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Abstract
Tritium is a radioisotope of hydrogen with a half-life of 12.32 years and was used for its luminescent 

properties by the watchmaking industry from 1962 to the 2008. Tritiated luminescent salts were 

integrated in the paints applied on the index and dial of watches and clocks. French and Swiss 

watchmaking workshops used more than 28 000 TBq of tritium over this period of time and 

produced almost 350 million watches. Despite the end of tritiated salts use in watchmaking 

workshops in 1992 in France and 2008 in Switzerland, high level of organically bound tritium (OBT) 

are still observed in sediments of the Rhône River downstream the Lake Geneva. Contamination of 

the Rhône River by tritiated hot particles since 1962 up to nowadays remains poorly documented. In 

order to assess the long term behavior and fate of technogenic tritium in this river and its trajectories 

in the river system, two sediment cores were collected at the upstream (UC) and downstream (DC) 

part of the Rhône River in France and OBT contents were determined. For both sedimentary cores, 

maximum OBT contents were registered over the 1980s when tritium was intensively used by 

watchmaking industries. These residual OBT contents are 1.000 to 10 000 fold higher than current 

natural background levels in riverine sediments. The OBT contents progressively decreased since 

1989 with close effective half-life in upstream and downstream area (5 ± 2 years). The OBT contents 

were lower in DC than in UC due to the dilution by uncontaminated sediments delivered by 

tributaries not affected by the watchmaking industries. Trajectories analysis indicates that the
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resiliency of the Rhône River system in regards to this contamination would be reached in 14-70 

years and in 14-28 years respectively for the upstream and downstream part of the river.

Keywords: Organically bound tritium; Watchmaking industry; Effective half-life; River system resiliency; 

Sediment core

1 Introduction

Tritium is the only radioactive isotope of hydrogen with a half-life of 12.32 years. This radionuclide is 

continually naturally produced in the environment, mostly through the absorption of neutrons from cosmic rays 
by nitrogen (14N) atoms in the upper atmosphere. At the global scale the equilibrium content of tritium of natural 

origin is about 1 000 000 TBq (Eisenbud et al., 1979; Zerriffi, 1996), which corresponds to approximately 

3.5 kg. In the environment, tritium is integrated in the hydrogen cycle and can be found in various forms such as 

tritiated hydrogen (HT), tritiated water molecule (HTO) or combined with naturally occurring organic 

compounds (organically bound tritium - OBT) (Eyrolle et al., 2018a). Tritium was artificially produced during 

the middle of the last century by atmospheric nuclear weapon testing, with two emission peaks in 1958 and 1962 

(UNSCEAR, 1982). Those events enhanced at global scale the HTO concentrations in rainwater more than 

hundred times higher than natural levels (UNSCEAR, 2000). In France, OBT levels in non-nuclearized river 
sediments (2.4 ± 0.6 Bq L_1) are currently almost similar to mean HTO contents recorded for rainwater 

(1.6 ± 0.4 Bq L_1) and converge to HTO concentrations in river waters with almost balanced OBT/HTO ratios 

(Eyrolle-Boyer et al., 2015). Nevertheless, OBT/HTO ratio disequilibrium was recently observed in deep 

estuarine and riverine sediments highlighting tritium persistence in organic matter in aquatic systems (Croudace 

et al., 2012; Eyrolle et al., 2019). Given the fact that no specific technogenic tritium particle could be isolated in 

this study, the terminology “OBT’ is considered as the total of the Non-Exchangeable OBT (NE-OBT) and the 

Tritiated Organic Molecules (TOM) (Kim et al., 2013).

Previous studies conducted in the Rhône River showed OBT contents in sediments and suspended matter from 

10 to 10 000 times higher than HTO contents measured in rainwater over the same periods (Gontier and Siclet, 

2011; Jean-Baptiste et al., 2007). It was the case for the northern tributaries of the Rhône River, mainly the 
Doubs and the Saône River, with OBT levels ranging from 10 to 50 000 Bq L_1 (Eyrolle et al., 2018a,b). These 

high levels of tritium have their origin in the release of technogenic tritium from the watchmaking industries in 

the environment (Ravi et al., 2002). In contrast, the southern tributaries (Durance, Ouvèze, Ardèche and Gardon 

Rivers) present OBT values close to values observed in rainwater ranging from 0.60 ± 0.04 to 2.19 ± 0.11 Bq 
L_1 (Eyrolle et al., 2018b).

The use of technogenic tritium in paint to make luminescent watch faces was prevalent in the watchmaking 

industry especially due to the ending of the use of radium in 1962-1963 when several national and international 

standards prohibited the use of radium, to protect watchmaking workers. Radium, one million times more 

radiotoxic than tritium, affected the health of numerous workers, mostly women, working in watchmaking 

workshops over almost five decades (Gunderman and Gonda, 2015). From 1962 to 2008 tritium was 

consequently widely used in watchmaking industries. Tritium was integrated to synthetic organic compounds 

such as polystyrenes and coated on zinc sulfide phosphor grains forming a luminescent powder (Ravi et al., 

2002). French and Swiss watchmaking workshops used more than 28 000 TBq of tritium over this period of 

time and produced almost 350 million watches. However, with the evolution of luminescent technologies, 

societal concerns about the use of radioactive consumables and technical constraints of handling radioactive



products led to the progressive phasing out of tritium replaced by non-radioactive paints in the watchmaking 

industry (Murith et al., 2006). Thus, technogenic tritium was progressively stopped in France and Switzerland 

respectively in 1992 and 2008. Since 2004, most luminescent watches uses paints with non-radioactive 

luminescent pigments (Murith et al., 2006). Since 1985, campaigns were set up in Switzerland to collect watches 

containing tritium (OFSP, 2007). Between 1985 and 2004, 68 000 watch dials were collected, corresponding to 

a tritium amount of about 7 TBq. The radioactive waste was reconditioned by watchmaking companies and is 

stored currently in specific centers for 100 years (Murith et al., 2006). However, to our knowledge no collecting 

and reconditioning campaigns for watches with tritium luminescent dials were conducted by the watchmaking 

industry in France since the end of the tritium use.

Nowadays, despite the end of using tritium by the watchmaking industry, OBT contents observed in sediments 

all along the Rhône River unequivocally indicate a significant residual labelling originating from tritiated paint. 

Such OBT contamination most probably relates to fine solid particles originating either directly from paints or 

from the combustion of domestic wastes containing tritiated watches (Eyrolle et al., 2018a, 2018b; Jean-Baptiste 

et al., 2018; Murith et al., 2006). Finally, no clear relationship between tritium uses in watchmaking workshops 

and OBT contents in riverine sediment of the Rhône River has been proven.

The present study aims (1) to review the history of tritium uses by the watchmaking industry at the Rhône River 

basin scale (France and Switzerland) in order to quantify the source terms and their evolution over the last 

decades and (2) to measure OBT contents in the Rhône River sediments over the same period of time in order to 

highlight the environmental trajectories of this contaminant in the river system. For this impact study, 

sedimentary coring was performed in the upstream and downstream parts of the Rhône River and OBT analyses 

were carried out along with several other parameters.

2 History of the watchmaking industry in the upper Rhône River and 
technogenic tritium uses

Historically the watchmaking industry is mainly located in the French-Swiss cross-border region (Moine, 2003). 

It started in 1530 with the opening of the first watchmaking center in Geneva (Switzerland - Fig. 1). It was 

followed later by workshops that opened progressively in the Jura Arc (France and Switzerland). In 1793, eighty 

Swiss watchmakers settled in Neuchâtel (Switzerland) and Swiss workshops opened along the Doubs River ( 

Barbe and Lioger, 1999) in Besancon city (France) and continued on the outskirts of the town. In the 1900s, the 

largest part of watch manufacturing was in Switzerland (Neuchatel, Geneva and essentially La Chaux de Fond) 

but also in France (Morteau and mainly in Besançon) (Fig. 1). At this time, working from home was usual and 

small home-workshops were dispatched over the French-Swiss cross-border region. Since the 1960s Swiss 

watch manufacturer took over most of the French workshops consequently the main part of watch production 

came from Switzerland.

alt-text: Fig. 1
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A) Rhône basin in France and Switzerland with watchmaking workshops, coring sites and the reprocessing center of CEA 
Marcoule, B) UC and MTE GPR and coring site and C) DC GPR and coring site (maps B and C from www.geoportail.fr).

The use of radionuclides in the watchmaking industry started at the beginning of the 1900s after the discovery of 

the radium isolated for the first time in 1898 by Marie and Pierre Curie. This radionuclide with a half-life of 1600 

years was characterized by X-ray emissions useful to combine with phosphorescent grains of zinc sulfide (ZnS) 
and produced radioluminescent matter (Murith et al., 2017). Herewith, radium-226 (226Ra) was used for more 

than 50 years starting in the 1920s for its radioluminescent properties in watches all around the world (Murith et 

al., 2017). Unfortunately, radium known for its gamma emission has a high toxicity and many watchmaking 

workers were contaminated, because the workers applied the radium paint on needles and dial indices without 

any specific protection (Fry, 1998). Most of the workers were women selected because of their “skillful hands”. 

In addition to obtain greater precision they pointed their paintbrush with their lips, the direct radium ingestion 

caused adverse health effects. They were called “the Radium Girls” in the United States (Gunderman and 

Gonda, 2015). In 1930 many of them initiated proceedings against their company. An awareness of the 

radiological hazard of radium in the middle of the 1950s led to replace radium by tritium, considered far less 

toxic. The use of tritium started in France and Switzerland in 1962 and stopped in 1992 and 2008 respectively ( 

Murith et al., 2017). The French Interministerial Commission has officialized this decision by authorizing only 

the use of tritium for the watchmaking industry in France. In addition, standards were set and updated several 

times to ensure the safety and security of using tritium in the industry like the International Standard ISO 3157 ( 

ISO, 1975) and the French standard NF S86-305 (AFNOR, 1973). This latter was set up in September 1973 and 

updated two times, in June 1996 and in August 2014. In Switzerland, the distribution, importation, exportation 

and use of watches with luminescent paints in Switzerland were regulated by the article 129 of the Ordonnance 

sur la Radioprotection (OFSP, 1994). Nowadays, luminescent powder used in the watchmaking industry is 

devoid of radioactivity especially with the consumer's preference for non-radioactive consumables such as quartz 

or connected watches (Maury, 2015).

