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Abstract
High temporal resolution sampling of runoff (15 samples/4 h) and river water (24 samples/24 h) was performed during a 
major rainstorm (41 mm/4 h) in the Bordeaux Metropole, after a dry and high vehicle-density period. Runoff was sampled at 
the outlet of one collector draining Northern Bordeaux Highway (NBH; 80,000–93,000 vehicles/day) and river water in the 
downstream Jalle River. The studied metals, including priority and emergent (Rare Earth Elements [REEs]) contaminants, 
showed major temporal and spatial variations in the dissolved and particulate concentrations. Hierarchical cluster analyses 
distinguished metal groups, reflecting different: (i) sources (i.e., automotive traffic: Zn–Cu–Ce and wastewater treatment 
plant: Cd–Ag–Gd) and/or (ii) processes (i.e., groundwater dilution by rainwater and sorption processes). The contribution 
of the particulate fraction to total metal fluxes was predominant in the NBH collector (except for Sr and Mo) and highly 
variable in the Jalle River, where the highest particulate metal loads were due to the export of road dusts exported by the 
NBH collector. Metal fluxes from the NBH collector represented highly variable fractions of daily fluxes into the Gironde 
Estuary at the outlet of the Jalle River, depending on elements and partitioning. The resulting relative contributions ranged 
from: 5% (Sr) to 40% (Cu) for dissolved phases and 30% (As) to 88% (Cu) for particulate phases. The first 40 min of the 
event accounted for 65% of the suspended particulate matter flux (and associated particulate metals) exported by the NBH 
collector, whereas the respective water flux contribution was 35%. This finding clearly demonstrates the importance of 
monitoring the first minutes of rainy events when establishing mass balances in urban systems.

Introduction

Along with increasing world population and urban growth 
(increasing number of urban agglomerations with more than 
1,000,000 inhabitants), cities have sprawled outwards, fur-
ther and further from city centers, which accentuates the 
mobility of inhabitants. The insufficient improvement of 
public transport systems has made private motor vehicles 

the most widely used transport mode (Marks 2016). The 
automotive industry has undergone considerable change in 
recent years, including safety features and electronic sys-
tems, and the development of hybrid and electric cars, etc. 
(Brauer 2015). Both higher traffic density and technological 
development require increasing exploitation and use of clas-
sic metals, as well as the massive use of different metals with 
specific properties in new car technology: from a dozen met-
als in the 1980s to more than 50 metals since the early 2000s 
(Hocquard 2011). Among these new metals considered as 
critical for our technological society are Rare Earth Ele-
ments (REE; Cobelo-García et al. 2015) composed of lan-
thanides (n = 15), scandium (Sc), and yttrium (Y) (IUPAC 
1971).

Traffic-related emissions are concentrated in road dusts 
(Shi et al. 2010), which are the receptacle for multiple natu-
ral and anthropogenic organic and inorganic micropollut-
ants, including metals (Eriksson et al. 2007; Smullen et al. 
1999). These road dusts have a high toxicity potential for 

 * Alexandra Coynel 
 alexandra.coynel@u-bordeaux.fr

1 Univ. Bordeaux, CNRS, EPOC, EPHE, UMR 5805, 
33600 Pessac, France

2 University of Bordeaux, CNRS, Arts et Metiers Institute 
of Technology, Bordeaux INP, INRAE, I2M Bordeaux, 
33400 Talence, France

3 SUEZ – Le LyRE, Domaine du Haut-Carré, Bâtiment C4, 43 
rue Pierre Noailles, 33405 Talence Cedex, France

http://crossmark.crossref.org/dialog/?doi=10.1007/s00244-021-00816-4&domain=pdf


 Archives of Environmental Contamination and Toxicology

1 3

aquatic ecosystems when they are transported by runoff 
waters (Ellis and Revitt 1982; Kayhanian et al. 2008; Yousef 
et al. 1984). Because most studies reported on selected met-
als (e.g., Cu, Zn, Cd, Pb, and Ni), limited data are available 
for other metals (e.g., As, Co, and Sb; Kayhanian 2012; 
Legret and Pagotto 1999; Wilson 2006). Additionally, new 
car technology (e.g., introduction of catalytic converters in 
cars since the mid-1970s) has generated new emissions into 
environmental compartments, releasing emerging metallic 
contaminants, such as the Platinum Group Elements (PGE; 
Schäfer and Puchelt 1998; Wiseman et al. 2016), and a num-
ber of other elements, such as REEs (Ce, La, Nd), which 
are emitted together with PGE from car catalysts (Wise-
man et al. 2016). Because the emission of these elements 
under their application-specific forms is relatively recent, 
their environmental behavior and fate remain widely under-
documented (COST NOTICE-2015).

Urban roads and car parks (industrial and commercial 
areas) respectively occupy 15% and 46% of the total drained 
urban area (Bannerman et al. 1993). Metals settled on such 
urban surfaces during dry periods may tend to be carried 
away with the early portion of storm runoff causing a first 
flush of pollutants (Kim et al. 2005, 2006; Lee et al. 2004; 
Li et al. 2005; Sansalone and Buchberger 1997; Schueler 
1987). Because of their limited surface and thus their sup-
posedly low potential contributions (Shelley et al. 1987), 
urban highways have been less documented in the literature. 
However, it is essential to characterize runoff from urban 
highways, because they can carry a large quantity of metals 
due to their specific characteristics (e.g., safety fences, noise 
barriers). The stormwater quality from highway leaching/
runoff can impact the water quality in receiving water bod-
ies and contribute to river degradation. Sampling strategies 
addressing the impacts of highway runoff on peri-urban 
rivers need high temporal resolution monitoring. Because 
metals are transported either in dissolved phase or in par-
ticulate phases of runoff waters and partitioning may change 
with oxidation–reduction reactions and pH (Ball 2002; Han 
et al. 2006), there may be rapid changes in speciation with a 
transition from the particulate phase to the dissolved phase 
and vice versa (Kayhanian et al. 2007; Lau et al. 2009; West-
erlund and Viklander 2006). Unfortunately, not all studies 
address dissolved and particulate fractions separately, as 
most studies have focused on the total phase (dissolved plus 
particulate; Huber et al. 2016). However, partitioning plays a 
major role in aqueous contaminant transport and dispersion 
(e.g., sedimentation vs. dilution), and knowledge on metal 
partitioning is important to determine or optimize the most 
effective stormwater treatment strategies (Li et al. 2008, 
2006; Maniquiz-Redillas and Kim 2014).

