtained 693 

with PCA, we evaluated if some other elements, preferably conservative, could be better 694 

tracers than the conventional ones in our system. The calculated contributions found with all 695 

the parameters collected were compared with those of the known conservative tracers (i.e. Gd, 696 

Cl- and EC). The contribution of the VDA WWTP on the global flow of the Marque River 697 

was estimated to be 50%. Numerous elements were found to be reliable for the calculation of 698 

the WWTP contribution on short scale (less than 2km). For long scale studies, few elements 699 

were found really interesting mainly belonging to the alkali metals group (i.e. Rb, Cs, Na and 700 

K). Other ratios (such as B/Rb) or parameters (e.g. δD) values were also investigated to obtain 701 

a better discrimination of WWTPs discharges and natural samples. B/Rb seems more relevant 702 

than Sr/Rb ratio due to its constant values for WWTP discharge in comparison with Sr/Rb in 703 

this study while further study on δD, including groundwater sampling, should be performed to 704 

determine if this indicator can give information on the source of the water entering in WWTP 705 

or on potential exchange of the Marque River with groundwater in hyporheic zone. 706 

Finally, even if Pt was found to be non-conservative at long scale, a focus on this element has 707 

been made. Indeed, this element may allow, in conjunction with the monitoring of Gd, to 708 
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determine the origin of WWTP effluents because of its dual potential origin (medical field vs. 709 

automotive catalytic convertors). The Gd/Pt ratios were calculated and investigated as a new 710 

tracer for WWTPs discharge. It was found that although these ratios vary from one plant to 711 

another, they appear to remain relatively constant within the same WWTP over time in dry 712 

periods. Further investigations have to be performed to assess the influence of rainfalls on the 713 

stability of Pt and on the ratios of Gd/Pt. Following Gd/Pt ratios at long scale could also 714 

potentially allow to understand adsorption process which can occur as Pt-based drugs are 715 

known to be more sensitive to degradation processes than Gd-based contrast agents. 716 

 717 

Acknowledgments 718 

ICP-AES and ICP-MS measurements were performed on the Chevreul Institute Platform (U-719 

Lille / CNRS). The Region Hauts de France and the French government are warmly 720 

acknowledged for the co-funding of these apparatus. The study was carried out in the 721 

framework of the CPERs CLIMIBIO and ECRIN projects with the same funders. The authors 722 

wish to thank the European Commission funding for the LIFE RUBIES project (LIFE20 723 

ENV/000179). The authors would also like to warmly thank Noréade and Lille Metropole (E. 724 

Bugner & C. Mouillet) for having allowed us the access to the WWTPs discharges data as 725 

well as the Artois-Picardie Water Agency (D. Bolzan) for the constructive and helpful 726 

discussions. 727 

 728 

Bibliography 729 

 730 

Adebowale et al., 2019 T. Adebowale, A. Surapaneni, D. Faulkner, W. McCance, S. 731 

Wang, M. Curell 732 



35 

 

Delineation of contaminant sources and denitrification using isotopes of nitrate near a 733 

wastewater treatment plant in peri-urban settings 734 

Sci. Total. Environ., 651 (2019), pp. 2701-2711 735 

https://doi.org/10.1016/j.scitotenv.2018.10.146 736 

 737 

Amneklev et al., 2015 J. Amneklev, L. Sörme, A. Augustsson, B. Bergbäck 738 

The increase in bismuth consumption in sewage sludge 739 

Water Air Soil Pollut., 226 (2015), pp. 1-11 740 

https://dx.doi.org/10.1007/s11270-015-2374-x 741 

 742 

Bacquart et al., 2015 T. Bacquart, S. Frisbie, E. Mitchell, L. Grigg, C. Cole, C. Small, B. 743 

Sakar 744 

Multiple inorganic toxic substances contamining the groundwater of Myingyan 745 

Township, Myanmar: Arsenic, manganese, fluoride, iron and uranium 746 

Sci. Total Environ., 517 (2015), pp. 232-245 747 

https://doi.org/10.1016/j.scitotenv.2015.02.038 748 

 749 

Baral et al., 2006 A. Baral, R. Engelken, P. Stewart 750 

Chromium-based regulations applicable to metal finishing industries in the United 751 

States; A policy assessment 752 

Rev. Policy Res., 23 (2006), pp. 1-21 753 

https://doi.org/10.1111/j.1541-1338.2006.00200.x 754 

 755 

Barber et al., 2006 L.B. Barber, S.F. Murphy, P.L. Verplanck, M.W. Sandstrom, H.E. 756 

Taylor, E.T. Furlong 757 



36 

 

