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A B S T R A C T   

Infiltration of effluents from wastewater treatment plants (WWTP) into groundwater can be a source of Con
taminants of Emerging Concern (CECs), such as pharmaceutical compounds, that are not fully removed during 
the treatment processes. A multi-tracer approach, based on hydrogeochemical, isotopic, and organic tracers, is 
applied in the Vistrenque Aquifer (Gard, France) to assess the dispersion of such unintentional plumes and its 
potential implication on groundwater quality for CECs in a small catchment area. In this area, a point source of 
WWTP effluent causes contaminant infiltration and unintentional transfer to the aquifer. This strong impact of an 
urban effluent was revealed from the Br/Cl ratio, boron concentrations and δ11B isotopic signature of the 
groundwater in the direct vicinity of the infiltration point. With increasing distance from that point, dilution with 
groundwater rapidly attenuates the urban signal from these hydrogeochemical and isotopic tracers. Nevertheless, 
a gadolinium anomaly, resulting from discharges of urban wastewater containing the contrast agents used for 
magnetic resonance imaging (MRI), highlights the presence of a wastewater plume further along the flow line, 
that comes with a series of organic molecules, including pharmaceutical residues. Monitoring persistent or 
reactive molecules along the plume provides a more detailed understanding of the transfer of CECs into 
groundwater bodies. This highlights the relevance of pharmaceutical compounds as co-tracers for WWTP plume 
delineation. The present multi-tracer approach for groundwater resource vulnerability towards CECs allows a 
more in-depth understanding of contaminant transfer and their fate in groundwater.   

1. Introduction 

The ever-increasing demand for groundwater supply (drinking 
water, agriculture, industry) in the context of climate change (precipi
tation regimes, evapotranspiration, and river flows) is a rising concern 
for the quantity and quality of the water resource (Green et al., 2011; 
Kumar, 2012; IPCC, 2023). To address this concern, the reuse of treated 
water from Wastewater Treatment Plants (WWTP) either for direct 
irrigation in agriculture or for artificial recharge of groundwater is 
considered (Misra, 2014; Jarraya-Horriche et al., 2020; Hassan et al., 
2023). However, groundwater is a vulnerable resource subject to 
various sources of contamination (Burri et al., 2019), which can be 
derived from either agricultural activity (e.g., nitrates, pesticides), 
urban effluents (e.g., pharmaceutical compounds, multidrug-resistant 

bacteria) or industrial processes (e.g., per-and polyfluoroalkyl sub
stances PFAS). WWTP are known to be a significant source of pharma
ceutical compounds in the environment due to their incomplete removal 
during the treatment process. The efficiency of the pharmaceuticals’ 
removal can range from 0 % to 90 %, depending on the specific com
pounds and on the treatment process employed, with average remaining 
concentrations of pharmaceutical compounds in the WWTP effluent 
ranging from a few ng/L− 1 to several mg/L− 1 (Kasprzyk-Hordern et al., 
2009; Verlicchi et al., 2012; Blair et al., 2015; Archer et al., 2017; 
Mansouri et al., 2021). 

Contaminants of Emerging Concern (CECs) are defined as substances 
for which there is generally no regulation requiring monitoring or public 
reporting of their presence in surface water, groundwater, or wastewater 
(Morin-Crini et al., 2022). These contaminants may represent a potential 
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risk for human health and the environment, with some of them acting as 
endocrine disruptors and potentially causing effects on aquatic organ
isms, even at low levels of exposure (US EPA, 2008, 2012). They include 
pharmaceutical compounds, personal care products and cosmetics, in
dustrial substances, rare-earth elements (REE) & metallic trace elements 
(MTEs), pesticides, or biological agents. The transfer of such contami
nants from surface waters (treated or raw urban effluent) to the 
groundwater reservoir has been highlighted in several studies (Cary 
et al., 2013; K’oreje et al., 2016; Lee et al., 2019; McCance et al., 2020). 
To assess the risks associated with these emerging contaminants, 
quantification of pharmaceutical compounds has been carried out in the 
WWTP influent or effluent (Kasprzyk-Hordern et al., 2009; Khasawneh 
and Palaniandy, 2021), the surface water (Wilkinson et al., 2022), and 
the groundwater (Lopez et al., 2015; Sui et al., 2015; Li et al., 2021). 
CECs’ transfer in the environment is complex, due to the diversity of 
substances and their specific characteristics. The persistence of some 
compounds, such as carbamazepine, is well documented (Clara et al., 
2004; Grossberger et al., 2014; Hai et al., 2018). However, other organic 
contaminants may be more or less persistent, showing different rates of 
retention or degradation during their transfer, through processes such as 
sorption, photo-oxidation, complexation reactions, or mixing (Lapworth 
et al., 2012; Blair et al., 2015; Kiecak et al., 2019). 

Once in the groundwater, a set of geochemical tools can be used to 
monitor and quantify the WWTP effluent discharge within the aquifer. 
Concentrations of major and minor ions have proven to be reliable 
tracers, especially when a large series of temporal data is available (Bi 
et al., 2021; McCance et al., 2021). However, when the signatures of 
several sources are overlapping, this data alone is not sufficient, and 
co-tracers are used to disentangle the sources. The combination of ni
trogen stable isotope ratios of nitrates and of boron isotope ratios has 
proven to be efficient to distinguish between organic fertilizers and 
wastewater effluent when both sources are present in the same study 
area (Widory et al., 2005; Briand et al., 2013, 2017; Adebowale et al., 
2019). These tracers are often advertised for this type of investigation. 
However, boron has a high geochemical reactivity and may suffer iso
topic fractionation depending on the pH, the temperature, the presence 
of clay minerals or organic matter (Schmitt et al., 2012; Gaillardet and 
Lemarchand, 2018; Chalk, 2020). Similarly, the use of stable isotopes of 
nitrogen requires the identification of the isotopic signature of the 
different nitrate sources and the denitrification processes likely to 
modify these signatures. Isotopic signatures of sulphate δ34S/δ18O-SO4

2−

may also be used to assess groundwater contamination by wastewaters 
(Torssander et al., 2006; Jakóbczyk-Karpierz and Ślósarczyk, 2022). 
Isotopic tracers require a thorough understanding of the local biogeo
chemical processes and in-depth investigations. Unconventional tracers, 
such as the emerging contaminants themselves, can be used as tracers of 
groundwater contaminated by urban effluents (Cary et al., 2013; Van 
Stempvoort et al., 2013; Lapworth et al., 2018; McCance et al., 2020; 
Sérodes et al., 2021; Currell et al., 2022). For instance, carbamazepine is 
an antiepileptic which has been used as a conservative environmental 
tracer in several studies, due to its persistence in the environment (Clara 
et al., 2004; Gasser et al., 2010; Cary et al., 2013). In some cases, the use 
of microbiological indicators can be useful to identify the septic tanks or 
WWTP effluents (Katz et al., 2009; Briand et al., 2013, 2017), but their 
use may be limited in groundwater due to the attenuation capacity of the 
aquifer matrix (Li et al., 2015). Finally, some tracers such as gadolinium 
are usually used to assess urban wastewater discharge in surface waters 
but can also be detected in groundwaters (Knappe et al., 2005; Kulaksız 
and Bau, 2011; Brünjes et al., 2016; Johannesson et al., 2017; Boester 
and Rüde, 2020). Gadolinium chelates are used as contrast agents in 
magnetic resonance imaging (MRI). These chelates are very stable and 
are not supposed to be metabolized by the human body. The excreted 
molecules are not processed nor degraded by conventional WWTP 
(Lawrence et al., 2009; Boester and Rüde, 2020) and can be found in the 
aquatic environment (Rabiet et al., 2009; Lawrence and Bariel, 2010; 
Kulaksız and Bau, 2011; Merschel et al., 2015; Hatje et al., 2016). 

