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Abstract

Land-based micropollutants are the largest pollution source of the marine environment acting
as the major large-scale chemical sink. Despite this, there are few comprehensive datasets for
estimating micropollutant fluxes released to the sea from river mouths. Hence, their dynamics
and drivers remain poorly understood. Here, we address this issue by continuous
measurements throughout the Rhéne River basin (~ 100,000 km?) of 1) particulate-bound
micropollutant concentrations (persistant organic micropollutants: polychlorobiphenyls
[PCBI] and polycyclic aromatic hydrocarbons [PAHSs]; emerging compounds: glyphosate and
AMPA; and trace metal elements [TME]), 2) suspended particulate matter [SPM], and 3)
water discharge. From these data, we computed daily fluxes for a wide range of
micropollutants (n = 29) over a long-term period (2008-2018). We argue that almost two third
of annual micropollutant fluxes is released to the Mediterranean Sea during three short-term

periods over the year. The watershed hydro-climatic heterogeneity determines this dynamic
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by triggering seasonal floods. Unexpectedly, the large deficit of the inter-annual monthly
micropollutant fluxes inputs (tributaries and the Upper Rhone River) compared to the output
(Beaucaire station) claims for highly contaminated missing sources of micropollutants in the
Rhoéne River watershed. Based on a SPM-flux-averaged micropollutant concentrations mass
balance of the system and the estimates of the relative uncertainty of the missing source
concentration, we assessed their location within the Rhone River catchment. We assume that
the potential missing sources of PAHs, PCBi and TME (only for Pb, Cd and Hg) would be,
respectively, the metropolitan areas and the alluvial margins of the Rhéne River valley, and

the unmonitored Cevenol tributaries.

Keywords: Particulate micropollutant fluxes, Suspended particulate matter, Rhone River,

Mediterranean Sea, Hydrological dynamic, Land-based pollution

1. Introduction

Identified as one of the nine processes that regulate the stability and resilience of the Earth
system, chemical pollution and its control variables, and interactions with other biophysical
processes, remains poorly quantified (Rockstrom et al., 2009; Steffen et al., 2015; Lade et al.,
2019). Such quantification is all the more critical as the large-scale ubiquity of chemical
pollution threats at least half of European freshwater bodies (Malaj et al., 2014). Organic
micropollutants and trace metal elements (TME) are released into the hydrographic networks
from agricultural, industrial, domestic and mining activities, and urban areas (Meybeck et al.,
2003). They are largely transferred downstream and finally trapped into the marine
environment. As a result, land-based human activities are known to be the largest source of
pollution to the marine environment, which act as the major chemical sink at the regional and
global scales (Dachs et al., 2002; Gioia et al., 2011). Source-to-sink transport of

micropollutants are river mouths for the coastal environments and atmosphere for the open
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ocean (Gioia et al., 2011; Gomez-Gutiérrez et al., 2006; Wang et al., 2007; Liu et al., 2008).
In fact, an undetermined amount of the micropollutants discharged into the coastal
environments is then transferred through unknown routes to open seawaters, thus acting as an

additional source of contamination to the remote marine environment (Gioia et al., 2011).

Persistent organic pollutants (POPSs), such as indicator polychlorobiphenyls (PCBIi) and
polycyclic aromatic hydrocarbons (PAHSs), and most TME are preferentially transported on
suspended particulate matter (SPM) (Meyer et al., 2009; Schwientek et al., 2013). In rivers,
SPM are (i) providing an integrated signal of particle-bound micropollutant concentrations
(Schwientek et al., 2013; Masson et al., 2018; Rugner et al., 2019), and (ii) acting as the main
transfer driver of such micropollutants into the river networks (UNEP/MAP, 2003; Horowitz
et al., 2009). Therefore, the accurate assessment of SPM-bound micropollutant transported
and discharged by rivers is critical to appraise the environmental and health risks they pose, as
well as to develop suitable management programs for limiting them (Gémez-Gutiérrez et al.,
2006; Walling et al., 2003). Unfortunately, our current knowledge on micropollutant fluxes
transferred to the sea via the main rivers of the globe is insufficient, as is their seasonal
dynamics (i.e., Gomez-Gutiérrez et al., 2006; Qi et al., 2014; Parajulee et al., 2017; Launay et
al., 2019; Poulier et al., 2019). This is largely due to the difficulty to obtain, over a large
period of time, all the data required to calculate micropollutant fluxes, including
comprehensive datasets on water discharge, SPM and particulate micropollutant
concentrations (Ollivier et al., 2011; Poulier et al., 2019). Actually, the assessment of the total
sediment fluxes delivery to the sea, for which the suspended sediment load largely prevails
compared to the bedload load (Syvitski and Saito, 2007), is not widespread since less than
10% of the river mouths worldwide have been monitored for their sediment delivery (Syvitski
et al., 2005; Bravard, 2018). Such a monitoring within the river catchments is even rarer

(Bravard, 2018). Moreover, available SPM concentration data are generally focused on a
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particular event (typically flood) or over a limited period of time (typically one year), leading
also to large uncertainties on the inter-annual average SPM and micropollutant fluxes
estimations (Gémez-Gutiérrez et al., 2006; Wang et al., 2007; UNEP/MAP, 2003; Qi et al.,
2014; Launay et al., 2019; Bravard, 2018). Finally, most studies lack representative dataset on
micropollutant concentrations in SPM to calculate inter-annual average micropollutant fluxes
in rivers, as this is a sampling and analytical challenge that remains expensive and labour

intensive (Poulier et al., 2019).

The targeted hydrophobic organic micropollutants (PCBi and PAHSs) are POPs ([Fables
S1 and S2), legacy contaminants, listed for PCBI in the Stockholm Convention (UNEP, 2001)
and for PAHSs in the Aarhus Protocol on Persistent Organic Pollutants (United Nations, 1998),
because of their toxic, persistent, bioaccumulative, ubiquitous and lipophilic properties. We
also focused on glyphosate and its degradation product aminomethylphosphonic acid
(AMPA), as these emerging and absorbable organic micropollutants recently raised great
concerns in our societies (e.g., Beckie et al., 2020). Indeed, the ubiquity of glyphosate and
AMPA in the environment, and particularly in surface waters and sediments (Grandcoin et al.,
2016), results from the extensively resort of the parent compound as the most effective
herbicide used worldwide (e.g., Baylis, 2000; Grandcoin et al., 2016; Beckie et al., 2020).
Because glyphosate and AMPA are strongly adsorbed to soil particles (hydrogen and cationic
interactions; Al Rajab, 2007) (e.g., Grandcoin et al., 2016), they reach water streams through
rainfall-induced runoff (e.g., Yang et al., 2015). This is all the more important to focus on
these two compounds that there are very few studies dealing with the concentrations of
glyphosate and AMPA in river sediments and even rarer on river fluxes. Finally, because this
study aims to include a wide range of micropollutants, we spread our investigations to 9
TME. All these micropollutants are priority substances within the scope of European

regulations (i.e., Water Framework Directive, E.C, 2000). For the first time, to our
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knowledge, the present study investigated simultaneously the SPM-bound micropollutant
concentrations and fluxes of 20 organic and 9 inorganic priority pollutants over ten years
(2008-2018) at the Rhéne River mouth, and on its main tributaries, covering 80% of the

watershed area (~ 96,500 km2) (Fig. 1).

The main goal of this study is to decipher the major drivers controlling the transport and
export of the micropollutant fluxes and concentrations from a large river basin into the sea. In
this aim, we took into account the long-term character of our data set by calculating 10-years
yearly and monthly averages. This investigation is based on time-integrative micropollutant
concentrations, and continuous SPM and water discharge data acquired throughout the Rhéne
River catchment. This implies to (i) accurately quantify the inter-annual average fluxes of a
large range of organic and inorganic micropollutants (n = 29) released into the Mediterranean
Sea, (ii) identify the specific contributions of the main Rhone River tributaries, (iii) explore
the seasonal dynamics of the micropollutant fluxes within the Rhéne River catchment and at

its outlet, and (iv) determine the land-based chemical pollution sources.

2. Materials and Methods

2.1. Study area

We chose to focus specifically on the Rhone River based on the main features of this
large river catchment (Fig. 1), which naturally places it as a reference for the assessment of

SPM-bound micropollutant fluxes that are discharged into the Mediterranean Sea:

- The Rhdne River is the largest single source of freshwater (~ 18% of the total inputs)
(e.g., UNEP/MAP, 2003; Antonelli et al., 2008; Ludwig et al., 2009) and particulate matter
(e.g., Qietal., 2014; Antonelli et al., 2008; Syvitski et al., 2007) of the Mediterranean Sea;

- The Rhone River catchment is characterized by a land-use diversity (Fig. S1) and a

high population density with ~ 180 inh/km? (one-third higher than the French average);
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- The Rhone River catchment is characterized by a striking climatic and geological
heterogeneity (e.g., Bethemont and Bravard, 2016; Launay et al., 2019). The northern part of
the watershed is characterized by oceanic influences and the southern part by Mediterranean
climatic conditions. The geological contrast of the Rhdne River basin stretches from west to
east, since its western edge corresponds to the old Hercynian crustal segments (240 Ma and
older) of the Massif Central, and its eastern fringe is marked by the young Alpine mountains
(30-120 Ma) (Blichert-Toft et al., 2016);

- The Rhéne River is composed of three distinct hydrological regimes including snow
and glacier melting (Isere River and the Upper Rhone), an oceanic pluvial regime (Sadne

River), and a Mediterranean component (Durance River).

