
1  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

 
Continental Shelf Research 
August 2018, Volume 165 Pages 106-119  
https://doi.org/10.1016/j.csr.2018.06.010 
https://archimer.ifremer.fr/doc/00445/55628/ 

Archimer 
https://archimer.ifremer.fr 

Constraining the origin of recently deposited particles using 
natural radionuclides 7Be and 234Thex in deltaic sediments 

Wu Junwen 1, 2, 3, 5, Rabouille Christophe 2, 3, *, Charmasson Sabine 1, *, Reyss Jean Louis 2, 3,  
Cagnat Xavier 4 

 
1 Ctr IFREMER Mediterranee, IRSN, PSE ENV SRTE Lab Rech Transferts Radionucleides S, CS 
20330,Zone Portuaire Bregaillon, F-83507 La Seyne Sur Mer, France.  
2 UMR CEA CNRS UVSQ, LSCE, Ave Terrasse, F-91190 Gif Sur Yvette, France.  
3 IPSL, Ave Terrasse, F-91190 Gif Sur Yvette, France.  
4 IRSN, PSE ENV STEME, LMRE, F-91400 Orsay, France.  
5 Shantou Univ, Coll Sci, Shantou 515063, Peoples R China. 

 

* Corresponding authors : Christophe Rabouille, email address :  christophe.rabouille@lsce.ipsl.fr ; 
Sabine Charmasson, email address : sabine.charmasson@irsn.fr  
 
 

Abstract :   
 
7Be and 234Thex activities were determined in sediment cores off the Rhône River mouth (Gulf of Lions), 
in order to trace the initial transport and deposition of riverine suspended particulate matter (SPM) and 
evaluate the impact of flood events through 7 cruises carried out between 2007 and 2008. Consistently 
high 7Be and 234Thex inventories of 2000–3000 mBq cm−2 and 3000–5000 mBq cm−2, respectively, were 
observed within a ~5 km radius off the Rhône River mouth. Their spatial distributions showed a gradual 
decrease with increasing distance from the Rhône River mouth, and the decrease in 7Be was more 
pronounced than that of 234Thex, indicating that recent riverine SPM is rapidly deposited in the area located 
near the river mouth. This area is also characterized by high accumulation rates determined using 137Cs 
or 210Pbex. Both 7Be and 234Thex inventories increased in 2008 compared to 2007, and are correlated to 
the cumulated SPM flux for normal and flood discharge. Moreover, the 7Be/234Thex inventory ratio appears 
to be a potential tracer to identify the dominant influence of recently deposited particles between terrestrial 
and marine waters. This ratio provides an effective tool to assess river and marine influence: Zone I at a 
distance inferior to 3.0 km, with 7Be/234Thex inventory ratio over 0.50 (surface area near river mouth ~ 
7 km2) is dominated by riverine influence; in contrast, Zone III at a distance superior to 8.5 km, with 
7Be/234Thex inventory ratio less than 0.10 (surface area off river mouth beyond 150 km2) is predominantly 
under a marine influence. In between, an intermediate area (Zone II at a distance between 3.0 and 8.5 km, 
with 7Be/234Thex inventory ratios between 0.10 and 0.50) displays a mixed influence. This zoning could 
help in further understanding the spreading of particle-reactive contaminants and its initial sedimentary 
deposition in the Gulf of Lions. 
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Highlights 

► Short-term deposition of particles near the Rhône mouth was traced by 7Be and 234Thex. ► Both 7Be 
and 234Thex inventories were correlated with the cumulated particle fluxes. ► Recent riverine particles are 
mainly deposited within 5 km off the Rhône river mouth. ► 7Be/234Thex inventory ratio was used to assess 
riverine and marine influence. 
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1. Introduction 48 

River-dominated ocean margins are among the most biogeochemically dynamic 49 

regions of the world and play a dominant role in global biogeochemical cycles (Dagg et 50 

al., 2004; McKee et al., 2004; Cai, 2011). These areas are highly efficient filters and 51 

transformers of terrestrial materials, and are key interfaces between the continent and the 52 

open ocean (Bianchi and Allison, 2009; Chen and Borges, 2009). Most of the river 53 

suspended particulate matter (SPM) is deposited in continental margin areas and less than 54 

5% reach the deep sea (McKee et al., 2004). The SPM undergoes a series of processes 55 

associated with deposition and resuspension cycles after its initial discharge under 56 

different hydrological conditions (Sanford, 1992), especially during river floods and 57 

ocean storms. Consequently, the study of SPM deposition in the coastal zone under 58 

different hydrological regimes, such as short-term flood events, would help in 59 

understanding the fate of terrigenous pollutants carried by the SPM in river-dominated 60 

ocean margins. 61 

Natural and artificial radionuclides have been widely used to investigate various 62 

processes in estuarine, coastal and marine environments (e.g., Santschi et al., 1999; 63 

Yeager et al., 2004; Moore and Oliveira, 2008; Su et al., 2011). Generally, flood events 64 

occur over very short time-scales (from days to weeks). Therefore, radionuclides with 65 

short half-lives, such as 7Be (t1/2=53.3 days) and 234Th (t1/2=24.1 days), appear to be 66 

appropriate tracers for studying flood deposition processes over these short time scales 67 

(Feng et al., 1999a; Saari et al., 2010). Resuspension may play a role in redistributing the 68 

original deposition and may mix sediments of different origins and age (Ogston et al., 69 