Based on a geochemical monitoring on two strategic sites 
(stormwater collector of highway and outlet of a river) on the 
urban Jalle River, draining part of the Bordeaux Metropole, 

this study was designed to evaluate the impact of highway 
runoff during a summer rainstorm in September 2016 on the 
metal transport in a small urban watershed. The main objec-
tives were (i) to analyze temporal variability of the dissolved 
and particulate trace metals during different periods of the 
rainy event with a focus on REEs, (ii) to assess trace metal 
profiles of road dust and other urban metal sources by com-
parison between both sites, (iii) to evaluate the contribution 
of the metal fluxes from stormwater collected of highway 
to those exported by the Jalle River during this major rainy 
event, focusing on the role of the first flush (< 40 min), and 
(iv) to address the potential of runoff water treatment to limit 
river pollution.

Materials and Methods

Presentation of the Study Sites and the Sampling 
Strategy

The Bordeaux urban highway is the longest in France 
(~ 45 km), has an average annual daily traffic (AADT) of 
250,000 vehicles, and is the second most congested after the 
Paris urban highway. Indeed, the large number of commuters 
and the fact that the Bordeaux highway is a major traffic knot 
in southwest France (holiday region and main axis between 
France and Spain) cause high motor vehicle densities and 
frequent traffic congestion. The Bordeaux highway pavement 
is asphalt surface and speed limit is 90 km h−1 in normal 
condition. The Bordeaux highway is bordered by “natural” 
noise barriers made of walls of soil or constructions. Sur-
faces close to the Bordeaux highway are mainly covered by 
urban fabric, industrial, and/or commercial zones. Runoff 
waters from the Bordeaux highway are channeled to storm-
water collectors before being discharged into urban rivers 
tributary to the Gironde Estuary. The Northern Bordeaux 
Highway (NBH) collector is one of the most important col-
lectors of the Bordeaux highway drainage system, drain-
ing ~ 18.2 km2 (Fig. 1) with an AADT comprised between 
80,000 and 93,000 vehicles, of which 6.5% are trucks.

The Jalle Watershed covers an area of 330 km2, i.e., 
~ 57% of the Bordeaux Metropole area making it the most 
important tributary of the Garonne Branch of the Gironde 
Estuary within the Bordeaux agglomeration (Fig. 1). The 
Jalle River receives the water from (i) a less urbanized 
upper watershed mainly characterized by agricultural 
surfaces, (ii) mixed urban areas [e.g., wastewater treat-
ment plant (WWTP) effluents], and (iii) the NBH collector 
(Fig. 1). In its central part, the Jalle River consists of two 
main branches; the southern branch receives the WWTP 
effluents (Fig. 1). The average annual precipitation value 
for Bordeaux Metropole is 944 mm (1981–2010) (Météo 
France 2019). The average annual discharge at the outlet 
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of the Jalle River is 1.80 m3 s−1 with high temporal vari-
ations (e.g., from 0.40 to 44.0 m3 s−1 in 2016–2017). The 
banks of the Jalle River are mainly vegetated (prairies and 
forests), including a natural reserve in the downstream part 
(Fig. 1).

On the night of September 13–14, 2016, an intense rain 
event (41 mm in ~ 4 h corresponding to 63% of the monthly 
precipitation) occurred after 2 months of dry weather with 
intense road traffic due to summer holidays. Sampling was 
performed at two sites during the rain event to character-
ize both runoff waters in the NBH collector and waters 
transported by the Jalle River downstream near the natural 
reserve (JR site; Fig. 1). The JR site is located on the south-
ern branch, upstream of the limit of tidal influence (6 km 
upstream of the confluence with the Garonne Branch of the 
Gironde Estuary) and integrates the main water masses of 
the Jalle River watershed, including WWTP and NBH col-
lector effluents.

For the NBH collector site, high-frequency sampling 
was conducted on September 13, 2016 between 07:30 PM 
and 11:30 PM (15 samples in 4 h). The sampling inter-
vals gradually increased from 5 min at the beginning of 
the event (first flush) to 1 h at the end of the event. The 
samples were taken manually using a clean plastic bucket, 
previously rinsed with water from the site. From Septem-
ber 13 noon to September 14 noon, parallel hydrogeo-
chemical monitoring was conducted on the Jalle River 
with hourly sampling (each sample integrating 3 samples 
every 20 min) during 24 h using previously acid-cleaned 
bottles in an automatic sampler (SIGMA 900P) on the 
south river bank. Samples were collected close to the 
bank (~ 1 m) in the stream. The discharge of the NBH 
collector is located 250 m upstream of the sampling point 
on the Jalle River allowing a good mixing of the two 
water masses.

Fig. 1  a Location of the sampling sites (NBH collector and JR site) 
and the WWTP on the Jalle River watershed. The red frame delimits 
the part of the highway whose runoff water goes to the NBH collec-
tor. b Presentation of the extent of the urban area of Bordeaux (grey 
background), the main rivers crossing it, and its highway system (yel-
low/black line). The administrative boundaries of Bordeaux Metro-

pole are represented by a dotted black line. The black frame delim-
its the zoom of map A. c Presentation of the land use of Bordeaux 
Metropole. The yellow/green shades represent forest and agricultural 
surfaces. The red/purple shades represent urbanized surfaces. The 
black frame delimits the zoom of map A
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Water Discharge, SPM Concentrations, Physical 
and Chemical Parameters

The discharges at the NBH collector and JR sites were 
obtained via the Suez research and expertise center, the 
LyRE (Hydreka® Doppler flowmeters, model “Main-
stream,” associated with piezometric sensors). For both 
sites, Suspended Particulate Matter (SPM) concentrations 
were determined in the laboratory by filtering a known vol-
ume of water through preweighed filters with a porosity of 
0.7 µm (glass microfiber, Xilab®). Once dried, the filters 
were reweighed. The difference between the final weight and 
the initial weight brought back to the filtered water volume 
gives the SPM concentration.

For NBH collector site, in situ sampling was performed 
by the LyRE. The nitrogen concentration (NTK method), 
dissolved organic carbon concentration (DOC), biological 
oxygen demand (X5-BOD), and chemical oxygen demand 
(COD) of the samples were determined in laboratory by the 
LyRE. At the JR site, probes installed as part of the SIRENE 
network by the LyRE have recorded the water temperature 
(Temp), dissolved oxygen concentration  (O2), pH, and con-
ductivity (Cond) every 15 min.