2.2. SPM sampling

Except for the Rhone River at Beaucaire station, SPM samples were collected using
particle traps designed with the same characteristics of those described in Schulze et al.
(2007). The related technical features are detailed in Schulze et al. (2007), Masson et al.
(2018), and Poulier et al. (2019). Particle traps were immersed near the riverbank in the water
column at a depth of 0.5-1 m at cross-section with fairly homogeneous SPM concentrations
(Launay, 2014). At each station, SPM sampling is done every month, but for the Upper Rhone
River (Jons station) the particle trap was emptied every two weeks. Particulate traps
accumulate a volume of suspended matter proportional to the SPM concentration in the water,
which is the most variable parameter that makes the SPM flux (discharge varies over a much
narrower range). Therefore, samples from particle traps are nearly proportional to SPM flux
variations, not just time-averaged concentrations. They are therefore suitable for
micropollutants fluxes assessment (Schulze et al., 2007; Masson et al., 2018). The use of

particle traps allowed continuous sampling of SPM over the exposure time, as well as
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recovering sufficient amounts of particles for micropollutant analysis. At the Beaucaire
station, SPM samples for micropollutant analysis were collected every two weeks by a high
speed continuous flow centrifuge (Masson et al., 2018; Poulier et al., 2019). The comparative
study conducted by Masson et al. (2018) on the SPM sampling between particle traps and a
continuous flow centrifuge did not show significant differences in Hg and PCB concentrations
testifying that these SPM sampling systems are comparable. The particle size distributions of
the SPM samples collected in the present study (i.e., for the six river stations investigated) are
mainly multimodal. Indeed, between 2 and 4 (3 in most cases) Gaussian distributions were
generally observed: mode 1 between 1 and 10 um (average 4 um particle size; clays and very
fine silts), mode 2 between 10 and 27 um (average 14 um; fine silts), mode 3 between 27 and
80 um (average 39 um; coarse silts), and mode 4 between 80 and 2000 um (average 136 um;
fine to coarse sands) (Launay, 2014; Masson et al., 2018; Lepage et al., 2019). The SPM
samples were sorted depending on the hydrological conditions during SPM sampling, and the
median micropollutants concentrations was calculated for low flow and flood conditions.
These low flow or flood site-specific median concentrations were used to fill the gaps in the
measurement time series, which resulted from field material vandalism, or technical and
logistical glitches. In this respect, thresholds were defined at each station to distinguish
hydrological regimes with potentially differing contamination levels. The rule is as follows: if
more than 50% of the SPM cumulative flux over the exposure period of the particle trap
corresponds to a water discharge higher than the flood threshold (defined as half of the 2-year
flood peak discharge), then the SPM samples are considered under flood conditions. By doing
so, we obtained low flow and flood median concentrations for all micropollutants at each

station (Table S2).

2.3. Water discharges
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Hourly averaged water discharge data at each station, except for the Rhéne River at Jons
station for which no hydrometric station exists, were provided by the “Compagnie Nationale
du Rhone” (CNR), the main operator of hydropower plant on the Rhéne River. At the Jons
station, hourly water discharge was computed using a 1-D hydrodynamical model (Launay et
al., 2019), requiring the discharge data of the Rhone River at Lagnieu, and those from the Ain

and the Bourbre tributaries.

2.4. SPM concentrations

The method for the estimation of SPM concentrations is described in detail in Poulier et al.
(2019), and the main steps are summarized here. Except for the Rhéne River at Arles, SPM
concentrations are derived from in situ turbidity measurements every 10 min, and
reconstituted via site-specific turbidity-SPM rating curves calibrated using water sampling
and filtration (i.e., by manual water sample collection at the time of SPM sampling, and by
automated hourly sampling during flood events). At Arles solely, daily time-integrated SPM
concentrations were measured, and used for the fluxes computed at Beaucaire. We considered
that it was representative for both branches of the Rhéne River, as fine particle inputs are
negligible between the two stations (Pont et al., 2002). For low flow conditions,
concentrations of SPM were obtained by analysis of daily composite water samples collected
automatically, whereas during floods the sampling frequency was increased to every 4 h for a
better temporal resolution. Data are freely available from the online database of the Rhéne

Sediment Observatory (Thollet et al., 2018).

2.5. Micropollutant concentrations
2.5.1. Polychlorobiphenyls (PCBI) analysis
The concentrations of 7 indicator PCBI (congeners 28, 52, 101, 118, 138, 153, and 180) in

SPM were analyzed by IRSTEA laboratory according to the French Standard XP X33-012
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(AFNOR, 2000). Approximately 1.0 g dry weight (d.w.) of sample was extracted with a
cyclohexane/acetone 90:10 v/v mixture, concentrated by evaporation and purified ona 1 g
Florisil SPE cartridge. A small amount of copper powder (10 mg mL™) was finally added in
order to avoid sulfur interferences prior to gas chromatography analysis with a ®*Ni electron
capture detector (GC-ECD). Samples were analyzed on two different columns (RTX®-5, 30
m x 0.25 mm x 0.25 um for quantification and RTX®-PCB, 30 mx 0.25 mmx 0.25 um for
confirmation of the compound identity) to confirm the results. Procedural blanks and control
standard solutions were systematically checked. The accuracy of measurements was checked
via intercomparison exercises and the analysis of a certified reference material (BCR 536). A
sediment sample from the Bourbre River, a tributary of the Rhéne River, was used to
determine analytical uncertainties, as no certified reference material exists for such low levels
of PCBI in equivalent matrix. Analytical uncertainties were estimated to be 60% (k = 2) for
concentrations lower than 3-times the limit of quantification (LOQ) and to be 30% (k = 2) for
concentrations higher than 3-times the LOQ. The LOQs were estimated between 0.5 and 1 pg
kg? (d.w.) depending on the congeners. PCBi 28 and 52 were mostly below the LOQ
(average quantification frequency around 35%), and were not used in this study. The
quantification frequency (QF) of the other congeners was on average 72%. Data are freely

available from the online database of the Rhéne Sediment Observatory (Thollet et al., 2018).

2.5.2.Polycyclic aromatic hydrocarbons (PAHSs) analysis

A total of 15 priority PAHs (2-methylfluoranthene, anthracene, benz[a]anthracene,
benzo[a]pyrene, benzo[b]fluoranthene, benzo[ghi]perylene, benzo[k]fluoranthene, chrysene,
dibenz[a,h]anthracene, fluoranthene, indeno[1,2,3-cd]pyrene, phenanthrene, pyrene,
naphtalene and 2-methynaphtalene) were analyzed by the accredited Laboratory of Hygiene

and Environment (Alpha group, Rouen, France) according to the XP X33-012 Standard
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(AFNOR, 2000). Samples were extracted with a hexane/acetone 50:50 v/v mixture,
concentrated by evaporation and purified on silica, then analyzed by capillary gas
chromatography coupled to a mass spectrometer (GC-MS). Analytical uncertainties were
estimated to be 60% (k = 2) for concentrations lower than 3-times the LOQ and to be 30% (k
= 2) for concentrations higher than 3-times the LOQ. The LOQ ranged from 1 to 2 pg kg™
(d.w.) for most of the PAHSs, except for dibenz[a,h]anthracene and phenanthrene (up to 5 pg
kg™). Naphtalene and 2-methynaphtalene were mostly below the LOQ (average QF around
50%) and were not used in this study. The QF of the other PAHs was on average 96%. The
laboratory was accredited by the French Committee for Accreditation (Cofrac) (accreditation
n° 1-1351) for measuring PAHSs in sediments and fulfils the requirements of the standard NF

EN ISO/IEC 17025 (2017).
2.5.3.Glyphosate and AMPA analysis

Glyphosate and AMPA were analyzed by the accredited Laboratory of Hygiene and
Environment (Alpa group, Rouen, France). Extraction was performed by agitation with an
alkaline solution of 0.5M KOH. Then, a SPE purification step was carried out using an Oasis
HLB cartridge. Before analysis, a derivation step was achieved (with 9-
fluorenylmethylchloroformate). The analysis was done by capillary liquid chromatography
coupled to a mass spectrometer (LC-MS). The LOQ of glyphosate and AMPA fora5 g (d.w.)
sample ) was 10 ug kg™ (d.w.). The QF was on average 55% for glyphosate and 86% for
AMPA. The laboratory was accredited by the French Committee for Accreditation (Cofrac)
(accreditation n°® 1-1351) for measuring glyphosate and AMPA in sediments and fulfils the

requirements of the standard NF EN ISO/IEC 17025 (2017).

