N

N

Legacy-micropollutant contamination levels in major
river basins based on findings from the Rhéne Sediment
Observatory
Hugo Delile, André-marie Dendievel, Anice Yari, Matthieu Masson, Cecile

Miege, Brice Mourier, Marina Coquery

» To cite this version:

Hugo Delile, André-marie Dendievel, Anice Yari, Matthieu Masson, Cecile Miege, et al.. Legacy-
micropollutant contamination levels in major river basins based on findings from the Rhéne Sediment
Observatory. Hydrological Processes, 2022, 36 (2), pp.e14511. 10.1002/hyp.14511 . hal-03589353

HAL Id: hal-03589353
https://hal.science/hal-03589353

Submitted on 2 Jan 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03589353
https://hal.archives-ouvertes.fr

oONOULTD WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Hydrological Processes Page 4 of 101

Legacy-micropollutant contamination levels in major river basins based on

findings from the Rhone Sediment Observatory

Hugo Delile!**, André-Marie Dendievel®, Anice Yari!, Matthieu Masson!, Cécile Miége',
Brice Mourier?, Marina Coquery!

'INRAE, UR RiverLy, 5 Rue de la Doua CS 20244, F-69625, Villeurbanne, France
2Univ. Lyon, CNRS, Archéorient, UMR 5133, Maison de 1'Orient et de la Méditerranée,
France

3Univ. Lyon, Université Claude Bernard Lyon 1, CNRS, ENTPE, UMR 5023 LEHNA, F-
69518 Vaulx-en-Velin Cedex, France

*Corresponding author: hugo.delile@cnrs.fr

KEYWORDS: Micropollutant yields, Long-term monitoring program, Large river basins,
Anthropogenic pressures, Persistent Organic Pollutants, Trace Metal Elements

Abstract

For more than half a century, chemical contamination has progressively spread to all the world’s
large river basins. Large river outlets integrate multiple anthropogenic pressures in watersheds,
making them the largest source of sediment-bound contaminants to continental shelf areas.
However, comparing particulate micropollutant contaminations between the large river basins
is a challenging task, especially due to the scarcity of long-term river monitoring programs.
Here we address this issue, with a focus on legacy particulate micropollutants
(polychlorobiphenyls [PCBi], polycyclic aromatic hydrocarbons [PAHs], and trace metal
elements [TME]) yields. For this purpose, we employed a bottom-up multiscale approach to
chemical contamination in river basins that takes micropollutant yields measured in the Rhone
River sub-basins (France) as a benchmark of other large river basins. Data on the Rhone River
basin came from a unique 10-year-long monitoring program within the Rhone Sediment

Observatory (OSR), and were compared to data gathered on 18 major worldwide river outlets.
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Hydrological Processes

The Rhone River basin is far cleaner now than a few decades ago, likely due to environmental
regulations. At a wider spatial scale, our results depict an overall contamination gradient
splitting the most heavily contaminated river basins, located in developing and industrializing
low-to-middle-income countries, from the least contaminated rivers located in developed high-
income countries. We argue that chemical contamination levels of large river basins depend on

their stage of economic development.

1. INTRODUCTION

For more than five decades, freshwaters worldwide have experienced large-scale chemical
deterioration, especially by legacy pollutants, to the extent that water quality concerns have
become a major challenge for humanity in the twenty-first century (Meybeck and Helmer, 1989;
Schwarzenbach et al., 2010; UNEP-DHI and UNEP, 2016; Damania et al., 2019). As a result,
over the last ten years, this chemical contamination issue has become part of a broader concept
called “planetary boundaries”. These environmental limits define “a safe operating space for
humanity” through nine processes regulating the stability and resilience of the Earth system
(Rockstrom et al., 2009). Nonetheless, chemical contamination remains unquantified within the
framework of this concept (Steffen et al., 2015; Lade et al., 2020). The general lack of large-
scale and long-term monitoring programs limits efforts to assess the chemical risk at local and
regional scales (e.g. Schwarzenbach et al., 2006; Steffen et al., 2015; Malaj et al., 2014), and is
therefore a bottleneck to global-level assessment of chemical contamination in freshwaters. In
a recent attempt to assess global river contamination, water quality was dealt with solely via
two main categories of pollutants: nutrients (nitrogen and phosphorous) and pathogens
(untreated human waste; UNEP-DHI and UNEP, 2016; Best, 2019; Damania et al., 2019).
However, more than 140,000 different chemicals have been synthesized since the mid-twentieth
century (Landrigan et al., 2018), which further complicates efforts to produce a global-level

assessment of chemical contamination in rivers.
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Hydrological Processes

Rivers, floodplains, and watersheds in general have all helped to support the development
of human societies, especially by supplying natural resources required for agro-pastoral,
industrial, urban, domestic and mining activities (e.g. Macklin and Lewin, 2015; Vianello,
2015; UNEP-DHI and UNEP, 2016; Best, 2019). In return, these anthropogenic activities have
released land-based organic and inorganic micropollutants into nearby rivers, which then
carried pollutants downstream to coastal plains (Meybeck, 2003; Schwarzenbach et al., 2006).
As aresult, rivers ensure source-to-sink transport of sediment-bound micropollutants (Meybeck
and Helmer, 1989; Gioia et al., 2011; Gomez-Gutiérrez et al., 2006; Wang et al., 2007; Liu et
al., 2009; Delile et al., 2020). For these reasons, large river basin outlets can be seen as
integrators of multiple anthropogenic pressures in watersheds, and thus as a proxy for assessing
the global distribution of chemical contamination of upstream freshwaters.

Here we chose to focus on micropollutants that (i) remain a global concern due to their
ubiquity at worldwide scale and (ii) are preferentially transported on particles. In this respect,
suspended particulate matter (SPM) provides an integrated signal of particle-bound
micropollutant concentrations (Schwientek et al., 2013; Masson et al., 2018; Riigner et al.,
2019). The studied sediment-bound legacy contaminants are persistent organic pollutants
(POPs: polychlorobiphenyls [PCBi] and polycyclic aromatic hydrocarbons [PAHs]) and trace
metal elements (TME: arsenic - As, cadmium - Cd, cobalt - Co, chromium - Cr, copper - Cu,
mercury - Hg, nickel - Ni, lead - Pb and zinc - Zn), all of which are considered as global, legacy
contaminants (Schwarzenbach et al., 2010).

These contaminants are also known to be particularly harmful because of their toxic,
persistent, bioaccumulative, and/or lipophilic properties (Schwarzenbach et al., 2010). Their
main impacts on aquatic environments are loss of biodiversity and impairment of ecosystem

services (Beketov et al., 2013; Malaj et al., 2014; Rasmussen et al., 2012; Schéfer et al., 2013).

http://mc.manuscriptcentral.com/hyp

Page 6 of 101



Page 7 of 101

oONOULTD WN =

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Hydrological Processes

Their risks to human and animal health are primarily related to their carcinogenicity and
neurotoxic, genotoxic, and immunotoxic effects (Lauby-Secretan et al., 2013).

The main goal of this study is to assess releases of particle-bound chemicals by some of
the large river basins spread across five of continents using specific fluxes of legacy organic
and inorganic micropollutants, which we call “micropollutant yields”. We compared
contamination levels among the world’s large river basins (Europe: Rhone, Garonne, Loire,
Seine, Volga, Danube, Elbe, and Rhine; Asia: Pearl [Zhujiang], Liao, Yangtze [Changjiang],
Yellow [Huang He], Mekong, and Ganges-Brahmaputra; North America: Mississippi,
Colorado, and St. Lawrence; South America: Amazon; Africa: Niger) based on a bottom-up
multiscale river basins approach. In this bottom-up approach, we use a comprehensive and
unparalled monitoring from one river basin (i.e., a benchmark) to provide an assessment of the
use of micropollutant yields as an indicator of river basin contamination. We used the medium-
sized Rhone River basin as a benchmark because it has highly resolved (spatial and temporal)
data on particulate micropollutant concentrations, fluxes and yields collected over a 10-year-
long monitoring program as part of the Rhone Sediment Observatory (OSR) (Poulier et al.,
2019; Delile et al., 2020). We also investigated the relationship between magnitude of
micropollutant contaminations and economic stages of development (Meybeck and Helmer,

1989; Shafik, 1994; Panayotou, 2000).

