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Radionuclides in waters and suspended sédiments in the Rhone River 

(France) - Current contents, anthropic pressures and trajectories

ABSTRACT

The Rhone River is one of the most nuclearized river in the world. Radionuclide concentrations in water and 

suspended sediments transferred to the marine environment were intensively monitored in this river over the last 

decades (2002-2018). Over this period of time, more than 12 and 25 time integrating samples were collected each 

year in filtered waters and suspended sediments, respectively, and analyzed for their radionuclide contents at 

ultra-trace levels by using top performance analytical tools. While more than 60% of plutonium, americium, 

cesium, cobalt, silver, beryllium and actinium radioisotopes are carried by sedimentary particles, sodium, tritium, 

antimony and strontium are mainly exported as dissolved species (>90%) due to their low affinity with particles. 

Most natural radionuclides contents show low seasonal variation. No significant trends are observed over the last 

two decades for these elements, even for 40K widely used in fertilizers after the middle of the last century, 

indicating that the basin has currently converged towards geochemical equilibrium for all of them. In contrast, the 

concentrations of numerous anthropogenic radionuclides originating from nuclear industries significantly declined 

since the beginning of the 2000s. Assuming no change of the current anthropic and climatic pressures over the 

next decades, apparent periods, i.e. the time required for a reduction by half the concentrations in the 

downstream part of the Rhône River, would be close to 6 years for most artificial radionuclides, except for tritium 

and other artificial radionuclides conveyed to the river by soil leaching and erosion (90Sr, 241Am, plutonium 

isotopes) which would be far longer. Referring to regional referential backgrounds, only few anthropogenic 

radionuclides specifically produced by nuclear industries are still detectable at the downstream part of the Rhone 

River and excess contents of tritium, 238Pu and 241Am are observed in filtered waters.
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1. Introduction

Numerous organic or inorganic contaminants and Chemical parameters were monitored for decades in many river 

systems all over the world. Time series acquired most generally constitute useful tools to assess environmental 

impact from anthropic pressures exerted over time, address pollutant trajectories and forecast modelling (e.g., 

Meybeck et al., 2008; Molle and Wester, 2009; Duan et al., 2018; Ghashghaie et al., 2018). Since the middle of the 

last century when nuclear industries have developed, contents of naturally occurring and anthropogenic 

radionuclides are widely investigated within the various environmental compartments around the world due to 

the radiotoxicity of these elements. Radionuclides display a large range of physico-chemical properties and cannot 

be always directly compared to the behavior and fate of their homologous stable element (Gil-Diaz et al., 2020). 

Time series from high frequency monitoring of radionuclides are regularly reported in the literature for river 

systems (e.g., Palms et al., 2007; Eyrolle et al., 2008; Maringer et al., 2009;) or marine environments (e.g., 

Thompson, 1988; Topçuoglu et al., 2010; Buesseler et al., 2017), giving precious data sets for environmental 

impact and resiliency assessment of hydro systems faced to these contaminant family.

The Rhone River is one of the most nuclearized rivers in the world, with four Nuclear Power Plants (Bugey, Saint- 

Alban, Cruas and Tricastin) and a spent fuel reprocessing center (Marcoule) that has undergone dismantlement 

since 1997. These installations use the Rhone River waters for cooling the reactor and diluting liquid effluents with 

low levels of radioactivity that they produce and discharge in regards of the regulations.

The river is also the receptacle of erosion products from the soils of a watershed covering nearly a fifth of the 

surface area of continental France. Such eroded products contain both radionuclides of natural origin as well as 

radionuclides of anthropogenic origin due to their remanence in soils since the atmospheric fallout of nuclear tests 

and the Chernobyl accident (Leroux, 2007; Eyrolle et al., 2012; Zebracki et al., 2013b).

The Rhone River is a considerable water resource at the inter-regional scale, notably for irrigation and drinking 

water supplies. Lastly, it is one of the major rivers flowing into the Mediterranean Sea and exports the major part 

of freshwater and sediment fluxes provided by continental surfaces in this marine environment (Ludwig et al., 

2009; Panagiotopoulos et al., 2012).
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For almost two decades, the SORA monitoring station (Rhone Observatory Station at Arles), located at the 

downstream part of the Rhone River, collected water and suspended sediments to determine the concentrations 

of numerous gamma, beta and alpha emitting radionuclides. Thanks to samples of large volumes of water and high 

performance metrology capable of analyses at very low levels, SORA allows the detection of a multitude of 

anthropogenic radionuclides now present at trace levels, notably in filtered waters (Antonelli, 2017).

The aim of this article is to (1) make known the current levels of natural and anthropogenic radionuclides in waters 

at the downstream part of the Rhone River, (2) describe the trajectories of these trace elements, i.e. temporal 

trends over the studied period and (3) contrast these data with data sets acquired from surrounding coastal rivers 

preserved from industrial nuclear discharges in order to estimate excess contents and environmental impact.

2. Method Summary

2.1 Samples and samplings

2.1.1 Monitoring station on the lower course of the Rhone River (SORA)

Suspended sediments (SS) and filtered water (FW) samples were collected according to a protocol described by 

Masson et al. (2004). Briefly, outside flood periods, a composite sample (7000 L) resulting from samples (13.5 L) 

taken every 80 minutes is collected over a period of about one month. During flood periods (discharges over 3 000 

m3/s), the composite sample is produced using 5 L samples taken every 60 minutes over 24 hours and directly 

filtered onto 0.5 ^mMilligard® cellulose acetate cartridges. The filter clogging is continuously monitored, so that 

the filtration is stopped when 50% of clogging was achieved or after 8 h. Radionuclide analyses are performed on 

the particulate fraction and on the dissolved fraction (fraction less than 0.5 ^m). Additionally, a Time integrated 

sediment sampler (TISS) continuously collected SS for 1 month for organically bound tritium (OBT) analyses and a 

time integrated water sampler, preserving water samples from atmospheric exchanges, collected few milliliters 

per 80 minutes for tritium (HTO) analyses after a subsampling of 50 mL filtered with 0.22 ^m glass fiber filters.