Sample Treatment and Analysis

The samples for dissolved metal analyses were filtered 
(Sartorius-Minisart®, < 0.2 μm) into previously decontami-
nated polypropylene bottles, acidified (ultra-pure  HNO3; J.T. 
Baker®, 14 M) and stored at 4 °C in the dark, pending analy-
sis. Raw water samples for SPM recovery were collected 
in 6-L containers at NBH collector and in 1-L containers 
at the JR site. Due to the relatively low SPM concentra-
tions in the Jalle River, the 24-hourly samples were pooled 
to form four composite samples (covering 7, 3, 6, and 6 h 
each), in order to obtain enough material to perform the acid 
digestion, except 2-hourly samples, which were individually 
digested. Once in the laboratory, the samples were centri-
fuged in a cooled centrifuge (4000 rpm, Jouan®), and the 
retrieved SPM were subsequently dried to constant weight 
at 50 °C in an oven and crushed in an agate mortar. Two 
different acid digestions of sample aliquots were performed 
in polypropylene tubes (DigiTUBEs®, SCP SCIENCE) 
using (i) Aqua Regia (5 mL Suprapure HCl 10 M, Merck® 
and 3 mL Suprapure  HNO3 14 M, Merck®); and (ii) HCl/
HNO3/HF (1.5 mL Suprapure HCl 10 M, Merck®; 0.75 mL 
Suprapure  HNO3 14 M, Merck®; and 2.5 mL Suprapure 
HF 29 M Fisher®) in a heating block (2 h—110 °C). The 
complete detailed protocols are described in Abdou et al. 
(2016) and Gil-Díaz et al. (2018).

Trace elements were analyzed with an Inductively 
Coupled Plasma Mass Spectrometer (Thermo Scientific® 
X-SERIES 2 ICP-MS), and REE concentrations were 

determined with a Triple Quadrupole Inductively Coupled 
Plasma Mass Spectrometer (Thermo Scientific® iCAP TQ—
ICP-MS). For each element, a calibration line was obtained 
using known standard solutions. For REE concentrations, 
Triple Quadripole (TQ) mode, with dioxygen as the reagent 
gas  (O2), was preferred to eliminate as many interferences 
as possible. In addition, for REEs, single-element solutions 
were analyzed for each potential interferent to correct each 
sample. The corrections applied are less than 8%. The ana-
lytical methodology for REEs is detailed more specifically 
in Lerat-Hardy et al. (2019).

Analytical quality monitoring was performed by measur-
ing certified reference water and sediments. The accuracy 
and precision of the analyses are shown in Table 1. For CRM 
water (NRC SLRS-6), the results showed average recover-
ies of 91% with typical precision of 9% RSD for all REEs 
and for all other trace metals recoveries averaged 96% with 
mean a precision of 8% RSD (Supplementary Data 1). For 
CRM sediments (BCR 667, NIST 8704 and NIST 1646a), 
the results showed mean recoveries of 86% with a mean pre-
cision of 4% RSD for all REEs and mean recoveries of 97% 
with mean precision of 11% RSD for all other trace metals 
(Supplementary Data 1).

Evaluation of Rare Earth Element Anomalies

The dissolved and particulate patterns are using the Euro-
pean Shale Composite (EUS) as a reference for normaliza-
tion (Bau et al. 2018). Lanthanum, Ce and Gd anomalies 
(La*, Ce*, and Gd*) were calculated as follows (Elbaz-Pou-
lichet et al. 2002; Kulaksız and Bau 2011b; Lerat-Hardy 
et al. 2019; Song et al. 2017), and there is a positive anomaly 
when the value of La*, Ce*, and Gd* is greater than 1.8:

where  REESN is the concentration of a REE normalized by 
the concentration of the same REE of the EUS;  [REEnat] 
represents the natural concentration of the REE studied; 
 [REEEUS] is the REE concentration studied for EUS; [REE*] 
represents the anomaly value of the REE studied.

(1)
[

Lanat
]

= 10(3×log(PrSN)−2×log(NdSN)) × [LaEUS]

(2)
[

Cenat
]

= 10(0.5×log(LaSN)+0.5×log(PrSN)) × [CeEUS]

(3)
[

Gdnat
]

= 10(0.2×log(NdSN)+0.8×log(TbSN)) × [GdEUS]

(4)
[

REEanthr

]

=
[

REEmeasured

]

−
[

REEnat

]

(5)
[

REE∗
]

=
[REESN]

[REEnat
SN
]
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Estimation of Trace Metal and REE Fluxes

Metal fluxes at the NBH collector site were calculated from 
the following equations:

where Vi is the water volume at a sampling time; [Xdissolved]i 
the dissolved concentration of the element expressed in 
µg L−1; Ti is the sampling duration at a sampling time.

where  [SPM]i is the SPM concentration at a sampling time; 
Vi the corresponding water volume at a sampling time; 
[Xparticulate]i the concentration of the particulate element 
expressed in mg kg−1; Ti is the sampling duration at a sam-
pling time.

Metal fluxes at the JR site were calculated from the follow-
ing equations:

where Qh is the hourly discharges at a sampling time and 
[Xdissolved]h the mean hourly concentrations of the element.

where [SPM]i is the mean hourly SPM concentration; Qi 
the hourly discharge; and [Xparticulate]i the mean hourly par-
ticulate concentration of the element expressed in mg kg−1.

Data Treatment

Given the large number of elements, a statistical approach 
using hierarchical cluster analysis was performed to identify 
and quantify the complex relationships between trace metals, 
and analyze their evolution during the hydrological event. A 
heatmap was performed by using hierarchical cluster analysis 
from the standardized variables, with Euclidean distances and 
Ward’s linkage criteria. This method is performed for individ-
uals (sampling periods) and variables (physical and chemical 
parameters, trace metal and REE concentrations in dissolved 
and particulate expressed in µg L−1), allowing to obtain two 
dendrograms. From these dendrograms, a heatmap can be 
drawn to characterize clusters: red tones identify clusters with 
high values for the corresponding variables, whereas low val-
ues tend to blue tones.

(6)Xdissolved flux =
∑

(

Vi ×
[

Xdissolved

]

i

)

× Ti

(7)Xparticulate flux =
∑

(

[SPM]i × Vi ×
[

Xparticulate

]

i

)

× Ti

(8)Xdissolved flux =
∑

(

Qh ×
[

Xdissolved

]

h

)

(9)Xparticulate flux =
∑

(

[SPM]h × Qh ×
[

Xparticulate

]

h

)

Results

Water Discharge, SPM Concentrations, Physical 
and Chemical Parameters

The base level of discharge at the NBH collector site 
in dry weather is 0.015 m3 s−1 (data not shown). Dur-
ing the rainy event, instantaneous discharge (Qi) showed 
high temporal variability increasing from 1.60 m3 s−1 at 
7:20 PM to a peak of 4.40 m3 s−1 at 7:42 PM, followed 
by a decrease to 0.90 m3 s−1 at 11:30 PM (Fig. 2). The 
hourly Jalle River discharges at the JR site generally 
increased between 6:30 PM and 2:30 AM with a temporary 
maximum of 4.05 m3 s−1 at 8:30 PM (Fig. 2) and slowly 
decreased between 2:30 AM and 12:30 PM to its base level 
of 0.26 m3 s−1.

