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3722  ABSTRACT

39 23 Delivery of suspended sediment from large rivers to marine environments has
41 24 important environmental impacts on coastal zones. In France, the Rhone River
43 25 (catchment area of 98,000 km2) is by far the main supplier of sediment to the
45 26 Mediterranean Sea and its annual solid discharge is largely controlled by flood
47 27 events. This study investigates the relevance of alternative and original
48 28 fingerprinting techniques based on the relative abundances of a series of
50 29  radionuclides measured routinely at the Rhone River outlet to quantify the relative
52 30 contribution of sediment supplied by the main tributaries during floods. Floods
54 31 were classified according to the relative contribution of the main subcatchments
56 32 (i.e., Oceanic, Cevenol, extensive Mediterranean and generalised). Between 2000
5g 33 and 2012, 221 samples of suspended sediment were collected at the outlet and

28 34 were shown to be representative of all flood types that occurred during the last
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decade. Three geogenic radionuclides (i.e., 2*®U, 2Th and “°K) were used as
fingerprints in a multivariate mixing model in order to estimate the relative
contribution of the main subcatchment sources - characterised by different
lithologies - in sediment samples collected at the outlet. Results showed that total
sediment supply originating from Pre-Alpine, Upstream, and Cevenol sources
amounted to 10, 7 and 2.10° tons, respectively. These results highlight the role of
Pre-Alpine tributaries as the main sediment supplier (53 %) to the Rhone River
during floods. Other fingerprinting approaches based on artificial radionuclide
activity ratios (i.e., ’Cs/?**py and 2®Pu/******%pu) were tested and provided a
way to quantify sediment remobilisation or the relative contributions of the
southern tributaries. In future, fingerprinting methods based on natural
radionuclides should be further applied to catchments with heterogeneous
lithologies. Methods based on artificial radionuclides should be further applied to
catchments characterised by heterogeneous post-Chernobyl *’Cs deposition or by

specific releases of radioactive effluents.

1 Introduction
Delivery of suspended sediments from large rivers to marine environments has

important environmental impacts on coastal zones, where it modifies water
quality, estuarine geomorphology and biogeochemical cycles (Syvitski et al. 2005;
Meybeck and Vorosmarty 2005; Meybeck et al. 2007; Durrieu de Madron et al.
2011). Furthermore, the quality of riverine suspended sediment is impacted by
human activities in the river catchment, and sediments may transport various
particle-reactive contaminants from their sources within the catchment and convey
them into marine environments (Durrieu de Madron et al. 2011; Fohrer and
Chicharo 2011).

The magnitude of this impact is controlled by the sediment discharge of rivers that
is strongly variable throughout time (Meybeck et al. 2003). In France, the Rhone
River is by far the main supplier of sediment to the marine environment (Delmas et
al. 2012).

The Rhone River supplies almost two-thirds of the total river discharge into the
western Mediterranean Sea (Ludwig et al. 2009), delivering together with the Po
River the most important input of suspended sediment to the Mediterranean Sea

(Syvitski and Kettner 2007). It delivers more than 80 % of the particulate inputs to
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the Gulf of Lions (Raimbault and Durrieu de Madron 2003) and exerts thereby a
major ecological influence by enhancing primary productivity (Bosc et al. 2004).

In the Rhone River, export of annual suspended solid loads is concentrated during
floods (Sempéré et al. 2000; Ollivier et al. 2011) with significant inputs from
southern tributaries (Pont et al. 2002). For instance, the large flood that occurred
in December 2003 exported 83 % of the total annual sediment load (Antonelli et
al., 2008; Ollivier et al. 2010). As it covers a large drainage area (98,000 km?2)
characterized by strong variations in climate and geological conditions, the relative
contribution of the main Rhone River tributaries to its sediment discharge may vary
throughout time (Pardé, 1925; Pont et al. 2002; Antonelli et al. 2008). Sediment
conveyed by the Rhone River was documented to contain large concentrations in
contaminants, such as organic pollutants (Sicre et al., 2008; Desmet et al. 2012;
Mourier et al. 2014) and metals (Radakovitch et al. 2008). In addition, the Rhone
valley represents Europe’s largest concentration of nuclear power plants, and the
river receives radioactive liquid effluents originating from four nuclear plants and a
spent fuel reprocessing plant currently under dismantlement. As a consequence,
sedimentary archives were shown to reflect significant enrichments in artificial
radionuclides in the lower Rhone River sections (Ferrand et al. 2012). It is
therefore crucial to better constrain those sources as marine sediments have the
capacity to store these contaminants in continental shelf areas and in abyssal
plains (Charmasson et al. 1998; Radakovitch et al. 1999; Lee et al. 2003; Garcia-
Orellana et al. 2009).

In this context, quantifying the sources supplying sediments to the Rhone River and
eventually to the Mediterranean Sea represents a crucial prerequisite for better
understanding the riverine transfer and its potential role in global biogeochemical
cycles, and for implementing effective control strategies to improve water and
sediment quality (Walling and Collins 2008). The relative contribution of sediments
originating from the main tributaries during the floods recorded in the lower
sections of the Rhone River was shown to reflect lithological differences and to
imprint the geochemical and mineralogical properties of the main upstream
sediment sources (Pont et al. 2002; Ollivier et al. 2010; Zebracki et al. 2013a). We
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therefore propose to use these sediment characteristics to fingerprint the origin of

sediment transported in the lower Rhone River.

Exports of suspended sediments from the Rhone River have been continuously
monitored since 2000 at the Rhone River Observatory Station in Arles (SORA), which
is located 40 km upstream of its mouth. Furthermore, the suspended sediment
content in natural and artificial radionuclides has been continuously analysed in

the framework of legal radioecological surveillance (Eyrolle et al., 2012).