Gadolinium can be used as a conservative tracer for anthropogenic input 
of WWTP effluent in the hydrological cycle (Möller et al., 2000; Ebra
himi and Barbieri, 2019). While promising, as has been shown with its 
application in surface water, gadolinium is rarely used as a tracer for 
urban effluents in groundwater. 

In this article, we explore the potential tracers that can be used to 
detect weak signals of the first signs of contamination in drinking water 
supply wells. We address this issue by investigating the spatial extent of 
a treated WWTP effluent plume in a small catchment area based on a 
multi-tracer approach. A selection of typical tracers of WWTP effluents is 
chosen, including hydrogeochemical tracers (Cl− , PO4

3− , Br/Cl, B, Gd), 
stable boron isotopes (δ11B), and pharmaceutical compounds. The study 
area is located in a zone where agricultural activities and sources of 
urban effluents are present. The tracers were therefore selected to track 
only urban effluents and their associated emerging contaminants. Other 
tracers such as NO3

− or δ15N/δ18O-NO3
− are excluded from this study as 

they are heavily influenced by agricultural activities. We propose a 
critical assessment of the efficiency of the selected tracers to delineate 
the WWTP effluent plume extent. The aim of the present research is to 
increase our knowledge of the occurrence, fate, and tracing methods for 
emerging contaminants. 

2. Site setting 

2.1. Geological setting 

The Vistrenque aquifer is located in the South of France. With a 325 
km2 surface area, approximately 14 million m3/y is abstracted for 
drinking water supply, 4–9 million m3/y for irrigation, 2 million m3/y 
for industry and 2–3 million m3/y for personal supply in 2010 (Sassine 
et al., 2015). This resource supports the economic activity surrounding 
Nîmes Metropolis. The shallow alluvial aquifer is composed of sands, 
gravel, and pebbles in a sandy-carbonated matrix, deposited by the 
paleo-Rhône River during the Plio-Quaternary period (Villafranchian, 
3.5–1.0 Ma). Its thickness ranges from 10 to 15 m in the upgradient part 
to 30 m in the downgradient part, Poul et al. (1975). 

The Garrigue area, made of lower Cretaceous limestones (136–130 
Ma), borders the Vistrenque aquifer on its NW limit (Fig. 1C). The 
limestones were fractured and folded during the Pyrenean orogeny 
(Séranne et al., 1995; Benedicto et al., 1996). During the Oligocene, the 
Nîmes Fault acted as a normal listric fault and created a NE-SW trending 
basin. The Vistrenque hemi-graben was filled with syn-rift Oligoce
ne-Aquitanian and post-rift Miocene sediments. Miocene Burdigalian 
outcrops can occasionally be found adjacent to Garrigues limestones. 
During the Lower Pliocene transgression, a thick layer of Plaisancian 
marine clays and marls were deposited (>300 m). These sediments 
correspond to the substratum of the Vistrenque aquifer. Above the lower 
pliocene sediments were deposited the villafranchian alluvial sediments 
by anastomosed rivers linked to the paleo-Rhône alluvial plain (Pantel, 
2000). Quaternary deposits made of loess, silt, and recent alluvial sed
iments locally confine the Villafranchian aquifer. 

2.2. Local hydrogeology of the study site 

The sampling site is located in the upstream part of the Vistrenque 
aquifer (Fig. 1A). The average precipitation in this area is about 700 
mm/year (http://pub-litheque.meteo.fr/) at the weather station of 
Nîmes Courbessac (10 km from the study site). The area is subject to a 
Mediterranean climate, with most of the precipitations occurring be
tween autumn and winter. The recharge of the groundwater primarily 
occurs through precipitation where the aquifer is unconfined. With 
25–30 % of effective rainfall, the annual recharge rate may be estimated 
between 180 and 220 mm (Pantel, 2009). 

The main aquifer formation studied is the Villafranchian alluvial 
sediments. This aquifer has a transitivity ranging from 1.10− 2 m2/s to 
1.10− 4 m2/s (Poul et al., 1975; Pantel, 2009). A second karstic aquifer, 
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made of massive Hauterivian and Barremian limestones, outcrops in the 
northern part of the area (Garrigue). At the Garrigue’s border, the Vil
lafranchian alluvial sediments are covered by colluvium and the aquifer 
becomes semi-captive (Fig. 1C). The marked topography also shows an 
NNW-SSE incision of the limestones, corresponding to the filling of a 
paleo-valley by Quaternary sediments. Lateral recharge of the Villa
franchian aquifer by the Cretaceous limestones was identified in previ
ous studies (Ménillet and Palloc, 1973; Carbon et al., 2005). 

In the study site, the thickness of the unsaturated zone varies be
tween 3 and 8 m. According to the piezometric map, a localized high 
water table is visible at the centre of the area (HYDRIAD, 2015). From 

there, the groundwater flow is divided into 2 directions: the main one 
corresponds to the regional flow of the aquifer with a NE-SW direction, 
and the second one has a NW-SE direction, toward the eastern boundary 
of the Vistrenque aquifer (Fig. 1A). 

2.3. Hydrography 

The study area presents multiple small streams and ditches that drain 
water from the agricultural fields. These channels are mostly dry during 
summer. One of the ditches is fed by treated WWTP effluent, discharged 
into the environment (Fig. 1B). This ditch flows southward and merges 

Fig. 1. [A] Hydrogeological map of the study area (water table data from HYDRIAD, 2015. WS1 to WS4 are the Water Supply wells, P1 to P13 corresponds to the 
groundwater samples, and S1 and S2 are karstic springs, [B] Focus on the centre of the study area (agro-industrial site) near the infiltration point of the WWTP 
effluent, [C] Geological cross-section from the Garrigues to the Villafranchian aquifer. 
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with the Buffalon River, located 2 km south of the effluent discharge 
point. During the dry season and periods of low rainfall, the effluent 
does not reach the river but instead infiltrates into the soil, approxi
mately 600 m after the discharge point. This location is labelled as the 
“Infiltration” point on Fig. 1B. Hence, 100 % of the effluent is infiltrated 
where the aquifer is unconfined. The infiltration point is identified at the 
place where an ancient Roman aqueduct buried in the ground crosses 
the effluent ditch at the centre of the study area (Carbon et al., 2005). A 
small subsidence is observed directly above the buried aqueduct and can 
correspond to a preferential infiltration zone. 

2.4. Land cover 

The Vistrenque Plain is predominantly covered by agricultural ac
tivities, which represents 65 % of the land use at the study site (CORINE 
Land Cover, 2018). Approximately 50 % of the agricultural lands are 
dedicated to vineyards, while the remaining half consists of arboricul
ture, market gardening, cereal growing, olive groves and pastures with 
livestock. In addition to traditional agriculture, an agro-industrial site 
(vegetable seed producer for professionals) is situated in the centre of 
the study site. As there is no intensive livestock farming in the study 
area, there is no potential overlap of urban contaminants by veterinary 
pharmaceuticals. 

Regarding urban contaminant sources, a WWTP is located in the 
centre of the study site. The station has a treatment capacity of 1500 
population equivalent. The average daily effluent discharge between 
2011 and 2021 was 150 m3/d. The discharged effluent flows towards the 
Buffalon River (Fig. 1A), where pharmaceutical residues were detected 
in high concentrations (e.g., 304 ng/L− 1 of diclofenac) in previous 
studies (Sassine, 2014, pp. 92). 