The inventory of tritium from the French-Swiss watchmaking industries is drawn up from various documentary 

archives of the French Institute of Radiation protection and Nuclear Safety (IRSN) and the Swiss Federal Office 

of Public health (OFSP). The total activity of tritium delivered to watchmaking workshop during the entire
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period of its use was about 410 TBq in France (from 1962 to 1992), while in Switzerland, almost 28 400 TBq 

were delivered from 1962 to 2004 (Fig. 2), representing 98.6% of the total tritium delivered to French-Swiss 

workshops. No information about tritium delivered in workshops was available between 2004 and 2008. The 

major part of tritium was delivered to workshops in the Swiss city La Chaux-de-Fonds close to the French 

border where they specialized in the application of luminescent paints (Murith et al., 2006). Tritium was mainly 

delivered during two periods with a maximum activity of 2 TBq in 1969 and 1 TBq in 1995 (Fig. 2).

alt-text: Fig. 2
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Tritium activity (TBq) delivered in watchmaking workshops in France (Besancon) and Switzerland (mainly La Chaux de 
Fonds) from 1962 to 2004.

La Chaux de Fonds workshops (Fig. 1) constituted the main provider of tritiated pieces for the watches 

manufacturing in the workshops of the cities Morteau and Besancon in France and Neuchatel in Switzerland ( 

Murith et al., 2006). The city La Chaux de Fonds has built incinerators for all kinds of waste including waste 

coming from the watchmaking industry further to a specific authorization. In addition the tritium waste cycle of 

La Chaux de Fonds is well controlled and traceable at least from 1988 to nowadays by yearly reports. Since 

1991, tritiated waste with low activities from watchmaking industries are incinerated and the releases of tritium in 

liquid and atmospheric forms are controlled. In the case of tritium waste with high activity, a procedure of 

solidification in a metallic container is applied and containers are stored in a controlled area for 100 years (Murith 

et al., 2006). However, information on the tritium release before 1988 remains very sparse. Concerning France, 

to our knowledge no incinerator was functioning in Besancon and its periphery before the 1990s neither for 

domestic wastes nor for tritiated compounds. In addition, as employees might have worked also from home in 

the periphery of this city (Moine, 2003), it complicates the quantification of tritium residues diffused in the 

environment. In the absence of information it is suggested that some of the waste might have reached landfills 

without much control.

3 Methods and analyses

3.1 Studied sites and sediment cores sampling

The Rhône River is 812 km long from its source in Switzerland to its outlet in the Mediterranean Sea. It drains a 
catchment area of 97 800 km2 and it is the most important river in France in terms of water discharge with an



annual average flow of 1700 m3 s-1 at 60 km from the mouth. Its annual solid discharge ranges from 1.2 to 22.7 

million tons per year between 1971 and 2016 (Copard et al., 2018; Pont et al., 2002; Poulier et al., 2019; 

Sempere et al., 2000), and up to 80% of the total amount of discharge delivered to Mediterranean Sea occurs 

during floods episodes (Antonelli et al., 2004). The Rhône River is highly industrialized and characterized 

among other various industries by the presence of 21 hydropower plants, four nuclear power plants, and a spent 

fuel reprocessing center (Marcoule) in dismantlement since 1997. From the 19th century, several channels and 

dykes were set up to enhance the navigation and the trade (Provansal et al., 2014; Tena et al., 2020).

Two river sediment cores were collected in the upper part (upstream nuclear facilities) and the lower part 

(downstream all nuclear facilities) of the Rhône River in France to evaluate the temporal and spatial evolution of 

OBT concentration (Fig. 1). For this purpose, two sites were investigated from maps, aerial photographs, 

bibliographic study, field investigations and sampling. The aim was to determine specific areas which the 

sedimentary deposition was, as far as possible, continuous over the last decades allowing to establish the 

chronology of the aquatic environmental contamination from tritium used in the watchmaking industry. Prior to 

coring, geophysical analyses with a Ground Penetrating Radar (GPR) were conducted to obtain a representation 

of sedimentary deposition changes from the past to nowadays with a high vertical resolution (Bâbek et al., 2008; 

Gu et al., 2019). In the case of the investigation of river sediments, electromagnetic techniques - by terrestrial 

GPR or Water Ground Penetrating Radar (WGPR) - are the most appropriated in terms of performance, 

feasibility and resolution (Huggenberger and Regli, 2006). Profiles obtained with GPR were helpful to 

understand the sedimentary filling of the upstream area and to select the most homogeneous coring location. The 

acquisition of the GPR profiles were carried out with the GSSI SIR 3000 system (Geophysical Survey System 

Inc., Salem, USA), operated with two shielded antennas at a central frequency of 200 MHz and 400 MHz, 

running in monostatic mode. The set is connected to a Trimble GPS. The data processing was performed using 

the GSSI Radan 7 software. This processing consisted in distance normalization, static time shift (to align direct 

ground wave arrival to 0 ns), background removal (to eliminate the high-amplitude direct ground wave), and 

Kirchhoff migration.

The upstream coring site (Groslée, France) was located 104 km downstream of the Lake Geneva in an area 

already cored in 2008 for polychlorinated biphenyl analyses (Desmet et al., 2012) and OBT concentrations ( 

Eyrolle et al., 2018a,b). This sediment core is termed MTE for the remainder of this paper. This coring site was 

located on the right riverbank of the upper Rhône River and was connected to the Rhône River by its 

downstream end (Fig. 1B). The analyses carried out with GPR in this aquatic site allowed to determine a 
velocity of the electromagnetic wave of 0.075 m ns-1 by using the hyperbole method. This velocity value is in 

the same order of magnitude than the measurements results for sites with comparable conditions (Lin et al., 2009; 

O'Driscoll et al., 2010). The profile recorded with the GPR for this aquatic environment was carried out in the 

S-N direction and over a distance of 350 m (Fig. 1B). For the coring of this site, all the equipment was shipped 

on a flat-bottomed polyethylene boat (Lin et al., 2009; Mellett, 1995; Sebok et al., 2018). The upstream core 

(UC) was collected underwater in September 2018 (45.7034806 N, 5.555225 E) also from a flat-bottomed boat. 

An aquatic manual corer equipped with a transparent PVC tube (diameter 90 mm) was used to penetrate up to a 

depth of 1.5 m allowing an inspection of the sediment sampled. An apparent compaction of 31% was observed.

For the downstream site, to identify a continuous sedimentary deposition site turned out to be a challenging task 

on the one hand because of frequent landscaping of the riverbanks such as the construction of new dykes and on 

the other hand because of the high discharges measured in this part of the Rhône River. Furthermore, the aim 

was to core downstream all nuclear facilities and all major tributaries in order to obtain the most complete 

industrial testimonial of the last decades. A cartographic analysis was conducted to determine a representative



site of sediment déposition for which the anthropization has been limited for the past 100 years. Maps were 

compared and completed with aerial photographs allowing to retrace the evolution of riverbanks from 1930 to 

nowadays and to determine some areas potentially sustainable for the sampling. The site selected was located 

60 km downstream the CEA Marcoule facility for spent fuel processing, recycling and radioactive waste 

management located along the Rhône River in the south of France. The sediment core was collected in a 

secondary channel on the left bank of the river (Fig. 1A-C). The latter was an active secondary channel where 

submersible embankments were implemented in the early 20th century. In the 1960s a transverse dyke was built 

in the middle of this channel, which resulted in an accumulation of sediments in the downstream part of the site. 

Since at least, the 1990s, the sedimentary filling disconnected the arm, allowing then sedimentary deposition 

only during flood periods. The aim was to precisely locate a coring location on an area of approximately 
7000 m2. Two GPR profile directions were selected: SW-NE (85 m) and N-S (75 m) (Fig. 1 C). A velocity of 

the electromagnetic wave of 0.086 m ns_1 was determined from the hyperbole method and correlation with 

sedimentary cores that is comparable with those measured in the analogous alluvial deposits using the common 

midpoint method (Mumpy et al., 2007; Neal, 2004; Woodward et al., 2003). The downstream core (DC) was 

collected on 16 May 2017 (43.743833N, 4.626192E) with a Cobra TT percussion driller. Five cores (1 m long) 

have been collected in transparent PVC tubes (diameter, 90 mm) and combined to reconstitute a master core (3 m 

long). The presence of coarse components (several centimeters) at 3 m depth prevented to drilling at a deeper 

level. This coarser layer seemed to correspond to the mounded facies observed in the GPR profile (Fig. 3).

alt-text: Fig. 3
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Geophysical profiles obtained by GPR of A) upstream core (UC) and B) downstream core (DC).

3.2 Geochemical analysis

Micro-X-ray fluorescence core scanner (ITRAX, Cox Analytical Systems, Sweden) was applied for upstream 

and downstream sediment cores not only to characterize the deposition changes but also to optimize the slicing 

of the sediment cores by quantifying major elements (Croudace et al., 2006; Thomson et al., 2006) and 

investigating geochemical changes along the core. The idea was to carry out the most accurate slicing of each 

core to take into account the hydrodynamic evolution along the sedimentary deposition. A lithological layer-slice 

sampling was performed to take in account hydrological events registered into the sedimentary deposition with



43 and 23 layers slices respectively in DC and UC cores. All samples were freeze-dried, sieved at 2 mm and 

conditioned for analyses.

3.3 Total Organic Carbon, grain size analysis and zinc contents measurements

The Total Organic Carbon (TOC) stored in sediments was determined with a RockEval6 pyrolyzer (Vinci 

Technologies, France, see Lafargue et al., 1998 for further details). The grain size analysis was performed with a 

Malvern Panalytical particle size analyzer (Malvern Instruments Ltd., Malvern, UK) with a hydro SM small 

volume dispersion unit. Grain size classes were determined with clay (<2 m), silt (2-63 |.im) and sand (>63 |jim) 

according to Blott and Pye (2001) classification. The D50 and D90 were calculated as the diameter for which 

respectively 50% and 90% of the particle distributions were lower. In sediment cores, the D90 is directly related 

to the intensity of flooding events (Dhivert et al., 2015). Concentrations of zinc were measured with an ICP-MS 

(Perkin-Elmer, Nexlon 300X) after an acid attack carried out for each sample of sediment to dissolve all the 

elements. The acid attack was with successively additions of HCl (34%), HNO3 (67%), H2O2 (35%) and HF 

(47-51%). Solutions were diluted with ultrapure water Milli-Q (Merck).