2. DESIGNING A BOTTOM-UP MULTISCALE APPROACH TO ASSESS THE
RIVER-BASIN CONTAMINATION

To assess contamination levels in major river basins spread around the globe, we developed a

bottom-up multiscale approach using particulate micropollutant yields as a consistent proxy for

inter-basin comparison of micropollutants contamination. Particulate micropollutant yields

were estimated as the total inter-annual volume of particulate micropollutant fluxes (kg or t
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yr'!) discharged at the river outlets weighted by the size (km?) of the river watersheds (Meybeck
and Helmer, 1989; Mékeld and Meybeck, 1996; Babut et al., 2016; Delile et al., 2020).

We started by analyzing the contamination of the sub-basins of the Rhone River to
assess the spatial representativeness of this proxy at a larger scale, i.e. the whole Rhone River
basin. We then extrapolated this information on micropollutants contamination of the Rhone
River basin to other large French river basins (Loire, Garonne, and Seine) and major continental
river basins (Europe, Asia, North and South America, and Africa) to assess country- to
continental-scale freshwater chemical contamination. Finally, we performed an inter-continent
comparison of chemical contamination levels in large river basins.

This bottom-up multiscale river basins approach also helped us to unravel the major
drivers of micropollutant yields, especially sensitivity to SPM fluxes and land-use. Land cover
data on the Rhone River basin and its main sub-basins were derived from the Corine Land
Cover (CLC) year 2018-version database (EEA, 2020) and classified into eight major categories
(forests, agricultural land, shrub and/or grassy vegetation, bare areas, urban areas, industrial
and commercial areas, water bodies, and others). These categories were merged from the 44
categories available in the CLC. One of the most important issues addressed in this study is the
role played by the successive economic stages of development in shaping the magnitude of
legacy micropollutant-based contamination of the large river basins. Here again, the long-term
monitoring of the Rhone River basin enabled us to assess pluri-decadal temporal trends in
micropollutant pollution. We then compared these trends against the historical pattern of
economic development in the Rhone River basin since the 1980s. Finally, feedbacks identified
for the Rhone River basin allowed us to explore the interrelationship between economic
development stage and pollution magnitude at the scale of large river basins.

The several temporal scales required by the bottom-up multiscale approach implied

referring to three specific chronological series:
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The intra-decadal trends refer to the 2008—2019 period based on the dataset gathered
monthly or every two weeks by the OSR monitoring program. Trends are therefore
computed at a high temporal resolution (bi-monthly to monthly) but over a relatively
short period (around one decade);

The inter-decadal trends refer to the 1980s—2010s period and a comparison of one
decade to the next. Trends are therefore computed at a low temporal resolution (one
decade) but over a relatively long period (four decades);

The inter-annual temporal resolution refers to the average of each individual year for
the 2008-2018 period for the Rhone River basin and the 2000-2020 period for the
large river basins. We use the inter-annual data to address spatial rather than temporal

trends.

STUDY AREA

Monitoring context of the Rhone River basin

The Rhone River is the largest single source of freshwater (~18% of the total inputs)

(UNEP/MAP, 2003; Antonelli et al., 2008; Ludwig et al., 2009) and particulate matter (Qi et

al., 2014; Antonelli et al., 2008; Syvitski and Kettner, 2007) to the Mediterranean Sea. Water

and sediment are released by a complex hydrological regime, which comprises a tri-modal

distribution over the year, including snow and glacier melting (Isére River and the Upper Rhone

River), an oceanic pluvial regime (Saone River), and a Mediterranean component (Durance

River) (Pardé, 1925; Bravard and Clemens, 2008). The geological contrast of the Rhone River

basin is summarized by both its old western Hercynian crustal segments (240 Ma and older) of

the Massif Central, and its young eastern Alpine mountains (30—120 Ma) (Blichert-Toft et al.,

2016). Readers seeking further details on the geological and hydrological features of the Rhone

River basin are invited to see extensive description recently published by Dendievel et al.

(2020b).
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Since 2009, the Rhone Sediment Observatory (OSR) has become the most extended and
in-depth sedimentary monitoring network in France, featuring integrative or high-frequency
measurements throughout the ~100,000 km? Rhone River basin (Fig. 1 A) of 1) particulate
organic and inorganic micropollutant concentrations, 2) SPM, and 3) water discharge (Poulier
et al., 2019). The monitoring network includes several sampling stations distributed along the
Rhone River and at the outlets of its main tributaries, from Lake Geneva to the Mediterranean
Sea (Fig. 1A). Two main stations are located directly on the French part of the Rhone River at
Jons and Arles/Beaucaire, and further secondary stations have been set up on its main tributaries
just upstream of their confluence with the Rhone River (Arve, Fier, Sadne, Gier, Isére, Drome,
Durance, Ardéche and Gardon Rivers) (Le Bescond et al., 2018; Thollet et al., 2021). We have
used data from the 10-year-long OSR to accurately quantify the inter-annual (2008-2018)
average particulate micropollutant fluxes discharged into the Mediterranean Sea, decipher their
seasonal dynamics within the Rhone River catchment, and estimate the specific contributions
of the main tributaries (Delile et al., 2020). In this study, we focused on stations in the Upper
Rhone River (Jons), the Saone River, the Gier River, the Isére River, the Durance River, and
the Rhone River outlet (Arles/Beaucaire) (Fig. 1A and Tab. S1), as they have the longest
monitoring history (Poulier et al., 2019). The six stations cover 80% of the watershed area

(~96,500 km?) (Fig. 1 and Tab. S1).

3.2. Defining the major worldwide river basins investigated

There has been extensive discussion in the scientific literature on which indicator best describes
river size (river length, drainage basin area, water discharge, etc.; Best, 2019). The “world’s
large rivers” considered in this paper are those that have a river basin area greater than 100,000
km? (Meybeck and Helmer, 1989), and that host large populations (Tab. 1). There are more than
250 rivers worldwide with drainage basins larger than 100,000 km?. However, by considering

the sum of the population hosted in each of the 19 river basins considered in this study ([ 2
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Hydrological Processes

billion inhab.) and their respective annual sediment flux discharges ([ 4,000 Mt yr'!), the 19
basins taken together account for around [ 30% of the global population ([ 7 billion inhab.)
and fluvial sediment discharge (13,000 Mt yr!) (Syvitski et al., 2005; Syvitski and Kettner,
2011; Bravard, 2018) (Tab. 1). This selection of large rivers was also based on the availability
of data on the sediment fluxes and concentrations of the targeted particulate micropollutants
(PCB, PAH, and TME) at the river outlets, and on the selected economic indicators (population,
urbanization, Gross Domestic Product [GDP], dams) (data sources shown in Tab. 1).

4. METHODS

In this section, we define the study area, the datasets used to compute the temporal trends of
the Rhone River basin and the inter-annual particulate micropollutant yields of the large river
basins.

4.1. Assessment of temporal trends in particulate micropollutant concentrations and

fluxes at the Rhone River outlet

We describe here the methodology used to assess temporal trends (1980s-2010s) in particulate
micropollutant concentrations (Cpicropol) and fluxes (Fpicropot), and SPM fluxes (Fspy) at the
Rhone River outlet. Sub-section 4.1.1. describes the data and statistical tests used to assess the
temporal evolution in chemical water quality at the Rhone River outlet at inter-decadal (1980s—
2010s period) and intra-decadal (20082019 period) resolution (Tab. 2). Then, in sub-section
4.1.2., we describe the methodology used to calculate the inter-decadal micropollutant
concentrations and fluxes (1980s—2010s). In section 2.4, we describe the inter-annual
micropollutant yields calculated over the 2008—-2018 period.