This study therefore proposes to provide alternative and original fingerprinting
techniques based on radionuclide properties measured routinely to quantify the
proportion of sediments supplied by the different tributaries to the Rhone River
outlet during floods. Variations in geogenic 2®U, %2Th and “K radionuclide
activities may reflect the contribution of source areas with different lithologies
(Olley et al. 1993; Yeager and Santschi 2003). In addition, among artificial
radionuclides, spatial variations in '*’Cs and plutonium isotope activities (i.e., 2**Pu
and 22°Py) may provide powerful tracers of the sediment origin. During Rhone
River floods, '*’Cs was shown to originate mainly from erosion of the soils
contaminated by global atmospheric fallout and Chernobyl accident (Antonelli et
al. 2008), and to display an East-West decreasing gradient of contamination across
the catchment (Renaud et al. 2003; Roussel-Debel et al. 2007). In contrast, and in
the particular case of the lower Rhone River, Pu isotopes may either originate from
erosion of the catchment soils contaminated by global atmospheric fallout or from
remobilisation of sediment labeled by liquid effluents released by the Marcoule
spent fuel reprocessing plant (from 1960s and decommissioned since 1997).

A method based on Z®pu/®%?%py activity ratio (PuAR) measurements was
developed to estimate the fraction of the Pu isotopes that originated from the
Rhone River in marine deposits (Thomas 1997; Lansard et al. 2007). This method
was applied to distinguish between Pu supply through soil erosion across the Rhone
catchment and remobilisation of sediment stored in the river channel downstream
of Marcoule, and to quantify their relative contribution to Pu fluxes recorded at
Arles (Rolland 2006; Eyrolle et al. 2012).



After identifying the origin of floods, fingerprinting techniques presented above
were applied to quantify the relative contribution of the main sources delivering
sediments to the Rhone River, based on the continuous measurement of natural
and artificial radionuclides. They were applied to suspended sediments collected at
Arles outlet (SORA observatory station) between October 2000 and June 2012.

2 Study area
The Rhone River basin area consists of four mountainous subcatchments, i.e., Alps,

Jura, Cevennes/Massif Central, and Vosges. In the northern part of the basin, the
Jura and Vosges mountains (drained by the Saone River) are mainly calcareous.
When moving to the South and to the East, the Alpine mountains (drained by the
Upper Rhone, Isere and Durance rivers) mostly consist of sedimentary rocks and of
siliceous crystalline and metamorphic rocks. Finally, in the southwestern part of
the basin, crystalline siliceous rocks dominate in the Cevennes Mountains (drained
by the Ardeche, Ceze and Gard rivers). Details on those geological substrate
variations are given in Ollivier et al. 2010 and Ollivier et al. 2011. In addition to
this geological heterogeneity, the Rhone basin is exposed to a wide variety of
climate conditions (Pont et al. 2002). The tributaries of the Rhone are used to be
organized in three main groups characterised by distinct hydrographic features
(Figure 1): northern tributaries (Ain, Fier, Isere, Saone rivers) and southern
tributaries, which may in turn be distinguished as Cevenol tributaries (Eyrieux,
Ardeche, Ceze, Gard rivers) and southern Pre-Alpine tributaries (Durance, Drome,
Aigues, and Ouveze rivers).

Forty kilometres upstream of its mouth the Rhone River subdivides into the Grand
Rhone River and the Petit Rhone River, and flows into a delta of 1 500 km? (Figure
1). The sampling station in Arles is located on the Grand Rhone River, which drains
about 90 % of the water discharge. The SORA observatory in Arles is an automatic
sampling station operated by the French Institute for Radioprotection and Nuclear
Safety (IRSN/LERCM).

At the Beaucaire gauging station (i.e., 8 km upstream of the Rhone difluence, and
14 km upstream of the SORA sampling station in Arles), the Rhone mean annual
discharge was about 1,700 m3.s" for the period 1920-2012, while the annual
suspended solid load varied from 1.2 to 19.7 Mt.yr' for the period 1961-1996
(Antonelli 2002; Pont et al. 2002). River discharges associated with the 1-yr, 2-yr,



10-yr, and 100-yr return periods amount to 4,000, 5,000, 8,400 and 11,200 m*.s™,

respectively.

3 Materials and methods
3.1 Flood classification

Based on the previous description of the flood types (Parde 1925), four types of
climatological regimes are distinguished (Figure 1):

(1) Oceanic floods generally occurring in winter and resulting from rainfall in
the northern part of the basin (Fier, Ain, Isere, Saone rivers);

(2) Cevenol floods occurring mainly in autumn and resulting from flash-flood
type storms affecting the southwestern tributaries of the Rhone River
(Ardeche, Ceze, Gard, Eyrieux rivers);

(3) Extensive Mediterranean floods resulting from precipitations affecting the
right bank area of the river (Cevenol tributaries listed above) and the sub-
Alpine tributaries located on the left bank of the Rhone River (Durance,
Ouveze West Bank, Aigues rivers as well as to a lesser extent the Drome
River);

(4) Generalized floods mostly occurring in autumn and affecting both northern
and southern tributaries.

During the period 2000-2012, water discharge data recorded at Arles gauging
station and downstream of the twelve tributaries mentioned above were provided
by the Compagnie Nationale du Rhéne (CNR).

Flood classification was performed by comparing the rise in water discharge
registered at the Rhone River monitoring station during sampling to the
hydrographs of the relevant upstream tributaries (according to the method
described by Pont et al. 2002, Rolland 2006, and Antonelli et al. 2008).

Flood classification was refined by considering the mean maximal daily water
discharge recorded during floods (Zebracki et al. 2013b) to discriminate between
small-scale floods (3,000-4,000 m’.s™"), intermediate floods (4,000-5,000 m?.s™),
large-scale floods (5,000-9,000 m*.s™'), and exceptional floods (> 9,000 m*.s™).

3.2 Suspended sediment sampling procedures during flood events

3.2.1 Particle-associated radionuclides
Sampling procedures during periods of high water discharge (> 3,000 m*.s™) are

detailed in Eyrolle et al. 2012. Briefly, since 2005, 5 L water samples were



collected every 20 minutes and directly filtered onto 0.5 pm Milligard® cellulose
acetate cartridges. The filter clogging was continuously monitored, so that the
filtration was stopped when 50 % of clogging was achieved or after 8 hours.
Subsequent water samples were then collected on successive filters, which were
analysed separately. Before 2005, samples were manually collected during floods.

Additional suspended sediment samples were obtained either after filtering river
water through Milligard® cartridges or by decanting suspended matter contained in

at least 120 L river water samples.