Chemical loading into surface water along a hydrological, biogeochemical and land use 758 

gradient; a holistic watershed approach 759 

Environ. Sci. Technol., 40 (2006), pp.475-486 760 

https://doi.org/10.1021/es051270q 761 

 762 

Bau and Dulski, 1996 M. Bau, P. Dulski 763 

Anthropogenic origin of positive gadolinium anomaly in river waters 764 

Earth Planet. Sci. Lett., 143 (1996), pp. 245-255 765 

https://doi.org/10.1016/0012-821X(96)00127-6 766 

 767 

Bau et al., 2018  M. Bau, K. Schmidt, A. Pack, V. Bendel, D. Kraemer 768 

The European Shale: an improved data set for normalisation of rare earth element and 769 

yttrium concentrations in environmental and biological samples from Europe 770 

Appl. Geochem., 90 (2018), pp. 142-149 771 

https://doi.org/10.1016/j.apgeochem.2018.01.008 772 

 773 

Bowen, 2003-2019 G. Bowen 774 

WaterIsotopes.org 775 

https://wateriso.utah.edu/waterisotopes/index.html 776 

Consulted on April 26, 2022 777 

 778 

Buerge et al., 2003 I.J. Buerge, T. Poiger, M.D. Müllet, H.R. Buser 779 

Caffeine, an anthropogenic marker for wastewater contamination of surface waters 780 

Environ. Sci. Technol., 37 (2003), pp. 691-700 781 

https://dx.doi.org/10.1021/es020125z 782 



37 

 

 783 

Caamano et al., 2011 D. Caamano, R. Tracol, L. Guillotin, B. Jédor, H ; Davezac, J. Loven 784 

La qualité radiologique de l’eau du robinet en France 2008-2009 785 

IRSN/ASN report, 43 p. 786 

https://www.irsn.fr/FR/expertise/rapports_expertise/Documents/environnement/ASN_DGS_I787 

RSN_Bilan-qualite-radiologique-eau-2008-2009.pdf 788 

 789 

Campbell et al., 2015 K.M. Campbell, T. Gallegos, E.R. Landa 790 

Biogeochemical aspects of uranium mineralization, mining, milling and remediation 791 

Appl. Geochem., 57 (2015), pp. 206-235 792 

https://doi.org/10.1016/j.apgeochem.2014.07.022 793 

 794 

Cary and Parmentier, 2014 L. Cary, M. Parmentier 795 

Présence de selenium dans les eaux souterraines des champs captants de LMCU et 796 

Noréade au sud de Lille 797 

http://infoterre.brgm.fr/rapports/RP-63289-FR.pdf 798 

 799 

Chahinian et al., 2013 N. Chahinian, C. Bancon-Montigny, V. Brunel, G. Aubert, C. Salles, P. 800 

Marchand, C. Rodier, J.L. Seidel, E. Gayrard, F. Hernandez, J.L. Perrin, M.G. Tournoud 801 

Temporal and spatial variability of organotins in an intermittent Mediterranean river 802 

J. Environ. Manage., 128 (2013), pp. 173-181 803 

https://dx.doi.org/10.1016/j.jenvman.2013.05.004 804 

 805 

Clara et al., 2004 M. Clara, B. Strenn, N. Kreuzinger 806 



38 

 

Carbamazepine as a possible anthropogenic marker in the aquatic environment: 807 

investigations on the behaviour of Carbamazepine in wastewater treatment and during 808 

ground infiltration 809 

Water Res., 38 (2004), pp. 947-954 810 

https://dx.doi.org/10.1016/j.watres.2003.10.058 811 

 812 

Cobelo-García et al, 2007 A. Cobelo-García, A. Turner, G.E. Millward, F. Couceiro 813 

Behaviour of palladium (II), platinum (IV) and rhodium (III) in artificial and natural 814 

waters: influence of reactor surface and geochemistry on metal recovery 815 

Anal. Chim. Acta, 582 (2007), pp. 202-210 816 

https://dx.doi.org/10.1016/j.aca.2006.12.029 817 

 818 

Cobelo-García et al, 2015 A. Cobelo-García, M. Fillela, P. Croot, C. Frazzoli, G. Du 819 

Laing, N. Ospina-Alvarez, S. Rauch, P. Salaun, J. Schäfer, S. Zimmermann 820 

COST action TD 1407: network on technology critical elements (NOTICE) – from 821 

environmental processes to human threats 822 

Environ. Sci. Pollut. Res., 22 (2015), pp. 15188-15194 823 

https://dx.doi.org/10.1007/s11356-015-5221-0 824 

 825 

Collado et al., 2014 N. Collado, S. Rodriguez-Mozaz, M. Gros, A. Rubirolo, D. Barceló, J. 826 

Comas, I. Rodriguez-Roda, G. Buttiglieri  827 

Pharmaceuticals occurrence in a WWTP with significant industrial contribution and its 828 

input into the river system 829 

Environ. Pollut., 185 (2014), pp. 202-212 830 

https://doi.org/10.1016/j.envpol.2013.10.040 831 



39 

 