3.4 Sediment core dating

Dry samples of sediment were conditioned in 17- or 60-mL boxing depending on the quantity of sediment 

available. The box were placed in vacuum sealed packages and stored during at least one month before 
measurement to ensure the secular equilibrium of the 210Pb necessary to determine the concentration of 210Pbxs 

(210Pb in excess, see below). Thereafter samples were analyzed with a gamma spectrometer for both sediment 

cores. A wide range of gamma emissions were detected with a germanium detector and used to assess the 
specific activity of 137Cs and 210Pbxs. Those latter are widely used in order to dating recent sediment deposits 

(100 last years) because their half-life allowed to cover several decades: 30.08 years for the 137Cs and 22.20 

years for the 210Pb (Goldberg, 1963). Cesium-137 was adsorbed preferentially and almost irreversibly to clay 

and silt material (Francis and Brinkley, 1976). It is an anthropogenic radionuclide commonly used as time marker 

as it was mostly released in the environment during two specific events: atmospheric fallout from nuclear tests 

until 1963 (Ritchie and McHenry, 1990) and from the Chernobyl accident in 1986 (Petersen et al., 1990). As 
137Cs was also released in low quantities in rivers by Nuclear Power Plants (NPPs) via liquid effluents, the 

atmospheric markers of 1963 and 1986 might be diluted. In the specific case of the downstream part of the 
Rhône River, most of 137Cs from 1964 to 1990 originated from the CEA Marcoule reprocessing spent fuel 

facility (Provansal et al., 2010) (Fig. 1). It is for this reason that a specific method of dating was used based on 
the estimation of the deposition of the official 137Cs liquid releases (data from COGEMA by Charmasson (1998) 

, Rolland (2006) and personal communication) associated with suspended matter. The calculation procedure to 
date the archive from 137Cs activities released by Marcoule is briefly presented here but additional information is 

available in Supplementary Materials 1 (SM1). The model was developed considering two major characteristics: 

firstly, the Marcoule center is authorized to release liquid effluents only when the Rhône River discharge is 
between 400 and 4000 m3 s-1 (Lambrechts et al., 1991). Then, as previously mentioned, the sediment core was 

collected in a specific area where sediment was mainly deposited during flood events. In light of these elements, 
the dating could not be carried out directly comparing 137Cs releases with 137Cs measured in the sediment core 

but considering the hydrodynamic conditions of the system. The net flow of suspended particulate matter with 
137Cs from Marcoule deposited in the DC location was modeled using hydrological model (Beaugelin-Seiller et 

al., 2002) and deposition equation (Abril, 2003). Then, the net flow modeled was smoothed with a process 
based on the wavelet analyzing and rebuilding signal and compared with the 137Cs concentration measured in



the collected core (DC). Fifteen dates were modeled and the rest was deduced assuming a constant 

sédimentation rate between two dates modeled.

Lead-210 (210Pb) is a natural radionuclide produced by 222Rn decay. The 210Pb is produced in sediments where 

it reaches a secular equilibrium with its parents (supported 210Pb) and in the atmosphere (unsupported 210Pb or 

210Pbxs). The 210Pbxs is currently used for dating lake sediments where inputs of 210Pb are continuous ( 

Appleby, 1998). Considering that the 210Pbxs flux was constant, the apparent sedimentary rate could be 

estimated from the linear regression of the naperian logarithm ln 210Pbxs versus depth (Goldberg, 1963).

3.5 Tritium analyses

The OBT concentrations were measured by the 3He ingrowth method after placing the sample in a sealed vial 

under vacuum (10_9 mbar) and storing it during 3-4 months (Cossonnet et al., 2009). The measurement method 

is commonly used for samples containing few quantities of organic matter (%H < 2%) and consisted in the 
determination of 3He produced by the decay of tritium contained in the sample. The 3He measured is 

normalized to ambient atmospheric levels (3He/4He) (Clarke et al., 1976; Jean-Baptiste et al., 2010) and 

corrected to the radiogenic 4He contained in the sample. The mass spectrometry analysis measures the 3He/4He 

and results are given in Bq kg-1 dry. In order to compare concentrations measured in samples containing various 

levels of organic matter, a commonly used conversion in Bq L_1 is carried out based on the content of 

hydrogen. The hydrogen amount in the samples is determined with a CHN analyzer (Elementar, Langenselbold, 
Germany). The conversion in Becquerel per liter of combustion water (Bq L_1) is applied to determine the 

concentration of OBT contained in the carrier phase of tritium, i.e. water, in equivalent hydrogen and to compare 

values of OBT with environment HTO levels (Cossonnet et al., 2009; Eyrolle et al., 2018a). A correction of the 

radioactive decay based on the dating of the core (3.4) was applied in order to reconstitute the concentration of 

OBT initially deposited. In the following, all OBT data acquired from sedimentary cores analyses are corrected 
from radioactive decay and express in Bq L_1. Results from OBT analyses (not corrected from radioactive 

decay) and expressed in Bq kg-1 are reported in supplementary materials.

3.6 Calculation of the effective half-life (EHL)

The effective half-life (EHL), constitutes a useful tool to assess decontamination kinetics within environmental 

compartments and resiliencies. It can be defined as the time needed to reach the half of initial concentration 

owing to various mechanisms including air or water mass dilution, sediment transfer, migration, degradation ( 

Van Metre et al., 1998) and radioactive decay in the case of radionuclides (Gontier and Siclet, 2011; Eyrolle et 

al., 2020). This parameter was calculated from the slope (A) of the exponential regression of the OBT 

concentration with time according to the following formula:

ln 2
^(year-1)

(1)

The EHL was used in this study to compare the temporal trend of OBT initially deposited in upstream and 

downstream sedimentary cores. They were calculated over the same period of time in order to allow comparison 

(i.e. from 1989 to 2008).



The resiliency or resilience was defined here as the ability of the river system to recover to pre-contamination 

state, i.e., to reach the geochemical background (Thoms et al., 2018).

4 Results

4.1 Results obtained for the upstream core (UC)

The GPR survey was carried out by boat navigating along the channel in the South - North direction (Figs. 1 B 

and 3 A). The GPR profiles showed a clear reflection of the sediment bottom at about 30 ns, which 

corresponded to a water depth of about 1.5 m. The GPR signal penetration in the bottom sediment was low 

(1.5 m), showing only a near-surface sediment facies between 30 and 50 ns of two-way travel time (TWT). The 

GPR profiles showed rather homogeneous sedimentary deposits with horizontal to subhorizontal reflectors. The 

coring zone was selected in a continuous fill with parallel reflectors.

The UC was characterized by a rather homogeneous sedimentary deposition as the grain size remained fairly 

stable with a major proportion of the fine fraction (<62.5 |jim) represented by 83 ± 4% of silts and 6 ± 1% of 

clays (Fig. 4 A - Supplementary Material 2 - Table SM2). A slightly higher proportion of sand was observed in 

the first 28 cm (mean = 16 ± 3%) than in deeper layers with an average of 8 ± 2%. The maximum proportion of 

sand was observed at 21.5 cm depth (23%). In addition, the D50 values were about 18.2 ± 2.0 fim between the 

top and 28 cm depth while it presented an average value of 14.1 ± 1.5 fim from 28 cm depth to the bottom of 

UC (Table SM2). The D90 was about 76.9 fim from the top to 28 cm depth and equal to 43.0 (im between 

28 cm depth and the bottom of UC. The maximum D90 value of 154 fim was observed at 25.5 cm depth (Table 

SM2).
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Fig. 4

A) Grain size (%), B) Total Organic Carbon (TOC - %), C) concentration of 137Cs (Bq kg-1), D) concentration of 210Pbxs 
(Bq kg-1), E) concentration of organically bound tritium (OBT) initially deposited (kBq L —1) and F) concentration of zinc 
(|jg g-1) in upstream core (UC).

The percentage of TOC in UC was on average 2.1 ± 0.1% (Fig. 4 B). It showed a discrete decreasing pattern 

from the top to the bottom with a maximum value of 2.9 ± 0.2% at 17 cm depth and a minimum value of 

1.3 ± 0.1% at 64 cm depth (Table SM2).



The 137Cs profile (Fig. 4 C) showed an increase from the top to the bottom, with respectively a minimum value 

of 5.9 ± 0.7 Bq kg-1 at 1 cm and a maximum value of 21.0 ± 2.0 Bq kg-1 at 82 cm depth. As the spécifie peak 

of 137Cs from the Chemobyl fallout commonly used for dating was not clearly identified, the dating of UC core 

was peifoimed by using the 210Pbxs method after the calculation of the sédimentation rate. This latter was 

2.9 cmyear-1 considering the compaction of 31%. The sédimentation rate allowed dating the sédiment core to 

1989 at the bottom. This observation was supported by the linear age-depth model (Fig. 5).

alt-text: Fig. 5

Fig. 5

Dates estimated (yaars)

Sédimentation accumulation rate ofupstream core (UC - white dots) and downstream core (DC -black dots) determined by the
l'in Tin

dating method based on Cs and Pb concentrations for UC (Applcbv. 2008Applebv. 20081 and by the spécifie dating 
117method from Cs released by the spent fuel reprocessing center of Marcoule for DC.

OBT contents increased from the surface to the depth with a minimum value of 0.18 ± 0.02 kBq T-1 in 2012 

(17 cm) and a maximum value of 12.9 ± 1.4 kBq T-1 in 1989 (82 cm) (Fig. 4 E). This increase pattern was 

rather regular over time with a small peak in 2002 (45.5 cm) with OBT concentration of 3.0 ± 0.4 kBq T-1.