2.1.2 Regional referential backgrounds: Orb and Hérault rivers

The SS and FW samples were collected each two years between 2011 and 2017 in the non-nuclearized coastal 

rivers Orb (Cessenon-sur-Orb) and Hérault (Aspiran) in order to acquire regional environmental references (Figure 

1). Water samples are directly filtered onto 0.5 ^mMilligard® cellulose acetate cartridges. The filter clogging is
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continuously monitored, so that the filtration is stopped when 50% of clogging was achieved or after 8 h. 

Radionuclide analyses are performed on the particulate fraction and on the dissolved fraction (fraction less than 

0.5 |am). For tritium analyses 70 mL water samples were filtered in situ using a syringe equipped with a 0.22 ^m 

glass fiber filter, placed in a preconditioned amber glass flask and stored at 4°C until analyses.

2.2 Radionuclide analyses

2.2.1. Gamma emitters

For gamma spectrometry analyses SS samples were ashed and FW samples were slowly evaporated (40°C) to 

dryness. All the samples were 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 25 gamma emitting radionuclides (both natural and anthropogenic) 

were determined. Efficiency calibrations were constructed using gamma-ray sources in a 1.15 g/cm3 density solid 

resin-water equivalent matrix. Activity results were corrected for true coincidence summing and self-absorption 

effects (Lefèvre et al., 2003). Measured activities, expressed in Bq/kg dry weight or Bq/L, 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.

2.2.2. Alpha emitters

When available sample amount was sufficient (i.e., 50-200 g of dry matter), analyses of plutonium isotopes (238Pu 

and 239 + 240Pu) and other transuranium elements (241Am, 244Cm) 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 238Pu and

239+240pu

2.2.3. 90Sr analyses

In brief, samples were ashed and leached with hydrochloric acid. Strontium was separated through oxalate 

precipitation. Impurities were removed with hydroxide precipitation then another oxalate precipitation following
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by Eichrom Sr-resin for séparation of strontium. Equilibrium reached with yttrium. Then Y-90 was measured as 

yttrium oxalate by gas proportional counter. Yield was measured with Sr-85 tracer by gamma spectrometry (NF ISO 

18589-5, 2009).

2.2.4. HTO and OBT analyses

HTO analyses were performed by the so-called conventional liquid scintillation counting (LSC) (AFNOR, 2015). The 

decision is 0.65 Bq/L (10 mL, 17 h counting). OBT analyses were performed by the 3He ingrowth method after 

placing the sample in a vacuum (10-9 mbar) and after storage (for 3 to 4 months) (Jean-Baptiste et al., 2010). This 

method is generally used when the samples contain little organic matter (%H<2%), determines the 3He levels 

produced by the decay of the 3H contained in the sample after normalization of the values to ambient atmospheric 

levels (3He/4He) and correction of the radiogenic 4He levels contained in the sample (gaseous inclusions). 3He/4He 

are measured by mass spectrometry (MS). The analysis results are expressed in Bq/kgdry. The conversion to Bq/L 

requires the analysis of the sample hydrogen content. This last unit is necessary because it makes possible to 

address the carrier phase of tritium, that is to say, water, in hydrogen equivalent, thereby allowing the comparison 

of the OBT levels with the environment HTO levels.

3. Origin of radionuclides in the Rhone River

3.1. Naturally occurring radionuclides

Natural radioactivity is mainly due to primordial telluric radionuclides from 238U, 232Th families and 40K. The 238U 

and 232Th families comprise 14 and 10 daughter nuclides, respectively including 234Th and 234mPa for the former, 

and 228Ac for the latter. These mother radionuclides present on earth since their origin have very long radioactive 

half-lives (4.5 billion years for 238U, 14 billion years for 232Th). In rivers, most of radionuclides from this natural 

origin originate from the drainage of soils in the watershed even though their use over the nuclear fuel cycling for 

military and industrial purpose can be expected to modify their natural contents and trajectories at local or 

regional scales. Naturally occurring radionuclides are also produced continuously in the atmosphere under the 

action of cosmic radiation. Radionuclides involved in these latter processes are for example 3H, 14C, 7Be and 22Na. 

These cosmogenic radionuclides are deposited on soil surfaces by rains and finally converged to river systems by 

drainage of the watershed soils (Le Roux, 2007; Zebracki et al., 2013a, 2013b; Eyrolle-Boyer et al., 2014c).

5
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Geological and climatic diversity, as observed at the régional scale, leads to a considérable spatial variability of the 

contents of natural radionuclides in soils and river systems (Le Roux, 2007). Additionally, due to their specific 

physicochemical properties, radionuclides from natural origin are liable to be enriched or depleted in various 

environmental compartiments leading to disequilibrium from initial sources. Those results in natural radioactivity 

being strongly dependent on geological and environmental conditions, whether in the soils, sediments or river 

waters.

The 40K and families of 238U and 232Th contribute the most to the natural radioactivity of rivers, most generally in 

close proportions, whether in the dissolved or particulate phases (Eyrolle et al., 2008).

3.2. Anthropogenic radionuclides

Anthropogenic radionuclides were initially introduced in the environment at the beginning of the last century 

through the use of their luminescent properties (radium, tritium) in watchmaking workshops. Various 

radionuclides were then introduced from the middle of the 20th century by the military and industrial uses of 

nuclear energy.

Anthropogenic radionuclides currently conveyed by the Rhone River have several origins:

• Atmospheric fallout from nuclear tests carried out between 1945 and 1980 and that from the Chernobyl 

accident. Although most of the short-lived and medium-lived radionuclides (i.e., T1/2 < 5 years) originating from 

these fallouts have disappeared from the environment due to their radioactive decay, residual contents in 137Cs, 

90Sr and in transuranium elements (238Pu, 239+240Pu, 241Am) were registered in the soils of the Rhone basin (Perkins 

and Thomas, 1980; Duffa, 2001; IRSN, 2013). These residual radionuclides are progressively transferred to the river 

systems as dissolved species and/or associated with solid particles by soil leaching and erosion processes.