2008). 70 

    Beryllium-7 (7Be) is produced by cosmic ray spallation of nitrogen and oxygen in 71 

the atmosphere. 7Be is a particle-reactive element and its distribution coefficient (Kd, L/kg) 72 

is estimated to be ~105 in estuarine and coastal waters (Dibb and Rice, 1989; Baskaran 73 

and Swarzenski, 2007). Following its formation in the stratosphere and troposphere, 7Be 74 

is scavenged by submicron aerosol particles and is delivered to land principally through 75 

precipitation and dry deposition (Lal et al., 1958; Wallbrink and Murray, 1994) and then 76 

to rivers through watershed washout (Matisoff et al., 2002). 7Be is generally used to study 77 

various processes over short time-scales, such as soil redistribution and erosion rates, 78 
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sediment residence time and transport in coastal and estuarine systems (Dibb and Rice, 79 

1989; Sommerfield et al., 1999; Taylor et al., 2013). Another highly particle-reactive 80 

element, Thorium-234 (234Th), with Kd up to ~105-106 (Guo et al., 1995; IAEA, 2004; 81 

Baskaran and Swarzenski, 2007), is produced from the decay of dissolved 238U and is 82 

commonly present in excess (ex) of its parent 238U in coastal suspended matter and 83 

bottom sediments (Aller and Cochran, 1976). 238U concentrations in rivers and oceans 84 

generally vary linearly with salinity (Skwarzec, 1995). The average 238U concentrations 85 

are 41.5±2.5 Bq m-3 (3.3±0.2 μg L-1) in the open ocean (salinity normalized to 35.00 ‰) 86 

and 3.7±0.4 Bq m-3 (0.3±0.03 μg L-1) in the major world rivers (Ku et al., 1977; Mangini 87 

et al., 1979; Owens et al., 2012). Therefore, the production of 234Th is generally greater in 88 

the seaward portion of the estuary than in the landward part (Feng et al., 1999b). 89 

Furthermore, due to their short half-lives, 7Be and 234Th have proven to constitute a 90 

couple of excellent tracers to discern short-term variations in estuarine systems, such as 91 

flood deposition (Sommerfield et al., 1999; Mullenbach et al., 2004; Palinkas et al., 2005) 92 

and dynamic processes of particles and sediments (Olsen et al., 1986; Wallbrink and 93 

Murray, 1996; Feng et al., 1999a; Palinkas et al., 2005). 94 

The Rhône subaqueous delta is a wave-dominated delta with micro-tidal influence 95 

and a pro-grading sedimentary structure (Syvitski and Saito, 2007), where resuspension 96 

occurs below 20 meter depths during large southeast storms occurring mostly in winter 97 

(Ulses et al., 2008; Dufois et al., 2014). Over the last two decades, numerous studies have 98 

been carried out to better understand the fate of particulate discharge from the Rhône 99 

River, especially during floods, in supplying terrigenous and river-borne material to the 100 

Mediterranean Sea and the flood impact on various processes (e.g., Milliams and Rose, 101 

2001; Perianez, 2005; Maillet et al., 2006; Miralles et al., 2006; Lansard et al., 2007; 102 

Drexler and Nittrouer, 2008; Cathalot et al., 2010; Fanget et al., 2013). They revealed that 103 

a large majority of river particles discharged into the Mediterranean Sea are deposited, 104 

biogeochemically transformed and buried close to the Rhône River mouth in the pro-delta 105 

area. The transport and deposition of the remaining SPM is mainly diverted to the 106 

southwest in the Rhône River plume. Aloisi et al. (1979) showed that SPM carried by the 107 

Rhône towards the sea is stratified in a multi-layered system (surface plume, intermediate 108 

and benthic nepheloid layers). The surface plume can spread over several kilometers off 109 
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the river mouth during floods (Naudin et al., 1997; Thill et al., 2001). The intermediate 110 

layers are mainly seasonal while the benthic nepheloid layer is the thickest layer, which 111 

nourishes the prodelta, shelf and slope. Therefore, defining the preferential deposition 112 

area of river-borne particles and its initial repository is of particular interest to better 113 

understand the dynamics of riverine particles and their associated contaminants drained 114 

by the Rhône River into the Mediterranean Sea (Charmasson, 2003; Eyrolle et al., 2004; 115 

Roussiez et al., 2006, Radakovich et al., 2008). 116 

The objective of our study is to define these initial particle deposition areas close to 117 

the Rhône River mouth labelled by 7Be and 234Th tracers, and to improve the 118 

understanding of short-term sedimentary processes in this area. It is important to 119 

document and understand the short-term deposition of riverine particles as it is strongly 120 

linked to the fate of the most labile part of the organic matter and the associated 121 

contaminants in these key regions at the land-sea interface constituted by river deltas. 122 

 123 

Figure 1. Maps of the Rhône River pro-delta showing the sampling locations 124 

 125 
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2. Materials and methods 126 

2.1. Study area 127 

The Rhône River, one of the largest rivers in France in terms of freshwater discharge, 128 

has a catchment area of about 98 000 km2 and 832 km length and originates from the 129 

Alps. It flows into the Gulf of Lions (NW Mediterranean Sea) through a delta that 130 

comprises two branches, the Grand Rhône (carrying 90% of the mean water discharge) 131 

and the Petit Rhône (carrying the remaining 10%) (Ibanez et al., 1997). The Rhône River 132 

is the largest supplier of freshwater, sediments and nutrients to the Gulf of Lions and the 133 

western Mediterranean basin (De Madron et al., 2000; Sempéré et al., 2000; Pont et al., 134 

2002; Sadaoui et al., 2016). The mean annual river discharge for the past sixty years was 135 

approximately 1720 m3 s-1. The values for the 1-year, 2-year, 10-year, 50-year, and 136 