2.5.4. Trace Metal Elements (TME) and mercury (Hg) analysis
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The TME (As, Cd, Co, Cr, Cu, Ni, Pb, Zn) in the SPM were measured by CEREGE
laboratory. Aliquots of 40-mg dry SPM were weighed out into acid-cleaned Teflon beakers.
All reagents were ultrapure grade compounds. Then, aliquots were dissolved in a mixture of 3
mL of HCI (34%), 4 mL HNO; (67%), 20 drops of H,0, (35%) and 0.5 mL of HF (47-51%).
The mixtures were digested on a hotplate at 170°C (10 min), and then 250°C (10 min; P=100
bar) in an UltraWAVE Single Reaction Chamber (Milestone, Thermo-Scientific). The
samples in solution were all clear, attesting the complete breakdown of the SPM samples. The
solutions were diluted with ultrapure Milli-Q water (Merck) and measured by ICP-MS
(Perkin-Elmer, Nexlon 300X) against calibration curves and rhodium solution as internal
standard. The procedural blanks and reference sediments STSD-3 and MESS-4 (Canadian
Certified Reference Materials Project) were analyzed repeatedly. Uncertainties for Cd, Co, Cr,
Cu, Ni, Pb, Zn and As concentration measurements were 14%, 3.6%, 1.2%, 5.0%, 2.3%,
3.2%, 3.0% and 6.7%, respectively. The LOQ of Cd, Co, Cr, Cu, Ni, Pb, Zn and As in SPM
were 0.1 mg kg™ (d.w.), 0.05 mg kg™ (d.w.), 0.1 mg kg™ (d.w.), 0.1 mg kg™ (d.w.), 1 mg kg™
(d.w.), 1 mg kg™ (d.w.), 5 mg kg™ (d.w.) and 0.5 mg kg™ (d.w.), respectively. The QF of all

TME was 100%.

The determination of total Hg in SPM was performed by IRSTEA laboratory using an
automated atomic absorption spectrophotometer, DMA 80 (Milestone), according to EPA
method 7473 (U.S. EPA, 1998). Blanks and certified reference materials (IAEA 433, marine
sediment; IAEA 457, coastal sediment; LGC 6187, river sediment) were systematically used
to control analytical accuracy (94%) and uncertainty (14%; k=2). The LOQ of Hg in SPM

was 10 pg kg™ (d.w.). Mercury was always quantified.

In the present paper, TME (including Hg) concentrations and fluxes were summed as
Y9 TME to simplify the description of results, and thus facilitate the comparison of the TME

group with the other micropollutant families. Obviously, each TME or group of TME is
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discussed apart since Zn and Cr weigh around two thirds of o TME ([Fable S1 and S2). Data
are freely available from the online database of the Rhone Sediment Observatory (Thollet et

al., 2018).

2.6. SPM and micropollutant fluxes

The calculation of SPM and micropollutant fluxes is based on the method developed in
Poulier et al. (2019), and the main steps are summarized below. To appraise micropollutant
fluxes at an inter-annual and inter-annual monthly resolution over the 2008-2018 exposure
period, we calculated firstly SPM fluxes as the product of hourly measured data of both water
discharges and SPM concentrations at each station. When missing values of SPM
concentrations occurred (non-monitored periods or gaps in the measurement time series),
SPM values were reconstructed on the basis of the empirical known relation involving water
discharges (Q), and SPM concentrations (Cs) called Cs-Q rating curves (i.e., Poulier et al.,
2019; Horowitz, 2003; Sadaoui et al., 2016). Secondly, micropollutant fluxes were calculated
by multiplying the SPM fluxes to the monthly time-integrated particulate micropollutant
concentrations obtained from particle traps, or by a continuous flow centrifuge only at the
Rhone at Beaucaire station. Data for micropollutants with a QF< 50% were not considered in
this study (2 PCBi and 2 PAHSs). For some other organic micropollutants (other PCBi and

PAHS), below LOQ data were changed to LOQ/2 for calculation.

Non-monitored periods or gaps in the measurement time series, which resulted from
field material vandalism, or technical and logistical glitches, were filled by low flow or flood
site-specific median concentrations for all micropollutants (Poulier et al., 2019). Because no
micropollutant concentrations-water discharge relationships were found (Pearson's r between
averaged water discharge and Hg, Pb, £13PAH, £sPCB, glyphosate and AMPA concentrations

of -0.25, -0.16, 0.37, -0.15, 0.19 and -0.40, respectively at the Rhone River outlet) (Fig. S2),
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we chose to fill gaps by the median of low flow or flood site-specific concentrations in order
to be as close as possible to the field sampling condition based on time-integrated particle
traps. In other words, this gap-filling technique provides the convenience of filling monthly
average concentrations, rather than the detailed dynamics of instantaneous concentrations.
Moreover, it is not useful to resort to continuous relationships, which do not really exist with

respect to figure S2.

Accordingly, we distinguished the measured and the estimated micropollutant
concentrations, depending on the availability of measurements from sediment-trap samples
for the considered period. The total micropollutant flux (F; ;) is the sum of the measured flux
(Fi jmeasurea) and the estimated flux (F;jestimatea) fOr which the micropollutant
concentrations (C;;) are estimated (i.e., as the low flow and flood site-specific median
concentrations). The total uncertainties of the inter-annual and inter-annual monthly
micropollutant fluxes were estimated (distinguishing measured and estimated fluxes) using
95% level of uncertainty, which corresponds to 2 standard deviations for a Gaussian
distribution; they are shown in absolute and relative values in Table S1 (see details on
uncertainty computation in the supplementary text). We also computed the weight (in
variance) of the estimated concentration uncertainty in the total flux uncertainty
(W, jestimate) (T@ble"S1) (see the supplementary text). The uncertainty analysis we introduce
in this paper, although via a simplified approach, proves to be an interesting exercise to assess

the significance of our flux estimates.

3. Results and Discussion

3.1. Decadal assessment of inter-annual SPM and particulate micropollutant fluxes
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For the period 2008-2018, we obtained an inter-annual average for X13PAH, XsPCB, X3TME,
glyphosate and AMPA fluxes of about, respectively, 3.0+0.7 t yr*, 61+8 kg yr, 1,802+152 t
yrt, 97420 kg yr?, 220445 kg yr* at the Rhone River mouth (Beaucaire station) (Table'Si).
The average of the total inter-annual fluxes uncertainty of the micropolluant families at the
same station is about 16% (ranging from 8 to 22% for, respectively, TME and PAHSs) ([Table
S1) for which the weight of the estimated concentration uncertainty accounts for about 46%
on average (ranging from 10 to 82% for, respectively, TME and glyphosate/AMPA) (Table
S1). The uncertainty analysis we introduce in this study proves to be an interesting way to
assess the reliability of our flux estimates. However, the total flux uncertainty and the weight
of the estimated concentration uncertainty in the total flux uncertainty show a high variability
according to the tributaries and the micropollutants considered ([Table S1).

These estimates of the inter-annual average micropollutant fluxes are substantially
different from those found in the literature about organic and inorganic micropollutant fluxes
discharged by the Rhéne River to the Mediterranean Sea. For instance, based on standard
values of annual SPM flux of 4-5 M t yr, Lipiatou and Albaiges (Lipiatou and Albaigés,
1994) estimated ~14-18 t yr™ for the annual £14PAH flux of the Rhone River. In the same
way, Lipiatou et al. (Lipiatou et al., 1997) evaluated the annual X1;PAH flux to ~5-33 t yr
using standard SPM flux values between 2-10 t yr'. These values are coherent with the
¥14PAH flux of 14 t yr' assessed by Sicre et al. (2008), using by an annual SPM flux of 13.9
M t yr? for the year 1994-1995. These assessments of HAPs fluxes are between 2- and 11-
fold higher than our measurements due in part to the high annual SPM flux values used in
these studies. They are up to 2.5-fold higher than our inter-annual average SPM flux (5.5 M t
yrY). Similarly, the annual £sPCB flux estimated by Tronczynaski and Héas-Moisan (1996)
during the year 1994-1995 is four-fold higher than our estimate. In this case, the £sPCB flux

difference is explained both by the high values of the annual SPM flux (15.8 M t yr'vs. 5.5
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M t yr' in this study) and the ZsPCB concentrations (35.5 pug kg™ vs. 12.7 pug kg™ in this
study) measured by the authors. Always about PCB, the recent study of Dendievel et al
(2019) evaluated the inter-annual EsPCBi budget (2007-2017) of about 97 kg yr™. This
overestimation of about 60% higher than our estimate could be attributed to the use of a
standard mean XsPCBi concentration value, rather than a continuous measure of PCBI
concentrations during the span of time. Finally, annual TME fluxes are also concerned by
such differences in assessment due to the SPM flux estimates. According to Radakovitch et al.
(2008) and Ollivier et al. (2011), which calculated an inter-annual SPM flux ~7 M t yr, the
sum of Cr, Co, Ni, Cu, Zn, Cd and Pb fluxes between 2001 and 2003 was about 3,182 t yr™ on
average, against 1,720 t yr* for 3; TME in the present study (Table'S1).

