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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci In European rivers, research and monitoring programmes have targeted metal pollution from bed and floodplain
sediments since the mid-20" century by using various sampling and analysis protocols. We propose to
characterise metal contamination trajectories since the 1960s based on the joint use of a large amount of data
from dated cores and subsurface sediments along the Rhone River (ca. 512 km, Switzerland-France). For the
reconstruction of spatio-temporal trends, enrichment factors (EF) and geo-accumulation (Igeo) approaches were
compared. The latter index was preferred due to the recurrent lack of grain-size and lithogenic elements in the
dataset. Local geochemical backgrounds were established near (1) the Subalps and (2) the Massif Central to
consider the geological variability of the watershed. A high contamination (Igeo = 3-5) was found for Cd, Cu
and Zn from upstream to downstream over the period 1980-2000. This pattern is consistent with long-term
emissions from major cities and the nearby industrial areas of the Upper Rhéne (Geneva, Arve Valley), and
Middle Rhéne (Lyon, Chemical Corridor, Gier Valley). Hotspots due to Cu and Zn leaching from vineyards,
mining, and highway runoff were also identified, while Pb was especially driven by industrial sources. The
recovery time of pollution in sediment varied according to the metals and was shorter upstream of Lyon
(15-20 years) than downstream (30-40 years). More widely, it was faster on the Rhone than along other
European rivers (e.g. Seine and Rhine). Finally, the ecotoxicological mixture risk of metal with Persistent
Organic Pollutants (POPs) for sediment-dwelling organisms showed a medium “cocktail risk” dominated by
metals upstream of Lyon, although it is enhanced due to POPs downstream, and southward to the delta and the
Mediterranean Sea. Overall, this study demonstrates the heterogeneity of the contamination trends along large
fluvial corridors such as the Rhone River.

Keywords:
Geo-accumulation index
Geochemical baselines
Metal contamination
Pollution legacy

River sediments

1. Introduction

Since 1980, metal pollution closely related to various human
activities has been a major environmental issue in river catchments
(e.g. Chamley, 2003; Deycard et al., 2014; Forstner and Salomons,
1980; Miiller, 1979; Thévenot et al., 1998). In the Northern hemi-
sphere, the highest human-induced contamination of aquatic sediments
by metals occurred between 1950 and 1980 (Glorious Thirties),
followed by a decreasing phase. However adjustments to this general
pattern are definitely found from one country to another, associated to

* Corresponding authors.

https://doi.org/10.1016/j.envint.2020.106032

various times of recovery in river sediments (Callender, 2003). It could
be defined as the period needed to return or evolve, upon a disturbance,
into an equilibrium characterised by stable and low pollution (Brenner
et al., 2004; Moore and Langner, 2012).

Historically, two main approaches were used to assess the status of
contamination in river sediments based on different sampling and
analysis strategies (Meybeck, 2013; Reuther, 2009). On the one hand,
the regulatory monitoring was performed on stream sites by extracting
and analysing subsurface sediments (< 20 cm in depth; WFD AMPS,
2004). This approach produced numerous data which varied greatly in
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Nomenclature

AD Anno Domini

AR Aqua Regia

BDE-209 Penta-bromodiphenylether
BFD Bed and Flood Deposit

BFR Brominated Flame Retardant

DDD Dichlorodiphenyl -dichloroethane
DDE Dichlorodiphenyl -dichloroethylene
DDT Dichlorodiphenyl-trichloroethane

CA Concentration Addition

clr Centred log-ratios

EF Enrichment Factor

FF Fine Fraction

GBS Geochemical Background Sample
GC Geographical Cluster

HBCD  Hexabromocyclododecane

HCB Hexachlorobenzene

HCH Hexachlorocyclohexane

Igeo geo-accumulation Index
LOQ Limit Of Quantification
MGB Median-based Geochemical Background

Me Metals

MEC Measured Environmental Concentration
ocp OrganoChlorine Pesticide

PCA Principal Component Analysis

PCB PolyChlorinated Biphenyl

PEC Probable Effect Concentration

PNEC Predicted No Effect Concentration

POP Persistent Organic Pollutant

RCS River Core Sample

RMC WA Rhoéne-Méditerranée-Corse Water Agency
RQ Risk Quotient

SPM Suspended Particulate Matter

TE Total Extraction

TEC Threshold Effect Concentration

TOC Total Organic Carbon

content and quality (variable limits of quantification, lack or late
measurement of Total Organic Carbon [TOC], grain-size, and lithogenic
elements). In addition, sediment monitoring was usually performed
during a determined — and not always continuous — period (daily,
monthly, yearly) which does not facilitate the intercomparison of the
pollution between sites and rivers over time (e.g. Crane and Hennes,
2007; Dendievel et al., 2020a; Gil-Diaz et al., 2019; Heise and Forstner,
2006; Ollivier et al., 2011; Priadi et al., 2011; Tang et al., 2018). On the
other hand, retrospective studies assessing temporal pollution trends
are based on sediment cores collected at a specific river location where
sediment regularly deposited over the last decades (reservoir, flood-
plain, oxbow lake). This approach employed sediment accumulation
models based on radionuclides (**’Cs, 2'°Pb) and on grain-size changes
(induced by floods, flushes, river management) to reconstruct the pol-
lution history. Usually, one sediment core is supposed to stand for the
whole river catchment. Actually, if such an approach might be effective
for short and homogeneous rivers (the Scheldt: Covaci et al., 2005; the
Hong-Kong rivers: Fung and Lo, 1997; the Florida rivers: Santschi et al.,
2001), however it is less relevant to identify pollution sources, tem-
poral, and diffusion trends in large heterogeneous rivers, because de-
positional contexts are highly variable (e.g. Dhivert et al., 2015; Grygar
et al., 2016; Vauclin et al., 2020).

A large amount of data has been - and is still — produced by these
two approaches. However, synthesis works at the scale of large rivers
are rather rare (Rhine River: Heise and Forstner, 2006; Seine River:
Meybeck et al., 2007, 2018). Due to the data and protocols hetero-
geneity (sampling, dating, metal analyses), one of the main challenges
to improve the understanding of long-term metal pollution trajectories
and time recovery in river sediment is to find an approach to jointly
analyse and interpret pollutant data from dated cores and subsurface
samples together. In addition, as metal can be mixed with persistent
organic pollutants (POPs), it is also important to consider both metals
and POPs in terms of ecotoxicity risks (Gao-Ping River, Taiwan: Doong
et al., 2008; Liao River, China: Liu et al., 2015a; Rhine, W. Europe:
Heise and Forstner, 2006; St-Lawrence, Canada: Pelletier and Blais,
2018; Southern USA rivers: Santschi et al., 2001), to better evaluate the
spread and degree of pollution, the risk of mixture, i.e. “cocktail effect”,
and the impact on the sediments and ecosystems (Backhaus and Faust,
2012).

As a result, the objectives of this article are twofold: (1) to
characterise the temporal and longitudinal complexity of metal pollu-
tion of a large and heterogeneous river since the 1960s according to the
regional geochemical background variations and by using the most
adapted pollution indices, and (2) to assess the pollutant contribution to

the ecotoxicological mixture risk for sediment-dwelling organisms
(metals and POPs) along a major European river: the Rhone from
Geneva (Switzerland) to its delta (France, distance = 512 km).

2. Materials and methods
2.1. Sampling sites and chronology

2.1.1. The Rhone River: Hydrological and geological context

From the outlet of the Geneva Lake (Switzerland) to its delta
(France), the Rhone River (Fig. 1) is under a complex hydrological re-
gime which is mainly pluvial. It also integrates a snowmelt and a
Mediterranean influence with major precipitations in winter, spring,
and autumn (Sauquet et al., 2008). Like many long rivers, the Rhone
sub-catchments present contrasting hydrological and geological
characteristics developed hereafter (Bravard, 2010; Olivier et al.,
2009).