100-year return period (an estimate of the frequency of river flooding based on a 137 

stochastic concept) of high discharge correspond to 4000, 5000, 8400, 10400 and 11200 138 

m3 s-1, respectively (Eyrolle et al., 2012 and references therein). The annual sediment 139 

discharge ranged from 0.98 to 19.7 million tons (Mt, 1Mt=1×1012 g), with a mean 140 

discharge of 6.7 Mt over the period 1967-2008 (Pont et al., 2002; Eyrolle et al., 2012). 141 

Most of the solid load (>80%) comes from during flood events initiated in the 142 

mountainous portions of the Rhône River catchment (Pont et al., 2002; Antonelli et al., 143 

2008). The Gulf of Lions, where the Rhône discharges, is micro-tidal with a tidal range of 144 

30-50 cm (Dufois et al., 2008). Therefore, the Rhône estuary is stratified and tidal mixing 145 

is insignificant. A large turbid plume of one meter in thickness (occasionally up to 5 146 

meters) with mixed freshwater and seawater extends offshore towards the southwest 147 

(Many et al., 2018). Below this layer, the salinity of the water is the Mediterranean 148 

seawater salinity, i.e., 38 ‰. As mentioned above, large resuspension events are limited 149 

to the winter and are generally weaker during spring, summer and fall, although 150 

occasional storms may displace centimetric layers of sediment (Toussaint at al., 2014; 151 

Dufois et al., 2014). The seafloor bathymetry in the subaqueous delta shows three major 152 

domains: the proximal domain, in a 2 km radius off the river mouth with water depth of 153 

10-30 m; the pro-delta domain, 2-5 km off the river mouth with water depth ranging from 154 

30 to 70 m; and the distal domain (continental shelf), beyond 5 km off the river mouth 155 

with water depth between 70 and 90 m (Got and Aloisi, 1990). The subaqueous delta 156 
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structure is characterized by fine-grained deposits in the proximal area below 20 meter 157 

depths (Durrieu de Madron et al., 2000; Roussiez et al., 2005). The net sedimentation 158 

rates varied from 30 to 50 cm yr-1 in the proximal domain (Calmet and Fernandez, 1990; 159 

Charmasson et al., 1998), to 1-2 cm yr-1 in the prodelta, down to 0.1-0.6 cm yr-1 with a 160 

mean rate of 0.3 cm yr-1 in the distal domain (Radakovitch et al., 1999; Miralles et al., 161 

2005). The grain size in the entire area is quite homogeneous (D0.5 =10-15µm) (Bonifacio 162 

et al., 2014; Cathalot et al., 2010). The biogeochemical characteristics are also very 163 

different between the three zones with large mineralization of organic matter involving 164 

sulfate reduction in the proximal and prodelta zones and suboxic diagenesis in the distal 165 

region (Pastor et al., 2011; Rassmann et al., 2016). 166 

 167 

2.2. River discharge and SPM data 168 

The Rhône River flow data was provided by the CNR (Compagnie Nationale du 169 

Rhône) and SPM was measured at the Arles-SORA station by the MIO (Mediterranean 170 

Institute of Oceanology). Daily SPM samples were obtained by automatically collecting 171 

150 mL of water every 90 min. Samples for SPM analysis were preserved with HgCl2 and 172 

stored at 5 °C until the bulk sample volumes were filtered using 1-μm pre-conditioned 173 

glass fiber filters (ashed at 450 °C for 4 h and pre-weighed before filtration). The SPM 174 

was quantified by differential weighing after drying at 60 °C for 24 h. The analytical 175 

uncertainty of SPM concentrations was 5×10-4 g L-1. 176 

 177 
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178 

179 
 Figure 2. The daily variation of the Rhône River flow and the duration (in days) 180 

of river flooding during the sampling period (a) and the relationship between river 181 

flow and Suspended Particulate Matter (SPM) fluxes (b) during the period of 182 

2007-2008. 183 

 184 

2.3. Sample collection 185 

The sediment cores were collected using various 20-40 cm corers that allow good 186 

preservation of the interface, i.e., Usnel box-corer and Octopus multi-corer, during seven 187 
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cruises conducted in the Gulf of Lions from March 13, 2007 to December 7, 2008 (Figure 188 

1), a period characterized by a large and unusual flood in May-June 2008 created by a 189 

dam release on the largest alpine tributary (Durance) and a more typical flood in 190 

November 2008. Before the May-June 2008 flood, 21 sediment cores were collected in 191 

March, April and September 2007, and in March 2008. Five sediment cores were sampled 192 

off the Rhône River mouth during the 2008 flood (May-June), but only one core, 193 

Stn.AK3, was sampled after the main deposition event in the pro-delta. After the 2008 194 

flood, six stations were sampled in October and December 2008. The detailed sample 195 

information is listed in Table 1. The sediment core samples were extruded onboard and 196 

sliced at depth intervals of 0.5-, 1.0- or 2.0-cm. Then, the subsamples were frozen and 197 

kept in that state until they were shipped to the shore-based laboratory, where they were 198 

dried (either at 60 °C for 24 h or freeze-dried) and pulverized using agate mortar and 199 

pestle sets. 200 

 201 

2.4. 7Be isotope measurement 202 

The radionuclide measurements were carried out in two laboratories: “Laboratoire 203 

Souterrain de Modane (LSM)” in the French Alps (Reyss et al., 1995; Cazala et al., 2003) 204 

and “Laboratoire de Mesure de la Radioactivité de l’Environnement (LMRE)” in Orsay 205 