Compared with the low SPM concentration usually 
measured during low water conditions (~ 4.0 mg L−1; 
data not shown), instantaneous SPM concentrations at 
the NBH collector site were extremely high (700 mg L−1) 
at 7:20 PM, i.e., at the beginning of the first flush and 
then gradually decreased by a factor 50 until the end of 
the event (14.0 mg L−1 at 11:30 PM—Fig. 2). The SPM 
concentration at the JR site remained relatively low 
(~ 2.50 mg L−1) throughout the event, except for a sharp 
SPM peak at 8:30 PM (630 mg L−1) followed by a rapid 
decrease to baseline values (Fig. 2).

At the NBH collector site, nitrogen concentrations 
decreased from the beginning of the event to the end (from 
6.40 to < 1.00 mg L−1—Supplementary Data 2). Similarly, 
biological oxygen demand (X5-BOD) and chemical oxy-
gen demand (COD) levels decreased by one order of mag-
nitude throughout the rain event (X5-BOD: from 42.0 to 
4.00 mg L−1, COD: from 265 to 27.6 mg L−1—–Supple-
mentary Data 2). Finally, dissolved organic carbon (DOC) 
concentrations, at the NBH collector site, decreased dur-
ing the event (23.5–7.00 mg L−1), except for one sample 
(8:30 PM), where DOC temporarily reached a concentra-
tion similar to those at the beginning of the observation 
period (Supplementary Data 2).

At the JR site, temperature (Temp) slightly decreased 
stepwise: from 21.6 ± 0.3 °C before the rainy event to 
20.4 ± 0.1  °C between 8:30  PM and 4:30  AM and to 
19.5 ± 0.1  °C between 8:30 and 11:30  AM (Supple-
mentary Data 2). Dissolved oxygen concentrations  (O2) 
showed diel variations with highest values during daytime, 
mainly increasing during the afternoon (from 6.00 mg L−1 
at 1:30 PM to 7.90 mg L−1at 6:30 PM—Supplementary 
Data 2), and lowest values (3.60 mg L−1) during the night 
at 4:30–5:30 AM (Supplementary Data 2). The pH values 
increased from 7.58 at 4:30 PM to 7.81 at 8:30 PM, then 
decreased to ~ 7.42 ± 0.01 from 4:30 AM until the end 
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Fig. 2  Temporal evolution of water discharges (Q) and SPM concentrations in a the 
NBH collector and b the Jalle River during the rainstorm. Chemographs of Cu, Cd, 
Zn, Sb, Ag, La, Ce, and Gd for the dissolved phase (black line and black circle on 
y-axis) and particulate phase (dotted gray and gray square on secondary y’-axis) for 

both sites. REE partitioning for La, Ce, and Gd indicated by pie charts with the por-
tion of Aqua Regia extraction represented by light gray. The dark gray portions repre-
sent the residual fraction defined by the difference between HCl/HNO3/HF and Aqua 
Regia fraction
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Fig. 2  (continued)



Archives of Environmental Contamination and Toxicology 

1 3

of the monitoring (Supplementary Data 2). Conductivity 
(Cond) showed distinct temporal evolutions with a base-
line of ~ 532 ± 3.00 µS cm−1 before the rainy period, a 
decline to 245 ± 17.0 µS cm−1 from 8:30 PM to 11:30 PM, 
an increase to 410 ± 17.0 µS cm−1 at 3:30–4:30 AM and 
then remained stable ~ 290 ± 1.00 µS cm−1 (Supplemen-
tary Data 2).

Metal Concentrations at the Northern Bordeaux 
Highway (NBH) Collector Site

The summary of the statistical parameters (minimum, maxi-
mum, median, and mean values) of dissolved and particulate 
metal concentrations measured at the NBH collector site are 
shown in Table 2. Dissolved and particulate concentration 
amplitudes (defined as the ratio of the maximum over the 
minimum values) covered more than one order of magni-
tude with different patterns depending on the element. The 
obtained concentration ratios ranged from 1.8 (Th) to 19 
(Co) in the dissolved phase and from 1.3 (Ni) to 12 (Cu) in 
the particulate phase. When regarding the particulate loads, 
i.e., the particulate fraction including SPM concentrations 
and expressed in µg L−1, the ratios varied from 27 (Cd) to 
305 (Cu) (Table 2). 

In the dissolved phase, classical trace metals showed one 
(e.g.,  Cud) or more (e.g.,  Sbd) peaks at different sampling 
times (Fig. 2). Dissolved REE concentrations, except  Gdd, 
continuously decreased during the rainy event (Fig. 2). Par-
ticulate V and  Thp were negatively correlated with SPM 
(R2 =  − 0.87 and − 0.90) and showed low concentrations 
during the first minutes of the rain event. For these elements, 
concentrations increased during the event. Other elements 
showed one (e.g.,  Cup) or more peaks (e.g.,  Agp) at different 
sampling times, largely independent from the SPM concen-
trations (Fig. 2). In contrast, particulate REEs except  Lap and 
 Cep continuously decreased throughout the sampling period 
as observed for SPM concentrations (Fig. 2).

At the NBH collector site, the dissolved patterns showed 
a slight enrichment toward Heavy Rare Earth Elements 
(HREEs) (Fig. 3). Conversely, particulate patterns showed 
a slight depletion toward HREEs (Fig. 3). With maximum 
values of 1.6, 1.8, and 2.2 for  Lad*,  Ced*, and  Gdd* and 2.2, 
2.6, and 1.2 for  Lap*,  Cep*, and  Gdp* at the NBH collec-
tor site, there are clear anomalies for  Lap and  Cep, whereas 
 Gdd only showed an anomaly in one sample (at 8:08 PM, 
sample 8).

For each sample, particulate metal concentrations were 
compared to total (particulate + dissolved) metal concentra-
tions establishing statistical (Boxplot) distributions (Fig. 4). At 
the NBH collector site, the particulate phase was largely domi-
nant. In fact, median values ranged from 84.3 to 99.7% for all 
classic trace metals and REEs, except for Mo (60.8%) and Sr 
(46.0%) (Fig. 4). However, partitioning varied throughout the 

event, with the highest particulate proportion occurring during 
the first flush.

Metal Concentrations in the Jalle River (JR Site)

The summary of the statistical parameters (minimum, maxi-
mum, median, and mean values) of dissolved and particulate 
metal concentrations measured at the JR site are presented in 
Table 2. At the Jalle River site, temporal variability (expressed 
as the ratio of the maximum over the minimum values) 
strongly differed from one element to another. The obtained 
concentration ratios ranged from 1.4 (As) to 23 (Cd) in the 
dissolved phase and from 1.3 (Sr) to 17 (Sb) in the particulate 
phase expressed in mg kg−1. The particulate loads expressed in 
µg L−1 showed ratios from 159 (Ba) to ~ 4000 (Cu) (Table 2).