4.1.1.River sediment matrices used and statistical tests

The inter- and intra-decadal resolution of temporal trends in particulate micropollutant
concentrations and fluxes at the Rhone River outlet since the 1980s is based on two datasets

(Tab. 2 and Fig. S1):
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- prior to 2008-2010, TME, PAHs and PCBi data came from research labs and monitoring

agencies studying deposited sediments, i.e. bed and flood deposits, and sediment cores;

- after 2008-2010, TME, PAHs and PCBi data came primarily from SPM measured under

the OSR monitoring program. A small amount of data acquired on deposited sediments
was also used to build a composite record for the 2010-2019 period.

The dataset used to assess inter-decadal trends includes several types of sediment matrices
(Tab. 2) that are likely to affect micropollutant concentrations (effect of grain-size distribution
and/or organic matter concentrations). For this reason, in figure S1, we compared
micropollutant concentrations between suspended (SPM) and deposited sediments (including
bed and flood deposits, and sediment cores) for the 2010-2019 period. Overall, organic
micropollutant concentrations were [ 25% lower in SPM than in deposited sediments, whereas
TME were 30% to 100% higher in SPM. Even though these differences are not negligible,
concentrations remain similar in magnitude and were used for the assessment of the inter-
decadal trends. However, the dataset used for the assessment of intra-decadal trends was
exclusively from SPM sediments (Tab. 2), since at this fine temporal scale, mixing various
sediment matrices would undermine the results.

Micropollutant concentrations data were gathered from the lower part of the Rhone River
(Arles/Beaucaire station, i.e. 120 kilometers from the Rhone River outlet) for TME (Cd, Cr,
Cu, Hg, Ni, Pb and Zn), 7 indicator PCBi (congeners 28, 52, 101, 118, 138, 153, and 180; noted
>PCB, and 12 priority PAHs (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; denoted
with the abbreviation X,PAH). All of these data were produced by monitoring authorities (the

Rhone—Mediterranean—Corsica water agency) and the OSR monitoring program. Our database
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includes several particulate matrices, i.e. bed and flood deposits, SPM and sediment cores.
Additional sediment core data came from various research labs (Tab. 2).

More specifically, PAH data from bed and flood sediments over the period 1994-1997
were available from the Rhone—Mediterrancan—Corsica  water agency (data source:

http://www.naiades.eaufrance.fr) (Tab. 2), whereas PAH data for SPM come from the OSR

dataset over the period 2011-2016 (Delile et al., 2020; Thollet et al., 2021). The TME and
>,PCB analyses are available since the 1980s (Tab. 2) based on data for sediment cores and bed
and flood deposits (see Dendievel et al., 2020a,b for details on the data, stations and methods
used). Over the periods 2011-2018 for TME and 2008-2017 for PCBi, we only used SPM data
from the OSR dataset (Delile et al., 2020; Thollet et al., 2021). Arsenic (As) and cobalt (Co)
were only measured since the 2010s in the OSR program and were not measured in previous
decades (Tab. 2).

To decipher temporal trends in micropollutant concentrations and mean monthly water
discharges data during the past decade, we used HYPE software for trends identification of
time-series (Croiset and Lopez, 2013). We used the non-parametric Mann-Kendall test for
identifying monotonic trends over the entire duration of time-series because micropollutant
concentrations data were not normally-distributed. We used the modified Mann-Kendall test
(Hamed and Rao, 1998) because (i) each micropollutant data time-serie has more than 40
analyses and (i1) the test is valid for assessment of autocorrelation in time-series data. Only the
statistically significant temporal trends (p-value < 0.05) over to the total length of the time-
series are presented. Furthermore, two-steps structural break tests were performed for each
micropollutant time-series. Firstly, we applied the non-parametric Pettitt’s test (Pettitt, 1979)
derived from the Mann-Whitney test to detect a change of average in time-series. The tipping
point was considered statistically significant when the p-value of the test was less than 5%.

Secondly, we used the non-parametric Darken’s test (Darken, 1999; Darken et al., 2000) to

http://mc.manuscriptcentral.com/hyp
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identify a trend reversal in time-series consisting in a change of the sign of a slope. Trend
reversal Darken test compares the Kendall’s tau for two sections in time-series. If the p-value
is less than 5%, then the micropollutant series includes a significant trend reversal, and the
break dates are determined.

4.1.2. Calculation of temporal trends in particulate micropollutant concentrations and

fluxes

The calculation of inter-decadal particulate micropollutant fluxes at the Rhone River outlet is
summarized below in three steps.

Firstly, TME concentrations in sediment cores were measured using an Aqua Regia
digestion (hydrochloric acid - 3N HCI and nitric acid - HNOs) (Dendievel et al., 2020c), and
bed, flood and SPM sediment samples were analyzed using a total extraction (HCl, HNO;, H,O,
and hydrofluoridric acid - HF) (see Delile et al., 2020 for the detailed analytical procedure).
Thus, in order to combine and compare these data, TME concentrations from sediment cores
were corrected according to the relationships between these two types of extractions as
proposed by Dendievel et al. (2020c). From these legacy micropollutants datasets, we computed
inter-decadal trends (1980s-2010s) for the particulate micropollutant concentrations.

Second, we reconstructed the inter-decadal SPM fluxes since the 1980s. We used the SPM
data systematically measured under the OSR program since 2011, but a reconstruction was
needed for the earlier periods without regular measurement. Thus, based on the known water
discharge for each month (available at http://www.hydro.eaufrance.fr), the SPM concentrations
(mg L") and fluxes (Mt yr'!) were reconstructed using the specific rating curves and equations
published by Poulier et al. (2019) for the Rhone River.

Third, we calculated the inter-decadal micropollutant fluxes (1980s—2010s). These fluxes
were computed by multiplying the SPM fluxes (step 2) by the decadal median of the

micropollutant concentrations resulting from both monitoring series (from the Rhone—
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Mediterranean—Corsica water agency on bed and flood sediments, and from the OSR
monitoring program on SPM), and dated sediment cores (Tab. 2).

4.2. Assessment of the Rhone River basin’s inter-annual micropollutant yields

The inter-annual micropollutant yields computed as specific micropollutant fluxes (g or kg km™
yr!, i.e. the micropollutant fluxes weighted by the watershed size), provide an integrative
estimation of the chemical contamination level of the river basin. First, to assess the inter-annual
average micropollutant fluxes over the 2008—2018 period, we calculated the SPM fluxes as the
product of hourly measured data on both water discharges and SPM concentrations at each
station in the OSR (Fig. 1 and Tab. S1). Second, micropollutant fluxes were calculated by
multiplying the SPM fluxes by monthly time-integrated and flow-proportional particulate
micropollutant concentrations obtained from particle traps (Schulze et al., 2007; Masson et al.,
2018; Poulier et al., 2019; Delile et al., 2020) or by a continuous flow centrifuge (for the
Arles/Beaucaire station only). Masson et al. (2018) compared micropollutant concentrations
measured by both SPM sampling methods at the Jons station (draining the Upper Rhone River
basin, Fig. 1) and did not find statistically significant between-method differences, which
suggests that these SPM sampling systems are comparable. Data for micropollutants with a
quantification frequency (QF) < 50% were not considered in the present study (4 priority
PAHs). For some other organic micropollutants (PCBi and PAHs), data that were below the
limit of quantification (LOQ) were changed to LOQ/2 for calculation of micropollutant fluxes.
Readers seeking further details on the micropollutant fluxes computation, and especially about
the filling of non-monitored periods or gaps in the measurement time-series of both SPM and
micropollutant concentrations and the estimation of flux uncertainties, are invited to see the
extensive description by Delile et al. (2020). Third, the inter-annual particulate micropollutant
fluxes at the mouth of the Rhone River (Arles/Beaucaire station) and its main tributaries (Saone

River, Upper Rhone River, Gier River, [sére River and Durance River; Fig. 1 and Tab. S1) were
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weighted by the corresponding watershed size to get the micropollutant yields (g or kg km2 yr-!

for POPs or TME, respectively) at the Rhone River basin and sub-basin scales.