In addition to the WWTP, there are dispersed septic tanks throughout 
the study area, which could also be point sources of emerging contam
inants. Individual septic tanks are located near boreholes P3, P4, P7 and 
P13 (Fig. 1A). In addition, 6 septic tanks are found in a locality between 
P5 and WS3. Assuming that around thirty people are connected to these 
septic tanks, this represents 150 litres per day per points, spread over 3 
km2. 

3. Material and methods 

3.1. Sampling strategy 

Groundwater sampling campaigns were divided into two periods, the 
dry and wet seasons, following the hydrological cycle. The first 
campaign was conducted between May and July 2021, and the second 
one took place between September and November 2022. In total, 4 
drinking water supply wells (WS1 to 4), 11 piezometers in Villa
franchian aquifer (P1 to P11), 2 piezometers in karstic aquifer (P12 and 
P13) and 2 karstic springs (S1 & S2) were sampled. The selection of 
sampling points was based on their relative position to the discharge 
area of the WWTP effluent (Fig. 1A and B). 

Groundwater samples were collected using a submersible 2″ pump 
Grundfos MP1 when the piezometers were not already equipped. Each 
well was purged of at least 3 volumes of the water column until physi
cochemical parameters stabilized. Physicochemical parameters (tem
perature, electrical conductivity at 25 ◦C, pH and oxidation–reduction 
potential) were measured continuously in situ using a WTW 3630 
multiparameter in a flow-through cell to prevent contact with the 
atmosphere. 

Alkalinity was determined in the field as CaCO3 (mg/L− 1) using a 
HACH® SL1000 Portable Parallel Analyser (PPA), equipped with low or 
high-range total alkalinity chemkey reagents. Based on the pH condi
tions, alkalinity was converted to HCO3

− concentrations. 
Samples of the WWTP effluent were collected during the summer of 

2021 and the winter of 2022. A composite sample of the WWTP effluent 
was produced in November 2022 from 7 consecutive daily samples 

taken at different times of the day to account for the weekly variability 
of the effluent discharge. 

Analysis of major and minor ions was carried out for both the 2021 
and 2022 sampling campaigns. The analyses of pharmaceutical com
pounds were conducted either during the 2021 campaign, the 2022 
campaign, or across both campaigns. Boron, δ11B, and REE were ana
lysed only for 2021, except for the composite WWTP effluent sample, 
which was analysed in 2022. 

3.2. Analytical methods 

3.2.1. Major and minor ions analysis 
Water samples were collected using a 60 mL HENKE-JECT® syringe 

(rinsed 3 times with the sample) and filtered with CA 0.45 µm filters 
(Sodipro) into 2 × 60 mL HDPE bottles. The bottle for cation analysis 
was acidified at pH~3 with HNO3 (Merck, Suprapur) directly in the 
field. 

Major ions (Cl− , Na+, K+, Mg2+, Ca2+, SO4
2− ), bromide (Br− ) and 

phosphate (PO4
3− ) ions concentrations were analysed at the University of 

Nîmes (CHROME laboratory, France) by ion chromatography (Metrohm 
930 Compact IC Flex, anion column: Metrosep A Supp 5 - 250/4.0, 
cation column: Metrosep C 6 - A150/4.0), at 35 ◦C for anions and 30 ◦C 
for cations, at a flow rate of 0.7 mL/min for anions (eluent: sodium bi
carbonate 3.2 mM + sodium carbonate 1.0 mM) and 0.9 mL/min for 
cations (eluent: nitric acid 1.7 mM + dipicolinic acid 1.7 mM). The 
repeatability of the measurements is 5 %. 

3.2.2. Boron concentrations, δ11B and REE 
Samples were collected in 125 mL HDPE bottles, following the same 

field sampling method as described previously for cation analysis. 
Boron and Rare Earth Elements (REE) concentrations were deter

mined by Inductively coupled plasma mass spectrometry atomic emis
sion spectroscopy (ICP-OES/AES JY2000) at the Institut de Physique du 
Globe de Paris (IPGP) and by ICP-MS (Agilent 7900) at the University of 
Nîmes. To compare the results of both instruments, 5 samples previously 
analysed at IPGP were also analysed in Nîmes, with agreement between 
the two measures of better than 8 %. 

Boron was extracted from the samples by ion exchange chromatog
raphy and isotope ratios were measured by multi-collector-ICP-MS (MC- 
ICP-MS Neptune, Thermo Scientific) at IPGP, Paris, France, using a 
direct-injection nebulizer (d-DIHEN, Analab), following Louvat et al., 
2019. In addition, the composite WWTP effluent sample was analysed, 
at Advanced Isotopic Analysis (AIA) in Pau, France. The values are 
expressed in δ11B (‰), using Eq. (1), relative to the NBS951 boric acid 
standard, measured in-between each sample as sample-standard 
bracketing.  

(1) 

The measurement uncertainty ranges from 0.25 to 0.5 ‰ (2SD). 
To assess potential anthropogenic influences, REE abundances were 

normalized against a reference standard. The reference material used 
here is the European Average Shale (EAS) which is recommended for the 
normalization of REE in environmental and biological samples from 
Europe (Bau et al., 2018). The expected result of this normalisation is a 
smoothed curve. If a specific element deviates from this curve, the 
anomaly can be quantified from the normalised concentration (REEN) 
and the interpolated concentration (REE*) (Knappe et al., 2005; Bau 
et al., 2018). 

The Gadolinium anomaly (Gd/Gd*) can then be interpolated from 
the shale-normalised concentrations using the Eq. (2) (Hissler et al., 
2015; Louis et al., 2020; Trommetter et al., 2022). 
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Gd/Gd∗ =
GdN

(0.4 × NdN+0.6 × DyN)
(2)  

where NdN is the shale-normalized neodymium (Nd) concentration; DyN 
is the shale-normalized dysprosium (Dy) concentration. 

3.2.3. Pharmaceutical compounds 
A total of 53 pharmaceutical compounds, including 20 therapeutic 

categories such as antibiotics, antidepressants, or anticonvulsants, were 
analysed on groundwater samples and composite WWTP effluent 
(Fig. 3). A full list of the pharmaceutical compounds and their thera
peutic categories is provided in Supplementary Materials. 

Pharmaceutical compounds were analysed following the methods of 
Gros et al., 2008 and Sassine et al., 2017. Samples were collected in 
pre-cleaned amber glass bottles, with Teflon-lined caps, rinsed three 
times by the sample itself. Upon collection, bottles were stored at 4 ◦C 
before conditioning. In the laboratory, 1000 mL of each sample was 
spiked with appropriate analytical surrogates to a concentration of 50 
ng/L− 1. The sample was then filtered with Durapore® 0.45 μm PVDF 
Membrane. Solid Phase Extraction was carried out through Oasis HLB 6 
cc (500 mg) LP Extraction Cartridge using a vacuum Visi-Prep 

(Phenomenex) by the ’’catch to elute’’ method. SPE cartridges were 
rinsed with 5 mL of MeOH, then conditioned with 5 mL of Milli-Q Water. 
The sample was loaded at ~5 mL/min. Elution was performed with 3 ×
3.5 mL of MeOH, collected in 12 mL glass tubes. The solvent was 
evaporated under a gentle nitrogen flux and heated at 40 ◦C in a sample 
concentrator (Techne). Extracts were reconstituted with 250 µL of 
Milli-Q-MeOH (95:5) solution spiked with internal standards at a con
centration of 50 ppb. 