Concentrations of zinc measured over the same period of time (1989-2018) were rising from 91.1 [xg g-1 

(2018-0.9 cm) to 178.9 |xg g-1 (1989-82 cm) (Fig. 4 F). This trend showed a significant corrélation with OBT 

concentrations with ap-value of9.15 X 10-3.

Over 1989-2008, which is the common period of time covered by the two upstream sedimentary archives of this 

study, the calculated EFITs were 4.7 ± 0.8 years for UC and 4.8 ± 1.1 years for MTE (Table 1 ) (sec Table 2).
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Table 1

(T) The table layout displayed in this section is not how it will appear in the final version. The représentation below is 
solely purposed for providing corrections to the table. To previewthe actual présentation of the table, please view 
the Proof.

Effective half-life calculated in years for UC (Upstream Core), DC (Downstream Core) and MTE (Desmet et al., 2012) between



1989 and 2008.

Archive Effective half-life (years)

UC 4.7 ±0.8

DC 4.8 ± 1.7

MTE 4.8 ± 1.1

Tritium radioactive decay (years) 12.3
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Table 2

(7) The table layout displayed in this section is not how it will appear in the final version. The représentation below is 

solely purposed for providing corrections to the table. To previewthe actual présentation of the table, please view 
the Proof.

Summary table ofthe use oftritium in the French-Swiss watchmaking industry.

Half-life (T 1/2) of the tritium 12.3 years

Physicochemical form ofthe tritium

used in watchmaking industries

Integrated to polystyrènes and coated on zinc sulfide phosphor grains forming

a luminescent powder then mixed with a binder and applied on watch patches (

Ravi et al., 2002)

Period ofuse in Switzerland 1962-2008

Period ofuse in France 1962-1992

Total activity used in Swiss workshops

(1962-2004)
28 400 TBq

Total activity used in French workshops

(1962-1992)
410 TBq

Number ofwatches produced 350 millions

Number ofwatches collected in
68 000 (Murith et al, 2006; OFSP, 2007)

Switzerland between 1985 and 2004

Activity per watch
About 100 MBq (max 185 MBq in France and 276 MBq in Switzerland) (

AFNOR, 1973; Murith et al, 2006)

Tritium waste traceability available for

treatment plant of La Chaux de Fond

(Switzerland)

1988 - nowadays (annual reports from OFSP)

4.2 Results obtained for the downstream core (DC)

On the downstream site, a GPR north-south direction profile was carried out with a 200 MHz antenna (Figs. 1 C 

and 3 B). The GPR signal pénétration in the sédiments was deeper than for the UC, showing sédiment structures



up to about 4.60 m. The profiles highlighted two distinct sedimentaiy units (radar faciès). Horizontal to sub­

horizontal reflectors were observed from the surface up to 3 m deep in some parts. These relatively 

homogeneous faciès cover a more mounded faciès, characterized by several hyperbolic reflections in the deepest 

part of the GPR profiles (Fig. 3 B). The downstream sédiment core was collected in an area with sub-parallel 

faciès according to the GPR analysis.

The sedimentaiy core was characterized by important variations of silt (from 30 to 85%) and sand amounts (from 

1% to 67%) while the clay proportion ranged from 2 to 15% (Fig. 6 A). Despite those variations, DC was 

characterized by a dominant proportion of silts in almost the totality of the core representing 70 ± 12% as a mean 

value. The proportion of sand was larger than clay with on average 23 ± 14% and 7 ± 3%, respectively (Fig. 6 

A). The D50 ranged from 7.4 |jim (14.5 cm) to 103.4 |jim (90.5 cm) (SM2) and D90 varied between 28.3 |jim 

(14.5 cm) to 433 pim (103.5 cm) (SM2).
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Fig. 6

A) Grain size (%), B) Total Organic Carbon (TOC - %), C) concentration of ^37Cs (Bq kg-^ ), D) concentration of 2^Pbxs 

(Bq kg-1 ), E) concentration of organically bound tritium (OBT) initially deposited (kBq L —and F) concentration ofzinc 

(gg g-1 ) in downstream core (DC).

The TOC content was characterized by a slight decrease from the top to the bottom, with a mean value of 

1.2 ±0.1% (Fig. 6 B).

The 137Cs profile (Fig. 6 C) was characterized by a significant positive inflection at 189 cm depth. Below the 

concentrations were significantly higher than above with respectively on average 36.6 ± 3.4 Bq kg-1 and 

8.9 ± 4.2 Bq kg-1. Two peaks were obseived at 208.5 cm and 236.5 cm depth with maximum values of 

110.1 ± 9.9 Bq kg-1 and 61.7 ± 5.6 Bq kg-1 respectively. From 189 cm to the surface, the concentrations were 

low with a slight decrease concentrations from 18.6 ± 3.1.8 to 3.8 ± 0.5 Bq kg-1. The entire core and the 

revealed peaks were used for the dating using the mathematical model (SMI).

The sédiment core DC covered a period of time from 1982 to 2017. The average sédimentation rate calculated 
from the 137Cs dating for the entire core was about 7.8 cm year-1. However, changes of sédimentation rate were 

obseived around 55,5 cm depth (year 2005), 189 cm depth (year 1989), 208, 5 cm depth (year 1986) and 24 cm 
depth (year 1984) (Fig. 5). The 210Pbxs profile (Fig. 6 D) showed important variations with concentrations



ranging from 0.1 ±7.1 Bq kg 1 to 31.1 ± 8.1 Bq kg 1 without significant decreasing trend preventing us from 

confirming the sédimentation rate.

The OBT concentrations in DC showed a consistent increase from the top to the bottom with a minimum value 
of 7 X 10-3 ± 3 X 10 _3 kBq L-1 and a maximum value reaching 1.8 ±0.1 kBq L_1. Several significant OBT 

peaks were obseived in 1993 (0.7 ±0.1 kBq T-1), in 1985 (1.4 ± 0.9 kBq T-1), in 1983 (1.8 ±0.1 kBq T-1) 

and in 1981 (1.8 ±0.1 kBq T-1).

Concentrations of zinc in DC increased with depth from 84.8 [xg g-1 to 254.2 [xg g-1 (Fig. 6 F). The trend with 

zinc was significantly correlated with OBT with a p-value of 1.44 X 10-6.

The EHT calculated for the period of time 1989-2012 (i.e., the common period of time covered by the three 

sedimentaiy archives of this study) was 4.8 ± 1.7 years (Table 1).

5 Discussion

5.1 Temporal trends of OBT concentrations in the upper Rhône River sédiments

In the upstream area of the Rhône River, the weak pénétration of the GPR signal obscrvcd during the survey 

may be due to the high electrical conductivity of fine sédiments (silty, clayed) which inhibit propagation of the 

electromagnetic waves (Tin et al., 2009). However, the GPR profiles showed a rather homogeneous sedimentaiy 

filling with horizontal to subhorizontal reflectors (Fig. 1 A). This sédiment core was in fact mostly characterized 

by particles lower than 63 |xm and the 1 m core retrieved in this zone (UC) confirmed the homogeneous 

déposition of the coring area (Fig. 3 A). The D50 supported those obseivations with a steady pattern of about 

15.5 ± 2.6 |xm on average. The maximum value of D90 obscrvcd in 2010 (21.5 cm) was most probably related 
to the flood registered on the Rhône River in December 2010 with a discharge higher than 1_000 m3 s-1 during 

3 days (the average discharge in Groslée station, located 1.6 km downstream the coring site, was about 
463 m3 s-1 between 1999 and 2019 - Thollet et al., 2018). The discrète decreasing of TOC between 2018 and 

1989 could be related to the dégradation of organic matter (Eyrolle et al., 2018b) (Fig. 4 B). Fresh matter such as 

tree leaves easily deposited during low discharge was obscrvcd in the first centimeters during the sampling 

suggesting that oldest tree leaves deposited during past floods are degraded nowadays. The continuous and 
regular pattern of 137Cs and 210Pbxs profiles confnmed a continuous sédiment input and confirmed a constant 

sédimentation rate (Appleby et al., 2001) (Fig. 3 C).

The OBT contents measured in UC were widely higher than levels commonly obseived in French sédiments (on 
average 2.4 ± 0.6 Bq L-1) with a minimum value of 0.18 ± 0.02 kBq L-1 in 2012 (17 cm) and a maximum 

value of 12.9 ± E4 kBq L-1 in 1989 (82 cm) (Fig. 4 E). This obseivation was in accordance with the levels 

measured in suspended matter and surface sédiments in the upstream part of the Rhône catchment during the 
same period of time (1989-2018) from 0.54 ± 0.02 to 15.8 ± 2.7 kBq L-1 (Eyrolle et al., 2018b). Those high 

levels of OBT originated most probably from the city of Geneva and its watchmaking factories of the past.

In addition, OBT concentrations in UC were compared with those of the MTE core collected in 2008 at 

approximately 200 m at the North-East (Fig. 1). The MTE core covered a longer period of time with the oldest 

layer dated around 1960 (Desmet et al., 2012). The trend of OBT concentrations in both UC and MTE cores 

was veiy similar for the common period of time (1989-2008) but the most recent core (UC) was characterized 
by slightly higher values (Fig. 7). However, the maximum OBT content in UC (12.3 ±1.4 kBq L-1) did not 

reach the maximum value measured in 1989 in MTE core (31.3 ±3.5 kBqL-1). This maximum value could be 

explained either by the presence of an isolated highly tritiated particle (tiny tritiated polystyrène sphemle) or by a



concentration of several particles due to releases by the watchmaking industiy. The fact that only in one MTE 

sample a hot tritiated particle was obscrvcd and none was obscrvcd in UC samples shows clearly the 

heterogeneous dispersion of the contamination. This observation is supported by the distance between both cores 
and different sédimentation rates (2.9 cm year-1 for UC and 1.8 cm year-1 for MTE). Moreover, no peak was 

obscrvcd regarding the tritium deliveries to the workshops in 1989 (Fig. 2). In light of these observations, none 

of both hypothesis could be excluded. Nevertheless, the punctual high variations of OBT concentrations could 

be attributed to the heterogeneous dispersion of hot or/and numerous tritiated particles in the area. Despite those 

différences of OBT concentrations, the EHL of the two cores was close over the same period of time 1989-2008 

(4.7 ± 0.8 years for UC and 4.8 ±1.1 years for MTE) and as expected lower than the radioactive period (12.32 

years). These results highlight the significant resiliency capacity of the Rhône River sédiments in its upstream 

area regarding technogenic tritium particles (Table 1).
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OBT concentration in UC, DC and MTE from 1962 to 2017, total activity of tritium delivered in French-Swiss workshops.