(IRSN) (De Vismes Ott et al., 2013). At LSM, 3-4 g aliquots were measured in the wells 206 

of very low-background and high-efficiency germanium detectors. Protected from cosmic 207 

radiation by 1700 m of rocks, a background as low as 0.5 counts per minute from 40 keV 208 

to 3000 keV was measured. Due to the short half-life, no standard for 7Be was used at 209 

LSM and the efficiency-versus-energy curve was extrapolated between 137Cs gamma ray 210 

at 662 keV and 40K at 1460 keV to the 478 keV peak of 7Be (Larsen and Cutshall, 1981). 211 

Generally, a counting time of one day for the deepest samples leads to precise data 212 

(uncertainty less than 10% for 2σ counting statistical error). At LMRE, 60 mL or 220 mL 213 

(~50-300 g) sediments were measured with the coaxial or semi-planar (HPGe) germanium 214 

detectors for 24-48 hours, with a relative efficiency of over 50%. Detectors were in a room 215 

shielded with 10 cm of low-background lead and 5 mm of electrolytic copper, located 216 

underground under a 3 m thick boron concrete slab (De Vismes Ott et al., 2013).  217 
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Table 1. Sample information from selected stations of the Rhône River pro-delta sediments 218 
Stations Samples Lat. (°N) Long. 

 (°E) 

Depth  

(m) 

Collection date 

(dd-mm-yyyy) 

Measurement  

length (cm) 

Distance (km) a) Inventory Data from Lab 

Southwest transect (SW) 

A 2007Chenal20m(-1) 43.311 4.853 28 13-03-2007 16 2.03 closed IRSN/LMRE  

2007Chenal30m(-2) 43.313 4.855 27 13-03-2007 16 2.07 closed IRSN/LMRE 

2007HChenal20m(-3) 43.311 4.851 28 15-03-2007 14 2.03 closed IRSN/LMRE 

A 43.312 4.852 25 20-04-2007 16 2.06 closed LSCE/LSM 

A2 43.313 4.851 19 13-09-2007 7 1.92 closed LSCE/LSM 

2008Chenal30m 43.313 4.854 26 16-03-2008 15 2.03 closed IRSN/LMRE 

A3 43.310 4.851 32 29-05-2008 16 2.24 open LSCE/LSM 

A4 43.313 4.855 21 04-12-2008 12 2.07 open LSCE/LSM 

AB 2008US 14KB 43.312 4.835 26 16-03-2008 6 2.08 open IRSN/LMRE 

2007US-Rous 43.310 4.841 27 15-03-2007 6 2.12 closed IRSN/LMRE 

2008RbRousSub 43.310 4.842 27 11-10-2008 13 2.12 closed IRSN/LMRE 

AK AK3 43.307 4.856 42 08-06-2008 38 2.70 closed LSCE/LSM 

AK4 43.307 4.856 46 04-12-2008 30 2.70 closed LSCE/LSM 

AZ 2008US 04KB 43.318 4.866 25 15-03-2008 4 2.30 closed IRSN/LMRE 

B B 43.303 4.836 56 20-04-2007 10 2.93 closed LSCE/LSM 

B2 43.302 4.834 56 12-09-2007 7 3.07 closed LSCE/LSM 

G G 43.309 4.788 48 27-04-2007 6 4.91 closed LSCE/LSM 

N N 43.295 4.799 67 24-04-2007 5 5.14 closed LSCE/LSM 

C C2 43.272 4.772 75 14-09-2007 4 8.51 closed LSCE/LSM 

C3 43.274 4.776 75 30-05-2008 7 8.13 closed LSCE/LSM 

C4 43.273 4.770 72 04-12-2008 7 8.54 closed LSCE/LSM 

D D 43.250 4.728 74 23-04-2007 8 12.75 closed LSCE/LSM 

D2 43.301 4.728 72 14-09-2007 4 9.75 closed LSCE/LSM 

E E 43.222 4.700 75 21-04-2007 5 16.56 closed LSCE/LSM 

U U3 43.084 4.602 90 02-06-2008 1.5 33.51 closed LSCE/LSM 

South transect (S) 
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K K 43.301 4.858 62 29-04-2007 9 3.38 closed LSCE/LSM 

 K4 43.296 4.852 67 03-12-2008 8 3.76 open LSCE/LSM 

O O 43.283 4.836 79 24-04-2007 5 5.14 closed LSCE/LSM 

R R2 43.241 4.882 98 28-04-2007 5 10.32 closed LSCE/LSM 

Southeast transect (SE) 

L L 43.304 4.880 64 19-04-2007 7 4.15 closed LSCE/LSM 

L3 43.303 4.883 65 01-06-2008      8        4.41 closed LSCE/LSM 

 L4 43.300 4.883 66 07-12-2008      6        4.63 closed LSCE/LSM 

a) This indicates the distance from the sampling station to the reference site (43.329°N, 4.842°E) in the Rhône River mouth. 219 
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 220 

Calibrations in energy, resolution and efficiency were carried out using standard 221 

sources (including 7Be) prepared in the “Laboratoire des Etalons et Intercomparaisons” of 222 

the IRSN (LEI, under COFRAC accreditation), filled with an epoxide resin multi-gamma 223 

mixture source supplied by CERCA Inc (France). The 7Be was measured via its peak at 477 224 

keV of 10.44% emission intensity. 7Be activities were all corrected for decay from the 225 

date of sample collection in this study, and expressed as Bq kg-1 of dry weight of 226 

sediment. The two laboratories regularly participate in inter-comparison exercises at 227 

national and international levels and are reference laboratories in France. The results 228 

show an overall agreement between the two techniques with less than 10% difference. 229 