In the Upper section, downstream of the Geneva conurbation (0.9
Minnhab.), the Rhone receives large amounts of fine sediments from the
Arve River which consisted mainly in rock flour from glaciated areas
dominated by crystalline rocks from the Prealps and the Inner Alps
(Fig. 1: R1; see also Arnaud et al., 2015). Then, flowing between the
Subalps and the South-Jura (limestone, molasse, moraines, and fluvio-
glacial deposits), it drains the Dauphiné Lowlands accreted by fine
sediments deposited by the Rhone and its tributaries, the Fier and
Guiers rivers (Salvador et al., 2005; see also Fig. 1: R2 and R3). After a
straight course to the north-west, the Rhoéne River receives a high
bedload from the Ain River (calcareous sediments mainly), and passes
through Lyon where it meets the Saéne River (supplied by both sedi-
mentary, detrital and crystalline areas — cf. Fig. 1: R4). After the Lyon
conurbation (1.4 Miyhap.), the Rhone exceeds 1000 m® s~! (Bravard,
2010; Thollet et al., 2018). Then, the Rhone goes southwards and its
water discharge gradually increases in the Middle Rhone Valley. In this
section, the river is supplied by (1) right bank tributaries from the
Hercynian Massif central (granitic, metamorphic, and basaltic rocks: ca.
20% of the Middle Rhone watershed) such as the Gier, Eyrieux, Cance,
and Ardéche rivers (Fig. 1: R5-R8), and by (2) left bank tributaries from
the calcareous subalpine zone (40% of the Middle Rhone watershed)
such as the Isére and Dréme rivers (Fig. 1), which provide large
amounts of suspended particulate matter — SPM (Poulier et al., 2019).
Stream sediments from right bank tributaries are Cd and Pb-rich, while
left bank tributaries provide generally Cu-rich sediments (Delile et al.,
2020; De Vos et al., 2006). At the transition with the Lower Rhéne, the
river flows into small successive sedimentary basins (Montélimar and
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Fig. 1. Regional geology and location of sampling sites in the Rhone Valley (France). River sediment cores of this study: ETL = Graviere-des-étournels, MTE = La
Morte Palaeochannel, BRE = Beurre Island, ARS = Arras-sur-Rhone dam, GEC = Grange-écrasée, TRS = Mas des Tours. Monitoring stations: 1 = Ruffieux and
Culoz, 2 = Brégnier-Cordon, 3 = Brangues, 4 = St-Sorlin-en-Bugey, 5 = Chasse-sur-Rhéne/Givors, 6 = Serriéres, 7 = St-Vallier, 8 = Rochemaure, 9 = Pierrelatte,
10 = Beaucaire, 11 = Arles2. Geochemical background coring sites: a = EM5, b = CHCO-S2 and LMS1, ¢ = PDC-S8, d = DZR-C3, e = DZ-1, f = LPP-C1, g = MGN-
C1. Other background studies: EGD3 = Vidy Core, Geneva Lake (Gascén Diez et al., 2017), DRC = Delta Reference Core (Ferrand et al., 2012), KS-57 = Pro-Delta
Core (Cossa et al., 2018). The six geographical clusters (GC) refer to the zones described in the text and in the Table 1. Geology: F = Fluvial deposits, GL = moraines
and fluvio-glacial deposits, Volc. = volcanic rocks. Rivers: R1 = Arve, R2 = Fier, R3 = Guiers, R4 = Azergues, R5 = Gier, R6 = Cance, R7 = Eyrieux,
R8 = Ardeche, R9 = Gard.

Tricastin floodplains). Downstream of the Donzére bottleneck, the Mediterranean Sea through a large delta (1700 m3s™ 1.

floodplain extends and hosts some urban and industrial areas (Avignon, Since the mid-19™ century, the Rhéne experienced two types of
Arles). Finally, the Rhone River receives sedimentary inputs from the water engineering associated with distinct periods. Infrastructures re-
lower Durance and Gard rivers (Fig. 1: R-9), and flows into the lated to navigation and flood protection (embankments, dikes, groynes)
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were implemented in the 18" and 19" centuries, while hydropower
structures (weirs, dams, by-passed sections) were built during the 20
century (Bravard and Bethemont, 2018). These engineering works are
present all along the river corridor. It resulted in a major reduction of
the main stream width, a lower connexion with the floodplain, and the
deposition of fine sediments in infrastructures and backwater areas
during the last decades (Tena et al., 2020; Vauclin et al., 2019).

2.1.2. Geochemical background cores

Natural metal levels in river sediments were assessed by analysing
geochemical background samples (abridged GBS hereafter) from pre-
industrial cores extracted in two areas selected to represent the geology
of the river catchment :

(1) In the Upper Rhone Valley, three cores from the Dauphiné
Lowlands palaeomeanders were used (Fig. 1: a—c; cores CHCO-S2,
EM-5, PDC-S8). A synthesis of regional fluvial dynamics dated these
palaeomeanders back to the Holocene (Salvador and Berger, 2014).
Seven samples were extracted from the basal sediment sequences
which were highly laminated due to distal flood inputs (SI-1: A).
These records could be considered representative of the erosion of
the limestone, molasse and crystalline rocks from Upper Rhone
Valley (Arnaud et al., 2015).

(2) At the transition between the Middle and Lower Rhone Valleys, four

Table 1

List of river cores (green), background cores (pale yellow), and gauging stations (white) used in this study. GBS =

Environment International 144 (2020) 106032

other cores were sampled in the Tricastin floodplain (Fig. 1: d-g;
cores: DZ-1, DZR-C3, MGN-C1, and LPP-C1) where numerous
palaeochannels are found next to the Berre and Ardéche rivers
confluences (Bravard et al., 2008; Provansal et al., 1999). Eight
layers were extracted from the bottom of the sediment sequences.
Depositional conditions are similar to those from the Upper Rhone
(silty laminated deposits) with a higher oxidation degree in general
(SI-1: B). This second area was established to take into account the
weathering of the crystalline and volcanic rocks from the Massif
Central Mountains (Fig. 1).

The GBS were selected according to their content in fine-sized
particles in order to facilitate the normalisation of metal concentrations
according to the grainsize (i.e. clay + silt content > 60%). These
layers were dated by radiocarbon (1*C accelerator mass spectrometry),
and calibrated (“Intcall13” curve; Reimer et al., 2013) in calendar years:
from Anno Domini (AD) 3 to AD 1670 for the Upper Rhone (Roman to
Modern Times), and from AD 887 at least to AD 1878 for the Middle
Rhone (Middle Ages-19th century AD) (Table 1). For further details
about the methodology, coring locations, and dating, please refer to the
related Data in Brief article (Dendievel et al., in press).

2.1.3. River sediment cores (1965-2011)
Six sediment cores were extracted along the Rhone by using a

Geochemical Background Samples,

GC = Geographical clusters, MS = Gauging station. The estuary distance is given in km before the “Grand Rhone Branch” estuary. The chronology is expressed in

calendar years AD (Anno Domini).

River Coordinates Estuary samples
Section GC Sites Type (WGS 1984) distance Chronology (nF)’
Lat. (N) Long. (E) (km)
GC1 | ETL10-02 rz';’fer 46.132 | 5.935 512 1993-2009 16
GC-1 Ruffieux MS | 45.854 | 5.806 468 2007-2017 7
GC-1 Culoz MS | 45.849 | 5.802 467 1993-2018 23
GC2 | MTE0803 | Core | 45.702 | 5.554 415 1965-2007 30
Upper GC-2 Brégnier- Ms | 45.625 | 5.616 429 2000-2016 8
Rhéne Cordon
River GC-2 Brangues | MS | 45712 | 5.549 416 2009-2014 6
6ca | Ul ye | asgss | 5347 | 388 1993-2018 21
en-Bugey
- CHCOS2 | GBS | 45679 | 5.597 420 1439-1643 2
- EM-5 GBS | 45.699 | 5.593 418 1394-1670 2
- PDC-S8 GBS | 45.651 | 5.520 418 3-231 3
GC-3 BRE 08-03 F:';’g 45.476 | 4.782 291 1991-2008 14
GC-3 Chasse- Ms | 45581 | 4.781 312 1991-2018 26
sur-Rhone
GC-3 Serrieres Ms | 45318 | 4.767 271 2000-2017 8
GC-4 | ARS10-02 F:';’fer 45.133 | 4.807 246 1977-2010 27
) GC-4 Stvallier | MS | 45.184 | 4.812 255 1987-2018 31
Middle River
Rhéne GC-5 GEC11-04 | "V | 44.390 | 4.656 151 1986-2011 25
River Roche-
GC5 Ms | 44579 | 4.708 176 2008-2017 6
maure
GC5 Pierrelatte | MS | 44.368 | 4.649 151 2008-2016 7
- DZ-1 GBS | 44.424 | 4.704 157 1648-1878 2
- DZRC3 GBS | 44.428 | 4.659 157 1519-1682 2
- MGN-CI | GBS | 44.202 | 4.709 130 1026-1633 3
- LPP-CL | GBS | 44.324 | 4.669 146 88771013 and 3
before
River
Lower GC-6 TRS12:04 | "V°T | 43725 | 4.618 53 1985-2011 25
R;i“l’:f GC-6 Beaucaire | MS | 43.804 | 4.650 73 2000-2017 5
GC-6 Arles2 Ms | 43679 | 4.623 49 1987-2018 31
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UWITEC corer from a boat (May 2008 to February 2011). The studied
deposits were collected from six natural or artificial backwater areas:
former gravel pit (“La Graviere des Etournels” — ETL), secondary
branches with a downstream connection to the main stream (“La
Morte” — MTE; “L’lle du Beurre” — BRE; “Lone de la Grange Ecrasée” —
GEC; “Mas des Tours” — TRS), or at the back of a dam (“Arras-sur-
Rhone” — ARS). The geographical coordinates are presented in Table 1,
and accurate location maps can be found in the supplementary material
published by Mourier et al. (2014). These sites show a continuous de-
position of sediments during high water periods and annual floods. The
timing and rates of accumulation for each site were based on 3’Cs
activity, mainly released in the atmosphere by nuclear weapon tests
from 1954 to 1964, or on the Chernobyl accident in 1986 (Pinglot and
Pourchet, 1995). Specific coarse deposits (mainly sands) from well-
known floods or discharge events were also considered to adjust the
age-depth models. Accordingly, the MTE core (Upper Rhone) has the
longest record from 1965 to 2007, while ARS, GEC (Middle Rhone), and
TRS cores (Lower Rhone) allow the reconstruction of the sedimentary
and pollution trends from 1977 to 2011. Lastly, for the ETL and BRE
cores (Upper and Middle Rhone), only the samples deposited from 1991
onwards were used due to a change of connectivity between these sites
and the main channel (Mourier et al., 2014). A dataset of 1340
measures on the river sediment cores — RCS (n samples = 137) was
used in this paper, including metals, TOC (Total Organic Carbon) and
grain-size data (Dendievel et al., 2020b).