3.2.2 Suspended sediment load
Sampling procedures during periods of high water discharge (> 3,000 m*.s™") are

detailed in Eyrolle et al. 2012. In summary, six suspended sediment samples were
collected daily to improve flood monitoring by collecting 150 mL every 30 min.
Before 2005, samples consisted of manual collection of river water at hourly time
step.

The suspended sediment load exported during floods was calculated from river

discharge and suspended sediment concentration records.

3.3 Radionuclide analyses on suspended sediment collected at Arles station

3.3.1 Gamma emitters
For gamma spectrometry analyses suspended sediment samples were ashed and put

into tightly closed plastic boxes for gamma counting (20-60 g) using low-background
and high resolution Germanium Hyper pure detectors at the IRSN/LMRE laboratory
in Orsay (Bouisset and Calmet 1997). For each sample, up to 29 gamma-emitting
radionuclides (both natural and artificial) were determined. Time between
sampling and analysis varied between 29 and 333 days, with a mean of 77 d.

In this study, we restricted the analysis to measurements of “°K, 2*’Th, 2*®U (natural
radionuclides) and "*’Cs (artificial radionuclide). Due to their long-term radioactive
decay, the activities in 2**Th and 23U were estimated by measuring the contents of
their short-lived filiation products, i.e., 22Ac and 2“Th respectively, and assuming
secular equilibrium within the corresponding radioactive decay series. The use of
228)c as a proxy to estimate *?Th content in sediment relies on the assumption that
228Ra is not preferentially remobilised in the riverine system.

Efficiency calibrations were constructed using gamma-ray sources in a 1.15 g.cm™

density solid resin-water equivalent matrix. Activity results were corrected for true
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coincidence summing and self-absorption effects (Lefévre et al. 2003). Measured
activities, expressed in Bqg.kg”' dry weight, are decay-corrected to the date of
sampling. The activity uncertainty was estimated as the combination of calibration
uncertainties, counting statistics, and summing and self-absorption correction

uncertainties.

3.3.2 Alpha emitters
When available sample amount was sufficient (i.e., 50-200 g of dry matter),

analyses of plutonium isotopes (**®Pu and 2°***°Pu) were performed by alpha
spectrometry at IRSN/LMRE (Goutelard et al. 1998; Lansard et al. 2007). In brief,
ashed samples were leached with nitric acid, co-precipitated and purified using
exchange resins before electro-deposition, and then counted on low background
PIPS® detectors for up to 14 days. The detection limit for the analytical procedure

was 1 mBq for both 2**Pu and *°***°py.

3.4 Sediment sources natural radionuclides ***U, ?**Th and °K contents
Based on the signatures of different lithological sources previously described for

the Rhone River basin (Pont et al., 2002; Ollivier et al., 2010), we identified three
main contrasting source areas, i.e., “Upstream”, “Pre-Alpine”, and “Cevenol”
sediment sources, corresponding to (1) the northern part of the Rhone basin
(mainly calcareous), (2) the southern-left bank of the river (sedimentary rocks),
and (3) the southern-right bank area (crystalline siliceous rocks).

Natural radionuclide contents in these three sediment sources were assessed based
on a set of available fine-grained sediment samples (Figure 1). Radionuclide
composition of the southern-right bank source was measured in suspended material
transported during flood events recorded on the Ardeche, Ceze and Gard Rivers in
December 2003 (Rolland 2006), November 2011 and November 2012. Radionuclide
composition of the southern-left bank originating sediment was measured on the
sediment core layers that were estimated to have deposited between 2000 and
2009 at the outlet of the Bleone River, i.e., the main tributary of the Durance River
(Navratil et al., 2012. Radionuclide properties of the third sediment source area,
i.e., the upstream tributaries flowing into the Rhone River upstream of the Cevenol
tributaries, were assessed by using a sediment core collected in 2011 in the so-
called “Grange Ecrasee” secondary channel of the Rhone River, ca. 15 km upstream

of its confluence with the southern tributaries (Mourier et al. 2014). Sediment core
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layers were collected in low water flow conditions that allowed for sediment
deposition. The collected sediment was characterised by the dominance of silt- and
clay-sized material (i.e. < 63 pm; 80 % of material in the Bleone River core, and
73 % in the Grange Ecrasee core). Unfortunately, grain size composition of
suspended sediment collected in the framework of continuous radiological
monitoring was not measured routinely, but available measurements show that this
material is fine-grained and that the clay and silt fractions are dominant (Antonelli
et al. 2008). Direct comparison of radionuclide activities measured in both
subcatchment source material and in riverine suspended sediment was therefore

considered to be relevant and meaningful (e.g., Navratil et al. 2012).

3.5 Fingerprinting the sources delivering suspended sediment to the Lower Rhone River

3.5.1 Based on natural radionuclides 22‘SU, 22Th and K
The natural radionuclide composition in 28U, 2*2Th and “)K of the three sediment

sources (i.e., Upstream, Cevenol, Pre-Alpine) was assessed based on radionuclide
measurements in sediments representative of each subcatchment source. The
ability of these geogenic fingerprints to discriminate between the potential
sediment sources was assessed by conducting a range test (i.e., radionuclide
activities of suspended sediments discharged at the outlet of the Rhone River were
comprised in the range of values defined by those of the three sediment sources),
and by a non-parametric Kruskal-Wallis H-test (Collins and Walling 2002). The set
of the three geogenic radionuclides 2*U, #**Th and “K successfully passed the
Kruskal-Wallis H-test. By performing a stepwise selection procedure, the
combination of the three geogenic radionuclides provided a good discrimination of
the different sources as they were associated with low Wilk’s lambda values. A
multivariate mixing model was then used to estimate the relative contribution of
the potential sediment sources in each outlet sediment sample. By assuming a
normal distribution for each fingerprinting property and source, a series of 10,000
random positive numbers was generated from these distributions and used to
estimate the relative contribution of the potential sources in the sediment
samples. The robustness of the source ascription solutions were assessed using a
mean “goodness of fit” (GOF) index (Motha et al. 2003). Only the sets of simulated
random numbers that obtained a GOF index value higher than 0.80 were used in

the subsequent steps. The use of the Monte Carlo method allowed the calculation
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of 95 % confidence intervals. The outputs of the mixing model appeared to be very
stable, all outputs being very close (and systematically within a range of + 2 %) to
their mean value. It was therefore decided to present only those mean values in
the remainder of the text.