Dissolved Cu,  Znd,  Sbd,  Lad, and  Ced showed a peak at 
8:30 PM (Fig. 2). Conversely,  Cdd,  Agd, and  Gdd showed their 
highest levels later in the night (Fig. 2). For most elements, the 
highest particulate concentrations occurred together with the 
maximum SPM concentration (e.g.  Cup,  Znp,  Sbp,  Lap,  Cep, 
and  Gdp; Fig. 2). In contrast,  Agp concentrations showed the 
lowest values with the maximum SPM concentration (Fig. 2). 
Similar to  Cdd,  Cdp reached its maximum later in the night 
(Fig. 2).

At the JR site, the dissolved REE patterns showed a slight 
enrichment toward HREEs (Fig. 3). This trend is more pro-
nounced for samples before 9:30 PM (before and during the 
rainy event). Particulate patterns showed a slight depletion 
towards HREEs (Fig. 3). The JR site was characterized by high 
 Gdd* (maximum value = 10) and  Cep* (maximum value = 2.0). 
Similarly, the JR site presented moderate  Lap* (maximum 
value = 1.8).

As for the NBH collector site, particulate concentrations 
were compared to total (particulate + dissolved) concentra-
tions (Fig. 4). At the JR site, statistical distribution displayed 
full range of variations with variable particulate contribution 
depending on the sample and the element. Median values were 
> 50% for Ag, Sn, Pb, Th, Cr, Co, Zn, and all REEs, except Gd 
(Fig. 4). In contrast, Gd, Cd, V, Cu, Ni, Ba, Sb U, As, Mo, and 
Sr had median values < 40% (Fig. 4). As a result, the dissolved 
phase was dominant throughout nearly the whole rain event, 
except at the time of the SPM peak (8:30 PM and 9:30 PM; 
Fig. 2), when the particulate phase was dominant for all classic 
trace metals (except Sr) and REEs.

Discussion

Impact of Rainy Events on SPM and Trace Metals 
Transport at the NBH Collector Site

The hierarchical cluster analysis was interpreted from 
the variables (e.g., classical trace metal and REE 
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Fig. 3  EUS-normalized concentration patterns for dissolved and particulate phases at the NBH collector and the JR sites

Fig. 4  Distribution of the relative particulate metal contributions for the NBH collector and the JR sites
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concentrations) to identify the existence/dominance of 
common metal sources and/or transport during the rainy 
event. The hierarchical cluster analysis at the NBH collec-
tor site suggests three distinct clusters.

The cluster 1 regroups X5-BOD, DOC,  Ced,  Lad,  Prd, 
 Asd,  Mod,  Ud,  Cod,  Nid,  Bad,  Ybd,  Srd,  Lud,  Dyd,  Tbd,  Tmd, 
 Erd,  Hod,  Sbd, and  Fed (Fig. 5). Elements belonging to 
this cluster show the highest concentrations at the begin-
ning of the monitoring and a general decrease during the 
rainy event  (Ced,  Lad,  Prd,  Asd,  Mod,  Ud,  Cod,  Nid,  Bad, 
 Ybd,  Srd,  Lud,  Dyd,  Tbd,  Tmd,  Erd,  Hod, and  Sbd; Fig. 2), 
with possible moderate peaks at different sampling times 
depending on the element (i.e.  Lad,  Ced, and  Srd; Fig. 2). 
The maximum values observed at the beginning of the 
rainy event were similar to recent mean values (unpub-
lished data) observed in dry conditions. Because the NBH 
collector site does not only receive rainwater but has a low 
water support related to groundwater (mainly from cal-
careous aquifers), the observed decrease during the event 
suggests an effect of dilution of groundwater by rainwater, 
less concentrated in dissolved metals/REEs.

The second cluster (Cluster 2) can be subdivided into two 
subclusters (Fig. 5):

• Subcluster 2A represented by COD, TKN, SPM,  Pbd, 
 Ndd,  Smd,  Cdp,  Snp,  Mop,  Bap,  Znp,  Crp,  Vp,  Thp,  Srp,  Nip, 
 Alp, and  Lap;

• Subcluster 2B represented by DOC,  Tbp,  Dyp,  Gdp,  Smp, 
 Hop,  Tmp,  Erp,  Ybp,  Lup,  Ndp,  Prp,  Up,  Pbp,  Asp,  Cop,  Sbp, 
 Fep, and  Gdd.

For the parameters grouped in Cluster 2, the concentra-
tions are increasing to reach a peak at the beginning of the 
event and then decrease. Both subclusters of the Cluster 2 
showed distinct behaviors with the highest concentrations 
with the SPM peak suggesting additional sources and/or 
sorption processes. The negative correlation between  Vp and 
 Thp concentrations and SPM concentrations during the first 
flush suggests that the first flush is associated with coarse 
sediment transport leading to low concentrations of geogenic 
elements as previously shown in other systems (Furumai 
et al. 2002). Indeed, previous studies have shown that V 
and Th are clearly influenced by grain size at the regional 

Fig. 5  Statistical approach (Heatmap) for samples collected at the NBH collector site. Red tones identify clusters with high values for the corre-
sponding variables, whereas low values tend to blue tones. The dashed lines are provided to separate the different clusters
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scale (Coynel et al. 2007, 2016). A chemical property of the 
lanthanides may explain the decrease of particulate REE 
concentrations as their atomic numbers increase. The ionic 
radius of REEs decreases from Light REEs (LREEs) to 
Heavy REEs (HREEs), resulting in an increase in the solu-
bility constant from LREEs to HREEs (Sholkovitz 1992). As 
a result, LREEs are preferentially adsorbed to the surface of 
particles, whereas HREEs are preferentially present in the 
dissolved phase (Sholkovitz 1995).

The third cluster (Cluster 3) reflects the differences in 
temporal variability of  Snd,  Agd,  Cdd,  Znd,  Vd,  Thd,  Crd,  Cud, 
and  Ald compared with other dissolved elements (Fig. 5). 
Also, this cluster regroups  Cep,  Agp, and  Cup. Even if there 
is no obvious common trend for these elements, their highest 
concentrations did not occur during the first sampling but 
when water discharges (Q) were high, as illustrated previ-
ously by  Cud and  Cup (Fig. 2).

Because the drainage area of NBH collector site is large, 
the different peaks of dissolved and particulate metals could 
indicate the rinsing of several areas (from proximal to most 
distal) with different characteristics. Indeed, the metals and 
their concentrations in road dust are highly dependent on 
the road surface and road traffic (vehicle speed, traffic inten-
sity, proximity to acceleration, braking or congestion zones; 
Padoan et al. 2018). With a high temporal follow-up, succes-
sive emissions of road dust can be observed.