• Liquid discharges from nuclear industries located along the Rhone River carried out according to 

regulations: the spent nuclear fuel reprocessing plant of Marcoule (under dismantlement since 1997), the Nuclear 

Power Plants (NPP) of Bugey, Saint-Alban, Cruas and Tricastin and, to a lesser extent, the sites of Pierrelatte and 

Creys-Malville NPP's which is being dismantled. The center of Marcoule still contributes today to significant 

industrial discharges of radionuclides into the Rhone River waters (Antonelli; 2008b; Eyrolle et al., 2012a; Eyrolle et

6
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al., 2012b; Eyrolle-Boyer et al., 2015a). Tritium is currently the prépondérant radionuclide released in waters by 

nuclear facilities in France. At the downstream part of Rhone River, more than 95% of tritium and around 50% of 

14C originate nowadays from the liquid discharges from the nuclear industry (Eyrolle et al., 2013; Eyrolle-Boyer et 

al., 2015a).

• Hospital discharges. Several diagnostic and care units using radioactive sources are installed along the 

Rhone River and several of its tributaries. The radionuclides used are generally short-lived (e.g. 131I, T1/2=8 days) 

and quickly disappear from the environment.

• Liquid discharges from installations located on tributaries of the Rhone River, such as the AREVA plant and 

the Research Institute of Grenoble both on the Isère River and the Cadarache Center on the Durance River.

• Tritiated residues from watchmaking workshops installed on the watershed of the upper Rhone since the 

middle of the 20th century (e.g., Krejci and Zeller, 1979; Jean-Baptiste et al, 2007). These compounds discharged 

into the environment are most probably in the form of refractory sub-micrometric particles (polystyrene) even 

though they have never been characterized precisely. As a consequence, relatively high contents of organically 

bound tritium (OBT) are observed along the whole length of the river (Eyrolle et al., 2018; Jean-Baptiste et al, 

2019). The use of tritium in watchmaking has decreased from the 1970s in Switzerland, and it has been forbidden 

in France since 1990 and in Switzerland since 2007 (Morereau et al., in prep).

4. Results and discussion

4.1. Solid/solution partitioning of radionuclides in waters of the downstream part of the Rhone 

River

In river waters, most stable and radioactive trace elements are distributed among the dissolved and particulate 

phases. These distributions depend upon various parameters including the chemical properties of the element, the 

nature and concentration of suspended sedimentary particles, the physicochemical characteristics of river waters 

such as pH and ionic strength. It is most generally assessed by apparent distribution coefficient (Kd, in L/kg), 

expressing the partition of the element between the two phases (Abril et Fraga, 1996). The greater the propensity 

of the radionuclide to be fixed onto particles, the higher the Kd value. Conversely, the more the element remain in

7
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solution, the lower it is. Table 1 shows, in decreasing order, the mean and standard déviations of the Kd values of 

the main radionuclides quantified over the 2002-2018 period for the downstream part of the Rhone River. These 

Kd values are in good accordance with the IAEA Kd distributions for all the anthropogenic radionuclides: 241Am, 

60Co, 54Mn, 137Cs, 239,238Pu, 90Sr and 244Cm. For naturally occurring radionuclides, the accordance is correct for 7Be, 

226,228Ra, 234,238u, 40k and 228Th but not for 234Pa, 232,230,234Th and 125Sb for which the Kd values in the downstream 

part of the Rhone River are one order of magnitude lower than the 5th percentile of the IAEA Kd distributions. 

Amounts of radionuclides transferred by suspended sediments, ASS in %, are related to Kd and SS content owing 

the following theoretical relationship :

ASS = 100*Kd*SSC / (1 + Kd*SSC)

with Kd in L/kg, and SSC, the suspended sediment content, in kg/L.

The ASS were calculated for the various radionuclides based on mean Kd values determined over the 2002-2018 

period and the mean SSC of the downstream part of the Rhône River which is 50 mg/L during this same period. 

Figure 2 shows that more than 60% of plutonium, americium, cesium, cobalt, silver, beryllium and actinium 

deliveries towards the marine environment are associated with solid particles due to the strong affinity of these 

elements with SS (high Kd values). In contrast, sodium, tritium, antimony and strontium are mainly exported as 

dissolved species (>90%) due to their low affinity with particles (low Kd values). ASS calculated in this study with 

the mean values of Kd and SSC are very close to ASS reported in Antonelli, 2017 which were estimated from the 

yearly monitoring of SS content, flow rate and radionuclide concentration in dissolved and solid phases (Figure 3). 

These results highlight the relevance of both Kd values determined at the downstream Rhone River and 

dissolved/solid exports quantified from monitoring.

4.2 Radionuclide contents in suspended sediments and trajectories

4.2.1. Naturally occurring radionuclides

40K, 7Be and daughter elements from 238U and 232Th chains, such as 234mPa and 228Ac, contribute for the greater part 

of radioactivity of natural origin of suspended sediments transported by the Rhone River as generally observed in 

most of environmental media (Le Roux, 2007, Eyrolle et al., 2008, Laubenstein and Magaldi, 2008; Eyrolle et al.,

8
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2012a,b). It is not expected that concentrations of radionuclides of natural origin change over time at human scale 

and measures performed since the 2000s have shown the relative stability of concentrations over this timescale 

(Figure 4). However, intra-annual variations of the concentrations of various radionuclides from telluric origin, such 

as 228Ac and 40K, should be emphasized. For these elements, time series concentrations indicate minimal 

radionuclide contents during spring and maximal values during autumn. These observations are most probably 

explained by the nature and origin of the minerals transferring these elements according to Rhone River's 

hydrology characterized by contrasting geo climatic water mass supplies among the year at basin scale (Pardé, 

1925; Pont, 1997; Ottlé et al., 2001). Moreover, in the case of 40K, the utilization of potassium-based fertilizers can 

disturb natural concentrations and their seasonal variations. At the beginning of the 1990s, excess contents in 40K 

were recorded in the suspended matter of most French hydrosystems (Figure 5). These contents have decreased 

since this period in most watersheds as reported in Grosbois et al. (2016). Our data indicate that 40K contents in 

suspended sediments at the downstream part of the Rhone River are stable since almost two decades (2002-2018) 

with a mean value of 477±97 Bq/kg, which is about half 40K contents registered in the middle of the 2000s for the 

Loire River draining important sedimentary basin surfaces. These results underline that anthropic pressures 

associated with potassium-based fertilizer uses would have declined towards geochemical backgrounds for the 

Rhone River suggesting resiliency recovery for this radionuclide. Nevertheless, observations on longer time scale 

are needed to confirm this trajectory.