 832 

Crastes de Paulet and Dufrenoy, 2012 F. Crastes de Paulet, R. Dufrenoy 833 

Apport des jaugeages de la Marque à la compréhension de la réalimentation du 834 

Carbonifère 835 

http://infoterre.brgm.fr/rapports/RP-61431-FR.pdf 836 

 837 

Currell et al., 2022 M. Currell,W. McCance, O.A.H. Jones 838 

Novel molecular tracers for the assessment of groundwater pollution 839 

Curr. Opin. Environ, 26 (2022), p. 100331 840 

https://doi.org/10.1016/j.coesh.2022.100331 841 

 842 

Curtis et al., 2010 L. Curtis, A. Turner, N. Vyas, G. Sewell 843 

Speciation and reactivity of cisplatin in river water and seawater 844 

Environ. Sci. Technol., 44 (2010), pp. 3345-3350 845 

https://dx.doi.org/10.1021/es903620z 846 

 847 

Davranche et al., 2005 M. Davranche, O. Pourret, G. Gruau, A. Dia, M. Le Coz-848 

Bouhnik 849 

Adsorption of REE(III)-humate complexes onto MnO2: experimental evidences for 850 

cerium anomaly and lanthanide tetrad effect suppression 851 

Geochim Cosmochim. Acta, 69 (2005), pp. 4825-4835 852 

https://doi.org/10.1016/j.gca.2005.06.005 853 

 854 

Dang et al., 2021 D.H. Dang, Z. Zhang, W. Wang, B. Oursel, F. Juillot, C. Dupouy, H. 855 

Lemonnier, S. Mounier 856 



40 

 

Tropical mangrove forests as a source of dissolved rare earth elements and yttrium to 857 

the ocean 858 

Chem. Geol., 576 (2021), p. 120278 859 

https://dx.doi.org/10.1016/j.chemgeo.2021.120278 860 

 861 

Dickenson et al., 2011 E.R.V. Dickenson, S.A. Snyder, D.L. Delka, J.E Drewes 862 

Indicator compounds for assessment of wastewater effluent contributions to flow and 863 

water quality 864 

Water Res., 45 (2011), pp. 1199-1212 865 

https://doi.org/10.1016/j.watres.2010.11.012 866 

 867 

Di Pasqua et al., 2012 A.J. Di Pasqua, J. Goodisman, J.C. Dabrowiak 868 

Understanding how the platinum anticancer drug carboplatin works: from bottle to the 869 

cell 870 

Inorg. Chim. Acta, 389 (2012), pp. 29-35 871 

https://doi.org/10.1016/j.ica.2012.01.028 872 

 873 

Donoso et al., 2015 N. Donoso, P. Boets, E. Michels, P.L.M. Goethals, E. Meers 874 

Assessment (EIA) of effluents from constructed wetlands on water quality of receiving 875 

watercourses 876 

Water Air Soil Pollut., 226 (2015), pp. 1-18 877 

https://doi.org/10.1007/s11270-015-2465-8 878 

 879 

Douay et al., 2007 F. Douay, C. Pruvot, H. Roussel, H. Ciesielski, H. Fourriet, N. Proix, C. 880 

Waterlot 881 



41 

 

Contamination of urban soils in an area of Northern France polluted by dust emissions 882 

of two smelters 883 

Water Air Soil Pollut., 188 (2007), pp. 247-269 884 

https://dx.doi.org/10.1007/s11270-007-9541-7 885 

 886 

Fent, 1996 K. Fent 887 

Organotin compounds in municipal wastewater and sewage sludge: contamination, fate 888 

in treatment process and ecotoxicological consequences 889 

Sci. Total Environ., 185 (1996), pp. 151-159  890 

https://doi.org/10.1016/0048-9697(95)05048-5 891 

 892 

Fox, 2005 J. Fox 893 

The R Commander : A basic statistics graphical user interface to R 894 

J. Stat. Softw., 14 (2005), pp. 1-42 895 

 896 

Fuerhacker et al., 2001 M. Fuerhacker, S. Scharf, W. Pichler, T. Ertl, R. Haberl 897 

Sources and behaviour of bismuth active substances (BiAS) in a municipal sewage 898 

treatment plant 899 

Sci. Total Environ., 277 (2001), pp. 95-100 900 

https://doi.org/10.1016/S0048-9697(00)00866-4 901 

 902 

García-Armisen, 2014 T. García-Armisen, O. Inceoğlu, N.K Ouattara, A. Anzil, M.A 903 

Verbanck, N. Brion, P. Servais 904 

Seasonal variations and resilience of bacterial communities in a sewage polluted urban 905 

river  906 



42 

 

PLoS One, 9 (2014), p. e92579 907 

https://doi.org/10.1371/journal.pone.0092579 908 

 909 

Gasser et al., 2010 G. Gasser, M. Rona, A. Voloshenko, R. Shelkow, N. Tal, I Pankratov, 910 

S. Elhanany, O. Lev 911 

Quantitative evaluation of tracers for quantification of wastewater contamination of 912 

potable water sources 913 

Environ. Sci. Technol., 44 (2010), pp. 3919-3925 914 

https://doi.org/10.1021/es100604c 915 

 916 

Gasser et al., 2014 G. Gasser, I. Pankratov, S. Elhanany, H. Glazman, O. Lev 917 

Calculation of wastewater effluent leakage to pristine water sources by the weighted 918 

average of multiple tracers 919 

Environ. Sci. Technol., 44 (2014), pp. 3919-3925 920 

https://dx.doi.org/10.1002/2013WR014377 921 

 922 

Ge et al., 2020 J. Ge, B. Guha, L. Lippincott, S. Cach, J. Wei, T.L. Su, X. Meng 923 