At the NBH collector site, the percentage of REEs 
extracted from Aqua Regia relatively to HCl/HNO3/HF 
concentrations differ from an element to another. The Aqua 
Regia fraction was ~ 100% for LREE and decreased with 
HREEs from 100% (Tb) to 82% (Lu). It is interesting to 
note that samples 4 and 7 for  Cep show a gap between the 
two attacks in favor of the HCl/HNO3/HF digestion (Fig. 2). 
This difference can be explained by two distinct hypotheses: 
(i) the Aqua Regia digestion is insufficient to extract the 
high quantity of Ce; and (ii) the second hypothesis is that 
Ce in the catalytic converters is present in the form of nano-
particles  (CeO2—Montini et al. 2016) fixed on a mineral 
structure (cordierite body and washcoat). Due to mechanical 
stress during operation, Ce is emitted together with washcoat 
and/or cordierite debris. As a result, the presence of hydro-
fluoric acid in the triacid attack could be more effective in 
extracting this form of Ce.

Impact of Rainy Events on SPM and Trace Metals 
Transport in Jalle River

Unlike the NBH collector site, the hierarchical cluster analy-
sis for the JR site was interpreted from the individuals (sam-
ples) to highlight the temporal variability of the flood event 
in the Jalle River (Fig. 6). The hierarchical cluster analysis 
at the JR site shows 4 distinct clusters, each reflecting a dif-
ferent period during the flood event.

Period 1: Basic Discharge Signature in Low Water Condition

The first period covers the samples 1–7 (1:30 PM–7:30 PM), 
when  Cod,  Bad,  Lud,  Erd,  Nid,  Ud,  Srd, and, to a lesser extent, 
 Tbd displayed high concentrations at the beginning and a 
decrease during the flood event (Fig. 6). The samples from 
the first period show the geochemical signature of the Jalle 
River in low water conditions prior to the flood event. This 
is supported by the high  Srd concentrations, which show a 
hydrological support of the calcareous aquifers in the down-
stream watershed (Arrouays et al. 2015).

Period 2: Signals from Trace Metals Associated with Motor 
Vehicle Traffic

The second period represent one isolated sample (sample 
8–8:30 PM) showing the highest dissolved classical trace 
metal and REE concentrations, especially for  Znd,  Cud, 
 Ced, or  Lad (Fig. 6) concomitant with the peak of water 
discharge and SPM concentrations (except for  Cdd,  Snd, 
 Thd,  Agd, and  Ald). These high values coincided with the 
maximum NBH collector inputs at the JR site (8:30 PM). 
In fact, the Jalle River is a slightly erosive system with 
low SPM concentrations, as observed for the SPM con-
centrations before/after the 8:30 PM peak. Therefore, it 
can be assumed that particulate metals associated with 
the SPM peak are mainly derived from road dust runoff 
(composed of a mixture of natural and anthropogenic 
sources) from NBH collector site. Accordingly, the NBH 
collector inputs have a real impact on the Jalle River metal 
transport for Cu, Zn, Sb, Pb, Co, Cd, La, and Ce. These 
metals, identified as markers of the automotive activity, 
displayed concentrations similar to those reported for 
urban highways (Huber et al. 2016). Copper and Zn are 
present in several structural elements of motor vehicles, 
such as brake pads, tires, batteries, oils, and engine greases 
(Ball et al. 1998; Davis et al. 2001; Martínez and Poleto 
2014; McKenzie et al. 2009; Sternbeck et al. 2002; von 
Uexküll et al. 2005). Zn also is used for the manufacture 
of safety fences (Dierkes and Geiger 1998) and asphalt 
(Martínez and Poleto 2014). Antimony is regularly stud-
ied to describe the highway source because of its frequent 
use for brake pads, lubricants, tires, and in engine alloys 
(Fujiwara et al. 2011; von Uexküll et al. 2005). Lead is 
used in various automotive parts, in paints, and has served 
for decades as an additive in gasoline for its anti-knock-
ing power, although Pb concentrations have continuously 
decreased during the past two decades due to its substitu-
tion in different emitting sources (Ball et al. 1998; Berbee 
et al. 1999; Legret and Pagotto, 1999; Kayhanian, 2012; 
Mangani et al. 2005). Cobalt is poorly documented in 
environmental studies. However, in the present study, the 
mean total Co (dissolved + particulate) concentration at 
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the NBH collector site was 7.90 μg L−1, which is similar 
in magnitude as values reported for runoff water in Swe-
den (13.3 μg L−1; Bäckström et al. 2003). Cobalt is used 
in steel, paint, and as an additive in diesel (Makepeace 
et al. 1995; Roeva 1996), supporting the idea that Co is 
a good marker of traffic-related emission. Cadmium can 
be used for the manufacture of few components of motor-
ized vehicles, such as brake pads and may reflect inputs 
by automobile use. However, during the event, the NBH 
collector site contributes few to daily  Cdd flux of the Jalle 
River (5%; Fig. 7), suggesting that other sources prevail.

At the beginning and the end of the flood event on the 
Jalle River, the percentages of particulate REEs extracted 
by Aqua Regia were relatively low, i.e., ranging from 28% 
(Ce) to 75% (Tb) and from 39% (Ce) and 68% (Tb), com-
pared with the samples showing the SPM peak. In fact, at 
8:30 PM the percentages were ~ 100% whatever the REEs 
(Fig. 2). The REE content in the 8:30 PM sample from JR 
site obtained from selective extraction is roughly identical 
to that of the NBH collector site, supporting the idea that the 
particulate metals (classical trace metals and REEs) at the 
JR site come from the NBH collector.

The knowledge on the presence of traffic-emitted REEs in 
the environment is extremely limited, particularly for runoff 
waters. Lanthanum and Ce are more and more used as addi-
tives in the oil industry (Fluid catalytic cracking, Innocenzi 
et al. 2015; Krishnamurthy and Gupta 2015). Cerium also 
is used, along with the Platinum Group Metals (PGM) in 
catalytic converters (Montini et al. 2016; Wiseman et al. 
2016). All of these metals are preferably used in the form of 
nanoparticles (Montini et al. 2016). If the signals of these 
elements during the event may be attributed to traffic-related 
sources, the low Gd (dissolved and particulate) contribution 
of the NBH collector to the Jalle River suggest that automo-
tive activity is not responsible of the Gd anomalies observed 
at the JR site.