The vertical doted lines correspond to Virtual séparations between phases ofthe tritium history.

5.2 Temporal trends of OBT concentrations in the lower Rhône River sédiments

The GPR profile conducted in the downstream area of the Rhône River revealed mounded faciès, typical for 

sandy to gravelly bottoms (Bâbek et al., 2020), covered by horizontal faciès (Figs. 1 C, 3 B and 6 A). Such 

radar faciès were interpreted as the succession of an active functioning channel (with hydraulic dunes) followed 

by a filling phase (with finer sédiments), which was later confirmed aller coring. This pattern is typical for the 

disconnection reported in secondaiy channels of the Rhône River (Dépret et al., 2017). Indeed, the channel was 

artificially disconnected at its upstream end by the implémentation of submersible embankments. The 
heterogeneous distribution of the particles sizes and the 210Pbxs concentrations in DC were mostly related to the 

flooding events that occurred during the last décades and their origins on the Rhône River (Poulier et al., 2019) ( 

Fig. 6 A and D). River Systems are characterized by variation of flow rate transporting particles with various size 

depending on hydrological conditions (Dhivert et al., 2015). The highest value of sand particle was obscrvcd in 

the slice dated in 2003 (90.5 cm) with 67% of sand and a D90 of 256 [xm, and was directly related to the Rhône 
River extreme flooding event in December of that year due to devastating winds and heavy rainfall (SM2). The 
flooding was characterized by an exceptional discharge of 11 500 m3 s-1 in Beaucaire expected to occur only



once eveiy centuiy (Antonelli et al., 2008). Owing to the variation of the discharge, the 210Pbxs profile (Fig. 6 

D) showed high variations due to inconstant sédimentation rate over time (Fig. 5). Consequently, the lead 
method for dating could not be applied to confum the dating conducted be modeling. Though, the 137Cs, was 

commonly used for the dating of sedimentaiy déposition over the last décades due to its spécifie signal from 

global fallout (early 1960s) and from the Chemobyl accident (1986) (Appleby et al., 2001; Oldfield et al., 1995). 
In the case of the lower part of the Rhône River, the 137Cs was essentially originating from the reprocessing 

spent fuel center of Marcoule and was identified as an interesting time marker owing to its well-known mostly 

irréversible labelling of the sédiment by liquid releases (Charmasson, 2003; Eyrolle et al., 2008).

The decreasing trend of OBT concentration since the beginning of the 1980s was also previously observed in 

suspended matter and surface sédiment in the downstream part of the Rhône River (Eyrolle et al., 2018b). In 

both cases, most OBT contents significantly exceeded current background levels and univocally highlighted the 

marking of sédiment by technogenic tritium.

The drop of OBT contents in 1991 (168 cm) and in 1984 (231 cm) could also reflect the occurrence of flood 

events in southem tributaries, such as respectively the ones of the Durance River in April 1991 and the Ardèche 

River in November 1984. Most of the sédiments transi erred by the Tower Rhône River tributaries are free from 

technogenic tritium (Eyrolle et al., 2018b) and may significantly dilute OBT contents carried out from the 

upstream part of the Rhône River (Eyrolle-Boyer et al., 2015). In contrast, northem tributaries such as the Saône 

and Doubs Rivers, significantly labelled by technogenic tritium, can generate important inputs of technogenic 

tritium during flood events due to the remobilization of contaminated sédiments accumulated in the past. These 
tributaries are characterized by OBT levels between 0.1 and 5 kBq T-1 in suspended matter and surface 

sédiment analyzed since the beginning of the 2000s (Eyrolle et al., 2018b), i.e. 2-l_000 fold higher than OBT 

contents observed in the DC core over the same period of time. In the studied core, drastic increases of OBT 

contents might hâve been a direct resuit of the Saône or Doubs River floods which occurred from April to June 

in 1983, 1986 and March 1988.

Referring to the chronology of tritium uses by watchmaking industries in the Jura Arc area (Fig. 7, the dotted 

curve), an increasing trend took place during the same period of time between 1983 and 1988 supporting the 

likely relationship between tritium delivered to this industiy and OBT measured in sédiments. However, from 

1988 to 1992 although the amount of tritium delivered to the watch manufacturer continued to increase, the 

OBT contents in DC decreased over the same period.

Apart from flood origins and from the évolution of technogenic source tenus over décades, the huge variation of 

OBT contents among the sedimentaiy core is most probably explained by the heterogeneous distribution of 

technogenic tritiated hot particles in riverine sédiments as recently proposed by Tepage et al. (2020), preventing 

a more précisé interprétation of the causal links between the pressures exerted by watchmaking workshops 

releases and the responses obseived in sédiments of the Rhône River.

Finally, OBT contents registered in both upstream and downstream cores highlight that upstream of the Jura Arc, 

the upper Rhône River had a non-negligible rôle in the OBT input in Rhône sédiments.

5.3 Comparison between upstream and downstream sedimentary archives

The sédiment core collected downstream the Rhône River (DC) presented OBT contents generally lower than 

those measured in UC collected upstream ail the nuclear facilities (5-50 fold lower) (Fig. 7). These results 

highlight that NPP's along the Rhône River did not induce any OBT concentration excess. Furtheimore, the



OBT contents obscrvcd in the downstream site were lower than the OBT contents from the site upstream hence 

emphasizing the dilution by depleted sédiments from non-contaminated tributaries. In fact, recent work of 

Poulier et al. (2019) estimated that from 2000 to 2016 only 23 ± 17% of the sédiment obscrvcd in the vicinity of 

the DC site came from upper catchment tributaries affected by technogenic tritium (Rhône River upstream the 

Isère tributary, including the Saône tributaiy).

Although technogenic tritium was bound with synthetic organic compounds, no significant corrélation between 
TOC and OBT (Bq kg-1) measured in sédiment cores was obseived, the Kendall coixelation test had a p- 

value = 0.07 for UC and 0.9 for DC. These results suggest that the amounts of tritiated organic particles were 

lower than naturally occuixing organic particles conveyed by soil érosion in the watershed and primary 

production in the river.

Because tritium was integrated to synthetic organic compounds and coated onto zinc sulfide to foim the 

luminescent paint used by the watchmaking industries, zinc measurements were caixied out in order to evaluate 

the metallic contamination associated with technogenic tritium. Zinc concentrations in UC and DC sedimentary 
cores were veiy similar with an average value of 127 ± 17.1 and 135 ± 35.6 [xg g-1 respectively (SM2). Zinc 

contents decreased over years from 159 ± 7.9 [xg g-1 in 1989 to 88.5 ± 4.4 [xg g-1 in 2017. These levels were 

close to those previously obseived by Provansal et al. (2010); Feixand et al. (2012) in sedimentaiy archives 

collected 1.5 km upstream the studied DC site.

The significant corrélations between zinc and OBT in the studied sédiment cores (p-value = 9.15 X 10-3 and 

1.44 X 10-6 for UC and DC respectively) would suggest that the presence of tritiated particles are linked to a 

significant contamination in zinc of sédiments transfeixed by the Rhône River over the years. Indeed, 67% of the 

grains used in tritiated paints contain zinc. In order to assess the contribution of this potential source of 

contamination in zinc for the Rhône sédiments, the theoretical concentration of zinc from technogenic tritium 

compounds was estimated. The mass of zinc associated with the activity of technogenic tritium delivered to 

workshops was deteixnined according to the manufacturing protocol of luminescent powder described by Ravi et 

al. (2002). Briefly, the tritium was bound with synthetic organic compounds like polystyrènes and coated on zinc 

sulfide phosphor grains with 67%/zinc, to foixn the luminescent powder. Then, it was mixed with a binder and 

foimed luminescent paint applied on dials indices and needles (Ravi et al., 2002). As the zinc was the major 

constituent of the tritiated powder, the potential amount of zinc from watchmaking industiy [Zn]th was calculated 

by using the following parameters:

- The mass of zinc contained in one gram of tritiated powder (0.67 g of zinc per gram of powder);

- The maximum activity of tritium associated to one gram of powder (2.22 X 1010 Bq (Bernard-Narbonne and 

Tachaussee, 1986));

- The concentration of tritium (OBT) measured in the sedimentaiy archive.

The calculation of the potential deposited zinc, [Zn]th, in g.g-1 of sédiment, from watchmaking workshops was 

perfoixned as follows:

[OBT] t
[Zn]th = —-----------------— ■ [Zn\powder

Apowder
(2)



Where Apowder is the maximum activity of tritium in the watchmaking powder (2.2 X 1010 Bq g-1 of powder), 

[Zn]powder is the mass of zinc, in g, contained in one gram of tritiated powder, i. e., luminescent powder and 
[OBT]sample is the concentration of OBT measured in the sedimentaiy archive in Bq g-1 of sédiment.

Based on these data, the theoretical zinc content due to the tritiated paints in UC was estimated from a minimum 
of 4.1 X 10-7 |JLg g-1 at the top (2012) to a maximum of 2.1 X 10-5 |JLg g-1 at the bottom (1989) (SM2). In the 

case ofDC, the theoretical zinc content was ranged from 1.1 X 10-8 pigg-1 in 2017 to 2.7 X 10 ~6 |JLg g-1 in 

1981 with an average value of 9.8 X 10-7 ±9.1 X 10-7 \jl g g-1 (SM2). In light of these results, the hypothesis 

of a zinc contamination from the watchmaking industiy has to be rejected. Indeed, theoretical zinc contents from 

watchmaking industries estimated from OBT contents in UC and DC cores were extremely low, i.e. values more 

than 10 000 times lower than Zn contents measured in the sedimentaiy cores (SM2). Furthermore, the decreasing 

trend observed for zinc contents over the last décades was observed as well for the major part of other metallic 

contaminants in the Rhône River over the same period of time (Ollivier et al., 2011; Radakovitch et al., 2008). 