The 7Be is a short-lived radionuclide of cosmogenic origin that disappears relatively quickly from the environment 

due to its short radioactive decay (T1/2=53 days). The 7Be contents vary over a wide range of values in comparison 

with other naturally occurring radionuclides. Its contents strongly depend on both the age of the river water 

masses and precipitation amounts in the watershed. High 7Be contents would point to recent contribution of 

rainwaters and rapid transfer of waters and particles from the watershed surfaces towards the river. During flood 

events, particles are most generally depleted in 7Be due the contribution of older materials that no longer contain 

7Be through remobilization of bed sediments or deep soil erosion. The 7Be therefore contribute more sporadically 

than the other naturally occurring radionuclides to the natural radioactivity of suspended sediments in transit in 

the river.

9
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4.2.2. Anthropogenic radionuclides

Radioactive discharges from nuclear industries performed under régulation are not continuous. Anthropogenic 

radionuclide contents obviously depend on the fluctuation of radioactive discharges from nuclear industries when 

these latter constitute the major source term. Furthermore, rising flow rates and suspended sediment 

concentration most generally lead to the decrease of anthropogenic radionuclides contents owing to dilution with 

the sediments delivered by tributaries (Eyrolle et al., 2012). This trend has been widely reported for trace metals 

and is suggested to be due to a higher contribution of coarse materials and/or to the erosion of less polluted 

sediments (e.g., Schleichert 1975; Bradley and Lewin 1982; Dawson and Macklin 1998).

Concentrations in anthropogenic radionuclides are significantly lower than those of natural radionuclides, by one 

or two orders of magnitude (Figure 4). The radionuclides of anthropogenic origin detected in 2018 in the 

suspended sediments of the downstream part of the Rhone River are, by decreasing order of contents, 137Cs, 60Co, 

241Am, 90Sr, OBT, 239+240Pu, 238Pu and 244Cm. Among these radionuclides, only 60Co and 244Cm originate only from 

nuclear industries. The other ones are also contributed by soil erosion of the watersheds submitted to atmospheric 

fallout from past nuclear tests and the Chernobyl accident. The 58Co is no more detected since 2012 in suspended 

sediments, likewise 110mAg and 54Mn since 2014. In 2018, as in previous years, 137Cs is the preponderant 

radionuclide of anthropogenic origin in suspended sediments with contents ranging from 4.1±0.6 to 43.9±1.1 

Bq/kgdry, i.e. values close to those recorded during previous years. The 60Co, detected in 2018 in 100% of the 

samples, also remains a preponderant anthropogenic radionuclide in the suspended sediments transiting in the 

lower part of the Rhone River. Its concentration, ranging from 0.7±0.2 to 12.4±1.6 Bq/kgdry in 2018, are 

significantly lower than those of 137Cs, on average by a factor of 4 over the period 2002-2018 (Figure 6). Time series 

indicate very close reductions of contents for these two radionuclides since the beginning of the 2000s (Figure 6). 

This observation could point to a same predominant origin, and would indicate that most 137Cs continues today to 

originate from nuclear industries; contribution from watershed erosion being secondary as observed at the 

beginning of the 2010s (Eyrolle et al., 2014a).

10
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Effective (or apparent) periods (EP), i.e. the time required for a réduction by half of radionuclide contents in 

environmental media, can be assessed from time series by considering exponential type decreasing over a given 

period of time, following the theoretical relationship:

SSR = a*exp(Ln2/EP)*1

with SSR, the content of radionuclides in suspended sediments, in Bq/kgdry, a, the initial content at t=0, t the time, 

in day, and EP the effective period, in day.

The EP includes both radioactive decay and natural dilution/dispersion processes and are useful tools to assess 

both dilution processes in environmental compartments and predict temporal trends of pollution levels. 

Exponential type relationships obtained for 137Cs and 60Co over 2002-2018 are reported in Figure 6. Calculated EP 

are both close to 6 years which is as expected shorter than radioactive decay periods of 137Cs (Ti/2=30.1y) and 60Co 

(Ti/2=5.2y). These results would reflect the reduction of anthropic pressure (reduction of industrial radioactive 

discharges) as well as the efficiency of the Rhone River system to dilute and remove particle reactive 

contaminants.

The 90Sr contents are almost stable since the two last decades, varying from 0.25±0.08 Bq/kgdry to 1.8±0.3 Bq/kgdry. 

The transuranium elements (239+240Pu, 238Pu, 244Cm and 241Am) are most generally detected at very low levels in 

suspended sediments following radiochemical extraction and purification steps. In 2018, their contents ranged 

from 0.27±0.04 to 7.7±0.1 Bq/kgdry for 241Am, from 0.09±0.02 to 0.33±0.04 Bq/kgdry for 239+240Pu, from 0.011±0.002 

to 0.07±0.01 Bq/kgdry for 238Pu, and from 0.003±0.0001 to 0.09±0.02 Bq/kgdry for 244Cm. Each of these ranges 

extends over several orders of magnitude and no significant temporal trend can be pointed out among the two last 

decades. These results suggest long resiliency periods for the river system regarding these latter elements 

whatever are their origins assuming no change of the current climatic and anthropic pressures.

The 238Pu/239+240Pu activity ratio (AR) is a useful tool to discriminate the origins of plutonium isotopes among 

industrial discharges and soil erosion. Figure 7 shows that industrial releases still contribute today to a significant 

marking of suspended sediments in this part of the river. Indeed, AR measured in 2018, ranging from 0.024±0.002 

to 0.136±0.008, are in most of cases significantly higher than AR characterizing atmospheric fallout, i.e. eroded 

products form the soils (0.03; Hirose and Povinec, 2015). Calculations resulting from AR mixing equations (Rolland,
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2006) indicate that about 40% of the 239+240Pu and 80% of 238Pu measured in 2018 in the suspended sédiments 

would come from industrial releases. In the 1990s, these proportions were both close to 100%. Part of these 

amounts can obviously originate from contaminated sediment remobilization from sedimentary reservoirs. These 

results reinforce that without any modification of the current climatic and anthropic pressures the resiliency of the 

Rhone River face to plutonium industrial inputs from the spent fuel reprocessing plant will be long (> 50 years).