A detailed description of these procedures is provided in Evrard et al. (2011) and
Haddadchi et al. (2013).

137 238 239+240
Cs, Pu

3.5.2 Based on artificial radionuclides Pu and

3.5.2.1 238py/®%*240py Activity ratio (Pu AR)
From analyses performed on French riverine sediments collected between 2003 and

2005, the 2®pu/®**%py activity ratio (Pu AR) characterizing the global
atmospheric fallout was estimated to 0.036+0.006 (Eyrolle et al. 2008), whereas
the Marcoule radioactive liquid releases are characterized by a theoretical constant
Pu AR of 0.3 (Lansard et al. 2007). Within the river section located downstream of
Marcoule and assuming that no direct release of Pu occurs when water discharge
exceeds 4,000 m3.s" (Rolland 2006), Pu isotope contents in suspended sediment
result from the mixed contribution of erosion of soils of the Rhone catchment and
remobilisation of sediment deposits labeled by the Marcoule radioactive releases.
At the monitoring station in Arles, based on activity measurements in 2*®Pu and
29py of suspended sediment, samples display Pu AR values corresponding to the
mixing of both sources (Eq. 2):

238 238 238
Pug,, . Ppirconie ¥ PUcucnment (2)

239+240 = 2394240 239+240
Puge P pcone + Py ctment

The fractions of the total Pu isotopes that were discharged at Arles and the ones
that were derived from sediment remobilisation (*®*Puses and 2°*%Pug.q, in

percentage) are quantified using the following relationships (Eq. 3 and 4):

2394240 Pug,, = P uARSHmple — PuAR s pmem %100 (3)
P uARMarcuu/e -P uARCutchment
238 2394240 PuAR, 1ycoute (4)
Pug,,= Pug,, x

PuAR

Sample

The uncertainty associated with each contribution was constrained by the standard

analytical deviation.

3.5.2.2 "¥7Cs/B%* 2%y Activity ratio (Cs/Pu AR)
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3.5.2.2.1 Cs/Pu AR in soils of the Rhone basin
The "*’Cs contained in soils of the Rhone catchment originates from both the global

atmospheric fallout (nuclear weapons testing from 1945 to the beginning of 1980s)
and Chernobyl accident (1986). In contrast 2****Pu in the soils of the Rhone
catchment was exclusively supplied by the global atmospheric fallout as no
additional plutonium supply was detected in the environment in France after
Chernobyl accident (Renaud et al. 2007).

Total theoretical atmospheric deposition of "*’Cs on soils was previously mapped at
the scale of France by using two empirical relationships (Roussel-Debet et
al. 2007): the first one linking the mean annual amount of rainfall and the
cumulative deposition from 1945 to 1982 for fallout supplied by the atmospheric
nuclear weapon tests (Mitchell et al. 1990), and the second one associating the
activity levels measured in soils with the daily rainfall recorded just after
Chernobyl accident (Renaud et al. 2003).

Based on the ¥'Cs/%°"*%py activity ratio characteristic of the global atmospheric
fallout (e.g., Masson et al. 2010), and the available cartography of *’Cs deposition
(Roussel-Debet et al. 2007), the spatial distribution of "*’Cs/?**?*°Puy activity ratio
(Cs/Pu AR) was mapped at the scale of the Rhone basin and decay-corrected to
1/1/2010.

Although radiocaesium and plutonium are chemically dissimilar elements, it has
been shown that "*’Cs and *°***Pu originating from atmospheric fallout remained
fixed together in soils over decades, suggesting the absence of geochemical
fractionation (Hodge et al. 1996).

Based on values found in the literature, the theoretical Cs/Pu AR in the Rhone
basin was decay-corrected in order to match with the study period (2000-2012) and
displayed values within the range of 27-42 (Hodge et al. 1996; Cochran et al. 2000;
Le Roux et al. 2010).

The mean Cs/Pu AR was then calculated for each subcatchment of the Rhone basin.
Deviation in this theoretical Cs/Pu AR indicates the supply of additional
radionuclide contamination by other sources than the bomb fallout (Hodge et al.
1996; Turner et al. 2003; Antovic et al. 2012). In the Rhone basin, this additional
source originates from the Chernobyl fallout.

3.5.2.2.2 Cs/Pu AR in suspended sediments of the lower Rhone River




In suspended sediment exported at the outlet of Rhone River, *’Cs and 2* ***°py
originate from two sources: the erosion of Rhone catchment soils and the liquid
radioactive releases from nuclear industries (the Marcoule spent fuel reprocessing
plant for 2°***py and *’Cs, and nuclear power plants for '*’Cs).

The contribution from waste facilities originates either from direct releases or from
sediment remobilisation processes. Releases from nuclear industries are submitted
to authorisation and liquid discharges are not allowed during periods of high water
discharge (threshold of 4,000 m®.s™" at Arles gauging station [Rolland 2006]).

Contrary to 2Pu/?*****py, no specific signature in '*’Cs/»%?**Pu of radioactive
liquid releases has been identified so far. Among the nuclear facilities, the
potential source of Pu is unique (Marcoule reprocessing plant), whereas there are
potentially various sources of "*’Cs. Based on annual data chronicles of "*’Cs and
239+290py released in the Rhone River between 1963 and 2003 (Eyrolle et al. 2005),
the Cs/Pu AR was assessed in order to characterise the Marcoule reprocessing plant

signature.

The "*7Cs/®%*2%Py activity ratio in sediments may be affected by the different
geochemical behaviour of both elements and by their various sediment-water
distribution coefficients (Kg4). However, it was shown that both artificial
radionuclides were strongly fixed to particles in freshwater environments (Cochran
et al. 2000; Le Cloarec et al. 2007). Our interpretations of the Cs/Pu AR variations
therefore relied on the hypothesis that both elements displayed a similar behaviour

in this environment and that they were strongly particle-reactive.