At the Rhéne river mouth, these studies carried out since the mid-1990s assessing
organic and inorganic micropollutant fluxes discharged to the Mediterranean Sea were usually
based on limited grab sampling surveys over a full year at best. Such short monitoring periods
lead to significant disparities in annual micropollutant fluxes, because they induce an
overestimation of the annual SPM flux. Indeed, beyond the different methods used to
calculate SPM fluxes discharged to the sea, the high inter-annual variability of SPM fluxes
rules out any attempt to assess representative micropollutant fluxes inferred from a single year

of SPM monitoring.

A comparison of these micropollutant fluxes at the Rhéne River outlet with those
discharged to the sea by other large rivers shows significant differences, since PAHs and
PCBi fluxes were estimated for the Yangtze River (watershed surface area 1.8 M km?), the
Mississippi River (3.3 M km?) and the Saint-Laurent River (1.3 M km?2) around, respectively,
365 and 73 t yr* (~120- and 1200-fold higher, respectively), 160 and 32 t yr* (~50- and 500-

fold higher, respectively), and 25 and 5 t yr* (~8- and 80-fold higher, respectively) (Liu et al.,
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2008). These annual micropollutants fluxes have to be weighted by the catchment size of
these rivers to estimate specific fluxes and thus assess their differences of contamination. In
this regard, PAHs and PCBi specific fluxes are, respectively, around 73-329 g km?2 yr and 7-
73 g km2 yr* (highly above the Rhdne River) for the Yangtze River, 17-78 g km2 yr™* (similar
to the Rhone River) and 1.8-17 g km2 yr* (highly above the Rhéne River) for the Mississippi
River, and 7-32 g km2 yr* (slightly below the Rhéne River) and 0.7-7 g km2 yr (highly
above the Rhéne River) for the Saint-Lawrence River.

As consequence, it appears more suitable to compare these fluxes with rivers showing
features, such as the size of catchment and numbers of inhabitants, analogous to the Rhéne
River basin (75,900 km2 and 15.5 M inhab). For instance, the inter-annual average X;PCBi
and X;6PAH fluxes assessed at the Seine River outlet (78,600 km2 and 17.5 M inhab) between
the period 2000-2014, with 90 kg yr™ (i.e., around 1 g km2 yr'') (Briand et al., 2016) and 2.3 t
yr'(i.e., around 30 g km? yr') (Fisson et al., 2015), respectively, are similar to those of the
Rhone River at Beaucaire (i.e., respectively, about 0.8 g km2 yr'* and 40 g km? yr) estimated
in the present study (Table S2). These results strengthen the fact that these micropollutants
track rather well urbanization and population (i.e., Schwientek et al., 2013; Rugner et al.,
2019). In contrast, glyphosate (870 kg yr™* or 11 g km2 yr''), AMPA (4,700 kg yr™ or 60 g km?
yr'), and ZeTME (323 t yrtor 4 kg km? yr') fluxes (Fisson et al., 2015) delivered at the Seine
estuary are wholly different from those of the Rhone River at its outlet, with about 97+20 kg
yrt (1.3 g km? yrt), 220445 kg yr* (2.9 g km2 yr!) and 1,802+152 t yr (24 kg km?2 yr™),
respectively (Table S1). Regarding glyphosate and AMPA, such differences could be explain
by agricultural activities since they are highly developed in the Seine River basin (Schott et
al., 2009), and largely prevailed by cereal cultivation, which is known to resort on glyphosate

(Grandcoin et al., 2017). Finally, the geological basements of the Rhéne and Seine watersheds
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involve contrasting mineralogical compositions that could explain their distinct TME fluxes

(Rugner et al., 2019).

3.2. Hydro-climatic control of the micropollutant fluxes dynamic: floods as seasonal

trigger

The inter-annual and inter-annual monthly SPM and particulate micropollutant fluxes were
calculated over the entire period 2008-2018 for the five tributaries monitored, and at the
catchment scale (Rhone River at Beaucaire station) (Figs 2, S3 and Table S2). The mean
inter-annual SPM flux contributions of the tributaries to the total flux at Beaucaire station are
as follows: 31% for the Isére and Durance Rivers, 11% for the Upper Rhéne (Jons station),
6% for the Sadne River and 0.1% for the Gier River. For the total inter-annual
micropollutants flux (all micropollutant families together) released at the Rhéne River outlet,
the average contributions of the tributaries are the following: 21% for the Isére River, 12% for
the Sadne River, 10% for the Durance River, 9% for the Upper Rhone (Jons station) and 1%
for the Gier River; but these values fluctuate from one micropollutant family to another. Such
variability in micropollutant contributions between tributaries is explained by the station-
specific chemical fingerprint and SPM flux.

At the Rhone River outlet (Beaucaire station), the evolution of the mean inter-annual
monthly micropollutant fluxes is characterized by a tri-modal distribution over the year with
maxima centered in (1) November, (2) January, and (3) May-June (Fig. 3). The sum of the
micropollutant fluxes exported to the sea during these periods (one third of a year) represents
nearly two thirds of the mean inter-annual micropollutant budget of the Rhéne River at its
outlet. Such a dynamic of the micropollutant fluxes over the year appears to be driven by the
hydrological regime of the Rhéne River, given the strong positive correlation between water,

SPM, and micropollutant (average value used of the Pearson's r computed for all the
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micropollutants) fluxes at the Rhéne River mouth (Pearson's r = 0.98 for SPM vs.
micropollutant fluxes (ranging from 0.95 to 1 according to the micropollutants); r = 0.70 for
water vs. micropollutant fluxes (ranging from 0.64 to 0.78 according to the micropollutants),
and r = 0.70 for SPM vs. water fluxes). The three-mode profile of the inter-annual monthly
micropollutant fluxes closely follows the modes of the complex hydrological regime of the
Rhoéne River combining (Fig. 3):
- a first Mediterranean component in November accounting for 24% of the mean
inter-annual budget of particulate micropollutant fluxes;
- a second oceanic pluvial component in January accounting for 15% of the mean
inter-annual budget of particulate micropollutant fluxes;
- athird nival component in May-June accounting for 24% of the mean inter-annual

budget of particulate micropollutant fluxes.

Such a seasonal behavior of the micropollutant fluxes dynamic of the Rhéne River over
the year suggests a decisive hydro-climatic control. In this respect, the daily time-series of the
water and micropollutant fluxes calculated over the 2008-2018 period show that 70% of the
particulate micropollutant fluxes released to the Mediterranean Sea occurred during flood
events (defined as half of the 2-year flood peak discharge at Beaucaire; i.e., Q > 2,900 m® s™)
accounting for 11% of the time. These figures are similar to the estimates assessed by
Radakovitch et al. (2008) and Ollivier et al. (2011) since they considered ~ 80% of the inter-
annual average TME fluxes delivered into the Mediterranean Sea occurs in less than 12% of
the time. In comparison, Sicre et al (2008) assessed that 90% of the inter-annual average flux
of X14PAH reach the Mediterranean Sea during flood events. Still based on the daily time-
series of the micropollutant fluxes, this large micropollutant flux carried by the Rhéne River

during floods evolves exponentially according to the flood power:
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- the last decile of the most powerful floods (Q > 4,500 m* s™), integrating 1% of time
spent, accounts for 28% on average of the total micropollutant fluxes discharged to
the sea during the time range of the study (2008-2018);

- floods exceeding the 2-year flood peak discharge (Q > 6,000 m® s™) (Pont et al.,
2002), integrating 0.2% of time spent, account for 11% on average of the total
micropollutant fluxes discharged to the sea during the time range of the study (2008-
2018).

Based on the mean inter-annual monthly profiles of the micropollutant fluxes of the
Rhone River tributaries (Fig. 3), the identification of the sources of the three seasonal modes
occurring at the river mouth are easily resolved. In this way, the first Mediterranean
component appears to be largely triggered by the micropollutant fluxes coming from the
Durance River, which supplies about 19% (ranging from 9% to 40% according to the
micropollutant families) of the total micropollutant fluxes released into the sea in November.
In comparison, the other tributaries inputs fluctuate between 1.5% (Gier River) and 7%
(Sadne River) during this period. The second seasonal mode of the micropollutant fluxes
observed in January at the Rhdne River outlet implies an oceanic pluvial component
regulating part of the hydrology of the Sabne, Isere and Upper-Rhdne basins, which,
respectively, provide 18%, 14%, and 10% of the micropollutant fluxes exported to the sea at
this time. Finally, the nival component of the micropollutant fluxes, arising in May and June,
integrates a further significant contribution from the Isére River accounting for 84 and 34%,
respectively. In addition, the Durance River and the Upper Rhone River basin provide each an
average of 10% of the micropollutant fluxes delivered to the Mediterranean Sea in May and
June (Fig. 3).