Period 3: Signals from Trace Metals Associated 
with the Upstream Watershed and/or WWTP

The third period covers samples 9–17 (9:30 PM–5:30 PM) 
showing high  Crd and  Vd concentrations associated with 
high/moderate water discharges (Fig. 6). These are the 
first samples after the NBH collector contribution period, 

Fig. 6  Statistical approach (Heatmap) for samples (marked by an S on 
the figure) collected in the Jalle River (JR site). Red tones identify 
clusters with high values for the corresponding variables, whereas 
low values tend to blue tones. The hierarchical cluster analysis shows 

four distinct clusters, each reflecting a different period during the 
flood event. Dashed lines are provided to separate the different peri-
ods
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probably carrying signals from the upstream watershed. 
However, in this group, samples 15–17 (3:30 AM–5:30 AM) 
had the highest concentrations of  Gdd,  Cdd measured at the 
JR site throughout the rain event, as well as relatively high 
 Agd concentrations (Fig. 6). This signal cannot be explained 
by the NBH collector supply but suggests urban wastewater 
inputs into the Jalle River, as  Gdd and  Agd are known to 
be good tracers for urban wastewater. Several studies have 
related  Gdd anomalies in different aquatic systems to its use 
in medical structures (Hatje et al. 2016; Lerat-Hardy et al. 
2019; Pereto et al. 2020; Song et al. 2017), as Gd serves 
as a contrast agent for MRI (Bau and Dulski 1996; Elbaz-
Poulichet et al. 2002; Kulaksız and Bau 2011a). Further-
more, the normalized REE profile supports that the  Gdd 
peak at 4:30 AM is to 90% of anthropogenic origin. Silver 
is used by the medical industry, but also clothing and plastic 
industry, for its biocidal power (Blaser et al. 2008; Vance 
et al. 2015). The use of Cd is more ubiquitous, including (i) 
the manufacture of car batteries, and (ii) the manufacture 
of plastics, where it serves as a stabilizer (ATSDR 2012; 
Sahmoun et al. 2005). During the 4 h of the event, a WWTP 
located in the Jalle watershed upstream of the JR site dis-
charged ~ 2360 m3 of treated wastewater but also had to 
bypass ~ 3700 m3 of untreated wastewater directly into the 
river. The WWTP contributed up to 46% of the discharge of 
the Jalle River during the bypass period, while during the 
low-water period (without storms) it contributed 32%. The 
bypass can be explained by the fact that the WWTP was no 
longer able to treat the wastewater directly or to store more 
wastewater for post-event treatment. Previous work on sev-
eral influent and effluent samples (n = 6) from this WWTP 
(REGARD project) has shown mean  Cdd and  Agd concen-
trations of 0.194 ± 0.27 μg L−1 and 0.038 ± 0.018 μg L−1 
in influent waters, respectively, and in effluent waters 

the respective mean concentrations of  Cdd,  Agd, and  Gdd 
were 0.146 ± 0.201  μg  L−1, 0.021 ± 0.01  μg  L−1, and 
0.326 ± 0.11 μg L−1.

Likewise, for influent waters, the mean concentra-
tions of  Cdp and  Agp are 0.033 ± 0.038  μg  L−1 and 
0.080 ± 0.048 μg L−1; for effluent waters, the mean con-
centration of  Cdp and  Agp are 0.018 ± 0.021 μg L−1 and 
0.042 ± 0.025 μg L−1. From these concentrations, the volume 
of treated wastewater discharged into the Jalle River and the 
volume of wastewater that has been bypassed, it is possible 
to estimate the dissolved and particulate metal fluxes from 
the WWTP. During the 4 h of the event, the dissolved Cd, 
 Agd and  Gdd fluxes were respectively 1.06 g, 0.19 g, and 
0.77 g. The particulate Cd and  Agp fluxes are respectively 
0.16 g and 0.40 g. The annual contribution per inhabitant 
to  Cdd reaching the WWTP is 0.002 g inhab−1 yr−1; this 
flux estimate is of the same order of magnitude than that 
of a previous study performed for main WWTPs of Bor-
deaux Metropole (0.002  g  inhab−1  yr−1; Deycard et  al. 
2014). Also, the annual  Cdp contribution per inhabitant 
(0.001 g inhab−1 yr−1) of the Jalle River WWTP is of the 
same order of magnitude than that reported in the previ-
ous study (0.001 g inhab−1 yr−1). Finally, the annual con-
tributions per inhabitant of  Agd (0.001 g inhab−1 yr−1) and 
 Agp (0.003 g inhab−1 yr−1) of the Jalle River WWTP are 
lower than previously estimated for the main WWTPs of 
Bordeaux Metropole  (Agd: 0.01 g inhab−1 yr−1 and  Agp: 
0.006 g inhab−1 yr−1; Deycard et al. 2017). This discrep-
ancy may be due to the fact that, contrary to the Jalle River 
WWTP, the main Bordeaux Metropole WWTPs, located in 
the North and the South of the city, receive more wastewater 
from several hospitals.

The dissolved Cd and  Cdp fluxes estimated for the 
Jalle River WWTP were lower than that at the JR site 

Fig. 7  Ratio of dissolved and 
particulate metal contributions 
with respect to NBH collector 
and Jalle River (JR site)
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(Supplementary Data 3), suggesting that the WWTP contrib-
utes 8.3% of dissolved inputs and 0.8% of particulate inputs 
transported at the JR site, which implies the presence of 
additional source(s) (e.g., leaching of upstream agricultural 
soils on which phosphate fertilizers containing cadmium are 
applied). During the 4 h of the event, the WWTP contributed 
37.1% of the  Agd input to the Jalle River, making it a major 
source, whereas  Agp flux in the WWTP was negligible, rep-
resenting only 2.3% of that at the JR site (Supplementary 
Data 3). Finally, during the event, treated wastewater emitted 
by the WWTP contributed to 8.1% of  Gdd fluxes in the Jalle 
River (Supplementary Data 3), suggesting that the whole 
 Gdd flux might be roughly twofold greater, because there 
is no data on the  Gdd concentrations in the influent water. 
Therefore, it is impossible to estimate the bypass flux. It will 
be interesting to determine this value in the future.

Period 4: Influence of the Upstream Watershed

The fourth and last period includes the samples 18–24 
(6:30 AM–12:30 PM) showing high values for  Ald,  Fed,  Agd, 
 Thd,  Asd,  Smd,  Ndd,  Sbd,  Ced,  Lad, and  Pbd (Fig. 6), inter-
preted as the geochemical signature of the upstream Jalle 
River watershed becoming dominant. Indeed, the pedology 
of the upstream part of the watershed is of the podzol type, 
which explains the increase of some metal concentrations, 
such as Al and Fe, as already observed in other systems 
(Viers et al. 2009). A better characterization of the influence 
of the watershed, according to the hydrological conditions, 
will have to be carried out.