4.3. Assessment of the inter-annual micropollutants yields of the world’s large river

basins

To assess micropollutant yields, we estimated the annual sediment fluxes discharged at
the outlet of the selected rivers. Accurate estimation of sediment fluxes remains a challenging
issue (Mouyen et al., 2018; Poulier et al., 2019; Hackney et al. 2020), especially at global scale,
because less than 10% of the river mouths worldwide have monitoring of sediment delivery
(Syvitski et al., 2005; Bravard, 2018). In addition, in-sifu sediment discharge measurements are
highly uncertain (spatially sparse and temporally discontinuous data, different-measurement
time frequencies, heterogeneous measuring techniques) (Mouyen et al., 2018). We therefore
used the modeled annual fluvial sediment fluxes (Nienhuis et al., 2020) for all of the large rivers
included in this study (Tab. 1). These data were produced using WBMSed (Cohen et al., 2013,
2014) and BQART (Kettner and Syvitski, 2008) methods. This approach using modelled
estimates of sediment flux at the large river outlets appears particularly suitable for our study,
since it catches the multiyear average sediment fluxes as well as inter-annual and intra-annual
trends (Cohen et al., 2013).

Then, annual micropollutant fluxes were calculated by multiplying the sediment fluxes
by the median concentration of each micropollutant (Fig. S2) for each river on the basis of
sediment samples collected at the outlet of the rivers. Based on our homemade micropollutant
concentrations database, Table S2 shows specific concentrations (median and range) of
micropollutants (mg or pug kg! dry weight), inter-annual particulate micropollutant fluxes (kg
or t yr'!), yields (g or kg km yr!) and per capita data (mg or g inhab™! yr!) for 19 large rivers
spread among five continents. The references used to establish this database are detailed in

Supplementary Text. All the data gathered on our homemade micropollutant concentrations
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database come from sediment samples collected over the 2000—-2020 period and refer to several
sediment matrices including surface, bed and flood deposits, SPM, and sediment cores. Data
sources (Supplementary Text) include data and scientific papers (e.g., Dendievel et al., 2020a,b,
¢), academic studies (e.g. Masson, 2007), databases of river monitoring surveys (e.g. OSR for

the Rhone River, https://bdoh.irstea.fr/fOBSERVATOIRE-DES-SEDIMENTS-DU-RHONE/;

the IKSR-CIPR-ICBR program for the Rhine River, http://iksr.bafg.de/iksr/auswahl.asp?S=1;

the HYBAM observatory for the Amazon River, http://www.ore-hybam.org), and institutional

organizations (e.g. French water agencies, data source: http://www.naiades.eaufrance.fr). Our

database contains sediment samples collected at the outlet of the rivers in order to get an
integrative signal of the watershed. In addition, particular attention was paid to exclude
sampling stations potentially affected by mixing with saline oceanic or estuarine waters.
Regarding PAHs and PCBi, for each sample, we either directly compiled available data on the
sum of the 16 priority PAHs (INERIS, 2005) and the sum of the 7 indicator PCBi congeners,
or manually calculated these sums using available data on individual chemicals. The 16 priority
PAHs are not systematically available in the scientific literature or other data sources: indeed,
the number of priority PAHs initially measured ranges from 12 to 16 PAH. Consequently,
results are shown as X, ;,PAH. For this reason, but also given the great diversity of the data
collected and the resulting uncertainties in sediment flux estimates, the computed
micropollutant yields of large river basins were classified according to 3 or 4 orders of
magnitude. Thus, the spatial distribution of the X;,_;,PAH yields, for instance, was divided in

three order-of-magnitude classes, i.e. (1) 1-10, (2) 10-100 and (3) >100 g km2 yr!.

5. RESULTS

We present in this section results on the temporal and spatial trends of contamination in the
Rhoéne River basin and on the assessment of the relationship between the micropollutants

yields and SPM yields of large river basins.

http://mc.manuscriptcentral.com/hyp



oONOULTD WN =

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

Hydrological Processes

5.1. Temporal trends in the Rhone River basin contamination

5.1.1. Long-term trends in micropollutant contamination since the 1980s

Figure 2 shows the pluri-decadal trends in particulate micropollutant concentrations and
fluxes and SPM fluxes during the last 40 years at the Rhone River outlet. Table 3 presents
specific variations (in percent) of micropollutant concentrations and fluxes and SPM fluxes
from one decade to the next, noted ACpicropol, AFmicropol and AFgpyr, respectively. The general
time—course of micropollutant concentrations and fluxes follows a similar decreasing trend
between 1980s-1990s: -58% for ACy7pcgand -69% for AFy7pcp, and -42% for mean ACryg and

-57% for mean AFtyE.

After the 1990s, the organic and inorganic micropollutant concentrations and fluxes
follow distinct patterns. POPs continued to decline in similar and stable proportions, both in
concentrations (1990s to 2010s, ACs7pcg [ -39%, and ACysopan [ -38% on average) and fluxes
(1990s to 2010s, AFy7pcg LI -37%, and AFy12pan [ -35% on average) (Fig. 2A-D and Tab. 3).
The time—course of PCB and PAH fluxes over the period reproduces the same pattern as the
concentrations. In contrast to the POPs, TME fluxes showed a similar pattern of change to the
SPM flux trend. TME and SPM fluxes decreased significantly with similar rank order of
magnitude between the 1990s—2000s (AFmvg [ -34% and AFgpy [ -28%), whereas ACtvg
decreased slightly ([ -8%) over the same period. Thereafter, TME and SPM fluxes increased
sharply between 2000 and 2010s (AFtvg [1 +21% and AFspy [1 +44%) while ACryg

experienced a slight decline ([ -8%) (Fig. 2E-F and Tab. 3).

The relative weights of Cyicropot and Fspn 1N Fijeropor Variations from one decade to the
next were assessed (see Tab. 3) by comparing (i) the decadal variations (in %) of inter-annual
particulate micropollutant concentrations (AC) and fluxes (AF), and SPM flux and (ii) their

respective correlation coefficients. We defined three micropollutant groups by assessing the
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weight of ACicropol and AFspy in AF icropol: (1) concentration-driven micropollutant fluxes for
>,PCB, > ,PAH, Cd, Cr and Hg (orange cells, and statistically significant correlation
coefficients of Fricropot VS. Cricropot 1N Tab. 3), (2) SPM flux-driven micropollutant fluxes for Cu
and Ni (grey cells, and statistically significant correlation coefficients of Ficropol VS. Fspum In
Tab. 3), and (3) alternately concentration-driven and SPM flux-driven micropollutant fluxes for
Pb and Zn (orange and grey cells, and statistically significant correlation coefficients of Ficropol
VS. Cricropot and 0of Frnicropot V8. Fspy In Tab. 3). According to Table 3, SPM flux-driven
micropollutant fluxes switch to concentration-driven micropollutant fluxes when ACyicropot 1S
higher than [ £+ 30%. In other words, variations of micropollutant concentrations have to vary
by more than 30% in order to affect micropollutant fluxes. Below this threshold, SPM fluxes

primarily control micropollutants fluxes.
5.1.2.Short-term trends in micropollutant contamination over the past decade

Figure 3 shows the temporal evolution of particulate micropollutant concentrations at the Arles
station (Rhone River outlet, Fig. 1) over the past decade (2010s). Mean monthly water
discharges and associated temporal trends over the total length of the time-series are also shown
in order to capture the relationship between the water discharge trends and the micropollutant
concentrations trends. Overall, the results highlight three micropollutant trend groups: (1)
increasing concentrations for As, Co, Cr, Ni and Zn, (2) decreasing concentrations for X,PCB,
and (3) no trend for X;,PAH, Cd, Cu, Hg and Pb (Fig. 3). Given that the mean monthly water
discharge does not show statistically significant temporal trends, it cannot lead to an increase

or decrease in micropollutant concentration trends.