Since 2008, OBT analyses are performed on suspended sediments collected at SORA. OBT contents directly depend 

on organic matter contents and vary over a wide range of values, from 0.05±0.01 to 5.34±0.27 Bq/kgdry, i.e. values 

close to 90Sr contents for example. OBT contents in suspended sediments expressed in Bq/L of combustive water 

(Bq/Lcw) allow considering the carrying organic phase only (Eyrolle et al., 2018). Between 2008 and 2018, OBT 

concentrations varied over a wide range, from 3.21±0.84 to 141±7 Bq/Lcw. These levels are far higher than 

referential values recorded in sediments of non-industrialized rivers, i.e. river systems preserved from liquid 

releases of nuclear installations, i.e. 2.4±0.6 Bq/L (Eyrolle-Boyer et al., 2015b; Ducros et al., 2017). These are also 

most generally higher than free tritium contents (HTO) in the Rhône river waters (varying from 1.0±0.7 to 61.5±2.7 

Bq/L) (Figure 8). Such gap between HTO and OBT contents, reaching in some cases one order of magnitude, 

univocally testify additional non-nuclear sources of tritium in the River. These additional sources associated with 

watchmaking workshops installed on the watersheds of the Upper Rhone in the middle of the last century were 

already widely related in the literature (Jean-Baptiste et al, 2007; Jean-Baptiste et al, 2019; Eyrolle et al., 2018). No 

clear trend can be drawn for OBT contents in suspended sediments from the data set acquired over the 2008-2018 

period in this part of the River, due to both the high variability of OBT contents and the short period of time 

available.

Since the beginning of the 90's when society started to act for environmental protection and limitation of 

anthropic pressures, the contents of numerous pollutants, including trace metals, persistent organic substances 

and radionuclides from the nuclear industry, significantly decreased in various environmental compartments (e.g. 

Desmet el al., 2012; Ferrand et al., 2012; Grosbois et al., 2012). Resiliency of the Rhone River face to 

anthropogenic radionuclides would depend on several parameters such as their radioactive decay period, their 

propensity to fix onto particles, their origin and the capacity of the river system to export sediments.
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4.3. Radionuclide contents in filtered waters and trajectories

4.3.1. Naturally occurring radionuclides

As observed for suspended sediments, 40K and the different affiliated elements of the chains of 238U and 232Th, such 

as 234mPa and 228Ac, make up the major part of the radioactivity of natural origin in filtered waters (<0.45^m) of the 

Rhone River (Figure 4). The 40K contents in the filtered waters show low seasonal variations, with minima in 

summer (0.04±0.02 Bq/L) and maxima in winter (0.06±0.02 Bq/L). This seasonal variability, nonetheless out of 

phase by about 3 months with that of suspended sediments, most probably reflects natural processes such as soil 

leaching and water mass cycling and dilution.

The 7Be is present in significantly lower and more variable concentrations than those of telluric origin. The 7Be is 

mainly associated with particles as testified by its high Kd value (Table 1). As previously described, 7Be contents in 

waters depends to a great extent on the age of the masses of water in transit and of the occurrence of 

precipitations on the watershed. Thus, depending on climatic forcing, 7Be contents may extend over more than 

two orders of magnitude as previously reported for suspended sediments.

Sodium is widely present in the environment mainly as highly mobile dissolved species. The 22Na (Ti/2=2.6y) is a 

comosmogenic radionuclide which is not detected in suspended sediments. Its contents in filtered waters are 

constant over years, without any significant seasonal variation, and are about one order or magnitude below those 

of other radionuclides of natural origin (Figure 4).

As underlined for suspended sediments, concentrations in radionuclides of natural origin in filtered water are 

generally stable in time, at the inter-annual scale.

4.3.2. Anthropogenic radionuclides

With the exception of tritium (3H), concentrations in anthropogenic radionuclides are significantly lower than 

those of natural radionuclides, most of them by several orders of magnitude (Figure 4). Tritium, of which 95% is of 

anthropic origin in the Rhone River (Eyrolle et al., 2013; Eyrolle-Boyer et al., 2015a), is the preponderant 

radionuclide in filtered waters of the river since decades. Over 2006-2018, tritium contents in time integrated 

water samples (one month) ranged at least one order of magnitude, from 1.0±0.7 Bq/L to 61.5±2.7 Bq/L, with a
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mean value of 6.0±5.4 Bq/L. Daily samplings performed in 2013, from mid of January to the end of April, underline 

the amplitude of intra-monthly variabilities of tritium contents due to the non-continuous liquid discharges from 

nuclear industries (ranging from 1.0±0.7 Bq/L to 21.5±2.3 Bq/L).

Besides tritium, 90Sr > 137Cs > 60Co show the highest concentrations. The 90Sr contents in filtered waters are mainly 

due to the low Kd value of this element (550±90 L/kg). The 90Sr contents were almost stable over the studied 

period, ranging from 0.60±0.1 10"3 Bq/L to 0.73±0.03 10"2 Bq/L over 2002-2018 (mean value 0.002±0.001 Bq/L).

In 2018, 137Cs and 60Co contents ranged from 0.055±0.008 10"3 Bq/L to 0.28±0.03 10"3 Bq/L and from 0.017±0.004 

10-3 Bq/L to 0.037±0.018 10-3 Bq/L, respectively. Since the beginning of the 2000s, contents of these latter 

radionuclides have decreased by around a factor of 4 as closely recorded for suspended sediments.