To our knowledge, except zinc included as sulfide grains, there was no other trace métal associated with tritiated 

particles originating from the watchmaking industiy. These results emphasize that the watchmaking industiy did 

not significantly contribute to the enhancement of any trace métal contamination of the Rhône River sédiments 

even though part of these contaminants are expected to be from anthropogenic origin (Radakovitch et al., 2008).

5.4 Trajectories of technogenic tritium in the Rhône River

The trajectories of technogenic tritium contamination in the Rhône River System can be interpreted over three 

major periods (Fig. 7):

During the 1960s, a dephasing gap of almost 4 years was obseived between the increase of tritium theoretically 

released by watchmaking workshops and OBT contents measured in sédiments of the river (Fig. 7 phase 1). The 

peak of OBT contents in MTE was registered in 1967 while the first peak of tritium delivered to workshops was 

in 1963. This time-lag between pressure and environmental response highlights the difficulty to directly correlate 

the amounts of tritium waste produced by the workshops to those released in the environment over this period of 

time. As previously mentioned, infoimation regarding tritium releases in the environment were available only 

since 1988 (Murith et al., 2006. Table 2H.

From the end of the 1960s to the end of the 1980s, tritium delivered to the workshops was almost constant with 

activities around 1_000 TBq per year. Over this same period of time technogenic tritium concentration in the 

sédiment cores remained stable and where only characterized by déplétion of OBT contents due to the 

occurrence of flooding events as explained previously (Fig. 7 phase 2). This observation reinforces the 

relationships between the releases of watchmaking industries and tritium uses. This spécifie period highlights the 

slow decrease of the OBT concentration in sédiments of the Rhône River System regarding the continuous 

tritium releases into the environment caused by the regular use of tritium in the watchmaking industiy.

From the end of the 1980s to présent, a decreasing trend of OBT concentration in the sédiment cores was 

obseived even before the decrease of the use of tritium in the workshops (Fig. 7 phase 3). This dephasing could 

be explained by the retreatment processes of tritiated wastes which began around 1988 in Switzerland (Murith et 

al., 2006). Furthermore, it could be also related to the watch collection campaigns starting in 1985 (OFSP, 2007). 

These results prove the importance of regulatoiy pressures on the environmental response. The effective half-life 

(EHT) was calculated for each core on this third temporal phase in order to allow comparison (i.e. from 1989 to 

2008). The three studied cores showed EHL not significantly different from each other (4.7 ± 0.8, 4.8 ±1.1 and 

4.8 ±1.7 years for UC, MTE and DC, respectively). Despite the fact that the extreme OBT value measured in



MTE previously mentioned (31.4 ± 3.6 kBq L_1 in 1989) was more than twice as high as the maximum value 

measured in UC (12.9 ± 1.4 kBq L_1), the EHLs calculated for UC and MTE were not significantly different 

(4.7 ± 0.8 and 4.8 ± 1.1 years respectively). These results indicate that the Rhône River would have a strong 

dilution capacity for technogenic tritium regardless of the distance between the source and the outlet of the 

contamination. The EHL allows to estimate the time necessary to reach current OBT background levels 

characterizing riverine sediments. In the upstream part of the Rhône River, current OBT contents in surface 
sediment and suspended matter range from 10 to 50 000 Bq L_1 (Eyrolle et al., 2018b). By considering these 

range of values and EHL calculated from UC, the actual OBT background contents of 2.4 ± 0.6 Bq L_1 ( 

Eyrolle-Boyer et al., 2015) will be reached after 3 to 15 EHL, i.e. from 14 to 70 years in the upper part of the 

Rhône River, assuming that no major change either in climatic or anthropic pressures will take place. In the 

downstream part of the Rhône River, OBT measured in DC could be also compared with current reference level 

of OBT observed in French river sediments as considered for the upstream sediment core. Indeed, riverine 

sediments are slightly labelled by tritiated releases from NPPs as recently demonstrated by Eyrolle et al. (2019) 

because of their very low amounts of aquatic organic matter, most generally. According to the OBT level 
measured in DC (from 7.8 ± 3.4 X 10_3 kBq L_1 to 1.8 ± 0.3 kBq L_1) the current background level could be 

reached after 3 to 6 EHLs, i.e. 14-28 years in the downstream part of the Rhône River. As expected, the time 

necessary to attain the OBT current referential level is significantly higher for the upstream than for the 

downstream part of the Rhône River. The higher the OBT concentrations, the longer the resiliency time.

6 Conclusions

This study investigated the contamination by technogenic tritium and its fate in the Rhône River from sediment 

cores analyses. Tritium was used to replace radium for luminescent paint in the watchmaking industry from the 

1960s to the 2000s. Since 1992, 2008, French and Swiss workshops respectively, progressively phased out 

tritium for the benefit of non-radioactive luminescent paint. The accurate origin of technogenic tritium from 

workshops was difficult to determine essentially because of information gaps concerning use and releases of 

tritium by the watchmaking industries. Up to now, research conducted on French and Swiss watchmaking 

industries led to partial knowledge of the tritium used thanks to the traceable tritium delivery activities mainly to 

the La Chaux de Fonds and Besancon workshops. Most of the information and data available concerned the Jura 

Arc region, however the watchmaking history of the region downstream Geneva was almost totally unknown. 

This study provides a part of this history based on the analysis of sediment cores collected downstream Geneva 

allowing to retrace the past technogenic tritium contamination and to highlight the non-negligible part of 

industrial releases between Geneva and the upstream coring site since the beginning of the 1960s.

The upstream part of the Rhône River was significantly marked by nearly fifty years of the use of tritiated 

luminescent paint by watchmaking industries resulting not only in OBT concentrations far higher than the 
current background level but also with values higher than 10 kBq L_1 downstream of Lake Geneva while the 

current natural background in riverine sediments is close to 2 Bq L_1. The downstream part of the Rhône River 

was also impacted by the watchmaking industry forming a receptacle for technogenic tritium transiting from both 

the Jura Arc and the downstream of Geneva. This impact occurred in a lesser extent with a maximum OBT 
value about 1 kBq L_1 due to the dilution by tributaries devoid of technogenic tritium. In both cases, maximum 

OBT contents were observed at the bottom of the sediment cores and the OBT content decreased over time 

without however reaching current natural background levels. The OBT measured in sediment cores was not 

only contemporaneous with the use of tritium in the watchmaking industry, it continued to be present after the 

end of the use of tritiated salts in workshops but with a decreasing trend. The effective half-life provided an 

evidence of the rapid resiliency of the Rhône River in regards with technogenic tritium contamination with an



apparent half-life three times shorter than the radioactive decay of the tritium. This was obseived for both 

upstream and downstream sites revealing the high potential of the aquatic System to eliminate the contamination 

with the same kinetic regardless of the distance from the source of the contamination. The results demonstrate 

that actual OBT background level could be reached from 14 to 70 years and from 14 to 28 years in the upstream 

and downstream part of the River, respectively.

Tritium used in the watchmaking industiy for more than fifty years in the French-Swiss workshops led to a long- 

lasting imprint of the Rhône River sédiments.

Déclaration of competing interest

The authors déclaré that they hâve no known competing Financial interests or personal relationships that could 

hâve appeared to influence the work reported in this paper.

Acknowledgements
The authors would like to express their sincere gratitude to the Agence de l’Eau Rhône Méditerranée Corse for 

providing financial support for the SORA station, for the ARCHEORHONE Project (2016-2018) and to the 

Observatoire des Sédiments du Rhône (OSR) also funded by the Rhône Plan and by the European Régional 

Development Fund (ERDF) allocated by the European Union and the French Agency for Research (ANR-19- 

CE3-0009 TRAJECTOIRE) for additional funding's. We acknowledge Franck Giner and David Mourier 

(IRSN/LRTA) for their contribution in coring missions and préparation of samples and Cédric Le Corre 

(IRSN/LMRE) for OBT analyses. Finally, the authors sincerely thank Steve Sheppard and the reviewers for 

their precious comments and help to improve the manuscript.

Appendix A Supplementary data

Supplementary data to this article can be found online at https://doi.Org/10.1016/i.ienvrad.2020.106370.

References

(7) The corrections made in this section will be reviewed and approved by a journal production editor. The newly 

added/removed references and its citations will be reordered and rearranged by the production team.

Abril, J.M., 2003. A new theoretical treatment of sédiment compaction. A reviewed basis for the 

radiometric dating of recent sédiments with compaction and time-dependent fluxes. Recent Adv. 

Multidiscip. Appl. Phys. 617-621. doi:10.1016/B978-008044648-6.50094-X.

AFNOR, 1973. NF S86-305 1973 : Horlogerie - Instruments Horaires Radioluminescents.

Antonelli, C., Eyrolle, F., Rolland, B., Provansal, M., Sabatier, F., 2008. Suspended sédiment and 137Cs 

fluxes during the exceptional December 2003 flood in the Rhône River, southeast France. 

Geomorphology 95, 350-360. doi:10.1016/j.geomorph.2007.06.007.

Antonelli, C., Provansal, M., Vella, C., 2004. Recent morphological channel changes in a deltaïc 

environment. The case of the Rhône River, France. Geomorphology 57, 385-402. doi: 10.1016/SO169- 

555X(03)00167-3.

https://doi.Or


Appleby, P.G., 1998. Dating recent sédiments by 210Pb: problems and solutions. STUK 145, 7-24.

Appleby, P.G., 2008. Three décades of dating recent sédiments by fallout radionuclides: a review. The 

Holocene 18, 83-93. doi: 10.1177/0959683607085598.

Appleby, P.G., Birks, H.H., Flower, R.J., Rose, N., Peglar, S.M., Ramdani, M., Kraïem, M.M., Fathi, 

A.A., 2001. Radiometrically deteimined dates and sédimentation rates for recent sédiments in nine North 

African wetland lakes (the CASSARINA project). Aquat. Ecol. 35, 347-367.

doi: 10.1023/A: 1011938522939.