Metal Contribution by Highway Runoff Water 
and Importance of the First Flush

Previous studies have developed formulae to determine the 
fluxes of dissolved and particulate metals exported per unit 
of road surface area and per year (Legret and Pagotto 1999; 

Schueler 1987). These methods are frequently used in the 
scientific literature (Barrett et al. 1998; Prestes et al. 2006). 
However, they require the monitoring of several rainfall 
events. For the present study, these methods are not appli-
cable because only one event was monitored. Although 
this major event most likely represents an important part 
of annual fluxes, these fluxes cannot be extrapolated to the 
annual scale as they probably are not representative of lower 
intensity rainfall events during the year.

In general, gross fluxes provide information on the overall 
element budget at a given site, whereas specific fluxes (gross 
element fluxes divided by watershed surface area) allow for 
a direct comparison between sites of the transport derived 
from different watershed areas. A summary of gross fluxes 
and specific fluxes for both sites (NBH collector and JR site) 
is presented in the Supplementary Data 3.

The estimated water and SPM flux from the NBH col-
lector site was 23,200 m3 and 4900 kg during the 4 h moni-
toring, accounting respectively for ~ 15% and 60% of the 
daily SPM flux of the Jalle River (158,000 m3 and 8200 kg). 
The NBH collector metal contribution covers a wide range, 
depending on elements and partitioning, i.e., from 5% (Sr) 
to 40% (Cu) for the dissolved phase and from 30% (As) to 
88% (Cu) for the particulate phase, note that the NBH col-
lector site contribute to 78% for  Sbp (Fig. 7). The highest 
dissolved and particulate metal contributions are not only 
due to water and SPM contribution, suggesting that water 
and particles are enriched in these metals compared with the 
Jalle River, especially for dissolved and particulate Cu,  Sbp 
and  Znd,  Ced, and  Pbd.

The temporal variability of dissolved and particulate 
metal fluxes in the NBH collector is highlighted by the 
cumulated dissolved and particulate metal fluxes, expressed 
as the percent of metal fluxes over the time in combination 
with water flux for the dissolved phase and SPM flux for 
the particulate phase (Fig. 8). The first 40 min of the event 
(i.e., < 17% of time) contributed 35% of the water discharge 

Fig. 8  Temporal variability of water discharge (Q), SPM, dissolved and particulate fluxes expressed by the relation between cumulative fluxes 
and time at the NBH collector site. Dashed lines represent 40 min (i.e., ~ 17% of time)
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exported by the NBH collector, transporting 32–63% of the 
dissolved metals load (Fig. 8). The same time span repre-
sented ~ 65% of both the total SPM flux and associated par-
ticulate metals, highlighting the importance of monitoring 
the first minutes of rainy events, even if the first flush does 
not necessarily correspond to the maximum water discharge.

Conception of a Highway Runoff Water Treatment 
Plant

The functioning of recent sewage networks is currently 
based on separate networks, i.e., networks separating domes-
tic wastewater from surface runoff. In this case, runoff water 
is generally discharged without treatment (or after minimum 
treatment to reduce the particulate phase) into the aquatic 
environment, raising the problem of dispersing metals and 
other contaminants. An “in-pipe” treatment may be neces-
sary to limit metal fluxes spilled at the outlet of the separate 
network. In the framework of the REGARD project, a tech-
nology for the treatment of micropollutants in runoff before 
emission into the Jalle River was implemented by means 
of a demonstration plant pilot on a derivation of the NBH 
collector (Salsnes®; Jansen 2016). This technology relied 
on a coupled rotating-belt filtration based using injection of 
reagents: three with anionic coagulant and flocculant (SNF 
EM630) and one with cationic flocculant (SNF EM 840 CT).

Several factors need to be considered to treat highway 
runoff so that it does not have a negative impact on sur-
face water (Huber et al. 2016). It is important adjust the 
treatment to the different main carrier phases. Consider-
ing that particles are the dominant carrier phase, it appears 
necessary to set up a filtration and/or decantation system to 
limit metal exports. Particulate metals are eliminated up to 
80% in the presence of reagents (coagulation/flocculation 
or flocculation alone). The decrease of pollution is directly 
correlated to the SPM decrease by the demonstration plant 
pilot. Thus, the impact of the demonstration plant pilot, to 
reduce the pollution, become lower in the case lower SPM 
concentrations.

However, some metals have important dissolved fluxes 
(e.g., Cu and Zn). Based on the results obtained with the 
demonstration plant pilot, dissolved metals are not elimi-
nated from waters even in the presence of reagents. Con-
centration of certain metals, such as  Cod,  Znd, and  Nid, were 
even greater after the treatment than before, probably due to 
impurities provided by the coagulant. It is therefore useful 
to set up another treatment device to reduce dissolved metal 
fluxes (Kayhanian et al. 2012), such as the use of membrane 
filtration, a technology that is already used in WWTPs (Fu 
and Wang 2011).

High-frequency monitoring at the NBH collector site has 
shown that most of metal fluxes are carried by the first flush 
waters. However, it is still necessary to treat all runoff waters 

for several reasons (Flint and Davis 2007; Maniquiz-Redillas 
and Kim 2014): (i) it is possible that a second flush of heav-
ily contaminated waters occurs depending the size and/or 
morphology of the watershed and/or the specificity of the 
highway sites; and (ii) although a relationship exists between 
metal concentrations and the intensity of the rainy event 
(Crabtree et al. 2006; Kang et al. 2008; Pitt et al. 1995), 
not all the metals attached to the highway surfaces may be 
mobilized by the first rainy event following a dry weather 
period (Cristina and Sansalone 2003). Joint Research and 
Development involving both the scientific community and 
managers is necessary to develop an efficient technology 
to treat different runoff waters and particularly those of the 
first flush.

Conclusions

At the end of this work, several points can be concluded: (i) 
the urban highways are nonnegligible sources for a variety 
of metals and their runoff can affect aquatic ecosystems, 
especially the first flush waters; (ii) emerging metals, such 
as Ce, appear to be good tracers for automotive activities; 
and (iii) the partitioning of trace metals in the present work 
suggests that the treatment of runoff waters should cover 
both the particulate and the dissolved phase.

Climate change tends to impact precipitation patterns 
with increasing periods of low river water (and consequently 
weaker dilution of contaminants) and changes in the occur-
rence of rainy/flood events that may serve as main contami-
nant vectors. It is therefore important to precisely quantify 
metal fluxes resulting from automobile activity during rainy 
episodes to (i) better understand their potential impact on 
aquatic ecosystems, (ii) develop efficient runoff treatment 
strategies for both historically used metals and those of 
emerging concern due to recent high-tech applications, and 
(iii) aim to recycle rare and/or precious metals for which 
there is growing demand and a risk of shortage (the so-called 
Technology Critical Elements; e.g., PGM, REEs).

Supplementary Information The online version of this article (https ://
doi.org/10.1007/s0024 4-021-00816 -4) contains supplementary mate-
rial, which is available to authorized users.
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