2.1.4. Subsurface sediment data (1987-2018)

Metal concentrations from bed and flood deposits (BFD), monitored
by the Rhone-Méditerranée-Corse Water Agency (RMC WA), were in-
tegrated at the monitoring stations located nearby the coring sites.
These RMC WA stations were monitored at different time-periods: since
the end of the 1980s (Arles), or since the beginning of the 1990s (Culoz,
Saint-Sorlin-en-Bugey, Chasse-sur-Rhone), and more recently (stations
list in Table 1). This additional dataset presents 1263 measurements (n
samples = 179) including metals and TOC obtained from the “naiades”
website (French server for the monitoring of water and sediment
quality: http://www.naiades.eaufrance.fr). Each coring site and the
close monitoring stations are grouped into geographical clusters (GC
hereafter). As a result, two GC are located in the Upper Rhone (GC-1
and GC-2), three in the Middle Rhone (GC-3 to GC-5) and another in the
Lower Rhone (GC-6) (see Table 1 and Fig. 1 for more details).

2.2. Analytical methods

For each core, sediment samples were sliced into 1-2 c¢m thick-
layers every 2—-4 cm. A subsampling was achieved for grain-size, TOC,
and metal analyses (Al, Cd, Cr, Cu, Fe, Ni, Pb, and Zn).

2.2.1. Grain-size and total organic carbon content in the cores

Grain-size was measured with a Mastersizer 2000© particle size
analyser (Malvern Panalytical) mounted with a hydro SMsmall volume
dispersion unit (grain-size classes: from 0.012 to 1000 pum). The con-
tribution of the fine sediment classes (clays < 2 um, total fine frac-
tion < 63 pm) and distribution (e.g. median D50 and mode) were
determined for each sample according to Blott and Pye (2012). For
TOC, the samples were dried (0.5 g dry weight — dw), crushed and
pyrolysed in an oven at 200-650 °C, before final oxidation of the
residuals at 400-750 °C (Rock-Eval 6 pyrolysis; ISTO laboratory,
Orléans, France). The TOC amount was expressed in % of dw, and
analytical accuracy was better than 5% (Lafargue et al., 1998).

2.2.2. Metal analysis

Two protocols of extraction were performed depending on the
samples. An Aqua Regia (AR) extraction procedure was achieved on the
six river core samples (RCS) (analysis: ENTPE, UMR 5023 LEHNA). A
total extraction (TE) was employed for the fresh bed and flood deposits
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(BFD) according to the RMC WA procedure for sediment monitoring
(analysis: Drome Department Laboratory). Finally, to have a consistent
basis for the data comparison, both extraction methods were used on
the geochemical background core samples (GBS) at the INRAE (TE),
and at the ENTPE (AR). Precision, analytical and procedural accuracies
were controlled by replicate measurements performed on certified
materials in order to check digestion and analyses. Repeated
measurements (triplicates) on the same samples were achieved to test
repeatability (the standard errors associated to these results are
provided in the linked dataset: https://doi.pangaea.de/10.1594/
PANGAEA.914477 [Dendievel et al., 2020b]).

For the AR extraction (RCS, GBS), the samples (0.1 g) were dried at
105 °C for 12 h and sieved at 63 um. They were digested with one
volume of HNO; (2 ml of 60% Merck Suprapur for RCS; 0.5 ml of 14 M
Ultrapur for GBS) and three volumes of HCl (6 ml of 30% Merck
Suprapur for RCS; 1.5 ml of 12 M Ultrapur for GBS). After digestion in a
microwave system (CEM 6: 110-180 °C at a pressure of 120 PSI),
samples were filtrated at 22 um by using 25 ml of distilled water. Then,
metal concentrations were measured by Atomic Absorption
Spectrometry (AAS) with a Perkin Elmer PinAAcle 900 T. Flame ab-
sorption was used for Cr, Pb, and Zn (standard FD T90-112; AFNOR,
1998), and a graphite furnace was employed for Cd and Cu (NF EN ISO
15586; AFNOR, 2004). Aluminium (Al) and Iron (Fe) contents were
measured with an inductively coupled plasma with optical emission
spectrometry ICP-OES (NF EN ISO 11885; AFNOR, 2009). The LOQs
were 5 ug kg ™! for Cd (standard error [se] = 3%), 2 mg kg~ for Cu,
Cr, Ni, Pb and Zn (se = 1.5%),and 0.1 g kg_1 for Al and Fe (se < 5%).
Accuracy was within 10% of the certified reference materials values.

For TE (BFD, GBS), samples (0.3 g) were freeze-dried and grinded in
an agate mortar. They were digested in closed, previously acid-cleaned
PP reactors (DigiTUBEs; SCP Sciences) by using a tri-acid treatment:
0.5 ml of HNOj3 (14 M Suprapur), 1.5 ml of HCI (12 M Suprapur), and
2 ml of HF (22 M Suprapur). The reactors were kept at 110 °C in an
automatic heating block for 2 h. The dry residues were re-dissolved
with 250 ml HNO3; and 5 ml of Ultrapure water on a heating plate
(100 °C during 30 min). Then, 6.5 ml of ultrapure water was added to
3.5 ml of the latter solution for the analysis: Al, Fe, Cr, Cu, Ni and Zn
were analysed by ICP-OES (NF EN ISO 11885: AFNOR, 2009), and Cd
and Pb by ICP-MS (NF EN ISO 17294-2: AFNOR, 2016). The LOQs were
2.5 g kg~ ! for Al and Fe, 2.5 mg kg~' for Cr, Cu, Ni and Zn, and
0.03 mg kg~ ! for Cd and Pb.

2.3. Data treatment

2.3.1. Treatment of undetects and normalisation to grain-size

Metal concentrations were greater than the LOQs (limits of quan-
tification), except for Cd for which 78 samples from the BFD (i.e. 25%)
were lower than the LOQs (usually 0.2 mg kg™ !). To handle Cd left-
censored data, we used a Kaplan-Meyer procedure (Helsel, 2012). This
reliable method is based on counting numbers of data at and below
each detected value, and computes the 95% upper confidence limit on
the mean (UCL95). It decreases the number of undetected Cd values to
39 (13%).

Taking into to account the grain-size was also one of the main issues
due to the high heterogeneity of the data. Indeed, potential lithogenic
elements were rare, and only acquired recently (since 2010, avail-
ability: Al and Fe) and no grain-size was measured on the Rhéne River
BFD. On the contrary, grain-size, Al and Fe were more systematically
available for RCS and GBS. As a result, we proposed three steps to in-
tegrate the grain-size control (Sun et al., 2018):

(1) After a normality check, the correlation between the potential
lithogenic elements (Al and Fe) with the proportion of clays and silts
(fine fraction < 63 um) was tested by using a student test (SI-2). It
showed a highly significant correlation between Al and the fine fraction
for RCS and GBS, while Fe was only correlated to the fine fraction for
RCS (absence of significant correlation for GBS: see SI-2). Iron (Fe)
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could therefore be a reliable option to normalise the RCS, but not for
the calculation of enrichment factors based on the background values.
(2) Then, a correlation test between Al, Fe and the other metals was
performed and revealed a significant correlation (except between Al
and Pb, and regarding Fe and Cd: SI-3). Accordingly, we propose to use
Al as a proxy of the grain-size content in the Rhone River sediments (see
previous uses: Ferrand et al., 2012; Ollivier et al., 2011). (3) Metal
concentrations were normalised by using ratios (Me/Al). However,
caution must be made regarding the systematic use of Al to normalise
metal values, due to the possible anthropogenic enrichment of Al in
core profiles.

2.3.2. Geochemical background

The estimation of metal pollution levels requires the establishment
of a geochemical background which integrates (1) natural metal levels
in river sediments (i.e. geogenic origin), and (2) anthropogenic re-
manence inherited from past pollutions (Reimann et al., 2005;
Thévenot et al., 2007). Indeed, in the Rhone watershed, archaeological
and historical studies revealed long-term mining and metallurgical
activities from the Roman period to the Modern Times, or even locally
since the Bronze/Copper Ages (Arnaud et al., 2010; Bailly-Maitre, 2010;
Cauuet, 2013).