The 58Co, 124-125Sb and 131I were not detected in any of the filtered water samples since 2012. The 239+240Pu, 238Pu, 

241Am and 244Cm contents are between one and more than three orders of magnitude below the range of contents 

observed for 90Sr, 137Cs and 60Co. They do not show any significant decrease over the monitoring period (2004

2018), except for 238Pu whose contents would decrease by one order of magnitude over this period. For this latter 

radionuclide, EP assessment based on this time series appears to be quite similar to those calculated for 137Cs and 

60Co either for suspended sediments or filtered waters, i.e. 6 years. This reinforce that all these anthropogenic 

radionuclides originate from a predominant single source, i.e. industrial releases.

4.4. Comparison to regional referential backgrounds

Excess contents due to anthropic pressures can be addressed by using referential background values. Works 

related to enrichment factors or geo-accumulation index characterization referring to referential backgrounds are 

widely reported in the literature for many contaminants (e.g. Salomons W. and Forstner, 1984; Global 

Investigation of Pollution in the Marine Environment, 1999; Feng et al., 2011; Ferrand et al., 2012; Barbieri, 2016). 

As for many other trace elements, e.g. trace metals, referential backgrounds for naturally occurring or artificially 

produced radionuclides are expected to vary over a wide range of values at the regional scale (Leroux, 2007; 

Eyrolle et al., 2008). Among many environmental parameters that can be involved in such variability soil type in the 

catchment, soil erosion and the amount of atmospheric fallout from past nuclear tests and the Chernobyl accident
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would be the prédominant ones (Zebracki et al., 2013a,b). Finally referential background values, i.e. addressing 

pre-anthropic pressure levels, are needed for environmental resiliency assessment.

The Hérault and Orb coastal rivers (Figure 1) were used as regional referential systems in order to assess the 

impact of anthropic pressures exerted by nuclear industries located along the Rhone valley on suspended 

sediments and filtered waters transported at the lower part of the Rhone River.

Our results show that mean contents of natural radionuclides from telluric origin (238Ac, 234Pa, 40K) recorded in 

suspended sediments from Orb and Hérault rivers are close to those characterizing the Rhone River even though 

inter-annual variation, expressed by standard deviation (SD), can be observed (Table 2). The 7Be contents in the 

suspended sediments of Orb and Hérault rivers show high inter-annual variabilities (SD>50%) nevertheless falling 

within the ranges of variation registered for the Rhone River.

Naturally occurring radionuclide contents in river systems strongly depend on hydrology, in particular the origin of 

water and sediment deliveries from the soils in the catchments and on the quality of materials transported 

(Leroux, 2007). Our results show that at the studied regional scale, although including contrasting watersheds 

spreading over Alps, Cevennes or Pyrenees mountainous areas, all these parameters do not significantly influence 

mean natural radionuclide contents.

These results suggest that for naturally occurring radionuclides, geochemical heterogeneity would most generally 

dominate anthropic pressures associated to nuclear fuel cycle exploitation in the Rhone valley. These results do 

not exclude that excess contents of these radionuclides could be reached at more local scales.

For anthropogenic radionuclides expected in regional rivers (137Cs, 90Sr and transuranium elements 238Pu, 239+240Pu, 

241Am) the contents observed in the Hérault River were similar to those measured in the lower part of the Rhone 

River. However for most of these radionuclides, contents recorded in the Orb River were higher than those found 

in the Rhone River. For example, the concentrations in 239+240Pu measured between 2011 and 2017 in the 

suspended sediments of the Orb River were between 2 and 10 times higher than the concentrations in 239+240Pu 

recorded in the lower part of the Rhone. Similar differences between the Orb and the lower part of the Rhone 

were also observed for 90Sr. For these latter elements, the differences in concentrations at this regional scale can 

be explained either by the relative magnitude of the initial atmospheric deposits resulting from nuclear tests
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and/or the Chernobyl accident or by contrasting érosion rates of the soils of the watersheds (Renaud et al., 2004). 

Part of the watershed of the Orb drains the massif of the Montagne Noire, an area of known remanence of 

atmospheric fallout from nuclear testings (Leroux, 2007).

These results suggest that for anthropogenic radionuclides deposited by atmospheric fallout from past nuclear 

tests and the Chernobyl accident, geo-climatic heterogeneity at the studied regional scale would currently 

dominate anthropic pressures associated to nuclear fuel cycle exploitation in the Rhone valley.

As expected OBT contents in the sediments of Orb and Hérault rivers (<0.1 Bq/kgdry; < 1 Bq/Lcw) are much lower 

than those observed in the downstream part of the Rhone River (0.5±0.4 Bq/kgdry; 30±18 Bq/Lcw) testifying the 

significant impact of the watchmaking industries on this river system, as previously described.

In filtered waters, similar conclusions as those highlighted for suspended sediments can be drawn for naturally 

occurring radionuclides. Natural radionuclides from telluric origin (238Ac, 234Pa, 40K) and 7Be recorded in filtered 

waters from the Rhone River show close contents to those characterizing Orb and Hérault rivers. These results 

underline that at the lower part of the Rhone River there is no significant impact onto the water resource quality 

due to the use of natural radionuclides of U/Th chains, involved in the nuclear fuel cycle.

For 137Cs, 90Sr and transuranium elements (238Pu, 239+240Pu, 241Am), all the contents are close to referential values 

except for 238Pu and 241Am which are at least one order of magnitude higher in the downstream part of the Rhone 

River waters. These gaps which were not observed for suspended sediments most probably testify the direct 

impact of nuclear industry releases onto the water resource.

All other radionuclides specifically released by the nuclear industries located along the Rhone valley, i.e., 60Co, 

54Mn, 110mAg, were obviously not detected neither in sediments nor filtered waters of referential river systems. 

Finally, tritium contents in the Rhone River waters are significantly higher by more than one order of magnitude 

than in the Orb and Hérault Rivers, underlying the significant impact from nuclear industries in the Rhone River.

5. Conclusions

The SORA station has been performing continuous sampling of large water volumes at the downstream part of the 

Rhone River for almost twenty years, in order to monitor the contents of natural and anthropogenic radionuclides
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at trace levels. Most plutonium, américium, cesium, cobalt, silver, béryllium and actinium deliveries towards the 

marine environment (>60%) are associated with solid particles due to the strong affinity of these elements with 

suspended sediments (high Kd values). In contrast, sodium, tritium, antimony and strontium isotopes are mainly 

exported as dissolved species (>90%) due to their low affinity with particles (low Kd values).