The comparison between the increase in annual rates of TME concentrations (red values
in Fig. 3) of the first group (As, Co, Cr, Ni and Zn) and their respective median value (Tab. S2)

indicates an average annual rate of increase of 7% per year.
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The second trend group (2) concerns X,PCB concentrations, which over the total length
of the time-series (2008-2016) decreased at a mean annual rate of 1.4 ug kg™! (i.e. -9% per year;
Fig. 3). This trend is in line with the general pattern of decreasing PCB contamination of the
Rhone River waters that began in the 1990s (Desmet et al., 2012; Mourier et al., 2014; Babut
etal., 2016; Liber et al., 2019; Dendievel et al., 2020a) (Fig. 2A). Nonetheless, the trend showed
a change-point in October 2013, with a slight increase in PCB concentrations of about +1.6 pg

kg! per year (i.e. t9%) (Fig. 3).

5.2. Spatial trend in Rhone River basin contamination

Figure 4 is a map of the particulate micropollutants yields of the whole Rhone River basin
and its main sub-basins. It shows a sharp contrast between a less contaminated area in the North
(Sadne River and Upper Rhone River basins) and a more contaminated area in the South (Isére
River, Gier River and Durance River basins). This contrast appears more clearly for TME
yields, which have a spatial distribution pattern that matches the features of intra-basin SPM
yields (Fig. 4). As a result, TME yields in the different tributaries seem to be sensitive to
variation in SPM yields. The SPM yields in the Rhone River basin come mainly from the Isére
and Durance river basins, since they are known to be the largest suppliers of the inter-annual
SPM flux discharged into the Mediterranean Sea from the Rhone River outlet. Each of these
two tributaries accounts for 31% of the total inter-annual SPM flux of the Rhone River, while
the Upper Rhone River, Sadne River and Gier River account for 11%, 6%, and 0.1%,

respectively (Delile et al., 2020).

Figure 5 is a Principal Component Analysis (see details on the PCA method in the
Supplementary Text) combining the micropollutants yields, population density and land use of
each station (Fig. 1B). The first principal component (F1 ~ 56%) results from the contribution

of all micropollutants yields, meaning that F1 tracks the overall contamination level. However,
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the contribution of mean TME yields to the F1 component (7.5%) is twice as large as the
contribution of organic micropollutants (2.7%). Organic micropollutants are more involved in
the F2 positive values, since PAH and PCB yields contribute on average about 8% to the F2
component (only 2.5% for mean TME contribution). The F2 axis shows a striking contrast
between anthropogenic land use (positive values) as agricultural lands, urban areas and
industrial and commercial areas (ICA) on one side and natural land use (forests, bare, and
shrub/vegetation) (negative values) on the other (Fig. 5). Population density is highly correlated
to urban areas and ICA (R > 0.93 and 0.89, respectively; p-value < 0.05). Based on the F2
component, TME yields divide into two groups: first, a natural land use-related TME group
with Cr, Co, Ni and Hg, and a second anthropogenic land use-related TME group with As, Pb,
Zn, Cd and Cu (Fig. 5). In addition, the first TME group is significantly correlated with SPM
fluxes (R values 0.93-0.98; p-value < 0.05), which is not the case for the second group (R
values 0.48-0.68; p-value > 0.05). The location of the river stations into the PCA differentiates
the northern and southern areas of the Rhone River basin: the Upper Rhone and Saone rivers in
the north showing the lowest micropollutant yields, and the Isére and Durance rivers in the
south characterized by natural land use and SPM flux-bound TME yields. The Gier River
appears to be the most contaminated basin, especially for organic micropollutants yields (Fig.

4), and also the most impacted by anthropogenic land use (Figs.1 and 5).

5.3.  Assessment of the relationship between the micropollutant yields and SPM yields

of the large river basins

Building upon our findings from the Rhone River basin on the main patterns of micropollutant
yields, we next extrapolated that knowledge of SPM fluxes to assess micropollutant yield signal
of the large river basins. The maps of micropollutant yields show that some TME yields follow
spatial trends of SPM yields (Fig. S3), whereas PAH and PCB yields seem unconstrained by

SPM yields (Fig. 6). River basins in high-income countries (i.e. Europe and North America)

http://mc.manuscriptcentral.com/hyp



oONOULTD WN =

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

Hydrological Processes

show the lowest SPM yields (< 66 t km? yr'') (except for the Rhine River basin), while river
basins in low-income countries (i.e. Asia and South America) show the highest SPM yields (>
100 t km? yr!) (except for the Niger River basin) (Figs. 6 and S3, and Tab. 1).

The potential control of SPM fluxes on micropollutant yields was assessed through the
correlation circle of the PCA (Fig. 7A, see details on the PCA method in the Supplementary
Text) and the correlation matrices between micropollutant and SPM yields (Tab. S3), and
between micropollutant yields and median concentrations (Tab. S4). We identified three groups
of micropollutant yields:

1) Anthropogenic activity-driven PCB, PAH, Cd and Hg yields: uncorrelated with SPM
yields (R [1 0.15-0.40, p-value > 0.05), and positively correlated to their median
concentrations (R [1 0.6-0.8, p-value < 0.05);

2) SPM flux-driven Co, Cr, Ni and Cu yields: positively correlated to SPM yields (R [
0.8-1, p-value < 0.05), and uncorrelated with their median concentrations (R [ 0.2-0.3,
p-value > 0.05);

3) Anthropogenic activity/SPM flux-driven As, Zn and Pb yields: positively correlated to
SPM yields (R [J 0.5-0.8, p-value < 0.05) and to their median concentrations (R [] 0.5-
0.6, p-value < 0.05).

6. DISCUSSION
6.1. Insights from the bottom-up multiscale approach to assess the river-basin

contamination

The assessment of the Rhone River’s intra-basin contamination has shown a striking spatial
heterogeneity between the northern and southern areas of the Rhone River basin. For instance,
except for Zn, the first group of TME concentrations (As, Co, Cr, Ni and Zn) of the Rhone
River basin matches the specific chemical fingerprint of the Isére River’s SPM (Delile et al.,

2020). We can therefore assume a process of enhanced soil erosion in specific Isére River sub-
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basins on Ni, Co and Cr element-rich geological basements, leading to increasing
concentrations of these TME over the past decade (2010s). However, only additional TME
geochemical tracing methods, such as Pb, Cu and Zn isotopic fingerprinting techniques (Bird,
2011) or geochemical fingerprinting (Bégorre et al., 2021; Dabrin et al., 2021), could capture
specific sources of TME in sediments. This heterogeneous pattern of the micropollutant yields
of the Rhone River basin suggests that calculated micropollutants yields of the large river basins
need to be considered with caution, in terms of the sources of the chemical fluxes. Such fluxes
should not be considered as uniformly deposited over the entire surface of the river basins. Our
reconstructions of the temporal trends of particulate micropollutant concentrations and fluxes
at the Rhone River outlet since the 1980s show that micropollutant concentrations have to vary
by more than 30% to affect micropollutant fluxes. As a result, this threshold defines the switch
from SPM flux-driven to anthropogenic pressure-driven micropollutant yields. Applied to the
other 18 large river basins worldwide, this balance between micropollutant concentrations and
SPM fluxes suggests a progressive anthropogenic origin of the micropollutant yields as follows:
(1) SPM flux-driven Co, Cr, Ni and Cu yields, (ii) anthropogenic activity and SPM flux-driven

As, Zn and Pb yields, and (iii) anthropogenic activity-driven PCB, PAH, Cd and Hg yields.

It is striking to note that these large river basins-bound micropollutant yield groups are
close to those identified in the Rhone River sub-basins since PCB, PAH, As, Pb, Zn, Cd and
Cu yields are related to their contamination level, while Cr, Co, Ni and Hg yields are more
related to their SPM yields. Only Hg and Cu yields do not belong to the same group. This is a
key point. We argue that the diversity of the geological basements of the Rhone River sub-
basins captured in Rhone Sediment Observatory data is the decisive factor for explaining this

distinction between Hg and Cu yields.