Challenges of arsenic removal from municipal wastewater by coagulation wit ferric 924 

chloride and alum 925 

Sci. Total Environ., 725 (2020), p. 138351 926 

https://doi.org/10.1016/j.scitotenv.2020.138351 927 

 928 

Gorny et al., 2015 J. Gorny, L. Lesven, G. Billon, D. Dumoulin, C. Noiriel, C. Pirovano, 929 

B. Madé 930 



43 

 

Determination of total arsenic using a novel Zn-ferrite binding gel for DGT techniques: 931 

application to the redox speciation of arsenic in river sediments 932 

Talanta, 188 (2015), pp. 890-898 933 

https://dx.doi.org/10.1016/j.talanta.2015.07.016 934 

 935 

Goullé et al., 2011 J.P. Goullé, C. Lacroix, 3. Saussereau, L. Mahieu, D. Bouige, J., 936 

Spiroux, M. Guerbet 937 

Intérêt du dosage de quatre éléments minéraux dans les eaux usées pour le suivi des 938 

activités médicales 939 

Ann. Toxicol. Anal., 23 (2011), pp. 53-59 940 

https://doi.org/10.1051/ata/2011110 941 

 942 

Guinoiseau et al., 2018 D. Guinoiseau, P. Louvat, G. Paris, J.B. Chen, B. Chetelat, V. 943 

Rocher, S. Guérin, J. Gaillardet 944 

Are boron isotopes a reliable tracer of anthropogenic inputs to rivers over time? 945 

Sci. Total Environ., 626 (2018), pp.1057-1068 946 

https://doi.org/10.1016/j.scitotenv.2018.01.159 947 

 948 

Gworek et al., 2017 B. Gworek, W. Dmuchowski, A.H. Baczewska, P. Bragoszewska, O. 949 

Bemowska-Katabun, J. Wrzosek-Jabubowka 950 

Air contamination by mercury, emissions and transformation – a Review 951 

Water Air Soil Pollut., 228 (2017), pp. 1-31 952 

https://doi.org/10.1007/s11270-017-3311-y 953 

 954 

Hann et al., 2005 S. Hann, Zs. Stefánka, K. Lenz, G. Stingeder 955 



44 

 

Novel separation method for highly sensitive speciation of cancerostatic platinum 956 

compounds by HPLC-ICP-MS 957 

Anal. Bioanal. Chem., 381 (2005), pp. 405-412 958 

https://doi.org/10.1007/s00216-004-2839-z 959 

 960 

Hasenmueller and Criss, 2013 E.A. Hasenmueller, R.E. Criss 961 

Multiple sources of boron in urban surface waters and groundwaters 962 

Sci. Total Environ., 447 (2013), pp. 235-247 963 

https://doi.org/10.1016/j.scitotenv.2013.01.001 964 

 965 

Hatje et al., 2016 V. Hatje, K.W. Bruland, A.R. Flegal 966 

Increases in anthropogenic gadolinium anomalies and Rare Earth Elements 967 

concentrations in San Francisco Bay over a 20-year record 968 

Environ. Sci. Technol., 50 (2016), pp. 4159-4168 969 

https://doi.org/10.1021/acs.est.5b04322 970 

 971 

Hissler et al., 2015 C. Hissler, R. Hostache, J.F Iffly, L. Pfister, P. Stille 972 

Anthropogenic rare earth element fluxes into floodplains: Coupling between 973 

geochemical monitoring and hydrodynamic sediment transport modelling 974 

C.R. Geosci., 347 (2015), pp. 294-303 975 

https://doi.org/10.1016/j.crte.2015.01.003 976 

 977 

Holzebecher et al., 2005 E. Holzebecher, A. Knappe, A. Pekdeger 978 

Identification of degradation characteristics – exemplified by Gd-DTPA in a large 979 

experimental column 980 



45 

 

Environ. Model. Assess., 10, pp. 1-8 981 

https://doi.org/10.1007/s10666-004-4269-x 982 

 983 

Isidori et al., 2016 M. Isidori, M. Lavorgna, C. Russo, M. Kundi, B. Žegura, M. 984 

Novak, M. Filipič, M. Mišik, S. Knasmueller, M.L. De Alda, D. Barceló, B. Žonja, M. Česen, 985 

J.Ščančar, T. Koksjek, E. Heath 986 

Chemical and toxicological characterization of anticancer drugs in hospital and 987 

municipal wastewaters from Slovenia and Spain 988 

Environ. Pollut., 219 (2016), pp. 275-287  989 

https://doi.org/10.1016/j.envpol.2016.10.039 990 

 991 

Ivanovsky et al., 2016 A. Ivanovski, J. Criquet, D. Dumoulin, C. Alary, J. Prygiel, L. 992 

Duponchel, G. Billon 993 

Water quality assessment of a small peri-urban river using low and high frequency 994 

monitoring 995 

Environ. Sci. Process. Impact, 18 (2016), pp. 624-637 996 

https://doi.org/10.1039/C5EM00659G 997 

 998 

Johannesson et al., 1997 K.H. Johannesson, K.J Stetzenbach, V.F Hodge 999 

Rare earth elements as a geochemical tracers of regional groundwater mixing 1000 

Geochim. Cosmochim. Acta, 61 (17), pp.3605-3618 1001 

https://doi.org/10.1016/S0016-7037(97)00177-4 1002 

 1003 

Kanagaraj et al., 2008 J. Kanagaraj, N.K. Chandra Babu, A.B. Mandal  1004 



46 

 