Samples were analysed in triplicates by HPLC-MS/MS (valve unit: 
FCV-11AL, degassing unit: DGU-20A, liquid chromatography: LC- 
20AD− XR, autosampler: SIL-30AC, column oven: CTO-20A, Shimadzu 
LCMS-8040) equipped with a reverse-phase separation system (pre- 
column: Polar C18 − 2.1 mm, column: Kinetex Polar C18, 100A, 100 ×
2.1 mm − 2.6 µm Kinetex), at 40 ◦C, with a flow rate of 0.3 mL/min on a 
20 min gradient (aqueous phase A: EUP+ 0.1 % formic acid v/v - organic 
phase B: MeOH + 0.1 % formic acid v/v). 

The limits of detection and quantification (LOD and LOQ) were 
defined as 3 and 10 times the instrument signal-noise ratio, respectively 
(ICH, 2005). Measurement uncertainty (2SD), LOD and LOQ are pro
vided in Supplementary Materials. 

Table 1 
Physical and chemical parameters, major and minor elements concentrations.    

T EC TDS pH Eh Cl− Br− Br/Cl   
(◦C) (µS/cm− 1) (mg/L− 1)  (mV) (mmol.L− 1) (µmol.L− 1)  

Water supply 
WS1 2021 16.0 740 474 7.0 401 0.79 1.7 2.2  

2022 15.9 748 479 7.1 469 0.84 2.1 2.5 
WS2 2021 16.0 796 509 7.1 437 0.85 3.6 4.3  

2022 16.4 795 509 7.0 419 0.8 2.3 2.8 
WS3 2021 17.0 736 471 7.1 360 0.93 1.7 1.9  

2022 15.3 746 477 6.8 414 1.06 1.9 1.7 
WS4 2021 15.5 713 456 7.0 423 0.56 1.2 2  

2022 16.6 739 473 7.1 461 0.64 1.4 2.1 
Villafranchian aquifer 
P1 2021 16.7 1391 890 7.0 337 3.68 2.7 0.6  

2022 – – – – – – – – 
P2 2021 16.8 1100 704 7.1 389 1.99 2.2 1.1  

2022 – – – – – – – – 
P3 2021 17.0 1137 728 7.0 399 1.79 2.7 1.5  

2022 – – – – – – – – 
P4 2021 16.9 1214 778 7.0 317 2.9 2.2 1.3  

2022 16.4 1105 707 6.8 320 3.84 2.7 0.7 
P5 2021 16.4 798 511 7.1 360 0.89 2.5 2.8  

2022 18.3 756 484 6.5 316 0.77 2.2 2.8 
P6 2021 16.0 610 390 7.0 371 0.74 1.3 1.7  

2022 – – – – – – – – 
P7 2021 16.2 1088 696 6.9 302 1.36 1.7 1.2  

2022 – – – – – – – – 
P8 2021 15.2 643 412 7.1 452 0.45 1 2.2  

2022 15.8 659 422 6.5 344 0.47 1.2 2.5 
P9 2021 16.3 987 632 7.1 314 1.45 2 1.3  

2022 16.8 800 512 6.9 274 1.3 2.4 1.9 
P10 2021 15.8 703 450 7.3 385 0.85 1.6 1.9  

2022 19.1 792 507 6.9 295 1.05 2 1.9 
P11 2021 16.5 762 488 7.0 352 0.62 1.3 2.2  

2022 17.0 742 475 6.6 321 0.64 1.6 2.4 
Cretaceous karst aquifer 
P12 2021 16.0 862 552 6.9 324 0.52 0.9 1.7  

2022 – – – – – – – – 
P13 2021 16.5 959 614 6.8 418 1.16 17.4 15  

2022 – – – – – – – – 
S1 2021 12.8 921 589 6.9 336 0.28 0.8 3.1  

2022 13.0 740 474 7.2 361 0.36 0.5 1.5 
S2 2021 13.3 891 570 6.8 365 0.3 1 3.2  

2022 17.2 554 355 7.4 419 0.33 0.7 2.2 
Urban effluent 
WWTP effluent 2021 23.0 1533 981 7.7 – 6.03 2.4 0.4  

2022 10.3 1013 648 7.7 400 5.03 1.6 0.3 
WWTP composite sample  11.2 1150 736 7.1 433 5.29 2.1 0.4 
WWTP after storm  12.1 1176 753 6.9 294 3.16 1.1 0.3 
Septic tank  11.6 1659 1062 7.7 238 3.33 2.8 0.9  
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4. Results 

4.1. Physical & chemical parameters 

Physical and chemical parameters measured in the field are pre
sented in Table 1. 

The electrical conductivity (EC) of groundwater varies significantly, 
ranging from 554 to 1391 μS/cm− 1 (median = 792 μS/cm− 1). Based on 
previous studies, the average EC of the Villafranchian aquifer in this part 
of the Vistrenque basin is around 800 μS/cm− 1 (Sassine et al., 2015). The 
effluent from the WWTP shows an EC of 1533 μS/cm− 1 measured in 
summer and 1013 to 1176 μS/cm− 1 in the 2 samples collected in winter. 
The winter sample with the lowest EC was measured after a heavy 
rainstorm. The septic tank effluent, located near the piezometer P3 and 
sampled in February 2022, displays the highest EC at 1659 μS/cm− 1. 

4.2. Elemental tracers 

Based on major ions’ analysis, groundwater samples have bicar
bonate calcium geochemical facies (Supplementary materials), whereas 
WWTP and septic tank effluent are sodium chloride type waters. Some 
groundwater samples tend toward the sodium chloride facies, such as P1 
and P2. 

On the Vistrenque plain, the chloride reference value “Clref”, corre
sponding to the natural chloride input from evapo-concentrated rain
water infiltration to groundwater, (Grosbois et al., 2000; Huang and 
Pang, 2011), varies between 0.05 and 1.1 mmol.L− 1 (Ladouche et al., 
2009; Sassine et al., 2015). Chloride concentration above the Clref im
plies an additional source of Cl− in the system. 

In the study area, the Cl− concentrations of the groundwater samples 
range from 0.36 to 3.8 mmol.L− 1 (median = 0.85), which is up to 3.5 
times the Clref. Sampling points showing concentrations above the Clref 
are P13, P9, P7, P2, P3, P1, P4, ranked with increasing Cl−

concentrations. 
The average Cl− concentration of urban effluents is 5.1 mmol.L− 1. 

Similarly to EC, Cl− concentration of the WWTP effluent may drop just 
after a rain (here, by half during the sampling campaign). 

The Br/Cl molar ratio (mmol/mmol ×1000) decreases with 
increasing Cl− concentrations (Fig. 2). The Br/Clmolar values of 

groundwater samples range from 0.57 to 4.24, while it is 1.57 for 
seawater (Cook and Herczeg, 2000). Point P13 has an anomalously high 
Br/Cl ratio of 15. The samples with the lowest ratios are P1, P2, P3, P4, 
P7 and P9. The urban effluent also shows a low Br/Clmolar ratio of 0.34 
on average, consistent with previous studies (Vengosh and Pankratov, 
1998; Panno et al., 2006; Katz et al., 2011; McArthur et al., 2012). 

Phosphates were measured in urban effluents, but their concentra
tions were below quantification limits in groundwater (Supplementary 
materials). 

4.3. Organic tracers 

Pharmaceutical compounds were detected in all groundwater sam
ples, except P8 and P12. Caffeine (CAFE), lidocaine (LIDO), epoxy- 
carbamazepine (ECBZ), fluconazole (FLUCO), carbamazepine (CBZ), 
sulfamethoxazole (SFMX), tramadol (TRA) and lamotrigine (LAMO) 
were detected in more than 50 % of the groundwater samples. The 
detection frequencies for each compound were as follows: CAFE (f = 91 
%), LIDO (f = 82 %), ECBZ (f = 77 %), FLUCO (f = 77 %), CBZ (f = 73 
%), SFMX (f = 73 %), TRA (f = 68 %), and LAMO (f = 55 %). Sample 
concentrations are presented in Fig. 3. 