Bâbek, O., Flilscherovâ, K., Nehyba, S., Zeman, J., Famera, M., Francu, J., Floloubek, I., MacFlât, J., 

Klânovâ, J., 2008. Contamination histoiy of suspended river sédiments accumulated in oxbow lakes over 

the last 25 years: Morava River (Danube catchment area), Czech Republic. J. Soils Sédiments 8, 165— 

176. doi: 10.1007/sl 1368-008-0002-8.

Bâbek, O., Kielar, O., Lendakovâ, Z., Mandlikovâ, K., Sedlâcek, J., Tolaszovâ, J., 2020. Réservoir deltas 

and their rôle in pollutant distribution in valley-type dam réservoirs: les Krâlovstvi Dam, Elbe River, 

Czech Republic. Catena 184 104251. doi:10.1016/j.catena.2019.104251.

Barbe, N., Lioger, R., 1999. Les industries jurassiennes: savoir-faire et coopération (Peter Lang).

Beaugelin-Seiller, K., Boyer, P., Gamier-Laplace, J., Adam, C., 2002. Casteaur: a simple tool to assess 

the transfer of radionuclides in waterways. Health Phys. 83, 539-542. doi: 10.1097/00004032- 

200210000-00013.

Bernard-Narbonne, J., Lachaussee, G., 1986. Le tritium et la radioluminescence. SFRP Journées tritium 

97-106.

Blott, S.J., Pye, K., 2001. GRADISTAT : A Grain Size Distribution and Statistics Package for the 

Analysis of Unconsolidated Sédiments, vol. 1248. pp. 1237-1248.

Charmasson, S., 2003. 137Cs inventoiy in sédiment near the Rhône mouth: rôle played by different 

sources. Oceanol. Acta 26, 435-441. doi:10.1016/S0399-1784(03)00036-7.

Charmasson, S., 1998. Cycle tu combustible nucléaire et milieu marin. Devenir des effluents rhodaniens 

en Méditerranée et des déchets immergés en Atlantique nord-est 402.

Clarke, W.B., Jenkins, W.J., Top, Z., 1976. Deteimination of tritium by mass spectrométrie measurement 

of 3He. Int. J. Appl. Radiat. Isot. 27, 515-522. doi:10.1016/0020-708X(76)90082-X.

Copard, Y., Eyrolle, F., Radakovitch, O., Poirel, A., Raimbault, P., Gairoard, S., Di-Giovanni, C., 2018. 

Badlands as a hot spot of petrogenic contribution to riverine particulate organic carbon to the Gulf of Lion 

(NW Mediterranean Sea). Earth Surf. Process. Landforms 43. 2495-2509. doi:10.1002/esp.4409.

Cossonnet, C., Marques, A.M.N., Gurriaran, R., 2009. In: Expérience acquired on environmental sample 

combustion for organically bound tritium measurement, 67. pp. 809-811. 

doi: 10.1016/j .apradiso.2009.01.039.

Croudace, I.W., Rindby, A., Rothwell, R.G., 2006. ITRAX: description and évaluation of a new multi­

fonction X-ray core scanner. Geol. Soc. London Spec. Publ. 267, 51-63.



doi: 10.1144/GSL.SP.2006.267.01.04.

Croudace, I.W., Warwick, P.E., Morris, J.E., 2012. Evidence for the préservation of technogenic tritiated 

organic compounds in an estuarine sedimentaiy environment. Environ. Sci. Technol. 46, 5704-5712. 

doi: 10.102 l/es204247f.

Dépret, T., Riquier, J., Piégay, H., 2017. Evolution of abandoned channels: insights on controlling factors 

in a multi-pressure river System. Geomorphology 294, 99-118. doi:10.1016/j.geomorph.2017.0E036.

Desmet, M., Mourier, B., Mahler, B.J., Van Métré, P.C., Roux, G., Persat, H., Lefèvre, I., Peretti, A., 

Chapron, E., Simonneau, A., Miège, C., Babut, M., 2012. Spatial and temporal trends in PCBs in 

sédiment along the lower Rhône River, France. Sci. Total Environ. 433, 189-197.

doi: 10.1016/j .scitotenv.2012.06.044.

Dhivert, E., Grosbois, C., Coynel, A., Lefèvre, I., Desmet, M., 2015. Influences of major flood sédiment 

inputs on sedimentaiy and geochemical signais archived in a réservoir core (Upper Loire Basin, France). 

Catena 126, 75-85. doi:10.1016/j.catena.2014.10.030.

Eisenbud, M., Bennett, B., Blanco, R., Compere, E., Goldberg, E., Jacobs, D., 1979. Tritium in the 

Environment. Behav. Tritium Environ. Proc. A Symp. San Fransisco. IAEA NEA (OECD), Vienna.

Eyrolle-Boyer, F., Claval, D., Cossonnet, C., Zebracki, M., Gairoard, S., Radakovitch, O., Calmon, P., 

Leclerc, E., 2015. Tritium andl4C backgi'ound levels in pristine aquatic Systems and their potential 

sources of variability. J. Environ. Radioact. 139, 24-32. doi:10.1016/j.jenvrad.2014.09.015.

Eyrolle, F., Claval, D., Gontier, G., Antonelli, C., 2008. Radioactivity levels in major French rivers: 

Summaiy of monitoring chronicles acquired over the past thirty years and currcnt status. J. Environ. 

Monit. 10, 800-8IL doi:10.1039/b805752b.

Eyrolle, F., Copard, Y., Lepage, H., Ducros, L., Morereau, A., Grosbois, C., Cossonnet, C., Gurriaran, 

R., Booth, S., Desmet, M., 2019. Evidence for tritium persistence as organically bound foims in river 

sédiments since the past nuclear weapon tests. Sci. Rep. 9, 1-10. doi:10.1038/s41598-019-47821-E

Eyrolle, F., Ducros, L., Le Dizès, S., Beaugelin-Seiller, K., Charmasson, S., Boyer, P., Cossonnet, C., 

2018. An updated review on tritium in the environment. J. Environ. Radioact. 181, 128-137. 

doi: 10.1016/j .jenvrad.2017. D .00 E

Eyrolle, F., Lepage, H., Antonelli, C., Morereau, A., Cossonnet, C., Boyer, P., Gurriaran, R., 2020. 

Radionuclides in waters and suspended sédiments in the Rhône River (France) - Current contents, 

anthropic pressures and trajectories. Science of The Total Environment 723. 

doi: 10.1016/j .scitotenv.2020.137873.

Eyrolle, F., Lepage, H., Copard, Y., Ducros, L., Claval, D., Saey, L., Cossonnet, C., Giner, F., Mourier, 

D., Eyrolle Lepage, H., Copard, Y., Ducros, L., Claval, D., Saey, L., Cossonnet, C., Giner, F., Mourier, 

D., Eyrolle, F., Lepage, H., Copard, Y., Ducros, L., Claval, D., Saey, L., Cossonnet, C., Giner, F., 

Mourier, D., 2018. A brief histoiy of origins and contents of Organically Bound Tritium (OBT) and 14C 

in the sédiments of the Rhône watershed. Sci. Total Environ. 643, 40-5 E

doi: 10.1016/j .scitotenv.2018.06.074.



Ferrand, E., Eyrolle, F., Radakovitch, O., Provansal, M., Dufour, S., Vella, C., Raccasi, G., Gurriaran, R., 

2012. Flistorical levels of heavy metals and artificial radionuclides reconstructed from overbank sédiment 

records in lower Rhône River (South-East France). Geochem. Cosmochim. Acta 82, 163-182. 

doi: 10.1016/j.gca.2011.11.023.

Francis, C.W., Brinkley, F.S., 1976. Preferential adsoiption of 137Cs to micaceous minerais in 

contaminated freshwater sédiment. Nature 260, 511-513. doi:10.1038/260511a0.

Fiy, S.A., 1998. Studies of U.S. Radium dial workers: an epidemiological classic. Radiat. Res. 150, S21. 

doi: 10.2307/3579805.

Goldberg, E.D., 1963. Geochronology with 210-Pb. Radioact. Dating 121-131.

Gontier, G., Siclet, F., 2011. In: Le tritium organique dans les écosystèmes d ’ eau douce : évolution à 

long teime dans 1 ’ environnement des centres nucléaires de production d ’ électricité français, 46. pp. 

457-491. doi: 10.105 l/radiopro/2011139.

Gu, Z., Shi, C., Yang, H., Yao, H., 2019. Analysis of dynamic sedimentaiy environments in alluvial fans 

of some tributaries of the upper Yellow River of China based on ground penetrating radar (GPR) and 

sédiment cores. Quat. Int. 509, 30-40. doi:10.1016/j.quaint.2018.05.001.

Gunderman, R.B., Gonda, A.S., 2015. Radium girls. Radiology 274, 314-318.

doi: 10.1148/radiol. 14141352.

Huggenberger, P., Regli, C., 2006. A Sedimentological Model to Characterize Braided River Deposits for 

Hydrogeological Applications. Blackwell Publishing Ltd Oxford, UK.

ISO, 1975. Noime ISO 3157.

Jean-Baptiste, P., Baumier, D., Fourré, E., Dapoigny, A., Clavel, B., 2007. In: The distribution of tritium 

in the terrestrial and aquatic environments of the Creys-Malville nuclear power plant, 94 2002 - 2005. 

doi: 10.1016/j .jenvrad.2007.01.010.

Jean-Baptiste, P., Fontugne, M., Fourré, E., Marang, L., Antonelli, C., Channasson, S., Siclet, F., 2018. 

Tritium and radiocarbon levels in the Rhône river delta and along the French Mediterranean coastline. J. 

Environ. Radioact. 187, 53-64. doi:10.1016/j.jenvrad.2018.01.031.

Jean-Baptiste, P., Fouixé, E., Dapoigny, A., Baumier, D., Baglan, N., Alanic, G., 2010. 3He mass 

spectrometry for veiy low-level measurement of organic tritium in environmental samples. J. Environ. 

Radioact. 101, 185-190. doi:10.1016/j.jenvrad.2009.10.005.

Kim, S.B., Baglan, N., Davis, P.A., 2013. Cuixent understanding of organically bound tritium (OBT) in 

the environment. J. Environ. Radioact. 126, 83-91. doi:10.1016/j.jenvrad.2013.07.011.