Recovery and reuse of chromium from chrome tanning waster water aiming towards 1005 

zero discharges pollution 1006 

J. Clean. Prod., 16 (2008), pp. 1807-1813 1007 

https://doi.org/10.1016/j.jclepro.2007.12.005 1008 

 1009 

Kerfoot et al., 2018 W.C. Kerfoot, N.R. Urban, C.P. McDonald, H. Zhang, R. Rossmann, 1010 

J.A. Perlinger; T. Khan, A. Hendricks, M. Priyadarshini, M. Bolstad 1011 

Mining legacy across a wetland landscape: high mercury in Upper Peninsula (Michigan) 1012 

rivers, lakes and fish 1013 

Environ. Sci. Process. Impact, 20 (2018), pp. 708-733 1014 

https://doi.org/10.1039/C7EM00521K 1015 

 1016 

Khazaei and Milne-Home, 2017 E. Khazaei, W. Milne-Home 1017 

Applicability of geochemical techniques and artificial sweeteners in discriminating the 1018 

anthropogenic sources of chloride in shallow groundwater north of Toronto, Canada 1019 

Environ Monit. Assess., 189 (2017), p. 218 1020 

https://doi.org/10.1007/s10661-017-5927-1 1021 

 1022 

Kulaksiz and Bau, 2007 S. Kulaksiz, M. Bau 1023 

Contrasting behaviour of anthropogenic gadolinium and natural rare earth elements in 1024 

estuaries and the gadolinium input into the North Sea 1025 

Earth Planet. Sci. Lett., 260 (2007), pp.361-371 1026 

https://doi.org/10.1016/j.epsl.2007.06.016 1027 

 1028 

Kulaksiz and Bau, 2013 S. Kulaksiz, M. Bau 1029 



47 

 

Anthropogenic dissolved and colloid/nanoparticle-bound samarium, lanthanum and 1030 

gadolinium in the Rhine River and the impending destruction of the natural rare earth 1031 

element distribution in rivers 1032 

Earth Planet. Sci. Lett., 362 (2013), pp.43-50 1033 

https://doi.org/10.1016/j.epsl.2012.11.033 1034 

 1035 

Kümmerer and Helmers, 1997 K. Kümmerer, E. Helmers 1036 

Hospital effluentss as a source for platinum in the environment 1037 

Sci. Total Environ., 193 (1997), pp. 179-184 1038 

https://doi.org/10.1016/S0048-9697(96)05331-4 1039 

 1040 

Lacey et al., 2012 C. Lacey, S. Basha, A. Morissey, J.M. Tobin 1041 

Occurrence of pharmaceutical compounds in wastewater process streams in Dublin, 1042 

Ireland 1043 

Environ. Monit. Assess., 184 (2012), pp. 1049-1062 1044 

https://doi.org/10.1007/s10661-011-2020-z 1045 

 1046 

Langhammer and Rödovlá, 2013 J. Langhammer, S. Rödlová 1047 

Changes in water quality in agricultural catchments after deployment of wastewater 1048 

treatment plant 1049 

Environ. Monit. Assess., 184 (2013), pp. 10377- 10393 1050 

https://doi.org/10.1007/s10661-013-3339-4 1051 

 1052 

Lapworth et al., 2012 D.J. Lapworth, N. Baran, M.E. Stuart, R.S. Ward 1053 



48 

 

Emerging organic contaminants in groundwater. A review of sources, fate and 1054 

occurrence 1055 

Environ. Pollut, 163 (2012), pp. 287-303 1056 

https://doi.org/10.1016/j.envpol.2011.12.034 1057 

 1058 

Laschka and Nachtwey, 1997 D. Laschka, M. Nachtwey 1059 

Platinum in municipal sewage treatment plants 1060 

Chemosphere, 34 (1997), pp. 1803-1812 1061 

https://doi.org/10.1016/S0045-6535(97)00036-2 1062 

 1063 

Lawrence and Bariel, 2010 M.G. Lawrence, D.G. Bariel 1064 

Tracing treated wastewaters in an inland catchment using anthropogenic gadolinium 1065 

Chemosphere, 80 (2010), pp. 794-799 1066 

https://doi.org/10.1016/j.chemosphere.2010.05.001 1067 

 1068 

Lê et al., 2008  S. Lê, J. Josse, F. Husson 1069 

FactoMineR: An R package for Multivariate Analysis 1070 

J. Stat. Softw., 25 (2008), pp. 1-18 1071 

 1072 

Lenz et al., 2005 K. Lenz, S. Hann, G. Koellensperger, Zs. Stefanka, G. Stingeder, N. 1073 