Naturally occurring radionuclides are the most abundant in suspended sediments while in filtered waters tritium 

contents are at least two order of magnitude higher than those of all other radionuclides.

The concentrations of the naturally occurring are almost constant at a multi-year scale, despite the fact that an 

intra-annual variability is often observed for several of these elements most probably in relation to the river's 

hydrology.

The 40K contents seem to have decreased towards geochemical backgrounds in the lower Rhone River suggesting 

that anthropic pressures from potassium-based fertilizer uses in the Rhone basin have obviously declined and that 

resiliency of the river is reached for this radionuclide.

Time series also point to a significant reduction of the concentrations of most of the anthropogenic radionuclides 

over the two last decades, except for tritium, organically bound tritium, 90Sr and transuranium elements suggesting 

slow resiliency of the river system for these latter elements considering no change in climatic and anthropic 

pressures.

Finally, radionuclide contents in suspended sediments exported at the downstream part of the Rhone River are 

very close to regional referential backgrounds, except for organically bound tritium which originate from 

watchmaking workshops located in upper Rhone watersheds. The contents of most of the anthropogenic 

radionuclides specifically released by industries are now at ultra-trace levels and often below the limit of detection 

even though high performance analytical procedures are used. In filtered waters only tritium, 241Am and 238Pu 

significantly testify nowadays the anthropic pressures from the nuclear industries.

Nowadays, anthropic pressures from exploitation of the nuclear fuel in the Rhone River during more than seventy 

years are still distinguishable in suspended sediments and filtered waters at the lower course of the river. 

Nevertheless, current contents of radionuclides would suggest that the resiliency of the river regarding this 

pollutant family is going on.
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7 Figure 1: Sampling stations on the Rhone, Orb and Hérault rivers and location of nuclear installations.
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24 Figure 4: Time series of radionuclide contents in suspended sédiments (a, b), in Bk/kgdry and filtered waters (c, d), in Bq/L measured

25 at the SORA monitoring sampling station (Rhone River) over 2002-2018 ; Naturally occurring radionuclide contents in a, c and artificial

26 radionuclide contents in b,d.
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Figure 5: Time series of 40K contents in the suspended sédiments of French large rivers (according to Eyrolle-Boyer, 2016).
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Figure 6: Trends of 137Cs and 60Co contents in suspended sédiments; SORA monitoring sampling station (2002-2018), Rhone River

(France).
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Figure 7: Time series of 238Pu/ 239+240Pu activity ratios (AR) in the suspended sédiments collected in the lower Rhone River between 1987 

and 2018 (SORA station from 2004 to 2018). The red lines correspond to theoretical AR values for discharges from the Marcoule spent

fuel reprocessing plant (AR=0.3) and for the soils of the watershed (AR=0.03).
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59 Table 1 - Mean apparent distribution coefficient, Kd in L/kgdry in the lower Rhone River; SORA station (2002-2018) and *IAEA Referential

60 Kd distributions (Boyer et al., 2018).

61

62

IAEA Referential Kd Distributions*
Kd (L/kg) Downstream Rhone River

Américium 241 191 000 ± 7 000 (n=211)

Plutonium 239,240 90 000 ± 11 000 (n=92)

Plutonium 238 57 000 ± 7 000 (n=82)

Plomb 210 53 000 ± 1 200 (n=204)

Césium 137 43 000 ± 11 000 (n=218)

Cobalt 60 41 000 ± 11 000 (n=76)

Thorium 228 37 000 ± 7 000 ( n=182 )

Argent 110m 35 000 ± 5 000 (n=38)

Béryllium 7 33 000 ± 11 000 (n=183)

Actinium 228 29 000 ± 8 000 (n=222)

Manganèse 54 23 000 ± 1000 (n=104)

Potassium 40 11 000 ± 2 000 (n=225)

Curium 244 8 000 ± 1 000 (n=46)

Protactinium 234 6 100 ± 1 600 (n=222)

Thorium 232 5 000 +900 (n= 132)

Thorium 230 3 700 ± 800 (n=66)

Thorium 234 3 600 ± 1 000 (n =206)

Radium 226 1 700 ± 300 (n=195)

Radium 228 1600 +300 (n=105)

Uranium 234 1 400 ± 300 (n=35)

Uranium 238 1400 + 300 (n=195)

Antimoine 125 500 ± 100 (n=93)

Strontium 90 550 ± 90 (n=104)

Iode 131 <1

Sodium 22 <1

GM 5% 95%

7.94E+04 3.90E+03 1.62E+06
1.47 E+05 1.94E+03 1.11E+07
1.47 E+05 1.94E+03 1.11E+07
2.63 E+05 6.66E+04 1.04E+06
1.35E+05 2.64E+04 6.69E+05
4.43 E+04 1.00E+04 1.96E+05
1.52E+05 2.64E+04 8.76E+05
4.85E+05

3.87E+04 8.06E+03 1.85E+05

7.21E+04 1.09E+04 4.76E+05
1.93E+03 5.66E+02 6.95E+03
3.26E+04 8.96E+03 1.18E+05
1.21E+05 4.73E+04 3.11E+05
1.52E+05 2.64E+04 8.76E+05
1.52E+05 2.64E+04 8.76E+05
1.52E+05 2.64E+04 8.76E+05
5.21E+03 9.79E+02 2.77E+04
5.21E+03 9.79E+02 2.77E+04
1.19 E+04 6.94E+02 2.04E+05
1.19 E+04 6.94E+02 2.04E+05
8.14E+03 1.65E+03 4.01 E+04
2.96E+03 3.31E+02 2.65E+04
3.32E+03 2.06E+03 5.36E+03
1.53E+03 8.01E+02 2.92E+03
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63 Table 2: Mean contents of main naturally occurring and artificial radionuclides in suspended sédiments and filtered waters of the

64 Hérault and Orb coastal rivers (2011 -201 ) and at the downstream part of the Rhone River (2018); In bold, excess contents referring to

65 referential regional backgrounds; nd: not determined; * in Bq/Lcw; SD : Standard Deviation.