Here, the concentration of CBZ ranges from 0 to 532 ng/L− 1 (mean: 
98 ng/L− 1 / median: 18 ng/L− 1) (Table 2). Sample P1, the closest to the 
WWTP effluent infiltration point, has the highest concentrations with a 
total concentration of pharmaceuticals of Σ19 detected PHARM = 2027 ng/ 
L− 1. 

As expected, the composite WWTP effluent shows greater concen
trations in pharmaceutical compounds compared to groundwater. 
FLUCO, CBZ, ECBZ, LIDO, and TRA were exceptions. However, some 
molecules were only found in the effluent and not in the groundwater, 
such as escitalopram, ciprofloxacin, verapamil, amitriptyline, ofloxacin, 
trimethoprim, fluoxetine, diphenhydramine, mefenamic acid, atenolol, 
erythromycin, spiramycin and warfarin. 

4.4. Boron isotopes and concentrations 

The boron concentrations of groundwater samples have an average 
value of 57 µg.L− 1, with a maximum concentration of 152 µg.L− 1 at the 
piezometer P4. Boron isotopic signature δ11B varies significantly from 

Fig. 2. Plot of the Br/Cl ratio (×1000) versus chloride concentrations (mmol L− 1) from groundwater and urban wastewater samples (err. 5 %). Br/Cl ratios of local 
precipitations derived from Ladouche et al. (2009). 
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4.7 to 33.6 ‰ (median = 23.8 ‰). The three most B concentrated 
samples (points P2, P1 and P4, respectively, with increasing boron 
concentrations) are also the ones with the lowest isotopic signatures 
(Fig. 4A). These samples are located near the infiltration point and close 
to a septic tank (Fig. 1B). 

The WWTP effluent composite sample has a boron concentration of 
125 µg.L− 1 and a δ11B isotopic signature of 9.4 ‰. This value is 
consistent with those found in other studies (Vengosh et al., 1994; Seiler, 

2005; Chalk, 2020). 

4.5. Gadolinium 

The gadolinium anomaly Gd/Gd* in groundwater ranges from 0.7 
for P8 up to 872 for P1(median value of 4.2). Gd anomalies above 
1.4–1.8 indicate an anthropogenic input of Gd to the groundwater sys
tem (Rabiet et al., 2009; Louis et al., 2020). In the present study, P6, P8 

Fig. 3. Concentrations of detected pharmaceutical compounds in groundwater samples (boxplots) and WWTP effluent (red diamonds), classified according to their 
partition coefficient (logP). The numbers of detections in the groundwater and the effluent are indicated at the top of the graph. Pharmaceutical compounds written 
in bold are found in groundwater, those written in italic are only detected in the WWTP effluent, and those identified with “*” have a corresponding internal standard 
(ISTD). The full list of abbreviations is available in Supplementary Materials. 

Table 2 
Data for organic tracers (carbamazepine (CBZ) and epoxy-carbamazepine (ECBZ)), REE (neodymium, gadolinium, dysprosium), gadolinium anomaly (Gd/Gd*), boron 
concentrations and δ11B. Samples were analysed in 2021, except for the WWTP composite sample analysed in 2022. “ND” not detected, “MQL” method quantification 
limit, “–” not analysed.   

CBZ ECBZ Nd Gd Dy Gd/Gd* B B RSD δ11B 2SD δ11B  
(ng/L− 1) (ng/L− 1)  (µg.L− 1) (%) (‰ vs. NBS951) (%) 

Water supply 
WS1 17.8 ND 3.4 3.3 1.1 3.5 67.2 4.7 22.02 0.25 
WS2 36.4 15.0 5.4 9.5 1.2 8.6 49.9 1.6 23.93 0.25 
WS3 14.0 7.9 25.6 11.9 4.5 2.6 48.4 2.5 28.24 0.25 
WS4 ND ND 4.7 1.2 1.4 1.0 25.1 2.1 23.81 0.25 
Villafranchian aquifer 
P1 420.0 34.6 0.6 535.1 0.9 871.9 140.1 1.9 7.73 0.25 
P2 242.1 21.9 0.2 67.6 0.2 432.8 109.2 2.6 11.38 0.25 
P3 22.7 <MQL 2.0 26.7 0.8 41.3 46.2 2.6 27.90 0.25 
P4 532.1 39.4 <MQL 84.0 <MQL – 152.2 2.3 4.65 0.25 
P5 38.1 8.4 17.1 12.3 3.2 3.8 48.3 1.5 25.21 0.25 
P6 – – 18.6 5.1 3.8 1.4 26.9 3.4 18.62 0.25 
P7 – – 14.1 13.0 3.5 4.1 42.8 4.7 33.57 0.25 
P8 ND ND 12.7 2.5 4.0 0.7 20.6 1.7 33.42 0.25 
P9 24.4 <MQL 7.1 8.8 2.0 5 28.1 2.7 24.25 0.25 
P10 9.9 13.0 6.6 7.0 1.8 4.4 18.6 4.5 26.46 0.25 
P11 ND ND 4.5 2.4 1.3 2.1 27.3 2.8 18.9 0.25 
Cretaceous karst aquifer 
P12 ND ND <MQL 0.47 <MQL – 31.0 2.0 19.47 0.25 
P13 ND ND 3.6 6.6 0.9 8.2 86.5 3.4 19.14 0.25 
Urban effluent 
WWTP effluent (2021) 525.6 106.5 – – – – – – – – 
WWTP composite sample 264.9 75.2 – – – – 124.5 4.6 9.44 0.41  
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and WS4 show Gd/Gd* values below 1.4 and do not seem to be impacted 
by the WWTP effluent based on the piezometric data (Fig. 1A). The 
highest Gd/Gd* values are observed for all the groundwater samples 
located at the centre of the study area (Fig. 5B), while the samples most 
distant from the infiltration point show lower ratios. 

As Nd and Dy concentrations in P4 and P12 were below the analyt
ical quantification limits (Table 2), the Gd/Gd* values for these samples 
are over-estimated. The Gd/Gd* measurement can be problematic if one 
of the elements used for the interpolation is anomalous itself (Bau and 
Dulski, 1996; Lawrence and Kamber, 2006; Kulaksız and Bau, 2011). 
Therefore, P4 and P12 were not included in the discussion about 
Gd/Gd*. 

The composite WWTP effluent sample was only analysed for Gd 
concentration, therefore no Gd/Gd* anomaly could be calculated for 
this sample. 

5. Discussion 

5.1. Identification of a WWTP effluent plume 

5.1.1. Geochemical evidence for the WWTP effluent infiltration into the 
aquifer 

Samples collected near the assumed infiltration point show a rela
tively high EC compared to EC of groundwater in the same formation 

Fig. 4. [A] Variations of boron isotopic signatures δ11B (‰ vs. NBS951) and 1/B concentrations (L/µg) [B] Comparison of boron isotopic signatures δ11B (‰ vs. 
NBS951) and 1/(carbamazepine + epoxy-carbamazepine) concentrations (L/ng) for groundwater and urban effluents samples. Boron isotopic signatures for WWTP 
from Chalk, 2020. 
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and at the same depth. These samples are marked by high Cl− concen
trations above the Clref of 1.1 mmol.L− 1 (Table 1). 