This hydro-climatic control of the seasonal micropollutant fluxes dynamic in the Rhéne

River basin raises the issue of the climate change impacts on the future trends of these fluxes.
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Since floods act as the main transport vector of the micropollutant fluxes towards the
Mediterranean Sea, it appears essential to focus on the regional patterns of the climatic-
change signal in flood discharges (Bléschl et al., 2019). In this end, data from the Explore
2070 project (Chauveau et al., 2013), which estimated the possible impacts of climate change
on surface water until the end of the twenty-first century for the whole French hydrographic
network, provide insights on the probable evolution of the three periods of micropollutant
fluxes discharges into the Mediterranean Sea. At the scale of the Rhone River watershed, but
also for the main Rhone River tributaries, the oceanic pluvial component should progress
(increasing floods) with the increasing winter discharges (Bloschl et al., 2019; Madsen et al.,
2014; Bethemont and Bravard, 2016; Dayon et al., 2018) caused by increasing rainfall
between January and March (Chauveau et al., 2013). Conversely, the spring nival component
is expected to decrease (decreasing floods) at the Rhone River outlet, and more specifically
for the major Alpine tributaries (Upper Rhone River basin and Durance and Isére Rivers), due
to the warmer temperatures resulting in earlier and decreasing spring snowmelt floods
(Bloschl et al., 2019; Chauveau et al., 2013; Madsen et al., 2014; Bethemont and Bravard,
2016; Dayon et al., 2018). Finally, the Mediterranean component is defined by high-intensity
floods following intense precipitation events and affecting especially the small “Cevenol”
rivers (right bank, southern tributaries of the Rhéne River) (Fig. 1). Recently, Bloschl et al.
(2019) estimated that, in a warmer climate, local convective storms might increase in southern
Europe and could lead to an increase of the floods magnitude in small watersheds. Typically,
we could expect an increase in the fall moisture flux originating from warmer Mediterranean
temperatures that would result in increasing Cevenol rivers floods. This assumption is
supported by the projection of the 10-year return period flood quantile, using multi-models of
changes, which could increase for the Cevenol rivers in the next decades (Sauquet and Lang,

2017). As a result, the Mediterranean component weight would increase. These potential
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responses of the seasonal behavior of micropollutant fluxes due to the changing climate
would result in particulate micropollutant fluxes released into the Mediterranean Sea over a
shorter period of time, which would be centered in autumn and winter. As a result, the
chemical pollution on the receiving coastal waters would be more intense at this time of year

than it currently is.

3.3. Defining the chemical cocktails and the overall pollution level to track the spatial

heterogeneity of large watersheds

In order to define the spatial trends and ranking of the overall contamination level of the
six stations studied, a Principal Component Analysis (PCA) was performed on flood versus
low flow median concentrations of the 29 quantified substances (Fig. 4A and B). Based on
114 tests of Pearson's correlation coefficient performed between the content of particulate
organic carbon (POC in g kg™ dry weight) and the 5 PCBi, 13 PAHs and Hg concentrations
(mg kg™ dry weight) (micropollutants for which there is an affinity for organic carbon) at the
six stations, no micropollutant concentrations-organic content relationship was found. For
~75% of the cases (87 of 114) r < 0.2 and p-value > 0.05. As a result, the micropollutant
concentrations are expressed only on a dry weight (d.w.) basis.

The first principal component (F1 ~ 89%) was largely contributed from all
micropollutants, meaning that F1 tracks the overall pollution level. Consequently, the F1
scores of each station for low flow and flood conditions (Fig. 4A) allow to rank the stations
according to their overall contamination level. The resulting first ranking is presented on the
X-axis of Fig. 4A, in descending order from right to left, from the Gier River for low flow to
the Durance River for flood. In order to ensure the reliability of this classification, two Heat
Maps were performed using the same data set (Fig. 4C). The left panel of the figure 4C shows

a Heat Map run with all the stations, which are ranked from left to right on the x-axis in a
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descending order according to their overall pollution level. The resulting classification is
similar to that provided by the PCA (Fig. 4A). A third ranking was performed, using land use
data for the catchments of the monitoring stations, by summing the anthropized-land use
categories (Fig. S1). This third ranking is similar to those obtained by the statistical
treatments, except for the Durance and Isére Rivers which are nevertheless very close: Gier
(64%) > Sadne (63%) > Beaucaire (43%) > Jons (35%) > Durance (23%) > Isére (22%).

Based on these classifications of the overall pollution level, three coherent water
quality-related groups of stations arise (defined by the clustering analysis of the Heat Maps;
see section Statistical analysis of micropollutant concentrations of the Supplementary
Material) (Fig. 4C): considered as highly contaminated (Gier and Sadne Rivers), intermediate
(Beaucaire and Jons stations on the Rhoéne River), and relatively clean (Isére and Durance
Rivers) (Fig. 4). The stations of Jons and Beaucaire display an intermediate level of
contamination suggesting the Rhdne River waters homogenize efficiently the various
contributions of its tributaries. Moreover, the higher overall contamination level of the
Beaucaire station compared to the Jons station, both in low flow and flood conditions (Fig.
4A and C), demonstrates of a progressive downstream enrichment of the pollution of the
Rhoéne River's waters. Such a spatial trend, with increasing PCB concentrations downstream
the Rhdne River, has recently been reported by Mourier et al. (2014) using sediment cores
from the alluvial plain. This downstream increasing trend of the chemical pollution of the
Rhone River’s waters could result from the density of the metropolitan areas sheltered in the
Rhoéne Valley downstream to the Jons station (Lyon, Vienne, Valence, Montélimar, and
Avignon). This urban density probably act as many potential contamination sources.

The ranking of the monitoring stations also provides useful information on the influence
of the hydrological conditions on the overall pollution levels. Indeed, for low flow conditions,

the Rhone River tributaries are systematically more contaminated than in floods (Fig. 4A and
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C), probably as a consequence of a dilution effect resulting from the introduction of “clean
SPM” during sustained hydrological events. For the Gier River, this dilution effect in floods is
significantly higher than for the other tributaries (Fig. 4A). A possible explanation is that the
widespread catchment areas of the main Rhone River tributaries (Sabne, Isere and Durance)
are able to limit the dilution effect subsequent to the remobilization of contaminated
sediments by the erosion and leaching of the floodplain and bank deposits during flood events
(Ciszewski and Grygar, 2016; Pavlowsky et al., 2017). Such a flood-induced reworking of
inherited sediments is probably less relevant for the Gier River because of the narrowness of
its valley bottoms, and the numerous hydraulic facilities (dikes, ripraps, channelization and
covered sections) limiting floodplain sedimentation. Finally, the two Rhéne River stations
show an opposite behavior with a general pollution (i.e., taking into account all
micropollutants) increasing in flood conditions (Fig. 4A and C). Therefore, we suppose
inherent processes to the Rhdne Valley capable of triggering secondary pollution sources

occurring during sustained water discharge events and readable through chemical fingerprints.

In order to test this hypothesis, the second step consists to define sub-catchment-specific
chemical fingerprints to highlight the major anthropogenic and geographical sources of
micropollutant families in the Rhone River catchment, as well as to decipher the composition
of the micropollutant fluxes inputs (tributaries) and output (river mouth). The projection of
the 29 micropollutants in the factorial plan of the PCA defined by the principal components
F2 and F3 distinguishes efficiently the micropollutants families (panel right Fig. 4B). Indeed,
in the correlations circle, PAHs are located on the right side, PCBi on the upper left quarter,
and TME, glyphosate and AMPA on the lower left quarter. This clustering of micropollutant
families is similar to that of the vertical cluster analysis inferred from the Heat Maps (see
panel left in Fig. 4C). To ensure the reliability of our conclusions inferred from of the

chemical fingerprints (Figs. 4B and C), we compared them to the station-specific chemical
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spectrum (Fig. S4). Hence, for low flow conditions, the chemical cocktails recognized are as

follows:

- Beaucaire: PCB, TME and glyphosate/ AMPA;
- Jons: PAH and TME (Cu, Cd, Zn);

- Saone: PAH and TME (As, Hg, Pb, Cd);

- Gier: PCB, TME and glyphosate/ AMPA;

- Isére: TME and AMPA;

- Durance: no specific chemical fingerprint identified.