The uncertainty associated with *’Cs/?%*%Py values was calculated based on the

standard analytical deviation.

3.5.3 Coupling artificial and natural radionuclides methods
The three potential sediment sources that were discriminated by the fingerprinting

method based on natural radionuclides were also characterised by their Cs/Pu AR.
By coupling the Cs/Pu AR characteristics to the relative contribution of sediment
sources that resulted from the fingerprinting method based on natural

radionuclides, we calculated the expected values of Cs/Pu AR (Cs/Pu AR exp) and



396
1
5 397

4

5 398

6 399
8 400
9

10 401

11

12 402

13

14 403

15

I 404

17 405

18

19 406

21 407

22

23 408

24

o5 409

26

57 410

28 411

29

30 412

31

32413

33

34 414

35

26 415

37

28 416

39

20 417

41 418

42

43 419

45 420
46

47

e 421
oo 422
51 423
53 424
54

55 425
56

57 426
58

59 427
60
61
62
63

64
65

compared them to the calculated values of Cs/Pu AR resulting from radionuclide

measurements in suspended sediments (Cs/Pu AR SS).

4 Results and discussion

4.1 Sample collection and flood classification
Between October 2000 and June 2012, 221 samples were collected during floods at

Arles. Those suspended sediment samples were taken during 37 flood events and
document 85 % of the floods that were recorded at Arles station during this period
(Supplementary information Figure S1). During this study, floods were dominated
by the occurrence of small-scale floods (76 %), followed in decreasing importance
order by intermediate floods (11 %), large floods (8 %) and exceptional floods (5 %)
corresponding to two flood events that occurred during autumn in 2002 and during
winter in 2003.

All floods that occurred in the lower section of the Rhone River could be classified
according to the proposed scheme (Table 1) with the exception of two floods that
occurred in 2010 (September and March). Both floods were characterised by a
relatively low maximum 1-h water discharge (< 3,100 m®.s") with no clear
evolution throughout time. However, the number of suspended sediment samples
collected during both floods (i.e.< 3 % of the total) is negligible compared to the
entire dataset available. Unclassified suspended sediment samples were therefore
removed from further analysis.

Generalised, Oceanic, Cevenol and extensive Mediterranean floods were
documented by 40, 23, 23 and 11 % of the samples, respectively. All the flood types
were well represented in the compiled database. This database is therefore
representative of the entire range of flood types that occurred during the last

decade.

4.2 Fingerprinting based on natural radionuclides

4.2.1 Activities in?3®U, 232Th, “°K and sediment source characteristics
Activities in 28U, 2Th and “K of suspended sediment collected in the lower Rhone

River show that they were influenced by the flood type (Figure 2). When comparing
28y, B2Th and “K activities in suspended sediment according to the flood type,
Cevenol events displayed the highest median values of all parameters suggesting a

specific signature of southwestern tributaries (Figure 2).



Cevenol floods display a geogenic radionuclide signature distinct from the other
floods. This difference could not only be due to specific lithological characteristics
but also to preferential conditions of sediment transport, as these floods display
typical flash-flood characteristics and their source area is located at a shorter

distance from the outlet sampling station.

The difference observed in 28U, 22Th and “°K activities among the three sediment
sources provided a sound physico-chemical basis to discriminate between their
respective contributions at the Rhone River basin scale (Table 2, Supplementary
information Tables S1, S2 and S3). As expected, the Cevenol granitic sediment
source displayed the most enriched composition in all three natural radionuclides,
whereas their activities were the lowest in calcareous Pre-Alpine sources. The
larger variations associated with parameters characterising the Cevenol source can

be attributed to the larger spatial heterogeneity of this potential sediment source.

4.2.2 Sediment source contribution
The contribution of each sediment source, i.e., Upstream, Cevenol and Pre-Alpine,

to suspended sediment conveyed during floods in the Lower Rhone River is
displayed in Figure 3.

Cevenol floods were characterised by the highest interquartile range (i.e.
difference between the third and first quartiles; Figure 3b), reflecting the highest
temporal variability of sediment supply during these typical “flash-flood” events.
The mean contribution of sediment from Upstream, Pre-Alpine and Cevenol sources
amounted to 31 %, 30 % and 39 % of the total sediment input to the outlet,
respectively (Figure 3b). Although Cevenol floods were of relatively short duration
(from a few hours to a few days), they supplied an equivalent amount of sediment
as the two other sources to the outlet at a decadal timescale.

During extensive Mediterranean, Oceanic and generalised floods (Figure 3acd), Pre-
Alpine and Upstream inputs supplied a mean of 38-53 % and 36-39 % of the total
Rhone sediment export, and were therefore the main sediment contributors.

When comparing Oceanic floods with other flood types (Figure 3), we may have
expected a significantly larger contribution of Upstream sediment. However, this
was not observed, suggesting that material eroded in the northern part of the

catchment may not reach the outlet (at Arles) rapidly enough to imprint its



signature on material conveyed downstream. Contrary to Cevenol floods, Oceanic
floods are characterised by a slow and regular rise in water discharge. Those
specific sediment transport conditions combined with the presence of numerous
dams in this upper catchment part likely resulted in the significant storage of

material in reservoirs (Pont et al. 2002; Ollivier et al. 2010).

4.2.3 Sediment load contribution
Suspended sediment load was determined for all floods documented between 2000

and 2012, with the exception of 4 events (Nov. 2000, March and April 2001, and
Nov. 2004) for which the number of samples was considered not to be sufficient, or
because of the lack of precision in the timing of sample collection. Fourteen
samples (6 % of the entire sample set) were associated with those floods and were
therefore removed from further analysis.

By summing individual sediment loads associated with successive samples, the total
amount of suspended sediment discharged during floods between 2000 and 2012
was estimated to 19.5x10° tons. This amount is underestimated as 30 % of flood
events could not be sampled or were not completely documented by the
monitoring. Furthermore, it should be reminded that the precision of solid flux
estimations is strongly dependent on the sampling of suspended sediment
concentration variations during the floods (Ollivier et al. 2010). The sediment flux
during floods could not be compared with the total sediment export to the sea
during the entire study period, as corresponding data were not available for low
water flow periods. A rough comparison with previous findings outlines the strong
variability of both inter- and intra-annual fluxes of sediment in the Rhone River
(Supplementary information Table S4).