From the Br/Cl molar ratio vs. chloride concentration diagram 
(Fig. 2), an average Br/Cl ratio of 1.90 for the non-impacted Villa
franchian groundwater can be defined, consistent with the Br/Cl ratio of 
rainwater in the south of France and its seasonal variations (Ladouche 
et al., 2009). The karst Br/Cl is similar to the Villafranchian ratios and 
fits also within the range of the regional rainwater Br/Cl variations. The 
samples WS2 of 2021 and P13 have a higher Br/Cl ratio than the other 
groundwater samples. This could indicate another source of Br, such as 
anthropogenic contribution of particulate matter and halogens to the 

atmosphere, or the use of Br-based fertilizers (Alcalá and Custodio, 
2008). The Br/Cl increase could also be attributed to the release of 
gaseous bromide in the atmosphere, linked to forest-burning during 
summer (Ladouche et al., 2009). Sample P13 is located less than 10 m 
from a private swimming pool. Depending on the disinfection type 
(chlorinated or brominated), swimming pools emptying could be a local 
source of Br within the aquifer, as brominated swimming pool waters 
should have higher Br/Cl ratios (Richardson et al., 2010). 

The treated urban effluent seems to form a coherent endmember, 
with a depleted Br/Cl ratio of 0.34 and high chloride concentration. The 
Br/Cl molar ratios of the groundwater samples suggest a mixing trend 

Fig. 5. [A] Correlation between gadolinium and chloride concentrations and derived mixing fractions, [B] Gd/Gd* anomaly for groundwater samples. P4 and the 
WWTP effluent are not included. 
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between the non-impacted Villafranchian groundwater and urban ef
fluents. This suggests an infiltration of the WWTP effluent into the 
aquifer, with a sufficiently large volume to impact the groundwater 
chemistry. Samples below the seawater Br/Cl ratio (1.57) can be 
considered as impacted by the WWTP effluent, as no other source of 
depleted Br/Cl ratio has been identified in the area. 

Considering an average Br/Cl ratio of 1.90 for the non-impacted 
Villafranchian aquifer and a Br/Cl ratio of 0.34 for the WWTP 
effluent, the proportion of effluent in the mix can be calculated (Vengosh 

and Pankratov, 1998). For the samples P1, P2, P3 and P4, the urban 
endmember contributes to respectively 67 %, 32 %, 14 % and 58 % of 
the water. Sample P1, closest to the supposed infiltration zone, has the 
highest contribution of WWTP effluent. As expected, the urban effluent 
fraction decreases with increasing distance from the infiltration point 
towards P2. This observation appears to be consistent with the piezo
metric map showing a main groundwater flow direction towards the SE 
(Figs. 1A and 6). The increase in WWTP effluent contribution at P4 
suggests a second groundwater flow direction, towards the NW. 

Fig. 6. [A] Plume spatial extent based on the multi-tracer approach. The areas depend on the number of tracers which were used to detect the WWTP effluent plume 
[B] Evolution of the detected pharmaceutical compounds along the plume transect. Selected samples are highlighted on the map. 
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Although P3 is close to the infiltration point, it is not located within the 
main groundwater flow, and therefore less influenced by the WWTP 
effluent. The contaminant transport and the shape of the plume seems to 
be related to the water table high identified on the piezometric maps. 

5.1.2. Use and limitation of boron isotopes 
While the study area is only 7 km2, the δ11B isotopic signature of 

groundwater samples highlights a significant variability. The local karst 
aquifer isotopic signature at 19.0 ‰ can be defined from the samples 
P11, P12 and P13 (Fig. 4), in good agreement with the carbonate δ11B 
endmember defined in another study of groundwaters in SW France 
(Négrel et al., 2012). Sample P8, located at the southern border of the 
area, hence disconnected from the karst aquifer, represents the Villa
franchian endmember with a δ11B of 33.4 ‰. More important rainfall 
contribution could explain the higher δ11B signature of the Villa
franchian, as coastal precipitations δ11B signature is influenced by 
seawater (Millot et al., 2010). Most of the samples show an isotopic 
signature comprised between the karst and Villafranchian signatures (19 
‰ and 33.4 ‰), suggesting that the alluvial aquifer waters are naturally 
influenced by lateral recharge from the karst aquifer. However, samples 
P3, P5, P7, WS1, WS2 and WS3 have slightly higher boron concentra
tions than P8. This may suggest another source of boron, linked to the 
use of fertilizers (Widory et al., 2005), or a mixing with an enriched 
source of boron, such as urban effluents (Cary et al., 2013). 

Some of the groundwater samples, such as P1 and P4, have a slightly 
lower δ11B isotopic signatures compared to the WWTP and are identified 
as impacted by the WWTP effluent with the Br/Cl ratio. This may sug
gest a variability in the isotopic signature of the effluent depending on 
the amount and origin of B-containing products (Guinoiseau et al., 
2018), or a dilution of the WWTP δ11B signature by rainwaters during 
rainy periods. Downstream of the WWTP outlet, low δ11B signatures 
indicate a clear impact of WWTP effluent for P1, P2 and P4. Although 
P3, P7 and P9 do not have a significantly low δ11B signature, they plot on 
mixing trend between pristine groundwater and the urban effluent end 
member on the Br/Cl plot. This suggests two mixing lines on the 
1/B-δ11B plot (Fig. 4A): the first one, from P7 to the WWTP effluent, and 
the second one from P8 and the WWTP effluent. Based on these mixing 
lines, WS1, WS2, WS3 and P5 could be impacted by the WWTP effluent. 

The impact of the urban effluent end member on the boron isotopic 
signature appears to diminish rapidly as the distance from the infiltra
tion point increases. Only P1, P2 and P4 show a clear impact of the 
WWTP effluent. This could be due to the gradual dilution of the plume of 
contaminants with the groundwaters, in the absence of a real contrast in 
B concentration between pristine groundwaters and WWTP effluents 
(only 5 times more B concentrated in average). Boron concentrations 
may suggest that P5, WS1, WS2 and WS3 are impacted by WWTP 
effluent, but more evidence is needed to confirm this observation. In this 
case study, while δ11B clearly highlights the occurrence of a WWTP 
plume, it does not seem sensitive enough on its own to delimit the plume 
extent. 

5.1.3. Combination with organic tracers 
Within the most detected pharmaceutical compounds in ground

water (i.e., CAFE, LIDO, CBZ, ECBZ, FLUCO, SFMX, TRA and LAMO), 
CBZ and its metabolite ECBZ, are very persistent in the environment, 
thus being good tracers of anthropogenic sources (Clara et al., 2004). 
CBZ+ECBZ concentrations and δ11B are presented in Fig. 4B. P1 and P2, 
samples closest to the infiltration point, have the lowest δ11B signatures 
and the highest concentrations of CBZ+ECBZ, pinpointing the impact of 
the WWTP effluent. Although WS1, WS2, WS3, P3, P5, P9, and P10 do 
not have particularly low δ11B signatures, the presence of significant 
carbamazepine concentrations (i.e., ~30 ng/L− 1) highlights the influ
ence of the urban end member on these samples. Note that the lack of 
sensitivity of δ11B alone in tracing the extent of the plume is linked to the 
low variability of B concentrations, over barely one order of magnitude, 
whereas CBZ+ECBZ concentrations vary over 3 orders of magnitude 

(Fig. 4A and B). While WS1, WS2 and WS3 were not considered as 
impacted by the effluent on the Br/Cl model, the presence of pharma
ceutical compounds clearly highlight the extent of the plume to these 
points. P4 also has higher concentrations of CBZ compared to other 
groundwater samples located closer to the infiltration area, such as P1, 
and have higher total CECs concentrations than the observed WWTP 
effluent itself. These observations, combined with the boron concen
trations, suggests either a variability in the B and CBZ concentrations of 
the WWTP effluent, or a local source of contaminants such as septic 
tanks. Indeed, sample P4 is a borehole in a private property that has 
on-site sanitation in the directed vicinity (<10 m) of the borehole, which 
could be a point source for pharmaceutical compounds in this section of 
the aquifer. Due to accessibility constraints, this septic tank effluent 
could not be sampled. Nevertheless, the discharge rate of a single septic 
tank is negligible with respect to that of the WWTP at the global scale, 
but its impact on the groundwater could nonetheless be detected locally 
with the CECs. 