The chemical cocktails of the Gier, Beaucaire and Jons stations change towards
prevailing PAHs fingerprints during flood condition. This is especially striking for the
Beaucaire station experiencing mirror-shape chemical fingerprints (Fig. 4C-right and S4C).
Indeed, during floods the TME, glyphosate and AMPA concentrations decrease in favor of
PAHs (Fig. 4C-right and S4C). The activation of this secondary source of contamination
during floods is probably caused by runoff over artificial areas (Blanchard et al., 2001; Bigus
et al., 2014; Froger et al., 2019), which are more widespread in the three catchments involved
(Fig. S1). This diffuse source of PAHSs is probably triggered when floods are combined with
intense precipitation events (David et al., 2012). For both Rhone River stations, this leaching
process over artificial surfaces could explain the higher PAHs contamination level during
flood periods (Fig. 4B and C-right, S4C and S4E). Indeed, X;3PAH concentrations at the
Beaucaire and Jons stations increase, respectively, from 444 to 651 ug kg™ (+ 47%), and from
499 to 569 ug kg™ (+ 14%) (T@BPST). This increase of Z13PAH concentrations during floods
does not affect the Gier River (see the left Heat Map in Fig. 4C and Table S2) because the

dilution effect of this river is more effective than the PAHSs inputs during floods.
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In order to decipher the pollution source of PAHSs in the Rhdne River SPM, the most
frequently used PAHs molecular diagnostic ratios, i.e., Fla/(Fla+Pyr), BaA/(BaA+Chry) and
IndP/(IndP+BghiP) (e.g., Froger et al., 2019; Yunker et al., 2002; Ravindra et al., 2008), were
investigated (Fig. S5). Firstly, based on these PAHs ratios, all the monitoring stations show
similar fingerprints characterized by a restricted PAHs space implying a common-source of
PAHs for the Rhone River SPM. Secondly, these PAHs fingerprints fit that of the runoff
particles collected by Gaspéri et al. (2017, 2018) from a storm sewer of the densely urbanized
catchment of Sucy (south-east of Paris in France) (Fig. S5). In this respect, as recently
suggested by Froger et al. (2019) for the Orge River SPM (catchment located in the Seine
River basin), runoff particles would be the main direct PAHs source in the urbanized areas of
the Rhdne River basin. Thirdly, while atmospheric particles are known to be sensitive to the
fossil fuel combustion (Froger et al., 2019) derived from vehicular emissions (Keyte et al.,
2016) or household heating (Motelay-Massel et al., 2003), runoff particles-derived pollution
source of the Rhéne River SPM is mainly composed of mixed vehicular, and biomass
combustion emissions, as well as of a minor contribution from fossil fuel combustion (Fig.
S5). Finally, this investigation based on two levels of PAHSs fingerprints (direct local sources
and general combustion origins) evidences that urban runoff is the main direct PAHs source
of the Rhéne River SPM, which encompasses multiple origins including biomass and fossil
fuel combustion. These results are in good agreement with the general statement that urban
pressure, population density, and PAHs concentrations in SPM are positively correlated (i.e.,

Schwientek et al., 2013; Riigner et al., 2019; Parajulee et al., 2017; Poulier et al., 2019).

3.4. Exploring the micropollutant missing sources

The inter-annual and inter-annual monthly micropollutant budgets at the Rhéne River
outlet (Beaucaire station) were computed and compared to the micropollutant fluxes inputs

from the tributaries (Figs. 2 and S3). We consider that the negative imbalance (i.e., deficit
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budget) is related to the missing sources of micropollutants including non-monitored
tributaries, wastewater effluents, runoff over artificial areas, as well as remobilization of
highly contaminated sediments subsequent to the erosion and leaching of the floodplain, and
bank deposits during flood events (e.g., Ciszewski and Grygar, 2016; Pavlowsky et al., 2017;
Poulier et al., 2019). These missing sources constitute about 47% on average, and more
specifically about 65% for £sPCB, 54% for X13PAH, 60% for glyphosate, 24% for AMPA,
and 31% for XgTME of the total annual flux of micropollutants (Figs. 2 and S3). Because
these values are greater than the inter-annual SPM deficit (21%), this implies that the missing
sources have higher particulate micropollutant concentrations. In order to remove the
influence of SPM flux variations, SPM-flux-averaged micropollutant mean concentrations,
called thereafter “total concentration”, were calculated to improve the assessment of the

missing sources magnitude, as well as their identification. The total concentration Cyyq,; Of

a micropollutant j from ninputs (or tributaries) is the sum of the partial concentrations

Cpartia,j OF the inputs to the system:
_ _ZiFiy _yn 1
Crotalj = ST Frsom Yi=1 Cpartiaj (1)

Fij

with Cpartial,j = 2

Yiz1Fispm
F; ;: flux of micropollutant j from input
F; spa: flux of SPM from input

Analogous to partial pressures in a mixture of gases, the “partial concentration” of an
input is the notional concentration of that input if the micropollutants alone were diluted in

the entire SPM flux of all the inputs. Then, we compared the inter-annual and inter-annual
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monthly Cyeq,; OF the inputs to that one output of the system at the Rhone River outlet

(Beaucaire station) for:

Foutputj
C = —ouut] (3
output,j Foutput,spm )

With Fy epue,j: flux of micropollutant j from output
Foutput,spm: flux of SPM from output

Results of Ciorarjr Cpartiar,j @Nd Coyepue,jin figures 2-and S6 are expressed in terms of
tributaries contributions (%) to be consistent with SPM and micropollutant fluxes, as well as
to facilitate the comparison of the inputs micropollutant “total concentration” (Ctotqq ;) VS.
output micropollutant concentration (Coyepue,j)- By measuring the positive (excess) or the
negative (deficit) difference between Coytpyr,; and Crorqr j, W Can assess the presence and the
relative degree of contamination of the micropollutant missing sources. Regarding that, two
groups of micropollutants can be distinguished at the inter-annual scale (Figs 2 and S6). The
first one refers to the PCBI, PAHSs and glyphosate, and shows a significant negative imbalance
(large deficit) because their inter-annual deficit is between 28% and 51%. The second one
encompasses AMPA and TME, which show a minor negative imbalance (small deficit),
because their inter-annual deficit is between 1% and 13%. Such low deficits highlight low

micropollutant concentrations of the missing sources.

In order to facilitate the identification of the missing sources of contamination, we
performed an inter-annual monthly decomposition of the Cpqriq ; (tributaries inputs) relative
to the Couepue,j (RNONE River outlet, Beaucaire station) for all micropollutants (Fig. 5 and S7).
The inter-annual monthly distribution of the total X13PAH concentrations relative to the
output X13PAH concentrations shows an irregular trend over the year with the highest deficits

in April (36%), May (46%), June (50%), and November (58%). This temporal pattern is
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consistent with the rainiest months of the Rhéne Valley (Météo France), which shelter
numerous metropolitan areas (Lyon, Vienne, Valence, Montélimar, and Avignon). The main
missing sources of the total £;3PAH concentrations should be triggered by precipitation-
induced runoff, and leaching over artificial surfaces of the Rhone valley’s urban areas. This
potential and non-exclusive missing urban source of PAHs concentrations is finding support
in Becouze-Lareure et al. (2019) showing that stormwater is the most important source of
PAHSs at the outlet of two urban catchments in the Lyon metropolitan area. According to the
uncertainty analysis, the inter-annual deficit of the SPM-flux-averaged PAHS mean
concentrations of about 28% (Fig.5) is explained for 41% by the relative uncertainty of the

PAHSs missing source concentration (See the supplementary text).

In contrast, the inter-annual monthly profile of the total sPCB concentrations relative
to the output XsPCB concentrations (Figs 5 and S7) is steady over the year, with a mean
deficit of about 51%, except for October (only about 10%), due to a very high contribution
from the Upper-Rhone River (56%). This sudden increasing of the Upper-Rhone River
contribution has to be considered as an artefact resulting from a deliberate or accidental
isolated discharge of PCBI into the Upper Rhone River waters. Indeed, an exceptionally high
value of PCBi concentration measured (two-fold higher than the low flow median
concentration) was found in SPM collected in October 2013 (PCBi concentrations were
measured two times on the same sample to check for the absence of analytical bias). The
unchanging profile of the total XsPCB concentrations over the year could express the presence
of a single, permanent, and relatively highly contaminated source of PCBI. According to the
recent sediment-cores investigation led by Liber et al. (2019) on subsurface PCB-
contaminated sediments along the Rhone River’s alluvial margins, surface sediments
deposited to a maximum depth of 25 cm from the topographic level (time window > 2005)

downstream of the city of Lyon show elevated PCBi concentrations. The XsPCB
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concentration is on average about 42+12 g kg™ (76+29 ug kg™ for the time window > 1968)
in these easiest remobilized sediments induced by floodplain surface leaching during flood

events (Ciszewski and Grygar, 2016).