The GBS extracted from dated palaeochannel cores were used to
establish local geochemical background levels. Due to the small number
of analyses on GBS (n = 7-8 per site) that present non-normally dis-
tributed results, the geochemical background should be expressed as a
range between the lower and upper whiskers of Tukey's boxplot
(95.6%), associated to a median value (Reimann and Garrett, 2005).
This median-based geochemical background (MGB) approach is useful
to calculate pollution indices, and to evaluate the timing of sediment
quality recovery.

2.3.3. Characterisation of pollution sources and trends by using river
sediment cores and subsurface samples

A Principal Component Analysis (PCA) was carried out separately
on RCS and BFD samples. The Me/Al ratios were used to avoid the
grain-size effect. Then, after the removal of missing values (NA), the
data was transformed by using a centred-log ratio procedure ("clr"
function from the package "rgr" [v.1.1.15: Garrett, 2018] in R [v. 3.5.2;
R Core Team, 2018]) to correct the closure effect in the data matrix
(Aitchison, 1986; Tolosana-Delgado, 2012). A biplot was computed
according to the PCA results and showed compositional coordinates
according to the main inertia axes.

Two pollution indices — Enrichment Factors (EF) and the geo-
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accumulation Index (Igeo) — were tested to evaluate the degree of
contamination in river sediments (e.g. Grosbois et al., 2006, 2012;
Meybeck, 2013; Miiller, 1986; Reimann and de Caritat, 2000). These
indices were calculated based on the Upper and Middle Rhone geo-
chemical backgrounds (MGB) according to the location of the studied
sites, and estimated separately according to each extraction procedure
(AR and TE). On the one hand, EFs can take into account the grain-size
control by referring to the Al content (considered as a grain-size proxy).
On the other hand, the Igeo comprises a safety factor of 1.5 referring to
the changes of metal concentrations linked to natural variations
(Miiller, 1986). In addition, the Igeo can be calculated regardless of Al
(which is not available for the BFD data before 2010) and provides an
independent index, which is useful when Al could be influenced by
anthropogenic emissions. It results in a higher number of data being
used for the spatial and temporal analysis by the Igeo compared to EF
and maximises the cross-checking with the river core samples (RCS).
EFs were calculated using the following equation (1):

EF = (Me_sample/Al_sample)/(Me_MGB/Al_MGB) (D
The Igeo was calculated following Miiller’s equation (1979) (2):
Igeo = Log2(Me_sample/(1.5 * Me_MGB)) 2)

In these two equations, Me_sample refers to the concentration of a
metal in a sample, while Al sample is the concentration of Al in the
same sample. Me_MGB is the concentration of the considered element in
the regional geochemical background (MGB). The same applies to
Al MGB. The values provided by these two indices are varied from
EF < 1.5 (absence or low metal enrichment) to 5 < EF < 20 (sig-
nificant enrichment), and from Igeo < 0 (class 0, uncontaminated) to
Igeo = 4 (highly to extremely contaminated). For more details about
the EF and Igeo categories, please refer to SI-4.

Igeo and EFs spatio-temporal trends were represented using R (v.
3.5.2; R Core Team, 2018) and the “ggplot2” package (v.3.1.1;
Wickham et al., 2019). Non-parametric models were plotted based on
general additive models (gam) with an appropriate degree of freedom
and number of dimensions (Wood, 2019). Gam (confidence in-
terval = 99%) were plotted according to the six geographical clusters
(GC) defined above (Fig. 1; Table 1). Gam curves were used to define
the time of recovery, i.e. the decay time-period between the maximal
Igeo level (according to gam) and Igeo < 1 for each metal (i.e. un-
contaminated to moderately contaminated class).

2.3.4. Ecotoxicological risk of pollutant mixture
For this research, the ecotoxicological mixture risk of pollutant in
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Fig. 2. Metal concentrations of background samples (GBS) after Aqua Regia (AR) and totally extraction (TE) protocols for the Upper and Middle Rhone. Previously
published references cores are also mentioned with the associated references (see SI-2 for details).
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sediments is based on both metals (Cd, Cu, Ni, Pb and Zn - data pre-
sented in this article) and on POPs from the same river cores and
samples (polychlorinated biphenyls [PCBs], brominated flames re-
tardants [BFRs], and organochlorine pesticides [OCPs]; data from Liber
et al., 2019). The mixture risk is assessed according to risk quotients
(for the complete list of pollutants, please refer to SI-5). The risk quo-
tient (RQ) is a ratio between the measured environmental concentration
(MEC) of each pollutant, and the corresponding PNEC;.q (Predicted No
Effect Concentration for sediment-dwelling organisms) (ECB, 2003).
The use of PNEC,q is valuable to consider a wide range of micro-
pollutants not included in the TEC and PEC (Threshold and Probable
Effect Concentrations, respectively) from MacDonald et al. (2000a),
such as HCHs, HCB, and BDE-209 (ECB, 2001). Current reference values
for PNEC;.q are available online at https://substances.ineris.fr/fr/. For
PCBs, in the absence of a robust PNEC, we refer to the lowest sediment
effect concentration provided by MacDonald et al. (2000b). Finally, RQ
for each pollutant was summed to estimate the global risk of mixture
based on the Concentration Addition (CA) model which assumes a si-
milar mode and site of toxic action of all pollutants on sediment-
dwelling organisms (Backhaus and Faust, 2012; Norwood et al., 2003;
Smith et al., 2003). Mixture risk quotients were calculated with the
following equation (3):

RQuix = Z(MEC; x/PNECqcq;) 3

where RQyx is the sum of all RQ. RQ for each pollutant is based on
MEC; x, which is the Measured Environmental Concentration of the
pollutant i on the site X (mg kg_1 dw), and on PNEC;.4 ; according to
the Equilibrium Partitioning (mg kg ~! dw). RQyx scale is log10-based
from RQ < 1 for a negligible risk to 100 < RQ < 1000 which
corresponds to a high risk (Gosset et al., 2020; Perrodin et al., 2012).

3. Results
3.1. Local geochemical backgrounds

A local geochemical background was established for each river
section for both TE and AR extraction procedures (Fig. 2). The results
are synthesised in Table 2 (for details about individual samples, please
refer to Dendievel et al., in press). TE results are generally exceeding
the AR values, because TE procedure extracts metal from the crystal
lattice while metal concentrations obtained after an AR procedure

Table 2
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represents, more or less, the bio-accessible part for aquatic organisms.

Despite a large chronology of sediment deposition (Fig. 1), the
Upper and the Middle Rhéne MGB display relatively close metal
medians and ranges, and similar grain-size proportions (Fig. 2; Table 2).
Nonetheless, Cu, Pb, and Zn generally present lower levels in the Upper
Rhone than in the Middle Rhéne (Fig. 2). These differences can be
explained by the local geology and the particle eroded from the crys-
talline Massif Central Mountains and transported to the Middle Rhéne
Valley (Fig. 1). A higher level in Al and Fe in the Middle Rhone GBS is
reported and could be linked to a higher oxidation state of the cores.
Finally, there was no significant difference between Cd, Cr, and Ni.

The values defined for these two MGBs differ from the Upper
Continental Crust, which is enriched in Cr, Cu, or Ni and have a lower
level of Cd (after Rudnick and Gao, 2014; see Table 2). We preconise
the use of local and adapted values — such as MGBs - to do not un-
derestimate the importance of contamination for these metals. At a
more regional scale, other geochemical background values were pre-
viously published for the Upper Rhéne from the Geneva Lake (Vidy Bay,
EGD3 core: Gascon Diez et al., 2017), for the Lower Rhone in the delta
(DRC: Ferrand et al., 2012) and pro-delta (KS-57: Cossa et al., 2018). In
the Upper Rhone, the Al content of the MGB is very close to the EGD3
basal layers (< 2% of divergence), and Cr, Ni, and Cu are within the
same ranges. However, for Zn and Pb, the EGD3 base highly exceeds the
Upper Rhéne MGB (by 81% and 82%, respectively), most certainly due
to contaminated sediments deposited since the 1920s in the Vidy Bay as
hypothesised by Gascén Diez et al. (2017) and Monna et al. (1999). The
Upper Rhone MGB is also less concentrated in Cu, Ni, Pb and Zn than
the geochemical background provided by Vernet and Viel (1984) for
the total Geneva Lake (Table 2). In the Middle/Lower Rhoéne area,
major divergences are found for Al which is 74% higher in the DRC
core. On the contrary, it appears 30% lower in the KS-57 core (Table 2).
The other metals from DRC and KS-57 also present some differences
with the Middle Rhone MGB (from 58% for Cr or Cu to 20-30% for Ni,
Pb, or Zn), which might be due to the depositional context. Indeed, DRC
and KS-57 cores were extracted from deltaic and pro-deltaic areas
where physical factors (e.g. salinity) and geochemical processes (e.g.
organic matter degradation) in the river-delta continuum can modify
metal concentrations in sediments (Fig. 2; Table 2).