2.5. 234Thex isotope analysis 230 

The dried and homogenized samples were weighed and transferred to plastic 231 

counting geometries for non-destructive analysis of 234Th using gamma spectrometry. At 232 

LSM, six standards were used to calibrate the gamma detectors for the determination of 233 

gamma emitters (Cazala et al., 2003). 234Th activity was measured in both laboratories 234 

directly from its gamma photo-peak at 63.3 keV. A correction for gamma attenuation was 235 

applied and the self-adsorption coefficient for 234Th was also determined according to the 236 

methods suggested by Cutshall et al. (1983), because significant self-absorption of 237 

gamma energy occurs below 295 keV. At LMRE, for this low-energy line (<100 keV), a 238 

transmission measurement was carried out to determine the attenuation coefficients of the 239 

samples in order to correct the measured activity of the self-attenuation phenomena, which 240 

may be significant for sediments, especially on large geometries (220 mL) (Lefèvre et al., 241 

2003). In addition, 234Th supported by its grandparent 238U was determined by recounting 242 

the deepest layers in the core after approximately 5 months. The average activities 243 

measured in the second count were subtracted from the activities determined in the first 244 

counting session. This allows us to determine excess 234Th activities (activities not 245 

supported by 238U; denoted 234Thex). The counting time was at least 24 h, depending on 246 

the sample activity. The activities of the excess 234Th (234Thex) were all corrected for 247 

decay from the sampling date and expressed as Bq kg-1 of dry weight of sediment. 248 

2.6. Calculation of 7Be and 234Thex inventories and SPM flux 249 

Inventories of 7Be and 234Thex are useful parameters for assessing the deposition 250 
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process of SPM. In this study, 7Be and 234Thex
 inventories in dry sediments were 251 

calculated by summing their respective activities at each layer, according to the following 252 

formula (Wang and Yamada, 2005): 253 

 
1

N

s i i
i

I X Aρ
=

=∑                                    (1) 254 

where I  represents the inventories of 7Be or 234Thex in the dry sediments (mBq cm-2), 255 

N is the number of sampling layers, sρ  is the solid phase dry density, X  is the 256 

thickness of the sampling interval i  (cm), and A  is the activity of the sampled interval 257 

(Bq kg-1). Uncertainties on inventories are the sum of the propagated error determined for 258 

each of the sampling intervals. In some cores, 7Be or 234Thex activities were still detected 259 

in the deepest sampled layers. Therefore, for these cores the activities in the un-sampled 260 

deepest layers were extrapolated by fitting an exponential equation applied to the existing 261 

field data, to allow estimates of completed (closed) inventories.  262 

The annual SPM fluxes (SPMa in kg) were calculated through the following 263 

equation (Eyrolle et al., 2012): 264 

( )( ) ( )( )1 1
1

/ 2 / 2
t n

a ct ct t t
t

SPM SPM SPM Q Q T
=

+ +
=

= + • + •∆∑        (2) 265 

where n  is the number of samples collected during the year, ctSPM represents the SPM 266 

concentration measured over a given period of time or at the time t  (mg L-1), Q  is the 267 

average river flow during the sampling period (m3 s-1), and T∆  is the period of time 268 

between two continuous samples collected at times t  and 1t +  (s). In order to take into 269 

account the fact that sediment deposition integrates several deposition events, and to 270 

better link particulate inputs and sediment inventories on the same timescale, we also 271 

calculated the cumulated SPM fluxes over two half-lives before the sampling date for 272 

each radionuclide by summing the particle discharge over this period of time, namely, 273 

~106 d for 7Be and ~48 d for 234Th. For time periods longer than two half-lives before the 274 

sampling period, the radionuclide inventory will have decreased by 75% and will 275 

contribute marginally to the overall inventory. 276 

 277 
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3. Results 278 

3.1. Temporal variations of river flow rates and particulate discharge 279 

Temporal variations of river flow rates and particulate discharges measured at the 280 

SORA station located on the Grand Rhône in Arles 40 km, upstream of the river mouth 281 

during the period 2007-2008 are presented in Figure 2. The mean annual river flow rate 282 

over our study period is 1566±834 m3 s-1, which is in the range of the mean value over 283 

the past sixty years (1720±982 m3 s-1). At the SORA station in Arles, a river flood event is 284 

defined as a river flow rate above 3000 m3 s-1 since this threshold corresponds to a 285 

breakdown in the relationship between the river flow and SPM concentrations indicating 286 

the initiation of sediment transport under flood conditions (Pont et al., 2002; Antonelli, 287 

2002; Eyrolle et al., 2012). The year 2007 was defined as a “no flood” year with river 288 

flow only approaching or slightly exceeding 3000 m3 s-1 from March 4 to 9 and on 289 

November 24 (Figure 2a), and was characterized by a very low annual particulate 290 

discharge, i.e., 1.5 Mt. In contrast, the year 2008 was characterized by a succession of 291 

moderate floods with up to about 4000-5000 m3 s-1 (Eyrolle et al., 2012; Zebracki et al., 292 

2015). Over our 2008 sampling period (ending on December 7, 2008), two main floods 293 

occurred (Figure 2b). The first and main flood in terms of duration started on May 28 and 294 

ended on June 12, 2008 (~16 d), and the second one occurred from November 2 to 7, 295 