In order to test the reliability of this potential missing source of PCBI, the assessment of
the SPM flux released from the alluvial margins to fill alone the inter-annual PCB-flux deficit

was estimated. The SPM flux Fy spp, 0f a missing source k with assumed concentration Cy ; in

micropollutant j can be computed as:
F .
Fyspm = % 4)
k.j
with Fk,j = Poutput,j — ?=1Fi.j (5)

Therefore, considering an inter-annual PCB-flux deficit of about 40 kg (Table S1) and a
mean PCB concentration of 42 pg kg™ in the subsurface stored sediments of the Rhone
River’s alluvial margins (Liber et al., 2019), this potential missing source of contamination
should then supply a SPM flux of 0.95 Mt yr to fill alone the inter-annual PCB-flux deficit.
Although such a value may appear high in view of the mean inter-annual SPM flux at
Beaucaire (about 17%) (Table S1), it falls within the range of errors of the inter-annual SPM
flux measurement at the Rhone River outlet commonly considered <+20% (Horowitz, 2003).
As a result, this estimated figure of the SPM flux inputs required to fill alone the inter-annual
PCB-flux deficit shows that the alluvial margins are a convincing missing source of PCBI in
the Rhone River basin. This missing source of PCBI is all the more convincing that the inter-
annual deficit of the SPM-flux-averaged PCBi mean concentrations of about 51% (Fig.5) is
explained for 21% by the relative uncertainty of the PCBi concentration (See the

supplementary text) of the subsurface stored sediments of the Rhéne River’s alluvial margins.
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The inter-annual monthly profiles of the total glyphosate and AMPA concentrations
relative to the output glyphosate and AMPA concentrations (Figs 5 and S7) exhibit significant
differences leading to distinct mean monthly deficits about 46% and 1%, respectively.
Because AMPA is, among other, a glyphosate degradation product, they usually co-occur in
the environment (Aparicio et al., 2013; Lupi et al., 2015), so it was expected to observe a
similar monthly co-evolution over the year. According to the literature reviewed by
Grandcoin et al. (2017) about glyphosate and AMPA in the streams, a few factors lead to
accelerate degradation rates of glyphosate. These include the sorption capacity of soils, which
depends in turn to clay, organic matter, and Al-Fe oxides and hydroxides contents, and the
total metal concentrations in soils and water. A particular focus on the partial glyphosate and
AMPA concentrations of the inputs reveals an overall similar proportion for these two
molecules for each tributary, except for the Isere River marked by a disproportionate mean
monthly partial concentration reaching 47% of the output AMPA concentration against 10%
for glyphosate (Fig 5). By removing this surplus of AMPA coming from the Isere River, the
general profiles of the total glyphosate and AMPA concentrations of inputs over the year is
similar to that of X;3PAH. Consequently, their highest deficits, recorded from May until
November (Fig 5), could result from the same urban missing sources located in the Rhone
valley downstream of the city of Lyon. Indeed, in addition to agricultural leachates, AMPA
and glyphosate have an urban wastewater effluents source (e.g., Grandcoin et al., 2017;
Kolpin et al., 2006; Botta et al., 2009), for which releases are particularly substantial during

heavy rainfall runoff (Botta et al., 2009; Hanke et al., 2010).

Finally, the inter-annual monthly mean deficit between the output TME concentrations
and their total concentrations of inputs is much lower than for the other micropollutant
families, since it is around 13%. This figure should be considered with caution as large

differences are observed between TME that could be sorted in two groups as follows (Fig. 5):
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- Zn, Ni, Cu, Cr, Co, and As display a mean inter-annual monthly deficit of about
10% (ranging from 5 to 15%), which is explained for 36% on average (ranging from
27 to 48%) by the relative uncertainty of this TME cluster's missing source
concentration;

- Pb, Hg, and Cd display a mean inter-annual monthly deficit of about 26% (ranging
from 25 to 28%), which is explained for 25% on average (ranging from 21 to 31%)

by the relative uncertainty of this TME cluster's missing source concentration.

As expected, the largest partial TME concentrations of the inputs are coming from the
Isere River, with an average contribution to the total TME concentrations over the year of
about 36%. (Fig. 2). This figure is higher for the first TME group (40%), than the second
group (28%). In view of these differences, we assume that the main TME missing sources are
highly enriched in Pb, Hg, and Cd in the one hand, and slightly less for Zn, Ni, Cu, Cr, Co,
and As, on the other hand. In addition, the co-evolution of the total Pb, Cd and Hg
concentrations of the inputs over the year indicates a triggering of their main missing source
from September to November, since the greatest deficits of the TME concentrations inputs
occurred at this time (Figs. 5 and S6). This information builds a strong body of evidence
toward the non-monitored Cevenol tributaries (Eyrieux, Ardéche, Céze and Gard rivers, Fig.
1), as the main sought missing source, because they are known to be highly enriched in TME
coming from the remobilization of former mining sites tailings (Pb/Zn mining districts, and
coal production districts) (Resongles et al., 2014, 2015). To ensure the reliability of this
missing source, we compared the Cevenol tributaries’ SPM fluxes (Fy spy;) needed to fill the
inter-annual TME-flux deficits (F; ;), with the inter-annual SPM flux deficit (~ 1.1 Mt yrh)
(Table S1). We used a mean concentration of the Cevenol tributaries C ; (Ardeche, Gard and
Céze) (Bigid) of 93.3 mg kg™ for Pb, 0.05 mg kg™ for Hg, 0.82 mg kg™ for Cd, 211.4 mg kg™

for Zn, 35.7 mg kg™ for Ni, 46.4 mg kg™ for Cu, 80.7 mg kg™ for Cr, 14.9 mg kg™ for Co, and
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44.5 mg kg™ for As (data from the Rhone Sediment Observatory). The Cevenol tributaries’
SPM fluxes (Fj spy) Were estimated at around 1.1 Mt yr* (ranging from 0.5-1.5 Mt yr*
according to the TME considered and more specifically 0.9 Mt yr for Pb and Cd), with the
exception of Hg with 4 Mt yr. Therefore, we suggest that the Cevenol tributaries constitute
the main missing source of TME fluxes, except for Hg, since the estimated SPM flux (Fy spp)

is equal to the inter-annual SPM flux deficit.
4.  Conclusions and perspectives

Based on the Rhone Sediment Observatory, a one-of-a-kind monitoring network, we have
explored the seasonal dynamic of land-based organic and inorganic particulate-bound
micropollutant fluxes, which appears to be controlled by the complex hydrological regime of
the Rhone River. The inter-annual monthly distribution of the micropollutant fluxes released
into the Mediterranean Sea displays a three-mode profile related to the Mediterranean,
oceanic pluvial, and nival floods acting as the primary transport vector. Face to climate
change, the major part of micropollutants fluxes would reach the Mediterranean Sea during a
single shorter period centered in autumn and winter. Original multi-variate statistical analysis
methods integrating median concentrations of a large number of micropollutants highlighted
the spatial heterogeneity of watersheds in terms of the overall micropollutant concentrations,
land use and chemical cocktails. Finally, based on a SPM-flux-averaged micropollutant
concentrations mass balance of the system and the estimates of the relative uncertainty of the
missing source concentration, we tried to identify the missing sources of micropollutants in
the Rhone River watershed. We assume that the potential missing sources of PAHs, PCBi and
TME (only for Pb and Cd) would be, respectively, the metropolitan areas and the alluvial

margins of the Rhone River valley, and the unmonitored Cevenol tributaries.
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From this research emerge perspectives relating to the potential interactions between the
micropollutant fluxes dynamic, climate change, river-floodplain connectivity, river restoration
programs and legacy contaminated sediments. For the past twenty years the river restoration
and management programs of the Rhéne River include the reactivation of channel side arms,
and the removal of lateral embankments in order to reinstate lateral connectivity between the
channel and its alluvial margins (e.g., Provansal et al., 2012; Bravard and Gaydou, 2015;
Riquier et al., 2015). However, without an accurate assessment of the contamination levels of
the sedimentary volumes stored on the margins, these actions could lead to the reintroduction
into the system of inherited sediments highly contaminated because of their remobilization
(Provansal et al., 2012; Delile et al., 2014; Bravard and Gaydou, 2015; Eschbach et al., 2018).
This issue is even more sensitive that the river engineering could positively interact with the
climate change-enhanced flood magnitude. Indeed, improving the river-floodplain
connectivity would facilitate the propagation of the increased flood discharges towards the
alluvial margins and strengthening their ability to remobilize contaminated legacy deposits on
floodplains. To that purpose, it would be useful to resort to sediment cores to evaluate
micropollutant volumes stored, as well as their chemical composition. Still based on sediment
cores, they could be used as archives of past SPM and particulate micropollutant fluxes
(Ferrand et al., 2012; Cossa et al., 2018) able to fill the gap between recent measurements
from the monitoring station network and past fluxes. Such a perspective would provide a
pluri-secular historical depth to the spatial and temporal trajectories of the development of the

urban societies.
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Figure captions

Fig. 1. Map of the Rhéne River basin with its main tributaries and the monitoring stations for

water discharge, suspended particulate matter and associated micropollutants.

Fig. 2. Inter-annual and inter-annual monthly water, SPM and micropollutant budgets (plain
colors) and partial/total (sum of partial) micropollutant concentrations (pale colors) relative to
the Rhéne River outlet (orange line, Beaucaire station) (in %). The contributions of the
monitored tributaries to the budgets and to the total concentrations are shown for each family

of micropollutants.

Fig. 3. Inter-annual monthly water, SPM and micropollutant fluxes over the 2008-2018

period at each monitoring station. Organic and inorganic micropollutant fluxes are expressed
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in kilograms and tons by year, respectively. Listing of abbreviations of micropollutants

detailed in Table S1 and S2.