The contribution of suspended sediment originating from each source is
represented in Figure 4a. The sediment supply from Pre-Alpine, Upstream, and
Cevenol sources was estimated to 10, 6.8 and 2.2x10° tons, respectively. The
sediment inputs from southern tributaries (i.e., Pre-Alpine and Cevenol) accounted
for 65 % of the total particulate flux, which is close to the results reported by Pont
et al. 2002 (i.e., 72 %, Supplementary information Table S4). Our results further
highlight the dominant role of Pre-Alpine tributaries (and especially the Durance

River) as the main sediment supply (53 %) to the Rhone during floods.
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During generalised, extensive Mediterranean, Cevenol and Oceanic floods,
sediment export was estimated to 11, 6.4, 1.4 and 0.7x10° tons of sediment,
respectively (Figure 4b). Generalised and extensive Mediterranean floods thereby

deliver the bulk of the Rhone sediment to the sea (87 % of the total sediment

supply).

4.3 Fingerprinting based on artificial radionuclides

4.3.1 Activity ratio 2*Pu/*****°py
During floods, the calculated Pu AR activity ratio exceeded systematically the

reference value in the catchment soils (i.e., 0.036+0.006, see Table 3). This
reflects the continuous occurrence of remobilisation of Marcoule-labeled sediment
and confirms that sediment remobilisation provides a significant secondary source
of Pu to the Rhone River prodelta (Miralles et al. 2004; Eyrolle et al. 2006; Lansard
et al. 2007) and the offshore zone (Garcia-Orellana et al. 2009; Dufois et al. 2014).

At a given date, the contribution of **®Pu originating from remobilised sediment
was systematically higher than the 2****pu fraction (Table 3). In most cases,
sediment remobilisation was shown to act as the primary source of “*Pu in
suspended sediment discharged by the Rhone River, whereas soil erosion in the
Rhone catchment provided the dominant source of *****°Pu. The enrichment of
sediment in 2*®Pu compared to 2Py is therefore a consequence of mixing
between sediment labeled by nuclear effluent releases into the Rhone River and
erosion of soil material from the catchment (Eyrolle et al. 2004).

The highest contribution of Pu-labeled sediment remobilisation occurred during
floods characterised by the highest water discharges (82-88 % for *®Pu and 36-47 %
for 2%2%Ppy on 11/26/2002, 12/02/2003 and 12/03/2003, Table 3). The
contribution of remobilised sediment is controlled by specific physical properties of
sediment during reworking processes, such as critical shear stress (Lau and Droppo
2000; Gerbersdorf et al. 2007), which can be enhanced with increasing water
discharge.

However, high contributions (> 70 % for 2*®Pu) of Pu-labeled remobilised sediment
were also recorded during intermediate floods, suggesting that water discharge is
not the single factor controlling sediment remobilisation. The proportion of Pu

derived from the remobilisation of sediment is also controlled by the flush of



temporarily stored sediment and the heterogeneous labelling of sediment by Pu
(Eyrolle et al. 2012).

At a given discharge, the fraction of remobilised sediment enriched in Pu displays a
large inter- and intra-flood variability, suggesting the lack of control achieved by
the suspended sediment origin and the flood type (Table 3). For example, at
discharges comprised between 4,000 and 4,100 m®.s™, the fraction of remobilised
sediment varies by a factor of 2 between two Cevenol floods in November 2008 and
2011. At -5,300 m’.s", the remobilised sediment fraction varies by a similar factor
between generalised and Cevenol floods that occurred in November 2002 and 2008.
The fractions of Pu-labeled remobilised sediment reached minimum values during
the flood of May 2008 (4-5 % for 2**Pu, Table 3), indicating an unusual supply of Pu-
depleted sediment that was attributed to simultaneous dam releases that occurred
upstream of Marcoule reprocessing plant and that likely supplied material depleted

in plutonium (Eyrolle et al. 2012).

Although sediment reworking occurs routinely and a substantial decrease of
Marcoule plutonium releases was documented after 1997 (Eyrolle et al. 2005), we
could not observe any significant decreasing trend in Pu AR evolution between 2000
and 2011, suggesting that the stock of Pu-labeled sediment may not have
decreased significantly at a decadal timescale or that Pu releases continued

significantly after 1997.

4.3.2 Activity ratio '*'Cs/*******pu
4.3.2.1 In soils

The spatial distribution of '*’Cs/%%*2*%Py activity ratio in soils estimated based on
the theoretical deposition of both radionuclides is heterogeneous across the Rhone
River basin (Figure 5).

The mean Cs/Pu AR estimated for each subcatchment was systematically higher
than the ratio characteristic of global atmospheric fallout (i.e., 27-42), reflecting
the additional supply of '*’Cs from Chernobyl accident (Table 4). In the southern
part of the Rhone basin (Figure 5, Table 4), the East-West decreasing gradient of
this ratio clearly indicates that soils drained by Pre-Alpine tributaries (Durance,

Aigues, Ouveze, Drome rivers) were more contaminated by Chernobyl "*’Cs fallout



(Cs/Pu AR between 108-136) than those drained by Cevenol tributaries (Ardeche,
Gard, Ceze river; Cs/Pu AR between 47-56).

4.3.2.2 In suspended sediments

Activities in "*'Cs of suspended sediments varied between 3.0+0.4 and 35+3 Bq.kg
(Supplementary information Table S5). This variability may reflect the difference in
sediment origin, as it was shown that grain size did not significantly influence
activities in "*’Cs of suspended sediment transported during floods at this station
(Antonelli et al. 2008). The mean '*Cs activity for the period 2001-2012 was
estimated to 10+5 Bq.kg™', which is lower although not significantly different from
annual records documenting the “anthropogenic background” of the Rhone basin
(i.e., 14.9:0.4 Bq.kg™ reported by Antonelli et al. 2008, and 15+4 Bq.kg" reported
by Eyrolle et al. 2012).