2008 (~6 d). However, the SPM concentrations observed in May-June 2008 are 296 

exceptionally high for such a moderate flood. A mean daily SPM concentration peak 297 

reaching 3356 mg L-1 was recorded on June 1, 2008, with daily maximum SPM fluxes 298 

reaching 11940 kg s-1. It is estimated that this atypical flood event of anthropogenic 299 

origin induced the transfer of 4.7 Mt SPM into the sea over a 16 day period, mostly from 300 

the flushing of old sediment trapped in reservoirs and the erosion of the river banks, 301 

which contains unusually low short-lived radionuclides (Eyrolle et al., 2012) and old 302 

carbon (Cathalot et al., 2013). This flood event accounts for ~52% of the 2008 annual 303 

SPM fluxes (about 9.1 Mt) and represents by itself three times the 2007 annual SPM 304 

fluxes (~1.5 Mt) (Eyrolle et al., 2012). In contrast, the SPM flux (~0.4 Mt) induced by the 305 

November flood event that reached 4800 m3 s-1 (November 2 to 7, 2008) only accounted 306 

for ~4% of the 2008 annual SPM flux (Grand Rhône). 307 

 308 
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  313 

  314 
 315 

Figure 3. Vertical distributions of 7Be activities in the sediment cores. 316 

 317 

3.2. 7Be activities and inventories 318 

A selection of vertical distributions of 7Be activities in the sediment cores are shown 319 

in Figure 3. Depth profiles of 7Be activities in the sediment cores showed an overall 320 

decrease with depth, which is caused by burial, bioturbation and gradual decay of 7Be 321 

with depth (Fitzgerald et al., 2001; Miralles et al., 2006). The 7Be penetration depth also 322 

shows a decrease with increasing distance from the river mouth (from Stn.A to Stns. B, C, 323 

D, E and U). 324 

Distributions of 7Be activities in surface sediments demonstrate spatial and temporal 325 

variations. Spatial distributions showed a clear decrease of surface 7Be activity with 326 

increasing distance from the river mouth. For example, in April 2007, along the SW 327 

direction, 7Be activities at Stn.A adjacent to the river mouth were higher than at Stns. B, 328 

N and E. 329 
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7Be inventories in the sediment cores are listed in Table 2 and they showed a large 330 

spatial variation with an 85-fold decrease from Stn.A in May 2008 (1826 mBq cm-2) to 331 

Stn.U on the shelf (21 mBq cm-2).  332 

  333 

 334 

 335 
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  336 

  337 
 338 

Figure 4. Vertical distributions of 234Thex activities in the sediment cores. 339 

 340 

 341 

3.3. 234Thex
 activities and inventories 342 

Vertical distributions of 234Thex activities in sediment cores also showed a decrease 343 

with increasing depth (Figure 4). However, the horizontal distribution of surface activity 344 

is inconsistent with that of 7Be, since the 234Thex activities in surface sediments did not 345 

show a decrease with distance from the river mouth. Along the SW direction, the 234Thex 346 

activity at Stn.E was higher than that of Stn.B close to the river mouth in April 2007. 347 
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Table 2. Inventories of 7Be and 234Thex in the Rhône River delta sediment cores and their 7Be/234Thex inventory ratios 348 
Stations Samples Collection date 

(dd-mm-yyyy) 

Cumulated SPM flux over 

106 d (kg s-1)a) 

Cumulated SPM flux over  

48 d (kg s-1)b) 

7Be inventory 

(mBq cm-2) 

234Thex inventory 

(mBq cm-2) 

7Be/234Thex  

inventory ratio 

Southwest transect (SW) 

A 2007Chenal20m(-1) 13-03-2007 11080 5082 1915±306 4209±954 0.45±0.13 

2007Chenal30m(-2) 13-03-2007 11080 5082 1432±221 3055±362 0.47±0.09 

2007HChenal20m(-3) 15-03-2007 11013 5008 847±155 3715±597 0.23±0.06 

A 20-04-2007 6265 4296 940±175 2042±668 0.46±0.17 

A2 13-09-2007 7197 1518 163±43 1001±121 0.16±0.05 

2008Chenal30m 16-03-2008 6593 1281 277±29 1385±98 0.20±0.03 

A3 29-05-2008 9408 8336 1826±186 3081±348 0.59±0.09 

A4 04-12-2008 18364 10168 1963±155 2546±353 0.77±0.12 

AB 2008US 14KB 16-03-2008 6593 1281 428±103 - - 

2007US-Rous 15-03-2007 11013 5008 1735±428 - - 

2008RbRousSub 11-10-2008 9350 8108 1537±260 2630±336 0.58±0.07 

AK AK3 08-06-2008 63216 59652 2797±275 2944±319 0.95±0.14 

AK4 04-12-2008 18364 10168 3064±289 5474±512 0.56±0.07 

AZ 2008US 04KB 15-03-2008 6647 1268 130±18 814±65 0.16±0.03 

B B 20-04-2007 6265 4296 242±47 1294±292 0.19±0.06 

B2 12-09-2007 7204 1541 173±25 2496±137 0.07±0.01 

G G 27-04-2007 6101 895 134±21 1308±131 0.10±0.02 

N N 24-04-2007 6205 2169 74±23 599±196 0.12±0.06 

C C2 14-09-2007 7183 1496 41±32 837±142 0.05±0.04 

C3 30-05-2008 12919 11629 377±33 3000±204 0.13±0.01 

C4 04-12-2008 18364 10168 194±57 1156±153 0.17±0.05 

D D 23-04-2007 6215 2860 102±24 2118±159 0.05±0.01 

D2 14-09-2007 7183 1496 29±10 1237±83 0.02±0.01 

E E 21-04-2007 6268 3698 56±38 856±89 0.07±0.04 

U U3 02-06-2008 47852 45699 21±11 535±69 0.04±0.02 

South transect (S) 
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K K 29-04-2007 5949 901 157±53 525±77 0.30±0.11 