Local geochemical background values and ranges, grain-size and organic content for the Upper and Middle Rhone background samples. Extraction methods (Ext.):
AR = Aqua Regia and TE = Total Extraction. FF = fine fraction (< 63 pm). Med = Median.

Location Ext. Reference Clay (%) FF (%) TOC (%) Trace Metals (mg kg™') Major Metals (g kg™ %)
Ccd Cr Cu Ni Pb Zn Al Fe
Upper Rhéne AR  This work 5.0 89.6 2.6 Med 0.17 36.1 10.2 33.9 11.4 53.2 12.3 16.8
range 0.06-0.24 14-56 0-26 0-68 4-22 10-95 2-27 5-33
ET Med 0.18 63.8 12.5 36.5 13.4 59.1 49.2 22.63
range 0.05-0.30 19-119 1-29 0-78 4.5-27 12-117 10-89 5-45
EGD3 - Vidy Bay Gascon Diez ca. 85 =1 0.45 26 22.7 56 73 304 50 22.6
et al., 2017
Geneva Lake Vernet and 0.2 70 30 50 30 60
Viel, 1984
Middle Rhone AR This work 5.1 81.4 0.9 Med 0.14 29.3 18.4 32.7 17.7 64.6 14.2 21.7
range 0.12-0.17 17.4-43 10.3-27.4 19.3-47.6 5.0-32.6 37.7-104.4 1.9-28 12-31
ET Med 0.17 71.6 20.7 40.1 22.3 83.7 69.2 30.1
range 0.15-0.20 50-95 10-34 31-51 14-33 55-115 59-78 13-48
DRC - Rhone AR  Ferrand et al., 0.08 44.6 9.96 25.1 14.6 61.3 44.4 22.4
Delta 2012
KS-57 - Rhéne ET Cossa et al., =~0.5 0.17 70.23 23.54 41.82 22.31 80.57 55 28
Pro-Delta 2018
Upper Conti-nental Rudnick and 0.09 92 28 47 17 67

Crust Gao, 2014
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Fig. 3. Vertical profiles of grain-size, Total Organic Carbon (TOC, %), metal concentrations (light grey lines) and Me/Al ratios ( X 10~ % black lines) for the studied
river sediment core. (a) Schematic representation of the Rhone with distances in kilometres before the estuary of the “Grand Rhone” branch, and as Kilometric Points
(PK) for navigation (0 = Lyon, negative PK = upstream, positive PK = downstream). The sediment cores are organised, top to bottom, from the Upper Rhéne to the
Lower Rhone. (b) ETL core, (¢) MTE core, (d) BRE core, (e) ARS core, (f) GEC core, (h) TRS core.
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3.2. Historical records of metal in sediment cores

Vertical profiles of grain-size, TOC, metal concentrations and Al
normalised concentrations ( Me/Al) are shown in Fig. 3. The most
important metal concentrations and ratios are recorded from 1977 to
the beginning of the 1990s, especially on the Middle Rhone section. The
ARS site presents the highest Cd/Al, Cr/Al and Zn/Al ratios (respec-
tively: 2, 80, and 150 X 10~%) and concentrations (up to 4.9, 231, and
403 mg kg™, respectively). Both ARS and GEC sites also presents the
maximal ratios for Ni/Al (ca. 20 x 10~ %), and Pb/Al (ca. 35 x 10~ 4.
On the opposite, Cu highest ratios (> 90 x 10~*% and values (i.e. >
200 mg kg~ 1) are found at MTE in the Upper Rhéne (1983-1991), but
rather high Cu/Al ratios are also recorded at ARS during the 1980s
(Fig. 3).

In the Upper Rhone (downstream of Geneva), the ETL core covers a
16-year long period (1993-2008). It presents a stable particle size
distribution (76 * 3.5% of fine sediments, i.e. < 63 um) and low
carbon content (0.9-1.9%). Me/Al ratios and concentrations show weak
variations along the core (Fig. 3). Only the Cd/Al record presents a
temporal decrease which underlines a gradual quality recovery since
1995 (ratio: 0.16-0.07 x 10~ *). Regarding sediments quality guide-
lines, all metals are below the French regulatory level S1 for river
sediments (JORF, 2006) and mostly below the TEC (MacDonald et al.,
2000a).

Further downstream, the MTE core (1965-2007) is dominated by FF
(81 = 3.7%), but clay proportions decrease towards the top (from 40
to 20%). Me/Al ratios and concentrations show analogous patterns
(Fig. 3¢). Median TOC is about 3.3%, while the 1978-1991 interval has
a variable organic content (1.1-8%). During this period, all metals are
relatively high, especially Cu (as mentioned above). Its maximal values
surpasses both the French S1 threshold for Cu (100 mg kg~ *: JORF,
2006), and reaches the PEC¢, (150 mg kg_l) from MacDonald et al.
(2000a). All metals show a declining trend to low and stable values only
at the end of the 1990s.

The BRE core (1991-2008) is downstream of Lyon’s conurbation, in
an area supplied by the Sadne and the Gier rivers (Middle Rhoéne Valley,
Fig. 1). The sediment core presents a stable TOC (1.2 * 0.2%)
(Fig. 3d). The core remains around 43 *= 7.7% of FF while the Al
content increases with the core (from 11 to 30%). It could be explained
by the erosion of slopes and soils from the right bank of the Rhone
River, which derived from granitic rocks enriched in sillimanite (Al,O
(SiO4)). Thereafter, Me/Al ratios showed a decreasing trend for all
metals from 1991 to 2008, while concentrations quite low (i.e. under
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PEC).

Downstream, the ARS core (1977-2010) shows a stable distribution
of both FF (91 =+ 1.8%) and TOC (1.9 * 0.3%). This long record
displays high Me/Al ratios from 1977 to 1985, for Cd, Cu, Cr, and Ni (as
described above, Fig. 3e). A decreasing trend occurs since 1985, and
low and stable levels are firmly established after 1996. The maximal
ratios and values regarding these metals are impressive and exceed the
PEC / S1 in particular for Cd. Pb and Zn are also high, but lower than S1
and PEC.

The studied archive at GEC (1986-2011) is characterised by fine
(82 * 9%) and organic-poor sediments (1.3 *= 0.2%). Metal con-
centrations are medium to high, especially for Ni and Pb (highest ratios
and values), and usually decrease to lower concentrations after the
1990s (Fig. 3f).

Finally, the TRS core (Lower Rhone) was retrieved upstream of the
delta, north of Arles, in an area supplied by the Durance and the Gard
rivers (Fig. 1). This record (1985-2012) is rather fine (81 * 5%) and
organic-poor (1.6 * 0.3%). Despite changes in Al (20-40%), a parallel
is observed between Me/Al and metal concentrations (Fig. 3g). A de-
creasing trend is obvious in Al/Me ratios from 1985 to 2012 with
concentrations usually below S1 or TEC, and lower than in the GEC core
(Fig. 3f).

3.3. Data combination, metal contamination and sediment recovery trends
along the Rhone from 1965 to 2018

The PCA highlights distinct patterns for river core sediments (RCS)
from 1965 to 2010 (Fig. 4A). The axes 1 and 2 represent 57.5% and
30.1% of total variance, respectively. The axis 1 is mainly driven by Cu
and Cd (positive values): all the ARS record (GC-4) presents a Cd en-
richment, and the MTE samples older than 1990 (GC-2) are clearly
influenced by a Cu anomaly on the bottom right of Fig. 4A. The most
recent MTE samples are close to the composition of ETL (GC-1), with a
higher proportion of Ni and Cr (negative values of axis 1). The axis 2 is
mainly driven by Cu (negative side) and Pb on the other side (positive).
In the middle, the compositions from BRE, GEC and TRS are a mix of
influences from axes 1 (negative) and 2 (positive) corresponding to Cr,
Ni, and Pb variables.