Weissenbacher, S.N. Mahnik, M. Fuerhacker 1074 

Presence of cancerostatic platinum compounds in hospital wastewater and possible 1075 

elimination by adsorption to activated sludge 1076 

Sci. Total Environ., 345 (2005), pp. 141-152 1077 

https://doi.org/10.1016/j.scitotenv.2004.11.007 1078 



49 

 

 1079 

Lenz et al., 2007 K. Lenz, G. Koellensperger, S. Hann, N. Weissenbacher, S.N. Mahnik, 1080 

M. Fuerhacker 1081 

Fate of cancerostatic platinum compounds in biological wastewater treatment of 1082 

hospital effluents 1083 

Chemosphere, 69 (2007), pp. 1765-1774 1084 

https://doi.org/10.1016/j.chemosphere.2007.05.062 1085 

 1086 

Leterme et al., 2014 B. Leterme, P. Blanc, D. Jacques 1087 

A reactive transport model for mercury fate in soil-application to different 1088 

anthropogenic pollution sources 1089 

Environ. Sci. Pollut. Res., 21 (2014), pp. 12279-12293 1090 

https://doi.org/10.1007/s11356-014-3135-x 1091 

 1092 

Liu et al., 2017 H. Liu, O. Pourret, H. Go, J. Bonhoure 1093 

Rare earth elements sorption to iron oxyhydroxide: model development and application 1094 

to groundwater 1095 

Appl. Geochem., 87 (2017), pp. 158-166 1096 

https://doi.org/10.1016/j.apgeochem.2017.10.020 1097 

 1098 

Lockmiller et al., 2019 K.A. Lockmiller, K. Wang, D.A. Fike, A.R. Shaughnessy, E.A. 1099 

Hasenmueller 1100 

Using multiple tracers (F-, B, δ11B and optical brighteners) to distinguish between 1101 

municipal drinking water and wastewater inputs to urban streams 1102 

Sci. Total Environ., 671 (2019), pp. 1245-1256 1103 



50 

 

https://doi.org/10.1016/j.scitotenv.2019.03.352 1104 

 1105 

Louis et al., 2020 P. Louis, A. Messaoudene, H. Jrad, B.A. Abdoul-Hamid, D.A.L. 1106 

Vignati, M.N. Pons 1107 

Understanding Rare Earth Elements concentrations, anomalies and fluxes at the river 1108 

scale: The Moselle River (France) as a case study 1109 

Sci. Total Environ., 742 (2020), p. 140619 1110 

https://doi.org/10.1016/j.scitotenv.2020.140619 1111 

 1112 

Marmolejo-Rodríguez et al., 2007 A.J. Marmolejo-Rodríguez, R. Prego, A. Meyer-1113 

Willerer, E. Shumulin, D. Sapozhnikov 1114 

Rare earth elements in iron oxy-hydroxide rich sediments from the Marabasco River – 1115 

Estuary System (pacific coast of Mexico). REE affinity with iron and aluminium 1116 

J. Geochem. Explor., 94 (2007), pp. 43-51 1117 

https://doi.org/10.1016/j.gexplo.2007.05.003 1118 

 1119 

McCance et al., 2018  W. McCance, O.A.H. Jones, M. Edwards, A. Surapaneni, S. 1120 

Chadalavada, M. Curell 1121 

Contaminants of emerging concern as novel groundwater tracers for delineating 1122 

wastewater impacts in urban and peri-urban areas 1123 

Water Res., 146 (2018), pp. 118-133 1124 

https://doi.org/10.1016/j.watres.2018.09.013 1125 

 1126 

Müller et al., 2020 A. Müller, H. Österlund, J. Marsalek, M. Viklander 1127 

The pollution conveyed by urban runoff: A review of sources 1128 



51 

 

Sci. Total Environ., 709 (2020), p. 136125 1129 

https://doi.org/10.1016/j.scitotenv.2019.136125 1130 

 1131 

McCance et al., 2020  W. McCance, O.A.H. Jones, D.I. Cendón, M. Edwards, A. 1132 

Surapaneni, S. Chadalavada, S. Wang, M. Curell 1133 

Combining environmental isotopes with Contaminants of Emerging Concern (CECs) to 1134 

characterise wastewater derived impacts on groundwater quality 1135 

Water Res., 182 (2020), p. 116036 1136 

 1137 

Munemoto et al., 2015 T. Munemoto, K. Ohmori, T. Iwatsuki 1138 

Rare earth elements (REE) in deep groundwater from granite and fracture-filling 1139 

calcite in the Tono area, central Japan: Prediction of REE fractionation in paleo- to 1140 

present-day groundwater 1141 

Chem. Geol., 417 (2015), pp. 58-67 1142 

https://doi.org/10.1016/j.chemgeo.2015.09.024 1143 

 1144 

Moldovan, 2007 M. Moldovan 1145 

Origin and fate of platinum group elements in the environment 1146 

Anal. Bioanal. Chem, 388 (2007), PP. 537-540 1147 

https://doi.org/10.1007/s00216-007-1234-y 1148 

 1149 

Monteiro et al., 2017 C.E. Monteiro, A. Cobelo-García, M. Caetano, M. Correia Dos Santos 1150 

Improved voltametric method for simultaneous determination of Pt and Rh using 1151 

second derivative signal transformation – application to environmental samples 1152 