As aresult, regarding TME, the lack of geochemical background data for each river basin

is a significant barrier to considering TME yields as a consistent proxy for assessing river basin
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contamination. Indeed, as it stands, TME yields reflect a mixture comprising both the TME
fraction coming from the local geological environment and TME fraction from the
anthropogenic activity. Therefore, TME yields would be more suitable to track anthropogenic
contamination of river basins if local geological effects on TME yields could be removed.
Nevertheless, the clustering of TME demonstrates that the proportion of natural and
anthropogenic inputs is not the same for all TME. Indeed, at the worldwide river basins scale,
the anthropogenic source is the dominant contributor to Hg and Cd whereas the natural source
is the dominant contributor to Ni, Co, Cr and Cu. The Rhone River monitoring network data
shows the tipping-point switch from a predominantly natural to anthropogenic TME yields

requires TME concentrations that are [1 30% higher than the local geochemical backgrounds.

6.2. Role of economic development on the global distribution of micropollutants yields

Considering all micropollutant yields, the distribution of the large river basins within the PCA
defines three statistically-based mixing lines showing a gradient of overall contamination level
from the least contaminated river basins in the bottom-left corner of the graph up to the most
contaminated river basins in the upper-right part of the graph (Fig. 7B). The slope mixing lines
depend of the relative weight between the anthropogenic origin of the micropollutant yields
(Group 1-based mixing line) and the contribution of SPM fluxes to micropollutant yields
(Groups 1 + 2 +3-based mixing line). The mixing lines split river basins into two groups: the
most contaminated rivers located in developing countries (Asia and South America), and the

least contaminated rivers located in developed countries (Europe and North America).

Based on the long-term trends of the Rhone River basin contamination, it appears that the
overall chemical contamination level during the 1980s was similar to that currently observed in
countries undergoing economic transition. According to previous works, the highest

contamination levels, tied to the developing low-to-middle-income countries, result from
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increasing demand for both energy required for petroleum-powered vehicles and electricity
generation and natural resources (e.g., mining) or else from deforestation due to intensive
agriculture (Schwarzenbach et al., 2010; Landrigan et al., 2018). This growing demand for
energy and natural resources is driven by uncontrolled growth of cities and large-scale

urbanization in these countries (Wilkinson et al., 2007; UNESCO, 2009; Shen et al., 2013).

The environmental quality improvement of the Rhone River basin during the 2010s is
apparent as a leftward shift in Figure 8 towards the cluster of less-contaminated rivers. This
substantial decline since the 1980s is part of a global decline in POPs (Breivik et al., 2002a,b
and 2007 for PCB; Shen et al., 2011, 2013 for PAH) and TME releases (McConnell et al., 2019;
Legrand et al., 2020). This decline may result from national (see French regulation timeline for
PCBi in Fig. 2) and international implementations of environmental regulations (e.g. PCBi
listed in the Stockholm Convention [UNEP, 2001] and PAHs in the Aarhus Protocol on
Persistent Organic Pollutants [United Nations, 1998]) in many developed countries (Miller and
Orbock Miller, 2007). Indeed, other studies have shown that the lower contamination level of
the river basins located in developed countries results from (i) efforts to mitigate industrial,
municipal and household wastewaters, (ii) the commissioning of sanitation and water supply
infrastructures, and (iii) national and international environmental regulations on emissions
control and the use of chemical products (UNESCO, 2009; Schwarzenbach et al., 2010; UNEP-

DHI and UNEP, 2016; Landrigan et al., 2018; Damania et al., 2019).

This general model seems to show an environmental quality improvement depending on
successive economic stages of development. Such a trend fits rather well with the theoretical
framework of the Environmental Kuznets Curve (EKC) (Grossman and Krueger, 1991, 1995;
Shafik and Bandyopadhyay, 1992). According to EKC theory, this relationship, which is
assumed to take the form of an inverted U-shape curve, comes from a period of environmentally

damaging economic growth followed by improvement in environmental quality as per capita
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income and/or GDP rises. However, this theory has been criticized due to, for example, the
unsuitable statistical analyses of time-series (Stern et al., 1996; Stern, 2004) or the

environmental and economic activity indicators on which it is based (Dinda, 2004).

6.3. Comparison of the contamination levels in the world’s large river basins

The observed relationship between country income level and SPM yield derives from
well-known anthropogenic stresses such as agriculture-induced deforestation and river
damming (Syvitski and Kettner, 2011; Bravard, 2018; Nienhuis et al., 2020).

Polycyclic aromatic hydrocarbons and TME yields mapping well depict the relevance of
consumption of natural resources and energy for the economic development of our modern
societies (Figs. 6 and S3). In both cases, the highest micropollutant yields of Asian countries
(Figs. 6 and 8) are consistent with their atmospheric micropollutant emissions, since they
contribute around 50% of the global > ;s PAH (Shen et al., 2013) and TME emissions (Pacyna
and Pacyna, 2001). It has been estimated that almost two thirds of the global ) ;sPAH emissions
come from residential/commercial burning of biomass, and this source accounts for about 80%
of emissions from South-East Asia (Shen et al., 2013). As underlined above, recent surging
urbanization is considered as the main driver of this high PAH contamination in developing
countries, because it results from extensive use of biomass for cooking and heating but also
from petroleum consumption by road vehicles (Shen et al., 2011, 2013). River basins in Western
Europe and North America show lower PAH yields (Figs. 6 and 8) thanks to the implementation
of emissions reduction technologies (Shen et al., 2011, 2013) and a series of legislative policies
in force since the 1970s, first with the 1979 Convention on Long-Range Transboundary Air
Pollution (CLRTAP) (UNECE, 1979) and then the Aarhus Protocol on POPs (United Nations,
1998). The implementation of this regulatory framework has brought about a sharp decrease in
>'1,PAH yields in the Rhéone River basin, from 100.5 g km2 yr! in the 1990s to 34.6 g km™ yr-!

in the 2010s. However, the Rhine and Elbe river basins show similar PAH yield levels to those
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of Asian countries. The heavy industrial legacy of the Rhine and Elbe river basins (Heise et al.,
2004; Forstner et al., 2004) could explain the high PAH contamination of these areas.

The spatial distribution pattern of TME yields is broadly similar to that of PAH, with the
highest levels found in Asia, followed by river basins in Europe and North America. However,
the Amazon River basin shows an equal if not higher level of TME contamination than river
basins in Europe and North America (Figs. 6 and 8). Once again, this pattern is consistent with
worldwide TME emissions estimates, since Asia accounts for between 40% and 60% of the
total depending on the TME, followed by Europe, North America and South America which
contribute between 10% and 20% depending on the TME (Pacyna and Pacyna, 2001; Streets et
al., 2017; Kubier et al., 2019). The two main sources of Hg, Cd, As, Zn, Cu, and Ni
contamination are non-ferrous metal production and non-vehicle fossil fuel combustion
(Pacyna and Pacyna, 2001; Streets et al., 2017). For example, during the 1990s, gold mining in
the Brazilian Amazon released around 130 t of Hg into the environment every year, of which
about half of that amount reached surface waters (Pfeiffer et al., 1993; Lacerda and Salomons,
1998). By adding the other minor anthropogenic Hg sources (e.g. chemicals manufacturing,
electrical and measuring equipment, Cu, Zn and Pb smelting, silver (Ag) production, coal and
oil combustion, etc.), the calculated Hg emission yield of 11 g km yr! is close to our appraisal
of 12 g km yr'! (Table S2) and to other estimates, such as 9.3 g km yr! (Fostier et al., 2000)
or 7-17 g km? yr'! (Roulet et al., 1999) for the Amazon River basin. This comparison shows
that annual Hg yields derived from atmospheric emission and river outlet-bound particulate
fluxes are able to accurately track the magnitude of river basin contamination.

Finally, the spatial distribution of the PCBs yields over the large river basins is more
homogeneous than the other micropollutant yields, mainly because river basins in Asian
countries do not have the highest contamination levels (PCBi yields [1 0.1 to 10 g km2 yr!),

which are of the same order of magnitude as that of river basins of the developed countries
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(PCBi yields [ <0.1 to 10 g km™ yr!; Figs. 6 and 8). This pattern is in line with the global
pattern of PCB production and usage, which occurred mainly in North America and Europe
(Breivik et al., 2002a; Desforges et al., 2018), while Asian countries, especially China, had only
used PCB for a relatively short period (1965-1974) before they were banned. Only the South-
Eastern coast of China has been significantly impacted (Xu et al., 2000; Mai et al.; 2005: Xing

etal., 2011).