The PCA of BFD Me/Al ratios (2010-2018) could be also described
according two axis, representing more than 90% of inertia (Fig. 4B).
Based on axis 1 (77.2%), two groups are observed with positive (GC-1
and GC-6), or negative values most influenced by Cd (GC-2 to GC-5).
For the axis 2 (13.1%), two others groups are highlighted with (1) on

>

Axis 2 (30.1%)

Axis 1 (57.5%)

[

Axis 2 (13.1%)

Axis 1 (77.2%)

River Sediment Cores (1965-2010)

Upper Rhéne Middle Rhéne
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® ETL ® MTE ® BRE ® ARS
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® TRS
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® GEC

Bed and flood deposits (2010-2018)
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Lower Rhéne
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Fig. 4. Principal Component Analyses (PCA-biplots) performed separately for (A) samples from river sediment cores (n = 137) and (B) for bed and flood deposit
samples (n = 78). GC refers to the geographical clusters defined in the text. The bigger circles are the centroids of the data.
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Table 3 (continued)

Cu

cd

Metal

2000-18

1980-99

1965-79

2000-18

1980-99

1965-79

Period

EF Igeo EF

Igeo

EF Igeo EF Igeo EF Igeo EF

Igeo

GC

River Section

0.5 -0.9 0.5

-0.4

1.2

-0.5

1.3

-0.5

Median
Range

GC-6

Lower Rhéne

-2.1t00.1 0.3-2.3

0.4-0.6

-1.91t00.1

1-2.3

1-1.5 -2.41t00.7

—2.21t00.5
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the negative side, the Ni and Cr influence on the recent deposits of GC-1
and GC-2 (Upper Rhone), and (2) on the positive side, the Cu, Pb, and
Zn influence on the sediments from GC-3 to GC-6. The BFD PCA
(Fig. 4B) offers some similarities and a continuous trend with the most
recent deposits of the RCS (Fig. 4A). Indeed, the GC-2 samples present a
gradual change from Cu (major enrichment/pollution) to Cr and Ni
(geogenic). At south, the same is observed for GC-4 with a change from
Cd-enriched sediments to a mix of Cu, Pb, and Zn at the vicinity of the
Hercynian Massif Central (right bank inputs). These changes underline
the heterogeneity of metal inputs along this large and heterogeneous
European river.

The use of EFs and Igeo allow to reconstruct spatial and temporal
trends of metal contamination from 1965 to 2018 by combining and
modelling (gam) data from river core sediments (RCS) and bed/flood
deposits (BFD; Fig. 5). EFs and Igeos variations are summarised in
Table 3: these two indices present similar changes over space and time.
However, EFs are based on a lower number of samples (n = 209) than
the Igeo (n = 316, except for Cd for which n = 235) because the Al
data — needed for EFs - is only available on BFD since 2010, which
limits the analysis. Thus, in our study, the Igeo provides the best
compromise between availability and quality to model metal pollution
trajectories using both BFD (subsurface samples) and RCS (dated cores).
It should be noted that this combined approach — which takes into
account analytical results of different nature — must be used prudently,
especially due to the low reliability of subsurface samples data derived
from past monitoring activities (already mentioned by Thomas and
Meybeck, 1996).

Among the studied metals, Cd and Cu have the highest median Igeo
(2-4.5) and EFs (6.3-14.7) corresponding to a moderate to significant
pollution and enrichment (Table 3). The Cd and Cu spatio-temporal
pattern presents an increase during the 1970-1990s in the Upper Rhone
(GC-1 and GC-2), and a regular decrease since the end of the 1980s in
the Middle and Lower Rhéne (GC-3 to GC-6; Fig. 5). At a lower level, Zn
presents similar variations even if the contamination remained at
moderate levels (Igeo classes 2 and 3; EF = 1.5-3.2).

In more details, in the Upper Rhone (GC-1 and GC-2), an increase in
Igeo and EFs is observed for Cd, Cu, and Zn from 1965 to the 1990s. A
heavy contamination is found for Cu between 1975 and 1990
(Igeoc, = 3-4), while Cd and Zn were moderately to heavily polluted
(Igeocq = 2.2-2.8; Igeoz, = 1-2.3). Sporadic Cd contamination con-
tinued during the 1990s (Igeo = 2.7-3.5). Then, both Igeo and EFs
decreased to less than 1 and 1.5 respectively after 1995-2005 due to a
lack or a low contamination (Fig. 5; Table 3). The recovery of the
sediment quality occurred earlier for Zn (during the 1990s) than for Cu
and Cd (during the 2000s). Finally, Igeo values were < 0 during the
two last decades. In the Middle and the Lower Rhone, a general re-
gression occurred for Cd, Zn, and Cu since the late 1970s and 1980s. At
that time, a major enrichment in Cd was observed (Igeocq > 3-4; EF
median = 14.7). Then, it regularly decreased until the 2000s, when a
moderate level of contamination was reached (Igeocq < 2; Fig. 5),
before a final decrease to non-polluted levels during the last decade
(Igeocq < 0). The Cu and Zn Igeos were lower and decreased, for both
metals, from 3.2 (Middle Rhéne) and ca. 1 (Lower Rhone) during the
1980s, to became <0 in the 2000s. Thus, the time of recovery for these
three pollutants was longer in the Middle and Lower Rhone (ca.
30 years) than in the Upper Rhone (15-17 years).

The lead (Pb) presents a dual geo-accumulation pattern (Fig. 5;
Table 3): (1) in the Upper Rhéne, an absence or a very low enrichment
is found (Igeo < 1 and an EF < 1.4); (2) in the Middle and Lower
Rhone, the Igeopy, reaches 2-3.1 (medium to highly polluted), where
local anthropogenic inputs are suspected. Then, it decreased to un-
contaminated levels in the late 1990s which corresponds to a recovery
time comprised between 10 and 20 years.

Finally, a low geo-accumulation is found for Cr and Ni everywhere
along the Rhone river (Fig. 5). For instance, the Igeo varied from < 1 in
the 1970s to —2 nowadays in the Upper Rhone, and from < 1 in the
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late 1980s and 1990s, to < —2 today in the Middle and Lower Rhéne. 2020). Finally, the current Igeo values are very low for Ni and Cr (< 0)
Only the ARS/St-Vallier area (GC-4; Middle Rhone) displays a moderate and indicate a good status of the Rhone sediment quality regarding

Igeoc; (> 1) at the connection with right bank tributaries coming from these metals.
the Massif Central foothills. Moreover, Cr and Ni in the Rhone sedi- The Rhone pattern for Ni and Cr contrasts with the historical tra-
ments are close to the geochemical background reference (Fig. 2 and jectory of some European rivers, such as the Seine, the Rhine, and their
Table 2). tributaries, which present moderately to heavily contaminated sedi-
ments due to (1) Cr, and (2) Ni, in order of magnitude (Fig. 6; Heise and
4. Discussion Forstner, 2006; Le Cloarec et al., 2011). An increase from upstream to
downstream is evidenced along these rivers in the 1960s and 1970s.
4.1. Assessment of anthropogenic metal sources along the Rhéne and This pollution could be related to the use of these metals for stainless
comparison with other European rivers steel or chemical products, surface coating, refractory purposes, and
tanneries (Le Cloarec et al., 2011). On the contrary, their evolution on
The identification of the main historical factors that influence the the Rhone presents some similarities with the Loire, the Lot-Garonne
spatial and temporal trend of pollution (sources, economic develop- Continuum and the Thames where no particular pollution concern was

ments, regulations) will be discussed for each metal element along the highlighted for Cr and Ni (Grosbois et al., 2012; Vane et al., 2020).
Rhone River, and compared to other Western European rivers.
4.1.2. Cadmium (Cd)
4.1.1. Chromium (Cr) and nickel (Ni) Heavily to extremely Cd polluted sediment was reported in the Dam
On one hand, Cr and Ni present low Igeos and EFs in the Upper of Verbois, in the Upper Rhéne in the 1960s and 1970s (Igeo ca. 4;
Rhone Valley since the 1960s (Fig. 5). Currently, these rather stable based on the works of Wildi et al., 2006, 2004). This site is less than

indices suggest a geogenic source for Cr and Ni, which could come from 10 km downstream of the Geneva conurbation and just after the
the Inner Alps crystalline formations, weathered and eroded by the meeting point with the Arve Valley, where polluting electronic manu-
Arve and the Fier rivers for instance (Fig. 1). On the other hand, an facturing, pigment and metal coating facilities are found (Halitim-
enrichment in Cr and Ni was recorded in the Middle Rhone Valley in the Dubois, 2019). These multiple industrial sources could release and
1970-1990s, before to decrease (Fig. 5; Table 3). This pattern indicates diffuse Cd downstream towards GC-1 and GC-2, where an Igeocq > 3
a local decrease of anthropogenic emissions (chemical industries, sur- was calculated (MTE area) from 1977 to 1996 (Fig. 6).
face coating) or a lower delivery in Cr and Ni by the SPM of the right Synchronously, the highest levels of pollution for Cd (Igeocq up to
bank tributaries of the Rhone (afforestation, sediment discontinuity). 4.5) were found in 1981-1996 in the Middle Rhone Valley (GC-3 and
Left bank tributaries coming from the Western Alps could also be in- GC-4), downstream of Lyon where various sources may have been in-
volved such as the Iséere SPM which are Cr and Ni-rich (Delile et al., volved (Fig. 6). Indeed, Cd could be released during the extraction of Cu
Rivers Rhéne River Seine River Rhine River
Sections|  Verbois! Upper’ Middle? Lower? Delta® | Upper* Middle* Lower®® | Upper® Middle® Lower®
Locators |Geneva Lyon Arles Mseed_a-l Paris C%’;%';‘Se’} Basel Mainz Duisburg DD
64
Igeo ¢d 63-75 m
ca. 63- 81-96
Maxima& 5 - 7279 — 80 —
[ | period 3 77-9 86-95 60-70 i
 Median 1 82
(2000-18)
' 59-64—— 7276
Igeo Cu > 892 87-89
Maxima & 3 3 . 8891 60-70 77 73— 5673 |
Wperod = 11— —N L — l J ez =
Median
(2000-18)
lgeo,,
5 60 54
Maxima & 2 20 89 73 73-90
period i 60-70 . . 8688 60-70 67 . I 5-6'69 . -
Median
M (%000-18) 0
Igeo Pb > 87 60-70 o0 eres 62 73-90
) 3| 4450 91-94
mizipes | w2 = l_ LB a1
[ Median 0
(2000-18)
IgeoCr 5 73 L
Maxima & ! 4572 I I
L period i NA 76 7789 86-97 5.9 £ . 62-73
m Median 0 "— -—- 2. 2L
(2000-18)
Igeoy, 7
. 3 o
m Maxima & 7574 3 73 I
period 1] _s070 . 97 90-91 NA NA
I?SSS}??S) 0 [—— 8% | — ) | — -