Talanta, 175 (2017), pp. 1-8 1153 



52 

 

https://doi.org/10.1016/j.talanta.2017.06.067 1154 

 1155 

Moskalyk and Alfantazi, 2003 R.R. Moskalyk, A.M. Alfantazi 1156 

Processing of vanadium: a review 1157 

Miner. Eng., 16 (2003), pp. 793-805 1158 

https://doi.org/10.1016/S0892-6875(03)00213-9 1159 

 1160 

Nirel and Revaclier, 1999 P.M. Nirel, R. Revaclier 1161 

Assessment of sewage treatment plant effluent impact on river water quality using 1162 

Rb/Sr ratio 1163 

Environ. Sci. Technol., 33 (1999), pp. 1996-2000 1164 

https://doi.org/10.1021/es981097g 1165 

 1166 

Prygiel et al., 2015 E. Prygiel, P.J. Superville, D. Dumoulin, F. Lizon, J. Prygiel, G. Billon 1167 

On biogeochemistry and water quality of river canals in Northern France subject to 1168 

daily sediment resuspension due to intense boating activities 1169 

Environ. Pollut., 197 (2015), pp. 295-308 1170 

https://doi.org/10.1016/j.envpol.2014.11.022 1171 

 1172 

Ociński et al., 2016 D. Ociński, I. Jacukowicz-Sobala, P. Mazur, J. Raczyk, E. Kociolek-1173 

Balawejder 1174 

Water treatment residuals containing iron and manganese oxides for arsenic removal 1175 

from water – Characterization of physicochemical properties and adsorption studies 1176 

Chem. Eng. J., 294 (2016), pp. 210-221 1177 

https://doi.org/10.1016/j.cej.2016.02.111 1178 



53 

 

 1179 

Pougnet et al., 2014 F. Pougnet, J. Schäfer, L. Dutruch, C. Garnier, E. Tessier, D.H. Dang, 1180 

L. Lanceleur, J.U. Mullot, V. Lenoble, G. Blanc 1181 

Sources and historical records of tin and butyl-tin species in a Mediterranean bay 1182 

(Toulon Bay, France) 1183 

Env. Pollut. Sci. Res., 21 (2014), pp. 6640-6651 1184 

https://doi.org/10.1007/s11356-014-2576-6 1185 

 1186 

Rabiet, 2006 M. Rabiet 1187 

Contamination de la ressource en eau par les eaux usées dans un bassin versant 1188 

méditerranéen – Apport des éléments majeurs, traces et terres rares 1189 

PhD thesis defence, Université de Montpellier 2 (2006), 370 p. 1190 

https://tel.archives-ouvertes.fr/tel-00126551/document 1191 

 1192 

Rabiet et al., 2005 M. Rabiet, F. Brissaud, J.L. Seidel, S. Pistre, F. Elbaz-Poulichet 1193 

Deciphering the presence of wastewater in a medium-sized Mediterranean catchment 1194 

using multitracer approach 1195 

Appl. Geochem., 20 (2005), pp. 1587-1596 1196 

https://doi.org/10.1016/j.apgeochem.2005.04.005 1197 

 1198 

Rabiet et al., 2009 M. Rabiet, F. Brissaud, J.L. Seidel, S. Pistre, F. Elbaz-Poulichet 1199 

Positive gadolinium anomalies in wastewater treatment plant effluents and aquatic 1200 

environment in the Hérault watershed (South France) 1201 

Chemosphere, 95 (2009), pp. 639-642 1202 

https://doi.org/10.1016/j.chemosphere.2009.01.036 1203 



54 

 

 1204 

Rodushkin et al., 2018 I. Rodushkin, C. Paulukat, S. Pontér, E. Engström, D.C. Baxter, 1205 

D. Sörlin, N. Pallavicini, K. Rodushkina 1206 

Application of double-focusing sector field ICP-MS for determination of ultratrace 1207 

constituents in samples characterized by complex composition of the matrix 1208 

Sci. Total Environ., 622-623 (2018), pp. 203-213 1209 

https://doi.org/10.1016/j.scitotenv.2017.11.288 1210 

 1211 

Saha et al., 2017 N. Saha, M.S Rahman, M.B Ahmed, J. Zhou, H.H. Ngo, W. Guo 1212 

Industrial metal pollution in water and probabilistic assessment of human health 1213 

J. Environ. Manage, 185, pp. 70-78 1214 

https://doi.org/10.1016/j.jenvman.2016.10.023 1215 

 1216 

Silveira et al., 2011 R.P. D Silveira, A.P. De Castro Rodrigues, R.E. Santelli, R.C. 1217 

Cordeiro, D. Bidone 1218 

Mass balance in the monitoring of pollutant in tidal rivers of the Guanabera Bay, Rio de 1219 

Jaineiro, Brazil 1220 

Environ. Monit. Assess., 181 (2011), pp. 165-173 1221 

https://dx.doi.org/10.1007/s10661-010-1821-9 1222 

 1223 

 1224 

Stefania et al., 2019 G.A Stefania, M. Rotiroti, I.J. Buerge, C. Zanotti, V. Nava, B. Leoni, L. 1225 