Our assessment is limited by particulate micropollutant fluxes that originate from the
remobilization of contaminated sediments stored in rivers. For instance, the slight increase in
PCB concentrations since 2013 at the Rhone River outlet could result from a potential
remobilization of highly PCB-contaminated legacy sediments trapped within the alluvial
margins leading to the persistence of PCBi in the Rhone River waters (Babut et al., 2016; Liber
etal., 2019; Poulier et al., 2019; Delile et al., 2020). Legacy contaminants reintroduced into the
river by physical processes (dam failure, greater flooding due to climate change, river
restoration programs, etc.) (Noyes et al., 2009; Eschbach et al., 2018; Cornwall, 2020) and/or
chemical processes (increasing solubility of some micropollutants; Stigliani, 1991,
Schwartzman et al. 2010) are likely to confound the relationship between economic
development phases and freshwater quality due to lag times (decadal to millennial time scales).
Legacy contaminated sediments along the river continuum pertain to the issue of (i)
contaminant residence times along river corridors (Pizzuto, 2014; Sutfin and Wohl, 2019;
Wohl, 2015, 2019), (ii) total time for contaminant transfer to river outlets, and (iii) the
theoretical decontamination time of a river basin (Singer et al., 2013; Gateuille et al., 2014,

2020).

7. CONCLUSIONS
We compared contamination levels in the large river basins using particulate micropollutant

yields, which were explored through a bottom-up multiscale river basins approach. In this
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respect, we compared micropollutant yields based on a unique dataset from a 10-year-long-
monitoring program on the Rhone River sub-basins, then extrapolated up this approach to other
major river basins in order to assess the spatial representativeness of this chemical

contamination proxy.

Our reconstructions of the temporal trends of particulate micropollutant concentrations
and fluxes at the Rhone River outlet since the 1980s show that micropollutant concentrations
have to vary by more than 30% over 10 years to affect micropollutant fluxes. As a result, this
threshold defines the tipping point marking the switch from SPM flux-driven to anthropogenic
pressure-driven micropollutant yields. Applied to the other 18 large river basins worldwide, this
balance between micropollutant concentrations and SPM fluxes suggests a progressive
anthropogenic origin of the micropollutant yields as follows: (i) SPM flux-driven Co, Cr, Ni
and Cu yields, (ii) anthropogenic activity and SPM flux-driven As, Zn and Pb yields, and (iii)
anthropogenic activity-driven PCB, PAH, Cd and Hg yields. The distribution of the magnitude
of chemical contamination in the large river basins is related to the economic development stage
of the local country. Our results show an overall contamination gradient splitting the most
contaminated river basins in developing and industrializing low-income and middle-income
countries (Asia and South America) from the least contaminated rivers in developed high-
income countries (Europe and North America). This kind of spatial pattern in surface waters-
related chemical contamination fits well with the Environmental Kuznets Curve theory. Indeed,
our results show how a prevailing model of economic development implies rampant
urbanization supported by both increasingly high energy and natural resource consumption. In
turn, these conditions constitute major sources of chemical contamination in the world’s large
river basins. In this respect, the long-term trend of contamination in the Rhone River basin
shows an overall chemical contamination level in the 1980s that was similar to levels observed

today in countries undergoing economic transition (Asia and South America). Then, starting in
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the 1980s, chemical contamination levels of the Rhone River basin decreased, like the river

basins in other developed countries, leading to improvement in water quality.

Large river monitoring is needed worldwide, with a special focus on river outlets and
sustained monitoring for accurate global-level assessment of chemical contamination. In
addition to the legacy micropollutants investigated in the present study, we also need to consider
emerging chemicals (e.g. persistent mobile toxic substances), some of which need to be
monitored in the dissolved fraction. Finally, we feel that there is a need for consistent data on
geochemical background levels of TME for all of the world’s large river basins, which would
help to get a sharper picture of anthropogenic TME-related river basin contamination. All of
these future developments could be implemented into watershed management plans to produce
a standard of proof required to conclude that the EKC theory is indeed a correct explanation of
the observed trends and could therefore be used to predict watershed trends worldwide.
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Captions of the figures and tables

Figure 1. (A) Map of the Rhone River basin with its main tributaries and monitoring stations
for water discharge, suspended particulate matter, and associated micropollutants. (B) Land-
use distribution (in %) in the basin of the Rhone River (Arles/Beaucaire station) and its main
tributaries.

Figure 2. Changes of ) ;PCBi (A and B), ) 1,PAH (C and D) and TME (E and F) concentrations
(ug or mg kg!) and fluxes (kg or t yr'!) since the 1980s at the Rhone River outlet. The high-
resolution temporal trend of micropollutant concentrations over the 2000-2010 period is
detailed in Fig. 3. In panels A and B, the black arrow labeled “1975” indicates the year that
PCBs were banned in closed devices (order of 8 July 1975), and the black arrow labeled “1987”
indicates the year of the blanket ban on the same PCBs and the ban on the production of devices
using PCBs at > 0.5 g kg'! (decree 87-59).

Figure 3. High-resolution temporal trend of ) ;PCBIi, Y ;,PAH and TME concentrations (ug or
mg kg!) from 2008 to 2019 at the Rhone River mouth (Arles/Beaucaire station). Blue
histograms show mean monthly water discharges (m? s!) at the Rhone River outlet. Red dotted
lines show the temporal trends in micropollutant concentration time-series (see § 4.1.1. for
statistical treatment details); and red values indicate increasing or decreasing contamination
rates (ug or mg kg yr!), respectively, over the total length of the time-series. Green dotted
lines indicate the trend change-point dates (see § 4.1.1. for statistical treatment details); and the

green values indicate increasing or decreasing contamination rates before and after the change-
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point dates (ug or mg kg! yr'!). Only the temporally significant trends are shown (p-value <
0.05 for non-parametric Mann-Kendall tests).

Figure 4. Maps of the Y ;,PAH, > sPCBi, TME and SPM yields in the Rhone River basin and
its main sub-basins.

Figure 5. Principal Component Analysis (PCA) of all inter-annual micropollutant yields, land-
use cover and population density for the monitoring stations on the Rhone River basin and at
its outlet (Arles/Beaucaire station). See Supporting Text for details on PCA method used. The
land-use classification used is the same as for Fig. 1B, i.e. “Agri” for agricultural lands,
“Forests” for forest areas, “Bare” for bare areas, “Vegetal” for shrub and/or grassy vegetation,
“ICA” for industrial and commercial areas, and “Urban” for urban areas. On the whole, the
dominant factor F1 results from the contribution of all micropollutant (except for ) sPCBi) and
SPM yields. Factor F2 opposes the anthropogenic-related land use categories (urban,
agricultural, industrial and commercial areas) against the forests land-use category.

Figure 6. Maps of the > 1,.16PAH, ) ;PCBi, Hg, Cd and SPM yields, and GDP per capita in the
major world river basins (1-Rhone, 2-Garonne, 3-Loire, 4-Seine, 5-Volga, 6-Danube, 7-Elbe,
8-Rhine, 9-Pearl (Zhujiang), 10-Liao, 11-Yangtze (Changjiang), 12-Yellow (Huang He), 13-
Mekong, 14-Ganges-Brahmaputra, 15-Mississippi, 16-Colorado, 17-St. Lawrence, 18-
Amazon, 19-Niger).