Fig. 6. Igeo trajectories along the Rhone River and in other Western European rivers (Rhine and Seine rivers). The dates above each column correspond to the period
of maximal Igeo for each metal. Chronologies and Igeo were computed based on the following publications: (1) Wildi et al., 2004, 2006; (2) this article; (3) Ferrand
et al., 2012; 4, Le Cloarec et al., 2011; 5, Van Metre et al., 2008; 6, Vrel, 2012; 7, Wessels et al., 1995; 8, Heise and Forstner, 2006; 9, Miiller, 1986, and Middelkoop,
2000. Abridged locators: Med. Sea = Mediterranean Sea; DD = Dutch Delta of the Rhine.

13



A.-M. Dendievel, et al.

and Zn ores and found in mining waste, in the Azergues basin for in-
stance (Couturier, 2019). The increasing Igeocq before 1985 in the BRE
core (GC-3) can also be linked with inputs from the Lyon Chemical
Corridor and the Gier Valley, hosting smelters and steelworks (Gay,
1996). Cd-rich sediments are delivered through the Cance and the Ar-
deche tributaries draining the foothills of the Massif Central (granitic
and metamorphic rocks) where are located the former mining districts
of St-Julien-Molin-Molette (Dumoulin, 2005), L’Argentiére, and Chas-
sezac (Bailly-Maitre et al., 2013; Bourg, 2013). Finally, the facilities of
the Roussillon Plain were suspected to release Cd from the textile in-
dustry (nylon), and in plastic or ethyl acetate production. More recently
(2000-2018), the median Igeocy is low (ca. 1) and consistent with de-
creasing EFs for Cd towards the Rhone delta (Ferrand et al., 2012).

The Cd trend recorded along the Rhone from the 1960s to the 1980s
seems coherent with the Middle and Lower Rhine trajectories well-
known to be impacted by the Main and Ruhr industries (Fig. 6; Heise
and Forstner, 2006; Miiller, 1986). A similar level of pollution was re-
corded earlier (1960s) in the Thames River sediment cores (O’Reilly
Wiese et al., 1997; Vane et al., 2020). Regarding French rivers, the Cd
contamination of the Rhone remains low in comparison with the Lot-
Garonne system and the Seine River that were extremely polluted from
1960 to 1986 (Audry et al.,, 2004; Le Cloarec et al., 2011). A slow
recovery of both fluvial and estuarine sediment quality is in progress in
the Seine which is still moderately to heavily contaminated nowadays
(Fig. 6). On the contrary, the sediments of the Rhine, and Thames rivers
seem currently not very contaminated regarding the Cd general trends.
The same could be observed on the Lower Garonne despite its intensive
history of Cd manufacturing (Larrose et al., 2010), thanks to major
remediation processes implemented in the last four decades (Pougnet
et al., 2019)

4.1.3. Copper (Cu)

As reported above, a heavy Cu pollution was found in the Upper
Rhéne between the 1980s and 1990s, and suggested a local source
(“hotspot”) of pollution in the GC-2 (Figs. 1, 4, 6). The geological
catchment is not enriched in Cu, but this rural area is dominated by
orchards and vineyards producing the “Bugey wine” (INAO, 2012). In
such a context, large amounts of copper sulphate (CuSO4) used as
“Bordeaux mixture” fungicide are usually leached to soil and water
(Arrouays et al., 2014). In the same period, a high enrichment due to
the use of CuSO, in the Champagne vineyards was also evidenced on
the Aube watershed, which is a tributary of the Upper Seine (Le Cloarec
et al., 2011). In addition, long-distance industrial treatment (e.g. wood
impregnating process, metallurgy, building, automobile, machine
equipment, pigments, surface coating) or mining releases, e.g. delivered
by the Guiers and the Fier rivers, could be involved at the regional scale
(Bourg, 2013; Molin, 1946).

A moderate pollution by Cu was also highlighted in the Middle
Rhoéne Valley during the 1980s. It could be related to multiple
anthropogenic releases. (1) This river section presents numerous vine-
yards (e.g. “Cote Rotie”, “Coteaux du Vivarais”, “Cotes du Rhone”) that
could deliver bio-accumulable Cu (from fungicides) to the aquatic
ecosystem in particular during floods (Banas et al., 2010; Mazet et al.,
2005). (2) This area also experienced long-term mining due to the ex-
traction of massive sulphide lenses in the Chessy-les-Mines district
(Azergues Basin). (3) Cable production, south of Lyon (Berthet et al.,
2009), and (4) nuclear power plants (St-Alban, Cruas, Tricastin) or
reprocessing facilities (Marcoule) could also be sources of Cu and Zn
releases for the Middle / Lower Rhone (Eyrolle et al., 2008; Winfield
et al., 2006). A downstream diffusion of this pollution is supported by
high Cu/Al ratios from 1960 to 1990 (GC-5 and GC-6), but also in
floodplain deposits from the Middle Rhone (Vauclin et al., 2019) to its
delta (Ferrand et al., 2012).

The Rhone Cu Igeo trend (1960-1990) contrasts with other Western
European river trajectories, in which the Cu pollution was prevalent
during the 1940s-1970s due to metal transformation in riverine
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facilities and industries (automobile, cables, and tube manufacturing:
Callender, 2003). This hotspot period was well documented for the
Rhine (Middelkoop, 2000), the Loire (Grosbois et al., 2012), Garonne
(Audry et al., 2004), and Seine rivers (Le Cloarec et al., 2011). The
difference between the Cu history of the Rhone and the other rivers can
be explained by the regional history of human activities in each
catchment.

4.1.4. Zinc (Zn)

The geo-accumulation of Zn gradually increased from the Verbois
reservoir (Switzerland) to the Middle Rhéne (France), where the sedi-
ments were heavily contaminated in the late 1980s (Fig. 6). Such a
gradual increase along the river could be linked to urban (sewage,
traffic runoff, oils, and greases of engines), mining, and industrial
emissions (plating, steel, batteries, and pigments) dispersed from the
Lyon conurbation. A similar hypothesis was raised to explain the con-
tamination of the Vidy Bay in the 1960s, exposed to the release of
wastewaters from Lausanne (Switzerland; cf. Gascon Diez et al., 2017;
Wildi et al., 2004). Zinc, as well as copper and lead, is present in
significant amounts in rural areas due to spreading and surface runoff
on highways (metals derived from guard rail erosion or from the
wearing of tires and brake shoes), and industrial areas (Gasperi et al.,
2014; Legret and Pagotto, 2006). Their diffusion through SPM from the
Rhone to its delta was highlighted by Radakovitch et al. (2008), Ollivier
et al. (2011), and recently detailed by Delile et al. (In Press) during
flood events.

The Rhone pattern for Zn was consistent with the sediment archives
from the industrial and urban corridor of the Rhine within 1955-1990
(Fig. 6). However the maximal Zn contamination occurred earlier
(1950s-1960s) on the Thames, Seine, and Loire rivers (Dhivert et al.,
2015; Le Cloarec et al., 2011; Vane et al., 2020), mostly due to releases
from mixing metal factories before the deindustrialisation. Finally,
current median values of Igeoz, are lower on the Rhéone (< 0) than in
other Western European rivers (Seine: 0-3) and suggest a relatively
quick recovery of the sediment quality on the Rhone (ca. 8-20 years),
probably due to its high sediment transport (Figs. 5 and 6).