K4 03-12-2008 18352 10149 741±23 3181±173 0.23±0.01 

O O 24-04-2007 6205 2169 113±51 1465±193 0.08±0.04 

R R2 28-04-2007 6052 712 52±15 850±76 0.06±0.02 

Southeast transect (SE) 

L L 19-04-2007 6278 3879 146±68 934±250 0.16±0.08 

 L3 01-06-2008 35895 34019 459±70 2026±218 0.23±0.04 

 L4 07-12-2008 18518 10352 294±13 2261±102 0.13±0.01 

a) The cumulated SPM fluxes are calculated over 106 d (2 half-lives of 7Be) before the sampling date. 349 
b) The cumulated SPM fluxes are calculated over 48 d (2 half-lives of 234Th) before the sampling date. 350 
 351 
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 352 
234Thex inventories in the sediment cores are also listed in Table 2. They varied from 353 

525 to 5474 mBq cm-2, showing a 10-fold decrease along the offshore transect. Within a 3 354 

km area at the river mouth, 234Thex inventories along the increasing distance from the 355 

river mouth varied from 2042±668 mBq cm-2 at Stn.A (2.1 km) to 1294±292 mBq cm-2 at 356 

Stn.B (2.9 km) in April 2007. During the same period, 234Thex inventory (856±89 mBq 357 

cm-2) at Stn.E (16.6 km) appears only slightly higher compared to Stn.N (599±196 mBq 358 

cm-2) closer to the coast (5.1 km). When considering their uncertainty, 234Thex inventories 359 

do not demonstrate a clear spatial variation as can be seen on 7Be inventory distribution. 360 

This has to be related to the differences in primary sources: a point source from the mouth 361 

for 7Be, while 234Thex source is more spread out since it is produced in situ from dissolved 362 

uranium in saline water. 363 

 364 

     365 
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 366 
Figure 5. Inventories of 7Be (a) and 234Thex (b) in the sediment cores, as a function of 367 

distance off the Rhône River mouth for March 2007 (red empty squares), April 368 

2007 (blue empty squares), September 2007 (green empty squares), March 2008 369 

(dark red empty circles), May-June 2008 (dark cyan empty circles), October 2008 370 

(purple empty circles) and December 2008 (black empty circles). The exponential 371 

decreases of the 7Be inventories with distance in 2007 and 2008 are plotted to 372 

highlight the trends. 373 

 374 

4. Discussion 375 

4.1. 7Be and 234Thex as tracers of short term SPM deposition 376 

SPM concentrations in surface water decrease rapidly seaward from 20 mg L-1 near 377 

the Rhône River mouth to 1.5 mg L-1 at the shelf break (Many et al., 2016). Given that 378 
7Be is largely associated with riverine particles, it thus follows the main riverine SPM 379 

deposition patterns. Therefore, the clear decrease in 7Be activities with distance from the 380 

Rhône River mouth can be associated with the decreasing contribution of river-borne 381 

particles in offshore sediments. 7Be inventories also showed an exponential decrease with 382 

increasing distance from the Rhône River mouth to shelf (seaward). The 7Be inventories 383 

reach low values when the distance is over 5 km (see Figure 5a) and the highest 7Be 384 

inventories appear within a ~5 km radius from the Rhône River mouth due to higher 385 
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activities and sediment penetration, indicating an important deposition of recent particles 386 

at these locations. The lower 7Be inventories determined in sediments beyond 5 km off 387 

the river mouth indicate lower deposition rates or deposition of aged resuspended 388 

particles. Previous observations of the diffusive oxygen fluxes into the sediment (Lansard 389 

et al., 2009; Rassmann et al., 2016), organic carbon contents and chlorophyll-a 390 

concentrations in surficial sediments (Cathalot et al., 2010; Bourgeois et al., 2011) and 391 

other organic tracers (Cathalot et al., 2013) indicated similar gradients: the labile organic 392 

matter is deposited and mineralized near the river mouth, creating larger oxygen demand, 393 

and concentrations of chlorophyll-a with younger 14C ages of organic matter whereas 394 

shelf sediments were characterized by lower oxygen demands and older organic material. 395 

In addition, we point out the variability in the 7Be inventories obtained at Stn.A in March 396 

2007 (847 to 1915 mBq cm-2) (Table 2). This variability could be due to the fact that 397 

these cores were sampled in a channelized area characterized by high spatial variability in 398 

transport mechanisms (Maillet et al., 2006). Notwithstanding the variability at station A, 399 

the gradient between the proximal zone and the continental shelf is still very large with a 400 

50-fold decrease between station A at lowest value and station U. It should also be noted 401 

that our two years study did not include many winter periods where significant 402 

resuspension events occur (Ulses et al., 2008). 403 

 404 
Figure 6. Temporal variations of 7Be and 234Thex inventories at Stn.A. 405 

 406 
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Concerning 234Thex, high concentrations generally indicate a marine influence as it 407 

is produced by the decay of 238U which is enriched in seawater. However, high 234Thex 408 

activities are also observed near the Rhône River mouth. One reason could be the large 409 

amounts of riverine particles that would enhance 234Thex scavenging from the saline part 410 

of the stratified water column at the river mouth (Corbett et al., 2004; McCubbin et al., 411 