Contrary to 2®Pu/Z*py, a specific "*’Cs/>**?*Pu activity ratio could not be
attributed to radioactive liquid releases of Marcoule reprocessing plant.
Estimations vary between 24 and 3,727, and this range of values is too broad for
quantifying the specific contribution of these radioactive releases to suspended

sediment.

When plotting 2%2*°%Pu vs. "*’Cs activities in suspended sediment collected during
floods, the obtained positive relationship confirms the contribution of a single
source (i.e., erosion of Rhone catchment soils) supplying both radionuclides to the
lower Rhone River (Figure 6, data are given in Supplementary information Table
S5), and that the contribution of 2%**°Pu originating from the remobilisation of
sediment downstream of Marcoule may be considered to be of minor importance

compared to catchment contribution (Table 3).

Cs/Pu ARs measured in suspended sediment were systematically higher than the
characteristic global atmospheric fallout ratio (i.e., 27-42), reflecting the
additional input of "™Cs from the Chernobyl fallout (Supplementary information
Table S5).



Although 2*°**py and *’Cs activities in suspended sediment conveyed during floods
are correlated (Figure 6), the mean "*’Cs/%%2*py activity ratio slightly differed for
the different flood types. As expected from the mapping of Cs/Pu AR in the
southern part of the Rhone basin, suspended sediment that originated from
Cevenol tributaries displayed the mean lowest Cs/Pu AR (i.e., 54 + 6) whereas
suspended sediment supplied by Pre-Alpine tributaries displayed the mean highest
Cs/Pu AR (i.e., 78 + 10). Sediment exported during generalised floods showed a
higher variability in Cs/Pu AR due to the mix of the various potential sediment
sources at the entire Rhone basin scale (mean Cs/Pu AR equal to 71 + 16). No
specific signature was expected in suspended sediment exported during Oceanic
floods (mean Cs/Pu AR equal to 70 + 17), since Upstream sediment source was
characterised by intermediary Cs/Pu AR values comprised between the signatures
of Cevenol and Pre-Alpine sediment sources.

4.3.3 Expected and calculated Cs/Pu AR in suspended sediment

Based on the theoretical value of '*’Cs/®%?*puy activity ratio in soils of the
different subcatchments (Table 4), each potential sediment source was
characterised by its mean Cs/Pu AR: 132 + 19, 73 + 22 and 51 + 5 for Pre-Alpine,
Upstream and Cevenol sources, respectively. By combining artificial radionuclide
characteristics for these three sediment sources and the contribution of each
sediment source (in percentage) obtained by the fingerprinting method based on
natural radionuclides (see 3.2.2), the expected Cs/Pu AR were estimated in
suspended sediment (Supplementary information Table S5).

All Cs/Pu AR calculated from artificial radionuclide measurements conducted on
suspended sediment (Cs/Pu AR SS) were comprised in the range of variation of
expected Cs/Pu AR (Cs/Pu AR exp). Although values were not significantly
different, the discrepancy between expected and calculated Cs/Pu AR generally
indicated an underestimation of expected values. This observation may be due to
the strong dilution of the initial signature of Cs/Pu AR in soils because of the
occurrence of physical and dynamical processes such as erosion, deposition and
reworking processes during the decades that followed the last "*’Cs inputs in 1986.
Alternatively, this underestimation could be due to contribution of sediment
depleted in artificial radionuclides and supplied by subsurface erosion such as

riverbanks or deep gullies (Ben Slimane et al. 2013; Evrard et al. 2013).



5 Conclusions
This study provided to our knowledge the first attempt to combine the use of a

continuous river monitoring network and sediment fingerprinting based on natural
and artificial radionuclides to quantify the respective contribution of
subcatchments to sediment transported during floods at the outlet of a large river
basin (98,000 km?).

A first fingerprinting method based on measurements of natural radionuclides (**®*U,
Z1Th and “K) allowed the quantification of the relative contribution of each
potential sediment source. The total amount of suspended sediment exported
during floods for the period 2000-2012 was estimated to 19.5x10° tons. Pre-Alpine,
Upstream, and Cevenol sources contributed to 53, 35 and 11 % of the total
sediment supply, respectively. Pre-Alpine tributaries were thereby shown to be
the main sediment supplier to the lower Rhone River during floods. Then, the
results provided by an alternative method based on artificial radionuclide
measurements ('*’Cs/%%*%Puy activity ratio) failed to achieve this objective at the
basin scale, because of the heterogeneous spatial pattern of "*’Cs deposition after
Chernobyl accident that did not coincide with the delineation of the above-
mentioned subcatchment sources. However, it provided a relevant discrimination
between the respective contributions of western and eastern tributaries in the
southern part of the Rhone basin.

In addition, the method based on 2*®Pu/%?***py activity ratio demonstrated the
continuous remobilisation of local Pu-labeled sediment and showed that the stock
of Pu-contaminated sediment in the Lower Rhone River may not have decreased
significantly during the decade that followed the dismantlement of the spent fuel
reprocessing plant. These natural and artificial radionuclide activities may then
further be used to better understand the fate of sediment supplied to the

Mediterranean Sea.

In future, fingerprinting based on natural radionuclides could usefully be applied to
catchments characterized by lithological variations. Furthermore, methods based
on artificial radionuclides measurements ('*’Cs/?%?%Pu activity ratio) may be
applied to catchments characterised by spatial heterogeneous patterns of '*’Cs

deposition.
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Figure caption

Figure 1 : Map of the Rhone River catchment. Location of the river monitoring
sampling station at Arles and sampling sites of sediment representative of each
subcatchment source is indicated. Boundaries of subcatchment areas where the
different flood types are generated are also indicated: Oceanic, Cevenol, extensive
Mediterranean, and Generalised.

Figure 2 : Boxplot of activities in 2*U, *Th and “K, in Bq.kg™, in suspended
sediment collected in the Lower Rhone River according the four flood types: 1
Oceanic, 2 Cevenol, 3 Extensive Mediterranean, 4 Generalised.

Figure 3 : Boxplot of sediment supply contribution (%) of each sediment source
during (a) Oceanic, (b) Cevenol, (c) extensive Mediterranean and (d) generalised
floods.