4.1.5. Lead (Pb)

After a high geo-accumulation of Pb since the mid-1990s, our model
highlighted a decreasing trend well marked in the Lower Rhone (Figs. 5
and 6). This trend differs mostly from the Seine, the Rhine, or the Loire
patterns (Grosbois et al., 2012; Heise and Forstner, 2006; Meybeck
et al., 2007; Wessels et al., 1995). In these rivers, geo-accumulations
from upstream to downstream culminated during the 1950-1970s
(Fig. 6), mainly driven by leaded gasoline combustion (Pb was used for
its anti-knocking power in gasoline; Pacyna et al., 2009). The most
likely explication is that the Rhone sediments recorded a mix of various
industrial releases from its watershed, less influenced by atmospheric
emissions of gasoline derived-Pb than other contexts (Monna et al.,
1999). The latter work demonstrated that Pb derived from industrial/
domestic emissions was predominant in the Geneva Lake in the
1980s-1990s, with a lower contribution from leaded gasoline. This
hypothesis is suitable for the Middle Rhéne Valley, where coal burning,
smelters, and metal manufacturing facilities were significant in the
Azergues, Gier, or Ardéche basins (Bourg, 2013). Interestingly, at the
Rhone river mouth, Cossa et al. (2018) demonstrated that the industrial
Pb from the Rhone highly accumulated in the Gulf of Lion canyons at
the same period, and impacted the Western Mediterranean Sea (due to
east-west drifting). Sediment pollution by industrial Pb was also re-
ported in other French rivers due to coal burning, metal transformation
(e.g. phosphogypsum), lead battery, cathode-ray tubes manufacturing,
or glassworks, and it significantly increased after the regression of
leaded gasoline (Chiffoleau et al., 2012; Dhivert et al., 2016; Gardes
et al., 2020).

The second typical feature is the rapid lowering of the Igeopy, at the
beginning of the 2000s, especially in the Middle and Lower Rhone
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(Fig. 5). In addition with the successful phasing out of Pb in gasoline
(European Directive 98/70/EC of October 13, 1998), it could be im-
puted to the reduction of Pb in industrial processes at the nationwide
scale (Pb emissions decreased by 97% in France since 1990: EEA,
2019). This short delay (from 1990 to the 2000s) suggests a rapid de-
crease after the regulation and a good recovery compared to POPs, such
as PCBs, that decreased very slowly and reached low ecotoxic levels
only 40 years after their global prohibition (Dendievel et al., 2020a).

4.2. Contribution of metal pollutants to the ecotoxicological risk mixture

The Risk Quotient mixture (RQi,) is based on metals and POPs
(PCBs, BFRs, and OCPs) in order to assess the relative contribution of
each pollutant to the “cocktail effect” on sediment-dwelling organisms
(Fig. 7; see SI-5 for detailed RQ values and PNEC references). The RQyix
distribution, inferred from the dated sediment cores along the Rhone, is
analysed according to four time-periods from (a) 1965-1985, (b)
1985-1995; (c) 1995-2005, to (d) 2005-2015 (Fig. 7). Fig. 7 allows
identifying a first major period (before 2005) dominated by a high risk
of mixture induced by significant metals, and a second phase (since
2005) mainly driven by POPs.

Over the whole period (since 1965), RQix generally increases ac-
cording to an upstream-downstream gradient with a score regularly
exceeding 70 (medium risk of ecotoxicity) in the Upper Rhone, while
RQmix €xceeds 100 at south, especially in the Lower Rhone (high risk at
GEQC). The medium mixture risk estimated in the Upper Rhone is mainly
due to metals, especially Cu which is responsible for ca. 81% of the
predicted cumulative risk. Indeed, Cu is known for its high impact on
reproduction and biomass of benthic fauna alone, or when combined
with other metals (Mahamoud Ahmed et al., 2018). The cumulated risk
of mixture is especially high at MTE between 1975 and 1995 which is
mainly influenced by Cu as demonstrated above (Fig. 3A;
RQmix = 214-230). However, the important organic matter content of
the MTE samples at this time (median = 4.4%) and the ability of Cu to
complex with organic matter decreases its potential ecotoxicity, and
induced a lower bioavailability than estimated by the RQix (cf. Di Toro
et al., 2005). The other elements represent less than 20% of the metal
mixture in the following order (all periods): Ni (9%), Zn (4%), Pb (1%),
Cd (0.4%). High ecotoxicity is estimated for Ni, although it has to be
balanced because Ni is naturally present in the Rhone sediments (geo-
genic or agriculture erosion), and slightly released by the riverine in-
dustries (surface coating mainly). Given the influence of the Massif
Central geology on the Middle Rhone sediments (right bank tribu-
taries), the minor impact of Pb is also surprising because mining and
metallurgical wastes were the most likely Pb-source of fish con-
tamination for a long period in the upstream areas (Monna et al., 2011).

The global RQyx presents an increasing part of POPs from upstream
to downstream (Fig. 7). This risk enhancement downstream of Lyon
shows a change of importance and composition. Indeed, POPs signal
increases from 1 to 7% (ETL and MTE, Upper Rhone) to 10-14% of the
RQmix (BRE, ARS), and reaches 40-87% at GEC (Fig. 7). Such a trend is
also known for other substances such as per- and poly-fluoroalkyl
(Mourier et al., 2019). According to our data (SI-5), the cumulated
ecotoxicity risk is mainly driven by (1) DDT metabolites (DDE and
DDD), (2) Lindane isomers (HCHs), both widely used as biocides in the
floodplain agriculture, and (3) PCBs that remain a major cause of
concern on the Rhéne (Dendievel et al., 2020a). The DDE/DDD ratio
gradually increases in the river cores due to anaerobic degradation
since the maximal use of DDT in the 1970s (Sabatier et al., 2014). These
organic compounds frequently encountered in river and floodplain se-
diments worldwide can cause high toxicity and a rapid death of fishes
and invertebrates, even at low concentrations (Beckvar and Lotufo,
2011).

The mixture risk along the Rhone seems high compared to other
studies, although the risk estimation on river sediment rarely includes
both metals and a wide range of POPs. For instance, the increase of
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biocide concentrations (especially carbendazim and triclosan) along the
Lower Yangtze (China) leads to a high risk in water and sediments in
some locations (Liu et al., 2015b). In addition, the enrichment in Cd, Cr,
and Ni in the same river sediments can produce a significant risk en-
hancement if taken into account (Zhang et al., 2009). Along the Lower
St-Louis River (Minnesota, USA), which has been documented since the
1990s, metals, PCBs, biocides (DDTs and Chlordane) and Polycyclic
Aromatic Hydrocarbons (PAH) increase the mixture risk towards
downstream, in particular nearby superfund sites that greatly impact
the ecosystem’s health (Crane and Hennes, 2007). Another example
from Catalonia (Spain) highlights that the most impacted rivers are
concurrently contaminated by agricultural, urban, and industrial
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Fig. 7. Chronological map of mixture risk estimation since 1965 along the
Rhoéne River (France). The metal data refer to this study, while POPs are from
Mourier et al. (2014: PCBs) and Liber et al. (2019: PBDE 209, DDT, DDE, DDD,
HBCD, HCH, HCB, and Chlordane). Data prior to 1985 for ETL, BRE and GEC
are not plotted due to chronological incertitude (Mourier et al., 2014).
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sources releasing organophosphate, surfactants, and metals (Ni, Cu, Cd,
and Zn) (Carafa et al., 2011). The mixture risk effect could also be
variable such as in the English coastal rivers (Manuel Nicolaus et al.,
2015), or negligible in the Garonne Estuary (metals: Larrose et al.,
2010), certainly due to sorption processes and organic matter de-
gradation, reducing the estimation of the impact from industrial inputs
in sediments, while high metal concentrations are found in fauna
(Lanceleur et al., 2011). The latter cases point to the critical and current
need of taking into account metals and POPs together, but also to in-
tegrate physical and socio-environmental parameters to assess the
toxicity of sediments along large and heterogeneous rivers over time
(Beyer et al., 2014; Kortenkamp et al., 2019).

5. Conclusion

This paper aims at reconstructing metal pollution trends along a
large river by combining results from dated cores and subsurface
samples acquired through research and monitoring protocols. Major
issues were raised up due to the heterogeneity of the original dataset
that contains limited grain-size and lithogenic information.

According to our study, both Al and Fe were relevant to normalise
metal concentrations from dated cores, while only Al was grain-size
correlated in background samples. This work identified some metal
sources along the Rhone geographical clusters (GC): (1) the leaching of
Cu from vineyards, (2) the Cd—Cu-Zn prevalence near the Hercynian
Mountains (mining, slope erosion) or after urban/industrial areas, (3)
the impact of industrial Pb on the Lower Rhone, and (4) the influence of
geogenic Cr and Ni for the most recent deposits.

Based on local geochemical backgrounds, metal pollution trends
were assessed by EFs and Igeo. They presented similar variations over
time, but the lack of Al before 2010 resulted in a gap in the EF esti-
mates. Although, the Igeo allows the use of more data to assess pollu-
tion trends. The recovery time to decrease from highly to unpolluted
Igeo classes varied from 10-20 years to 30-40 years along the Rhone
GC. These trends differ from other European rivers due to various
geological, depositional and land-use contexts. Regarding environ-
mental implications, we underlined the high influence of certain metals
(e.g. Cu) in the risk of a cocktail of organic and inorganic contaminants.
Finally, re-using European monitoring data remains challenging and
calls for methodological evolutions to improve the reconstruction of
pollution trajectories along large and heterogeneous rivers.
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