5.2.4. Gadolinium as a conservative tracer 
All samples showing Br/Cl, δ11B or CBZ+ECBZ contamination have 

Gd/Gd* values higher than 1.8, indicating mixing with WWTP effluent. 
By coupling Gd and Cl− concentrations, a mixing trend can be observed 
between the WWTP effluent and the non-impacted alluvial endmembers 
(Fig. 5). This mixing trend suggests that Gd has a conservative behaviour 
in the aquifer. It should be noted that P4 is aligned with the mixing trend 
between the non-impacted alluvial endmember and the WWTP effluent. 

Overall, δ11B, Gd and CBZ are complementary to assess the spatial 
extent of the WWTP plume. Gd and Gd/Gd* show a large range of 
concentrations and can be considered as a reliable tracer of WWTP 
effluent. Based on the Cl-Gd relationship, the contributions of the WWTP 
effluent for P1, P2, P3 and P4 are respectively: 70 %, 42 %, 29 % and 45 
%. These results are similar to those obtained with the Br/Cl ratio. 

5.3. Critical assessment of the different tracers 

Based on the Br/Cl ratio alone, an influence of urban effluent infil
tration in groundwater is observed. P1, the closest to the infiltration 
point, is the most impacted by the WWTP effluent signature, followed by 
P4, P3 and P2. While efficient, this tracer alone does not have sufficient 
resolution to highlight impacted wells with a Br/Cl value above 1.5 
(Fig. 2). 

Although phosphates can be a tracer of urban effluents (Huang et al., 
2020), the absence of significant concentrations in groundwater makes 
them unsuitable for this study area. 

The boron concentrations and isotopic signatures provide comple
mentary information to the Br/Cl ratio. They confirm the occurrence of 
WWTP effluent mixing within the aquifer. However, this tracer also does 
not have sufficient resolution to delimit the extent of the plume, due to 
the lack of real contrast in the context of this study between the B 
concentrations of WWTP effluent and of the non-impacted alluvial 
aquifer. Only points closest to the infiltration point show a signature 
towards the WWTP endmember. Locally, boron concentrations and δ11B 
can be modified. The proximity of the P4 with a septic tank could be the 
reason for the slightly higher boron concentrations and a lower δ11B 
signature. Without further data, δ11B alone cannot be used to charac
terize the plume. In particular, the variability of the δ11B signature of the 
WWTPs should be considered (Vengosh et al., 1994; Seiler, 2005), and 
the fact that this signature can change through time (Guinoiseau et al., 
2018), depending on the anthropic B sources and uses. 

The pharmaceutical tracers, in particular CBZ and ECBZ, seem more 
reliable for assessing the plume extent. By pairing CBZ concentration 
and δ11B, it is now possible to identify impacted samples which had not 
been identified as being impacted by the WWTP effluent with the Br/Cl. 
Nevertheless, the use of pharmaceutical tracers also has limits. Although 
patients taking CBZ are prescribed a daily dose, and it is a persistent 
molecule, average effluent concentrations may have inter-annual 
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variability. Pharmaceutical tracers are also sensitive to point source 
contamination, such as septic tanks, both of which must be taken into 
account during the interpretation. 

In the study area, the origin of excess Gd is due to WWTP effluent. 
Although septic tanks can have a local influence on groundwater (e.g. 
sample P4), gadolinium can be used to minimise these sources of local 
contamination when delimiting the WWTP plume. Pairing the Gd, Gd/ 
Gd* and Cl− concentrations shows that Gd could be used as a conser
vative tracer for assessing plume extent in groundwater. Gd needs to be 
paired with other tracers, according to the local hydrogeological 
context, to provide better evidence of mixing processes. The origin of Gd 
in WWTP is linked to the presence of magnetic resonance imaging fa
cilities, which are not present in every urban area, limiting its use as 
tracer of anthropogenic effluents for small towns and villages. 

Each of the tracers used in this study has its specificities and limi
tations, as they indicate different types of anthropic effluents to the 
groundwaters, but their combination efficiently increases the resolution 
of the anthropogenic plume impact and extend as well as its origins. 

The WWTP plume shape and extent have been defined based on the 
multi-tracer approach (Fig. 6A). Here, the following criteria for water 
being impacted by WWTP effluent were used: Br/Cl < 1.6, δ11B < 12 ‰, 
detection of carbamazepine, and Gd/Gd* > 1.8. Samples P1, P2 and P4 
meet all the criteria, while δ11B did not reveal the plume signature on P3 
and P9. Finally, WS1, WS2, WS3, P5 and P10 were considered part of the 
plume based on organic tracers only. Thus, the shape and extent of the 
plume was more precisely defined when all tracers were combined. The 
WWTP plume shape is consistent with the piezometry (Figs. 1A and 6), 
following the main NE-SW flow. A second direction, with an E-W 
orientation, extends towards WS2 and WS3. From WS3 to P9, the plume 
is 3 km long, and appears to extend outside the study area towards the 
SW. 

5.4. Degradation of the pharmaceutical compounds along the plume 

The occurrence of pharmaceutical compounds along the plume also 
provides information on their degradation in the environment. Several 
mechanisms can affect pharmaceutical residues during their travel time 
in surface water or their transfer through the unsaturated zone. These 
processes include sorption (and desorption) on organic or mineral par
ticulate phases, hydrolysis, biodegradation, and UV photodegradation 
(only in surface water) (Khan et al., 2020; Bavumiragira et al., 2022). 
Depending on the intensity of these processes and their properties, 
pharmaceutical compounds can be mineralized, partially degraded, or 
not degraded at all. The presence or absence of pharmaceutical com
pounds was compared to the WWTP effluent, P1, P3 and WS2 samples 
(Fig. 6B). These samples are considered to be representative of the 
evolution of the plume with distance from the infiltration point. 

Based on this approach, five groups of pharmaceutical compounds 
were defined:  

• Group 1 are compounds detected in both the effluent and all 3 
selected groundwater samples. It includes carbamazepine, epoxy- 
carbamazepine, caffeine, lamotrigine, fluconazole, tramadol, lido
caine, and sulfamethoxazole. Most of these compounds were already 
reported in previous studies as potential tracers for the evaluation of 
wastewater impact on groundwater (Cary et al., 2013; McCance 
et al., 2018, 2020).  

• Group 2 are compounds detected in the effluent and P1. This group 
includes metoprolol, propanolol, thiabendazole, sotalol, fenofibric 
acid, domperidone, venlafaxine, furosemide, acebutolol, sulfapyr
idine, clarithromycin and atorvastatin. These compounds are only 
found close to the infiltration area, suggesting rapid attenuation 
within the soil/aquifer system.  

• Group 3 are compounds only detected in the WWTP effluent and are 
not found in groundwater. These compounds show a total attenua
tion in their migration through the unsaturated zone, suggesting 

mechanisms such as sorption or biodegradation (Kodešová et al., 
2016; Gworek et al., 2021).  