Figure 7. PCA of all micropollutant and SPM yields, density of dams, populations and cities,
and GDP per capita in the major world river basins (see Supporting Text for details on the
PCA). On the whole, the dominant factor F1 results from the contribution of a large share of
micropollutant and SPM yields, and factor F2 is mostly driven by economic parameters (dams
density, population density, cities density, and GDP per capita). Panel A shows the correlation
circle in which three groups of micropollutant yields gather (gray ellipses) according to their

correlations with SPM yields and median micropollutant concentrations (Fig. S2) (see
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correlation coefficients and p-values in text and Tab. S3 and S4). Thus, groups 1, 2 and 3 are
anthropogenic activity-driven micropollutant yields, SPM flux-driven micropollutant yields
and anthropogenic activity/SPM flux-driven micropollutant yields, respectively. Panel B
displays the observations plot defining three mixing lines (gray dotted lines) for overall
contamination level from the least-contaminated river basins in the bottom-left corner of the
graph up to the most-contaminated river basins in the upper-right part of the graph. Mixing
lines were statistically defined as follows: linking the origin to the average F1 and F2 biplot
loadings (gray crosses) across all 11 micropollutants (Groups 1 + 2 + 3-based mixing line), a
set of 7 micropollutants (Groups 1 + 3-based mixing line) and a set of 4 micropollutants (Group
1-based mixing line). Slope angularity of the mixing lines thus gives the balance between the
anthropogenic origin of the micropollutant yields (Group 1-based mixing line) and the weight
of the SPM fluxes in the micropollutant yields (Groups 1 + 2 + 3-based mixing line). The black
curved arrow shows the environmental quality improvement of the Rhone River basin since the

1980s.

Figure 8. Inter-annual micropollutant yields of the major river basins (Rhone, Garonne, Loire,
Seine, Volga, Danube, Elbe, Rhine, Pearl (Zhujiang), Liao, Yangtze (Changjiang), Yellow
(Huang He), Mekong, Ganges-Brahmaputra, Mississippi, Colorado, St. Lawrence, Amazon and
Niger Rivers).

Table 1. Main physical and human characteristics of the large river basins investigated in this

study. Data sources are shown in footnotes.

Table 2. River sediment matrices and data sources used to assess the temporal trends in
particulate micropollutant concentrations and fluxes at the Rhone River outlet listed by

micropollutant family and the decades considered.
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Table 3. Long-term decadal variations (in %) in inter-annual particulate micropollutant
concentrations (AC) and fluxes (AF) and SPM fluxes at the Rhone River outlet. Orange cells
show the micropollutant flux variations that are mainly dependent on micropollutant
concentration variations, while grey cells highlight micropollutant flux variations that are
mainly dependent on SPM flux variations. The bottom part of the table shows the correlation
coefficients for decadal micropollutant fluxes and concentrations (first line) and for

micropollutant fluxes and SPM fluxes (second line).
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Figure 5. Principal Component Analysis (PCA) of all inter-annual micropollutant yields, land-use cover and
population density for the monitoring stations on the Rhéne River basin and at its outlet (Arles/Beaucaire
23 station). See Supporting Text for details on PCA method used. The land-use classification used is the same
24 as for Fig. 1B, i.e. “Agri” for agricultural lands, “Forests” for forest areas, “Bare” for bare areas, “Vegetal” for
25 shrub and/or grassy vegetation, "ICA” for industrial and commercial areas, and “Urban” for urban areas. On
26 the whole, the dominant factor F1 results from the contribution of all micropollutant (except for >5PCBi) and
27 SPM vyields. Factor F2 opposes the anthropogenic-related land use categories (urban, agricultural, industrial
and commercial areas) against the forests land-use category.
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1 Rhéne |5 Volga |9 Pearl (Zhujiang) 13 Mekong 17 St. Lawrence
2 Garonne 6 Danube 10 Liao 14 Ganges-Brahmaputra 18 Amazon
3 Loire 7 Elbe 11 Yangtze (Changjiang) 15 Mississippi 19 Niger

4 Seine 8 Rhine 12 Yellow (Huang He) 16 Colorado

Figure 6. Maps of the >12-16PAH, >7PCBi, Hg, Cd and SPM yields, and GDP per capita in the major world
river basins (1-Rhone, 2-Garonne, 3-Loire, 4-Seine, 5-Volga, 6-Danube, 7-Elbe, 8-Rhine, 9-Pearl (Zhujiang),
10-Liao, 11-Yangtze (Changjiang), 12-Yellow (Huang He), 13-Mekong, 14-Ganges-Brahmaputra, 15-

Mississippi, 16-Colorado, 17-St. Lawrence, 18-Amazon, 19-Niger).
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22 Figure 7. PCA of all micropollutant and SPM vyields, density of dams, populations and cities, and GDP per
23 capita in the major world river basins (see Supporting Text for details on the PCA). On the whole, the
24 dominant factor F1 results from the contribution of a large share of micropollutant and SPM yields, and
25 factor F2 is _mostly driven by economic para}mett_ers ((_:Iams_density, population d(_ansity, cities dgnsity, and
% GDP per capita). Par_1e| A shov\_/s the correlatlor) circle m_whlch three groups of micropollutant ylelds_ gathe_r

(gray ellipses) according to their correlations with SPM yields and median micropollutant concentrations (Fig.
27 S2) (see correlation coefficients and p-values in text and Tab. S3 and S4). Thus, groups 1, 2 and 3 are
28 anthropogenic activity-driven micropollutant yields, SPM flux-driven micropollutant yields and anthropogenic
29 activity/SPM flux-driven micropollutant yields, respectively. Panel B displays the observations plot defining
30 three mixing lines (gray dotted lines) for overall contamination level from the least-contaminated river
31 basins in the bottom-left corner of the graph up to the most-contaminated river basins in the upper-right
32 part _of the gra_lph. Mixing lines were statistically Qefined as follows: linking the origin to the_ average F1 and

F2 biplot loadings (gray crosses) across all 11 micropollutants (Groups 1 + 2 + 3-based mixing line), a set

33 of 7 micropollutants (Groups 1 + 3-based mixing line) and a set of 4 micropollutants (Group 1-based mixing
34 line). Slope angularity of the mixing lines thus gives the balance between the anthropogenic origin of the
35 micropollutant yields (Group 1-based mixing line) and the weight of the SPM fluxes in the micropollutant
36 yields (Groups 1 + 2 + 3-based mixing line). The black curved arrow shows the environmental quality
37 improvement of the Rhone River basin since the 1980s.
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Figure 8. Inter-annual micropollutant yields of the major river basins (Rhone, Garonne, Loire, Seine, Volga,
Danube, Elbe, Rhine, Pearl (Zhujiang), Liao, Yangtze (Changjiang), Yellow (Huang He), Mekong, Ganges-
Brahmaputra, Mississippi, Colorado, St. Lawrence, Amazon and Niger Rivers).
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Micropollutants | Studied River Data sources References and
family periods | sediment availability
matrices
TME (Cd, Cr, Cu, | 1980s- Bed and Rhéne—Mediterranean— Dendievel et al.,
Hg, Ni, Pb, Zn) 2010s flood Corsica water agency, OSR 2020a,b;
deposits, monitoring program, and Thollet et al, 2021;
sediment | research institutes Delile et al., 2020.
cores, and
SPM
TME (As, Cd, Co, | 2011- SPM OSR monitoring program Thollet et al.,, 2021;
Cr, Cu, Hg, Ni, 2018 Delile et al., 2020.
Pb and Zn)
PCBi (congeners | 1980s- Bed and Rhéne—Mediterranean— Dendievel et al.,
28,52, 101, 2010s flood Corsica water agency, OSR 2020a,b;
118, 138, 153, deposits, monitoring program, and Thollet et al.,, 2021;
and 180) sediment | research labs Delile et al., 2020.
cores, and
SPM
PCBi (congeners | 2008- SPM OSR monitoring program Thollet et al., 2021;
28, 52,101, 2017 Delile et al., 2020.
118, 138, 153,
and 180)
PAHs (Ant, BaA, | 1990s- Bed and Rhone—Mediterranean— http://www.naiades.ea
BaP, BbF, BghiP, | 2010s flood Corsica water agency, ufrance.fr;
BkF, Chy, DbA, sediments | OSR monitoring program Thollet et al., 2021;
Fla, IdP, Phe, , and SPM Delile et al., 2020.
Pyr)
PAHs (Ant, BaA, | 2011- SPM OSR monitoring program Thollet et al., 2021;
BaP, BbF, BghiP, | 2016 Delile et al., 2020.

BkF, Chy, DbA,
Fla, IdP, Phe,
Pyr)
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