Referential Regional Background (2011-2018) Nuclearized River (2018)
Hérault River

SS (Bq/kgdry) Filtered water (Bq/L)
Mean SD Mean SD

Orb River
SS (Bq/kgdry) Filtered water (Bq/L)

Mean SD Mean SD

Lower Rhone River
SS (Bq/kgdry) Filtered water (Bq/L)

Mean SD Mean SD
H3 nd 0.7 0.1 0.2 0.1 nd 7 2

OBT 0.05 0.03 nd 0.07 0.04 nd 0.5 0.4 nd
OBT* 0.7 0.4 nd 0.9 0.5 nd 30 18 nd
K40 656 50 0.04 0.01 618 23 0.04 0.01 510 81 0.04 0.01
Be7 62 33 0.002 0.001 81 25 0.004 0.001 61 33 0.002 0.001

Pa234 47 11 0.02 0.01 46 9 0.006 0.002 43 14 0.006 0.003
Ac228 45 8 0.003 0.001 42 5 0.001 0.001 41 6 0.001 0.001
Cs137 6 1 0.0001 0.0001 20 4 0.0001 0.0001 10 4 0.0002 0.0001
Sr90 0.5 0.1 0.002 0.001 2,5 0.5 0.002 0.001 0.6 0.1 0.003 0.001
Na22 nd 0.00003 0.00001 0.00003 0.00001 nd 0.00004 0.00001

Pu239+240 0.08 0.03 0.0000007 0.0000001 0,7 0.1 0.0000011 0.0000005 0.2 0.1 0.0000012 0.0000008
Pu238 0.003 0.001 < 0.0000001 0.03 0.01 < 0.0000001 0.03 0.02 0.0000003 0.0000001

66 Am241 0.05 0.01 <0.00000001 0.29 0.05 0.00000008 0.00000001 0.1 0.1 0.0000002 0.0000001

67

11



IAEA Referential Kd Distributions*
Kd (L/kg) Downstream Rhone River

IAEA - GM IAEA - 5% IAEA - 95%

Américium 241 191 000 ± 7 000 (n=211) 7,94E+04 3,90E+03 1,62E+06

Plutonium 239,240 90 000 ± 11 000 (n=92) 1,47E+05 1,94E+03 1,11 E+07

Plutonium 238 57 000 ± 7 000 (n=82) 1,47E+05 1,94E+03 1,11 E+07

Plomb 210 53 000 ± 1 200 (n=204) 2,63E+05 6,66E+04 1,04E+06

Césium 137 43 000 ± 11 000 (n=218) 1,35E+05 2,64E+04 6,69E+05

Cobalt 60 41 000 ± 11 000 (n=76) 4,43E+04 1,00E+04 1,96E+05

Thorium 228 37 000 ± 7 000 (n=182) 1,52E+05 2,64E+04 8,76E+05

Argent 110m 35 000 ± 5 000 (n=38) 4,85E+05

Béryllium 7 33 000 ± 11 000 (n=183) 3,87E+04 8,06E+03 1,85E+05

Actinium 228 29 000 ± 8 000 (n=222)

Manganese 54 23 000 ± 1000 (n=104) 7,21E+04 1,09E+04 4,76E+05

Potassium 40 11 000 ± 2 000 (n=225) 1,93E+03 5,66E+02 6,95E+03

Curium 244 8 000 ± 1 000 (n=46) 3,26E+04 8,96E+03 1,18E+05

Protactinium 234 6 100 ± 1 600 (n=222) 1,21E+05 4,73E+04 3,11 E+05

Thorium 232 5 000 ± 900 (n=132) 1,52E+05 2,64E+04 8,76E+05

Thorium 230 3 700 ± 800 (n=66) 1,52E+05 2,64E+04 8,76E+05

Thorium 234 3 600 ± 1 000 (n=206) 1,52E+05 2,64E+04 8,76E+05

Radium 226 1 700 ± 300 (n=195) 5,21E+03 9,79E+02 2,77E+04

Radium 228 1 600 ± 300 (n=105) 5,21E+03 9,79E+02 2,77E+04

Uranium 234 1 400 ± 300 (n=35) 1,19E+04 6,94E+02 2,04E+05

Uranium 238 1 400 ± 300 (n=195) 1,19E+04 6,94E+02 2,04E+05

Antimoine 125 500±100(n=93) 8,14E+03 1,65E+03 4,01 E+04

Strontium 90 550±90 (n=104) 2,96E+03 3,31 E+02 2,65E+04

Iode 131 <1 3,32E+03 2,06E+03 5,36E+03

Sodium 22 <1 1,53E+03 8,01 E+02 2,92E+03



Referential Régional Background (2011-2018)
Hérault River Orb River

SS (Bq/kgdry) Filtered water (Bq/L) SS (Bq/kgdry) Filtered water
Mean SD Mean SD Mean SD Mean

H3 nd 0.7 0.1 0.2
OBT 0.05 0.03 nd - 0.07 0.04 nd
OBT* 0.7 0.4 nd - 0.9 0.5 nd
K40 656 50 0.04 0.01 618 23 0.04
Be7 62 33 0.002 0.001 81 25 0.004

Pa234 47 11 0.02 0.01 46 9 0.006
Ac228 45 8 0.003 0.001 42 5 0.001
Cs137 6 1 0.0001 0.0001 20 4 0.0001
Sr90 0.5 0.1 0.002 0.001 2,5 0.5 0.002
Na22 nd 0.00003 0.00001 - - 0.00003

Pu239+240 0.08 0.03 0.0000007 0.0000001 0,7 0.1 0.0000011
Pu238 0.003 0.001 < 0.0000001 - 0.03 0.01 < 0.0000001
Am241 0.05 0.01 <0.00000001 - 0.29 0.05 0.00000008



STOTEN 2020

1 Radionuclides in waters and suspended sédiments in the Rhone River

2 (France) - Current contents, anthropic pressures and trajectories

3
4
5
6

7
8
9

GRAPHICAL ABSTRACT

1