Fumagalli, T. Bonomi 1226 

Identification of groundwater pollution sources in a landfill site using artificial 1227 

sweeteners multivariate analysis and transport modelling 1228 



55 

 

Waste Mange., 95 (2019), pp. 116-128 1229 

https://doi.org/10.1016/j.wasman.2019.06.010 1230 

 1231 

Superville et al., 2018 P.J. Superville, A. Ivanovsky, P. Burthun, J. Prygiel, G. Billon 1232 

Diel cycles of reduced manganese and their seasonal variability in the Marque River 1233 

Sci. Total Environ., 624 (2018), pp. 485-501 1234 

https://doi.org/10.1016/j.scitotenv.2017.12.189 1235 

 1236 

Tian et al., 2020 Z. Tian, K.T. Peter, A.D. Gipe, H. Zhao, F. Hou, D.A. Wark, T. 1237 

Khangaonkar, E. Kolodziej, C.A. James 1238 

Suspect and nontarget screening for contaminants of emerging concern in an urban 1239 

Estuary 1240 

Env. Sci. Technol., 54 (2020), pp. 899-901 1241 

https://doi.org/10.1021/acs.est.9b06126 1242 

 1243 

Trommetter et al., 2020 G. Trommetter, D. Dumoulin, G. Billon 1244 

Direct determination of rare earth elements in natural water and digested sediment 1245 

samples by inductively coupled plasma quadrupole mass spectrometry using collision 1246 

cell 1247 

Spectrochim. Acta Part B At. Spectrosc., 171 (2020), P. 105922 1248 

https://doi.org/10.1016/j.sab.2020.105922 1249 

 1250 

Trommetter et al., 2021 G. Trommetter, D. Dumoulin, G. Billon 1251 

Development and validation of DGT passive samplers for the quantification of Ir, Pd, Pt, 1252 

Rh nd Ru: A challenging application in waters impacted by urban activities  1253 



56 

 

Talanta, 223 (2021), P. 121707 1254 

https://doi.org/10.1016/j.talanta.2020.121707 1255 

 1256 

Turner and Mascorda, 2015 A. Turner, L. Mascorda  1257 

Particle-water interactions of platinum based anticancer drugs in river water and 1258 

estuarine water 1259 

Chemosphere, 119 (2015), pp. 271-280 1260 

https://doi.org/10.1016/j.chemosphere.2014.06.074 1261 

 1262 

Van Stempvoort et al., 2013 D.R. Van Stempvoort, J.W. Roy, J. Grabuski, S.J. Brown, G. 1263 

Bickerton, E. Sverko 1264 

An artificial sweeteners and pharmaceutical compounds as co-tracers of urban 1265 

wastewater in groundwater 1266 

Sci. Total Environ., 461-462 (2013), pp. 348-359 1267 

https://doi.org/10.1016/j.scitotenv.2013.05.001 1268 

 1269 

Vareda et al., 2019  J.P. Vareda, A.J.M. Valente, L. Durães 1270 

Assessment of heavy metal pollution from anthropogenic activities and remediation 1271 

strategies: a review 1272 

J. Environ. Manage., 44 (2019), pp. 101-118 1273 

https://doi.org/10.1016/j.jenvman.2019.05.126 1274 

 1275 

Vystavna et al., 2013 Y. Vystavna, P. Le Coustumier, F. Huneau 1276 

Monitoring of trace metals and pharmaceuticals as anthropogenic and socio-economic 1277 

indicators of urban and industrial impact on surface water 1278 



57 

 

Environ. Monit. Assess., 185 (2013), pp. 3581-3601  1279 

https://doi.org/10.1007/s10661-012-2811-x 1280 

 1281 

Warner et al., 2019  W. Warner, T. Licha, K. Nödler 1282 

Qualitative and quantitative use of micropollutants as source and process indicators. A 1283 

review 1284 

Sci. Total Environ., 686 (2019), pp. 75-89 1285 

https://doi.org/10.1016/j.scitotenv.2019.05.385 1286 

 1287 

Williams et al., 2013 M. Williams, A. Kumar, C. Ort, M.G. Lawrence 1288 

The use of multiple tracers for tracking wastewater discharges in freshwater systems 1289 

Environ. Monit. Assess., 185 (2013), pp. 9321-9332 1290 

https://doi.org/10.1007/s10661-013-3254-8 1291 

 1292 

Wood, 1990 S.A. Wood 1293 

The interaction of dissolved platinum with fulvic acid and simple organic acid analogues 1294 

in aqueous solutions 1295 

Can. Mineral., 28 (1990), pp. 665-673 1296 

 1297 

Yotova et al., 2019 G. Yotova, S. Lazarova, B. Kudłak, B. Zlateva, V. Mihaylova, M. 1298 

Wieczerzak, T. Venelinov, S. Tsakovski 1299 

Assessment of the Bulgarian wastewater treatment plants’ impact on the receiving water 1300 

bodies 1301 

Molecules, 24 (2019), p. 2274 1302 

 https://dx.doi.org/0.3390/molecules24122274 1303 