• Group 4 are compounds detected in groundwater samples close to 
the infiltration area, but not detected in the WWTP effluent. This 
could be due to variable concentrations of these pharmaceutical 
compounds in the effluent, that could for example be due to a vari
able number of people under treatment, with a delayed environ
mental remanence. Note that WWTP effluents and groundwaters 
were not sampled at the same date.  

• Group 5 are compounds that were not detected in this study, in either 
the effluent or groundwater. These compounds may be absent from 
the WWTP influent or be degraded by the WWTP. 

By highlighting these groups, emphasis can be placed on group 1 and 
2 for the use of pharmaceutical compounds as co-tracers to delineate 
WWTP plume, in addition to conventional geochemical and isotopic 
tracers. 

6. Conclusion 

The present multi-tracer approach based on geochemical, isotopic, 
and organic data appears to be a reliable method to study the infiltration 
of WWTP effluent in groundwater. 

Conventional analyses such as electrical conductivity, chloride con
centrations and Br/Cl ratio are sufficient to detect the presence of a 
plume due to the strong urban influence near the infiltration point. 
However, these tracers become less efficient as the plume fades away 
with increasing distance from the infiltration point. This limitation can 
be overcome by using complementary tracers such as δ11B, contami
nants of emerging concern (CECs) such as carbamazepine (CBZ), or REE 
such as gadolinium (Gd). 

In the study area, the influence of the plume is still visible up to 1.5 
km downstream, both in Gd and CBZ concentrations. By coupling δ11B 
and CBZ, some samples that were not detected with conventional tracers 
are revealed to be impacted by the WWTP plume. Among these points 
are two drinking water supply wells, both showing signs of contami
nation. However, pharmaceutical compounds concentrations may be 
impacted by degradation or by mixing with point-source contamination, 
such as septic tanks. Organic tracers are also unreliable on their own and 
should therefore be combined with geochemical or isotopic tracers. 

Gadolinium proved to be a conservative and reliable tracer for the 
detection of WWTP effluent plume. Gd shows a good correlation with 
chloride content and resulted in similar mixing proportions to the ones 
calculated with CBZ or boron. Other recent studies have reported that 
Gd is a strong indicator of surface-groundwater interactions and more 
reliable than most organic tracers (Boester and Rüde, 2020). 

The attenuation study of pharmaceutical compounds along the 
plume could also provide valuable insights into the transfer and fate of 
CECs within groundwater, while providing efficient tools for monitoring 
contamination in the sub-surface environment. 
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Sassine, L., Khaska, M., Ressouche, S., Simler, R., Lancelot, J., Verdoux, P., Le Gal La 
Salle, C., 2015. Coupling geochemical tracers and pesticides to determine recharge 
origins of a shallow alluvial aquifer: case study of the Vistrenque hydrogeosystem 

A. Bonnière et al.                                                                                                                                                                                                                               

https://doi.org/10.1007/s10661-020-08408-w
https://doi.org/10.1007/s10661-020-08408-w
https://doi.org/10.1016/j.gca.2016.11.009
https://doi.org/10.1016/j.watres.2008.10.047
https://doi.org/10.1016/j.jhydrol.2010.11.017
https://doi.org/10.1016/j.scitotenv.2009.01.022
https://doi.org/10.1016/j.scitotenv.2009.01.022
https://doi.org/10.1016/j.trac.2019.115744
https://doi.org/10.1016/j.psep.2021.04.045
https://doi.org/10.1016/j.psep.2021.04.045
https://doi.org/10.1016/j.jconhyd.2019.103500
https://doi.org/10.1016/j.jconhyd.2019.103500
https://doi.org/10.1016/j.chemer.2004.08.004
https://doi.org/10.1016/j.scitotenv.2015.11.085
https://doi.org/10.1016/j.chemosphere.2016.01.095
https://doi.org/10.1016/j.chemosphere.2016.01.095
https://doi.org/10.1016/j.apgeochem.2011.06.011
http://refhub.elsevier.com/S0043-1354(24)00538-4/sbref0052
http://refhub.elsevier.com/S0043-1354(24)00538-4/sbref0052
https://doi.org/10.1016/j.jhydrol.2009.01.012
https://doi.org/10.1016/j.jhydrol.2009.01.012
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2018.04.053
https://doi.org/10.1016/j.chemosphere.2010.05.001
https://doi.org/10.1016/j.chemosphere.2010.05.001
https://doi.org/10.1016/j.marchem.2005.11.007
https://doi.org/10.1016/j.marchem.2005.11.007
https://doi.org/10.1016/j.watres.2009.04.033
https://doi.org/10.1016/j.scitotenv.2018.12.258
https://doi.org/10.2134/jeq2015.03.0139
https://doi.org/10.2134/jeq2015.03.0139
https://doi.org/10.1007/s11356-021-12721-3
https://doi.org/10.1016/j.scitotenv.2015.01.110
https://doi.org/10.1016/j.scitotenv.2020.140619
https://doi.org/10.1039/C9JA00146H
https://doi.org/10.1039/C9JA00146H
https://doi.org/10.3390/app11146659
https://doi.org/10.1016/j.scitotenv.2012.07.068
https://doi.org/10.1016/j.scitotenv.2021.145781
https://doi.org/10.1016/j.scitotenv.2021.145781
https://doi.org/10.1016/j.watres.2020.116036
https://doi.org/10.1016/j.watres.2020.116036
https://doi.org/10.1016/j.watres.2018.09.013
https://doi.org/10.1016/j.crte.2015.01.004
https://doi.org/10.1016/j.apgeochem.2010.08.002
https://doi.org/10.1016/j.apgeochem.2010.08.002
https://doi.org/10.1016/j.ijsbe.2014.04.006
https://doi.org/10.1016/S0375-6742(00)00083-2
https://doi.org/10.1007/s10311-022-01447-4
https://doi.org/10.1007/s10311-022-01447-4
https://doi.org/10.1016/j.chemgeo.2011.12.022
https://doi.org/10.1016/j.chemgeo.2011.12.022
https://doi.org/10.1111/j.1745-6584.2005.00127.x
https://doi.org/10.1111/j.1745-6584.2005.00127.x
https://doi.org/10.1016/j.chemosphere.2009.01.036
https://doi.org/10.1289/ehp.1001965


Water Research 257 (2024) 121637

15

(SE France). Appl. Geochem. 56, 11–22. https://doi.org/10.1016/j. 
apgeochem.2015.02.001. 

Sassine, L., Le Gal La Salle, C., Khaska, M., Verdoux, P., Meffre, P., Benfodda, Z., Roig, B., 
2017. Spatial distribution of triazine residues in a shallow alluvial aquifer linked to 
groundwater residence time. Environ. Sci. Pollut. Res. 24, 6878–6888. https://doi. 
org/10.1007/s11356-016-7224-x. 

Schmitt, A.-D., Vigier, N., Lemarchand, D., Millot, R., Stille, P., Chabaux, F., 2012. 
Processes controlling the stable isotope compositions of Li, B, Mg and Ca in plants, 
soils and waters: a review. C. R. Geosci. 344, 704–722. https://doi.org/10.1016/j. 
crte.2012.10.002. 

Seiler, R.L., 2005. Combined use of 15N and 18O of nitrate and 11B to evaluate nitrate 
contamination in groundwater. Appl. Geochem. 20, 1626–1636. https://doi.org/ 
10.1016/j.apgeochem.2005.04.007. 
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A., Wilson, P., Echeverría-Sáenz, S., Udikovic-Kolic, N., Milakovic, M., Fatta- 
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