Figure 4 : Suspended sediment load (in 10° ton) discharged during floods in the
Lower Rhone River between 2001 and 2011 according to the sediment source (a)
and the flood type (b).

Figure 5 : Theoretical activity ratio in '*’Cs/%°***Pu across the Rhone River basin
(values decay-corrected to 1/1/2010).

Figure 6 : Plot of 2%2*Pu vs."3’Cs activities, in Bq.kg™ of dry matter, in suspended
sediment collected in the Lower Rhone River during floods.
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Table 1 : List of investigated flood events, number of collected samples, occurrence of different
flood types: Oceanic, Mediterranean, extensive Mediterranean and generalised. The maximum
hourly (*daily) water discharge value for each flood event is mentioned between brackets.

Table 2 : Mean radionuclide activities, in Bq.kg™ dry weight, measured in representative sediment
source samples collected in each subcatchment.

Table 3 : Activities in 28Pu and 2**%0py, 238pu/23%*240py activity ratio (Pu AR) and Pu isotopes
fractions originating from sediment remobilisation downstream of Marcoule, of suspended sediment
collected during floods at water discharge exceeding 4,000 m*.s™" (when direct radioactive releases
were forbidden).

Table 4 : Theoretical '*Cs/?****°py activity ratio in soils of Rhone River subcatchments.
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Number of Number of

Flood type ¢ 4 events samples Flood occurrences (maximum water discharge, in m3.s™)
2001: Mar(5828*), Apr(3401*); 2004: Jan(3900); 2005: Apr(3726); 2006:
Oceanic 11 51 Mar(2978), Apr(3940,3922); 2007: Mar(3452); 2008: Apr(3473), Sep(3134);
2010: Jun(3122); 2012: Jan(3924)
Cevenol 8 50 2002: Sep(9019), 2006: Oct(3225), Nov(4529); 2008: Oct(4178), Nov(5621);
2009: Feb(4046); 2010: May(3540); 2011: Nov(4057)
Extensive 25  2003: Dec(9757); 2008: Jan(3318), Apr(3449), Dec(4128)
Mediterranean ’ ’ ) ) AP ’
2000: Nov(3888*); 2002: Nov(9100); 2003: Nov(3577); 2004: Oct(4400); 2006:
Generalised 12 89 Dec(3533); 2007: Nov(3302); 2008: May(4310); 2009: Feb(4046), Dec(4401);
2010: Feb(3485), Mar(3670), Dec(3907)
Not defined 2 6 2010: Mar(3012), Sep(2190)
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Sediment source 28 22Th K
Number of samples 12 12 12
Upstream Mean activity, Bq.kg™ 36 37 512
sd(10) 6 4 39
Number of samples 21 21 21
Pre-Alpine Mean activity, Bq.kg™ 25 30 486
sd(10) 4 3 66
Number of samples 11 11 11
Cevenol Mean activity, Bg.kg™ 47 56 674
sd(10) 12 15 87
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sampling time Flood Discharge 38p + 239+240py * PuAr + 8P ¢y 239:240pyy ¢
type m3.s Bg.kg ' dry Bq.kg' dry % %
9/10/2002  11:20 7822 0,0138  0,0020 0,200 0,012 0,069 0,014 54 12
9/10/2002 12:25 Cevenol 7189 0,0112 0,0017 0,190 0,011 0,059 0,013 44 9
9/10/2002 13:30 6493 0,0102 0,0016 0,168 0,010 0,061 0,013 46 9
11/19/2002  15:25 7135 0,0305 00132 0,306 0,025 0,099 0,051 72 24
11/23/2002  12:15 Generalised 5313 0,0097  0,0050 0,208 0,013 0,047 0,027 26 4
11/26/2002  15:55 9172 0,0339 0,0087 0,261 0,022 0,130 0,044 82 36
12/2/2003 16:40 8060 0,0318 0,0037 0,203 o011 0,157 0,027 88 46
12/3/2003 11:05 Extensive 10304 0,0488  0,0056 0,303 0,017 0,161 0,028 88 47
12/4/2003  14:00 Mediterranean 9164 0,0216  0,0029 0,200 0,011 0,108 0,021 76 27
12/5/2003 16:25 4220 0,0062 0,0018 0,124 0,009 0,050 0,019 32 5
11/5/2004 13:10 Generalised 4185 0,0450 0,0060 0,353 0,020 0,127 0,024 82 35
5/31/2008  15:00 Generalised 4281 0,0031 0,0011 0,081 0,007 0,038 0,016 5 0,6
5/31/2008 17:00 4264 0,0030 0,0010 0,079 0,006 0,037 0,015 4 0,5
11/2/2008 17:22 4379 0,0099 0,0021 0,151 0,010 0,066 0,019 51 11
11/2/2008  23:09 5373 0,0142  0,0022 0,195 0,011 0,073 0,015 57 14
11/3/2008 06:47 5228 0,0132 0,0021 0,176 0,010 0,075 0,016 59 15
11/3/2008 14:37 Cevenol 4759 0,0093 0,0017 0,136 0,009 0,068 0,017 54 12
11/3/2008  23:55 4604 0,0113  0,0016 0,137 0,008 0,083 0,017 64 18
11/4/2008  07:51 4233 0,0084  0,0015 0,124 0,009 0,068 0,017 54 12
11/4/2008 15:51 4022 0,0055 0,0012 0,111 0,008 0,049 0,015 30 5
2/7/2009 12:37 Generalised 4777 0,0151 0,0022 0,134 0,009 0,113 0,023 77 29
11/5/2011 11:36 Cevenol 4091 0,0216  0,0021 0,221 0,009 0,097 0,014 72 23
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Part of the Rhone basin Tributary name Mean sd  Min Max
Saone River 88 27 39 222
Northern Is_ere _River 67 35 33 201
Ain River 93 33 48 221
Fier River 44 6 36 66
Aigues River 128 70 53 373
Southern west bank Quveze River 154 80 48 378
Drome River 136 52 59 252
Durance River 108 47 41 358
Gard River 51 10 41 80
Southern right bank Ceze River 47 10 38 99
Ardeche River 56 14 39 118
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