Lafargue, E., Marquis, F., Pillot, D., 1998. Rock-Eval 6 applications in hydrocarbon exploration, 

production, and soil contamination studies. Rev. l’Institut Fr. du Pet. 53, 421-437.

doi: 10.2516/ogst: 1998036.

Lambrechts, A., Levy, F., Foulquier, L., 1991. In: Données sur les concentrations en plutonium dans 

l’écosystème aquatique rhodanien en aval de l’usine de Marcoule, 26. pp. 627-635.



doi: 10.1051/radiopro/l 991022.

Lepage, H., Eyrolle, F., Ducros, L., Claval, L., 2020. Spatial and temporal variation of tritium 

concentrations during a dam flushing operation. J. Environ. Radioact. 218. 

doi:10.1016/i.ienvrad.2020.106261.

Lin, Y.T., Schuettpelz, C.C., Wu, C.H., Fratta, D., 2009. A combined acoustic and electromagnetic wave- 

based techniques for bathymetiy and subbottom profiling in shallow waters. J. Appl. Geophys. 68, 203- 

218. doi: 10.1016/j.jappgeo.2008.11.010.

Mauiy, 2015. L’Apple Watch, une menace pour l’industrie horlogère traditionnelle?. MontréalHEC 

Montréal.

Mellett, J.S., 1995. Profiling of ponds and bogs using ground-penetrating radar. J. Paleolimnol. 14, 233- 

240. doi: 10.1007/BF00682425.

Moine, A., 2003. Evolution d’un espace transfrontalier: le territoire horloger franco-suisse de l’arc 

jurassien: the évolution of a cross-border area : the case of the clock & watch making teixitory in the Jura 

mountains. Inf. Géogr. 67, 21-34. doi: 10.3406/ingeo.2003.2873.

A.J. Mumpy, H.M. Jol, W.F. Kean, J.L. Isbell. Geological Society of America Spécial Papers based on 3- 

D ground penetrating radar Architecture and sedimentology of an active braid bar in the Wisconsin River 

Geological Society of America Spécial Papers Architecture and sedimentology of an active braid. https://d 

oi.org/10.1130/2007.2432t09ÏFmail. 2007.

Murith, C., Baechler, S., Estier, S., Palacios-Gmson, M., 2017. Remediation of radium legacies from the 

Swiss watch industiy. Radiat. Protect. Dosim. 173, 245-251. doi:10.1093/rpd/ncw335.

Murith, C., Zeller, W., Hammans, M., Zeller, A., 2006. Réexamen de la justification du tritium dans 

l’industrie horlogère. Radioprotection 41, 189-200. doi:10.1051/radiopro.

Neal, A., 2004. Ground-penetrating radar and its use in sedimentology: principles, problems and progress. 

Earth Sci. Rev. 66, 261-330. doi: 10.1016/j.earscirev.2004.01.004.

O’Driscoll, M., Johnson, P., Mallinson, D., 2010. Geological Controls and effects of floodplain asymmetry 

on river-groundwater interactions in the southeastem Coastal Plain, USA. Hydrogeol. J. 18, 1265-1279. 

doi: 10.1007/s 10040-010-0595-z.

OFSP, 2007. Radioactivité de l’environnement et doses de rayonnements en Suisse en 2006. Off. Fédéral 

la Santé Publique.

OFSP, 1994. Ordonnance sur la radioprotection (ORaP) 1994. vols. 1-116.

Oldfield, F., Richardson, N., Appleby, P.G., 1995. Radiometric dating (210Pb, 137Cs, 241Am) of recent 

ombrotrophic peat accumulation and evidence for changes in mass balance. Holocene 5, 141-148. 

doi: 10.1177/095968369500500202.

Ollivier, P., Radakovitch, O., Hamelin, B., 2011. Major and trace element partition and fluxes in the 

Rhône River. Chem. Geol. 285, 15-31. doi:10.1016/j.chemgeo.2011.02.011.

https://d


Petersen, W., Knauth, H.D., Pepelnik, R., Bendler, I., 1990. Vertical distribution of chemobyl isotopes 

and their corrélation with heavy metals and organic carbon in sédiment cores of the elbe estuaiy. Sci. Total 

Environ. 97 (98), 531-547. doi:10.1016/0048-9697(90)90262-S.

Pont, D., Simonnet, J.P., Walter, A.V., 2002. Medium-teim changes in suspended sédiment deliveiy to the 

océan: conséquences of catchment heterogeneity and river management (Rhône River, France). Estuar. 

Coast Shelf Sci. 54, 1-18. doi: 10.1006/ecss.2001.0829.

Poulier, G., Launay, M., Bescond, C. Le, Thollet, F., Coqueiy, M., Coz, J. Le, 2019. Combining flux 

monitoring and data reconstmction to establish annual budgets of suspended particulate matter , mercuiy 

and PCB in the Rhône River from Lake Geneva to the Mediteixanean Sea. Sci. Total Environ. 658, 457- 

473. doi:10.1016/j.scitotenv.2018.12.075.

Provansal, M., Dufour, S., Sabatier, F., Anthony, E.J., Raccasi, G., Robresco, S., 2014. The geomoiphic 
évolution and sédiment balance of the lower Rhône River (southem France) over the last 130 years: 

hydropower dams versus other control factors. Gcomorphology 219, 27-41.

doi: 10.1016/j .geomoiph.2014.04.033.

Provansal, M., Villiet, J., Eyrolle, F., Raccasi, G., Gurriaran, R., Antonelli, C., 2010. High-resolution 

évaluation of recent bank accretion rate of the managed Rhône: a case study by multi-proxy approach. 

Geomoiphology 117, 287-297. doi:10.1016/j.geomorph.2009.01.017.

Radakovitch, O., Roussiez, V., Ollivier, P., Ludwig, W., Grenz, C., Probst, J.L., 2008. Input of particulate 

heavy metals from rivers and associated sedimentary deposits on the Gulf of Lion continental shelf. 

Estuar. Coast Shelf Sci. 77, 285-295. doi:10.1016/j.ecss.2007.09.028.

Ravi, S., Mathew, K.M., Subramanian, T.K., Seshadri, N.K., 2002. Préparation of tritiated polystyrène 

coated radioluminescent phosphor. J. Radioanal. Nucl. Chem. 254, 209-211.

doi: 10.1023/A: 1020830623227.

Ritchie, J.C., McHemy, J.R., 1990. Application of radioactive fallout cesium-137 for measuring soil 

érosion and sédiment accumulation rates and patterns: a review. J. Environ. Quai. 19, 215-233. 

doi: 10.2134/j eq 1990.00472425001900020006x.

Rolland, B., 2006. Transfert des radionucléides artificiels par voie fluviale : conséquences sur les stocks 

sédimentaires rhodaniens et les exports vers la Méditeixanée.

Sebok, E., Karan, S., Engesgaard, P., 2018. Using hydrogeophysical methods to assess the feasibility of 

lake bank filtration. J. Hydrol. 562, 423-434. doi:10.1016/j.jhydrol.2018.04.049.

Sempere, R., Chaixiere, B., Van Wambeke, F., Cauvet, G., 2000. Carbon inputs of the Rhne River to the 

Mediteixanean Sea : biogeochemical implications moles C yr and flux was estimated. Global 

Biogeochem. Cycles 14, 669-681.

Tena, A., Piégay, H., Seignemartin, G., Baixa, A., Berger, J.F., Mourier, B., Winiarski, T., 2020. 

Cumulative effects of channel coixection and régulation on floodplain teixestrialisation patterns and 

connectivity. Geomoiphology 354. doi: 10.1016/j.geomorph.2020.107034.



F. Thollet, C. Le Bescond, M. Lagouy, A. Gmat, G. Grisot, J. Le Coz, M. Coqueiy, H. Lepage, S. 

Gairoard, J.C. Gattacceca, J.-P. Ambrosi, O. Radakovitch. Observatoire des Sédiments du Rhône, https:// 

dx.doi.org/10.17180/OBS.QSR. 2018.

Thoms, M.C., Piégay, H., Parsons, M., 2018. Geomorphology what Do You Mean , ‘ Résilient 

Geomoiphic Systems ’ ?. vol. 305. pp. 8-19.

Thomson, J., Croudace, I.W., Rothwell, R.G., 2006. A geochemical application of the ITRAX scanner to 

a sédiment core containing eastem Mediterranean sapropel units. Geol. Soc. London Spec. Publ. 267, 65- 

77. doi: 10.1144/GSL.SP.2006.267.01.05.

UNSCEAR, 2000. ANNEX C: Exposures to the Public from Man-Made Sources of Radiation. Report of 

the United Nations Scientific Committee on the Effects of Atomic Radiation.

UNSCEAR, 1982. Ionizing radiation. Sources and biological effects. United Nations. 1 New York, 1982.

Van Métré, P.C., Wilson, J.T., Callender, E., Fuller, C.C., 1998. Similar rates of decrease of persistent, 

hydrophobie and particle- reactive contaminants in riverine Systems. Environ. Sci. Technol. 32, 3312- 

3317. doi:10.1021/es9801902.

Woodward, J., Ashworth, P.J., Best, J.L., Sambrook Smith, G.H., Simpson, C.J., 2003. The use and 

application of GPR in sandy fluvial environments: methodological considérations. Geol. Soc. Spec. Publ. 

211, 127-142. doi: 10.1144/GSL.SP.2001.211.01.11.

Zerriffi, H., 1996. The environmental, health, budgetaiy, and strategie effects of the Department of 

Energy’s decision to produce tritiumr4m-. IEER. Januarvlnstitute for Energy and Environmental Research 

tIEERl Technical report, http://www.ieer. org/reports/tritium.html.

Highlights
• History of tritium used in French and Swiss watchmaking workshops was reviewed.

• OBT was analyzed in sédiment cores collected upstream and downstream the Rhône River.

• Reconstructed time sériés testimony anthropic pressures over three major periods of time.

• Maximum OBT contents were registered over the 1980 with higher levels upstream.

• Current background level would be reached in 14-70 years.
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