Fig. 4. Statistical analysis of the median concentrations for all the micropollutants at all the
monitoring stations, for low flow and flood conditions: Principal Component Analysis (panels
A and B for factors F1/F2 and F2/F3, respectively) and Heat Maps (panel C) whose columns
and rows are arranged according to a hierarchical cluster analysis. The left Heat Map in the
panel C includes all the monitoring stations, while the right one is performed without the Gier
River to improve the readability of the results of the other stations. The arrows in the panel B
depict the prevailing PAHs fingerprint during flood conditions for the Gier and Beaucaire

stations. Listing of abbreviations of micropollutants detailed in Table S1 and S2.

Fig. 5. Decomposition of the inter-annual monthly total micropollutant concentrations relative
to the Rhéne River outlet (orange line, Beaucaire station) (in %). The contributions of the
partial micropollutant concentrations of the monitored tributaries are displayed for each

family of micropollutants.



Figure
Click here to download high resolution image

{ A0
&f(_/ﬁu N_/"-’:'{\?
SWITZERLAND

FRANCE

Beaucaire— 2L mourance
o P N/

/ _‘_1_ = Arles /
VL._‘W(V 100 km

Mediterranean Sea 0 50

L SEE——

+ Water discharge, turbidity monitoring and particle trap

¥Turbidity monitoring and continuous flow centrifuge

A Water discharge monitoring

—N/

I N


http://ees.elsevier.com/wr/download.aspx?id=2171955&guid=d498f56a-185e-49b1-b226-0a5f12a1ac7d&scheme=1

Figure
Click here to download high resolution image

i September  **° March
200+ 200
*15& 2 1501
100 - 300 — - -
5 ' 50 T 1 ' m r.‘
o.w”{"'“ .'R‘q !"" . E]‘. . ’\.I 1 o - . j -_. — | L—.
Ghpho  AMPA 1 TME Water PM TP 1P Ghpha  AMPA 1 TN
o B October, 0 April
o
M‘ m'
1504 150
# *
100- — 100 - ——
%1 - oo I X - ,
“Dgnlaf anfaldl <Dlasiidnlll
| P =
OWoner oM 18 LPAH  Ghypho  AMPA  ETME OWater PM° TCB  3.PAN  Ghgho  AMPA  I,TME
0 e November, B0 May
200 200
ot 150 |
* * : £
100 = 100 C—
- ame =)
50 . . - 50! - =
Mlcococaianil I liliis ]IH
o, m . m N m oW d i n oo M W im0 . B
Water SPM IFCE  J PAM  Ghpho  AMPA  1TME Witer ' 108 1 PAM Ghphe  AMPA LW
o, e December e June
20 200+
1501 150+
* Ea
M‘_ = — m — 100~
» il - »|i siins 1l
,,.I.i e 000 L] M | ‘N BN N AN
Watar SOM 1ICD L PAN  Ghpho  AMPA L TME Wated SPM™ 1PCE 1 PN Glhyphe | AMPA 3 TMME
m.ﬂv'. L Tan BO»M Aus
Uy July
0 200
150 r 150
5 i .
100~ : {300
. - il g -
o | TR T T il
OlWater sPM IMN 1 PAR  GApho  AMPA | LTME Oater SPM ™ 1B~ 1, PAN  Ghgho ~ AMPA 11N
o LA February 2o, August
200+ 200/
150
«

g
1
!
b1

[P
8
0y

W' -y ".! {’. .1 ~—
o.'.I N ETANENAN ! | | B | 0
Water SPA™ 1KBT1,0AK " Giyeho AMPA 1M wun UNTINE LN Gk ANPA LT
140- ~ ;
1o, IMter-annual budgets (2008-2018) Cl Durance River . Isére River
100+
ol [l s20ne River B Gier rver
*o 0 B o Tributaries contributions to
% . Upper Rhdne .I the water, SPM and micropoliutant
:‘ g l' B ’ (Jons station) budgets of the Rhdne River outlet
0 1 ' J _-_! _ | B I o Rhéne River outlet 7y + Tributaries contributions to the
wﬂ.‘:‘.. 17Ch JPAR T Tapho | AMPRA

(Beaucaire station) . Micropollutant partial concentrations
- of 5PM outputs


http://ees.elsevier.com/wr/download.aspx?id=2171956&guid=3d01b468-cd86-4e10-8438-484c4b4162db&scheme=1

Figure
Click here to download high resolution image

Mediterranean pluval  Oceanic pluvial

companent Wmv Nival component
: 160
- - Rhoéne River outlet 140
k5 14 : (Beaucaire station) 130
ts _ -
ZE
%5
€3
£5
=

terrher Octoer Nowermnbwr Docesiber lanus

2
4
5
£
g

‘Durance

Waster flus [ 10wk’ yr 7}/
SPM Nux (10xMEt yr ')

W}ﬂ_ﬂ_()(t&w Novernsber December Iatuary Febivuary March  Agedd May

.. lsere

-

o
A

Water fux (3ukm'yrt) /
SPM flux (10xMt yv ')

L
—_—

Septambier October Nowemtsr Dotermder lamary Felieuary Maich

TSP flux R Water flux _cy —Hg T
—AMEPA —Gly —A Co Cr
—2-Metfla DbA —Aant - BaA —Chy
—Bap Bbs —lgh®  —BkF —Pyr

—Fla
—Phe
- PCB 101 —~P(B11E - PCHI138 PCH IS —PCB IS0 i

May une
Gier 3
=~ 004
3R
£ ¥
g éﬁﬂh
1
g 20.0‘4
2 ool Lo
Soptembier October Novemnber Decomber lanuary February March  Apnil May e Jdy August 16
3
=3
i3
i3
s
£3
-
; &
53

(14320 By)
Y0y JURSEIUCY

[34A 3 10 Ty)
XN IEURURING)

{1 4h 100 iy)

(44 340 HBy)
Y eI Y WOURMI0)

(344 3 10 By)
ANg UrUnLTILO)

(134320 2q)
N JuRLRLeu0)


http://ees.elsevier.com/wr/download.aspx?id=2171957&guid=49157881-4461-436a-81d1-59ca0d9886dd&scheme=1

Figure

Click here to download high resolution image

Observations (F1and F2 axis: 95 %) : Variables (F1 and F2 axis: 95 %)
SHONE | @ Low fow
%o | @ Fiood 0.75
oS 2-Mettla P
' P 025 b
% | g™ * A
Bor—r@— . s 0
[ .5 E : E 4
um_?u';; @ viAuCAIRE 02 g‘%i
o0 05 e
SERE GER e
075 AMBA
PCB §
Ca— 3 s 7 9 1 13 15 1. 07505 0250 035 05 075 1
F1(89.3%) F1(89.3 %)
Observations (F2 and F3 axis: 9.3 %) Variables (F2 and £3 axis: 9.3 %)
@®cier
BEAUCAIRE
zF @
3 % ‘0‘6. /
2 g ;!I! .____./
® BEALICAIRE
isene®
2 0 2 3 A 57505 035 0 025 05 075 1
F2(57%) F2 (5.7 %)
Class Class
flow : iedow
T oMersag 3 DbA w2
- ?ﬁ '2 i '1
chy By & B
i ° Bab O
o Phe
Sk ige o
e l-z e N,
a B = pln 1
LI — PCB 180
%153 %01
PCE 180 PCB 138
PCRIOY Co
PCB 138 e
| j==i f‘j Cr
& on
AMPA oo
£ »
=13 Co — In
, = H ot bep 118
: 145 = e g
R0 00 T2 I P i T
&
S PO S # ff} £ IS

S


http://ees.elsevier.com/wr/download.aspx?id=2171958&guid=6f0c1b79-02bc-45d4-a699-313918ba82f2&scheme=1

Figure
Click here to download high resolution image

Ny J,
D o %qv PR @ 04'01,0 m
6 T b B9 B 1, 9, @ % 2/
%% % 2 % %, 2, P 2
%‘9» %@;bd@» 69» 099'?'93‘ ’?;;’0,},. %& 00@ /04-(?0"/ %9/- 69»0) 6 % % 4 'o" 7 %} 000 .104 d’%’
150- ' 150 -
l”PAH Cr
1oo.~ —_— -

lluljuml “ “il' I”

100 100-

ill T [T

00
0-

| .*,;Jj

Cd
100- — i 2
* So- . F I i ‘--] i r.l I I
8.|I‘|| I
As
“ “"' I” |IH”||I|"

Q,
& FE Tl W S
| Durance River [jjijisére River
1 1 Blsaone River [l Gier River
e> .oe}

0
‘;6‘& & ¥ «& T
A ¢° S g I Upper Rhone River (Jons station)
S ‘x@ T &
e P

& ¢ —— Rhone River outlet (Beaucaire station)
~ O

%&


http://ees.elsevier.com/wr/download.aspx?id=2171959&guid=c45838ee-0d2b-4ff1-9c2a-0dd60d7528b2&scheme=1