2004). Alternatively, the Rhône River could be an additional 234Th source, as dissolved 412 
238U concentrations in the Rhône River are in the range of 7.5-20.0 Bq m-3 (0.6-1.6 μg 413 

L-1). This is 2-5 times higher than the average concentration in the world rivers (3.7±0.4 414 

Bq m-3, 0.3±0.03 μg L-1) (Ollivier et al., 2011), but lower than the average 238U 415 

concentration of seawater in the Mediterranean Sea, which is ~43.2 Bq m-3 (~3.5 μg L-1) 416 

(Delanghe et al., 2002). These high 238U concentrations in the Rhône River water could 417 

be related to the lithological composition (carbonate rocks) of the Rhône basin (Ollivier 418 

et al., 2011) and agricultural fertilizers such as phosphates containing high 238U used in 419 

the Rhône watershed (Eyrolle et al., 2012). Meanwhile, Zebracki et al. (2017) did not 420 

observe 234Thex on SPM in the Lower Rhône River at the flow rates above 3000 m3 s-1. 421 

Therefore, the high 238U concentration encountered in the river water allows the river to 422 

be a source of 234Th limited to the Rhône prodelta. 423 
234Thex inventories show a gradual decrease with increasing distance from the 424 

Rhône River mouth, and the highest 234Thex inventories are also observed within a ~5 km 425 

radius off the river mouth (Figure 5b). However, high 234Thex inventories are still 426 

observed beyond a ~5 km radius off the Rhône River mouth, such as at Stns. C (3000 427 

mBq cm-2) and D (2118 mBq cm-2), which is different from the pattern of 7Be. Such a 428 

difference in 234Thex and 7Be inventory distribution can be mainly attributed to their 429 

different source terms, i.e., 7Be source derived mainly from the river, while the 234Thex is 430 

linked to in situ production in saline water (Saari et al., 2010). 431 
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 432 

 433 
Figure 7. Relationship between 7Be inventories in the Rhône River pro-delta and 434 

cumulated SPM fluxes calculated over 106 d (2 half-lives of 7Be) before the 435 

sampling date (a) excluding the Stn.AK3 collected during May-June 2008 flood; 436 

and relationship between the 234Thex inventories in the Rhône River pro-delta and 437 

cumulated SPM fluxes calculated over 48 d (2 half-lives of 234Th) before the 438 

sampling date (b), excluding Stn.AK3.  439 
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 440 

4.2. Relation of 7Be and 234Thex with river particulate flux 441 

Large temporal variations in 7Be activities near the river mouth (Stns. A, AB, AK) 442 

appeared to be associated with river particulate discharge. In general, high river 443 

particulate discharge corresponds to high 7Be activities in proximal zone sediments. For 444 

example, at Stn.A, 7Be activities in December 2008 were higher than in March 2008 since 445 

the river particulate discharge in December 2008 was also higher compared to March 446 

2008. Like 7Be, 234Thex activities (Table 2) also seem to demonstrate a positive 447 

relationship with the river particulate discharge (R2=0.26, p˂0.05). For example, at Stn.A, 448 
234Thex activities (Table 2) observed in March 2007 are higher than in September 2007 449 

when the SPM flux is lower. Indeed, at this station, the periods of high 7Be and 234Thex 450 

inventories were associated with higher river flow and river particle discharge. High SPM 451 

riverine fluxes in March 2007 and December 2008 led to higher 7Be and 234Thex 452 

inventories compared to those observed in September 2007 and March 2008 when SPM 453 

fluxes were lower (Table 2). This correlates with a study on the western shelf of the 454 

Mississippi River delta carried out by Corbett et al. (2007), where high 7Be inventories 455 

near the Mississippi River mouth were positively associated with river particulate 456 

discharge. Similar time variations of 7Be and 234Thex inventories were also observed in 457 

other estuarine systems, such as the Tampa Bay (Baskaran and Swarzenski, 2007), 458 

Gironde estuary (Saari et al., 2010) and Yangtze River estuary (Wang et al., 2016). 459 

High inventories of short-lived radionuclides in the sediment indicate high recent 460 

deposition of particles near the river mouth and most definitely preferential deposition 461 

and accumulation of sediment. Indeed, apparent accumulation rates studied in the same 462 

areas with longer half-life radionuclides such as 137Cs or 210Pb (Calmet and Fernandez, 463 

1990; Charmasson et al., 1998; Radakocitch et al., 1999) also show large sedimentation 464 

rates near the Rhône River mouth with very high values around 30-50 cm yr-1 and a 465 

gradual decrease with increasing distance from the shoreline. Certainly, this apparent 466 

consistency between inventories and apparent accumulation rates does not imply that 467 

once settled the bottom particles do not undergo resuspension/transport processes since 468 

this area can be very dynamic during storm events, especially during the winter (Marion 469 

et al., 2010; Dufois et al., 2014). 470 
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As we have seen, the activities and inventories of 7Be and 234Thex are only 471 

qualitatively related to river particulate discharges. This is due to the integrative timescale 472 

of sediment inventory (which spans over a few half-lives of the radionuclides) versus the 473 

instantaneous time frame captured by the daily particulate discharge. To bridge this time 474 

lag, we have integrated the SPM fluxes over the period preceding the sampling date and 475 

compared it to the sediment inventory. The integration period covering two half-lives 476 

before the sampling date was chosen, i.e., 106 days for 7Be and 48 days for 234Thex (see in 477 

the Materials and Methods section). The cumulated SPM fluxes calculated accordingly 478 

are listed in Table 2 and compared with the 7Be inventory in sediments (Figure 7a). 479 

Before discussing the correlations, it is worth noting that the SPM concentration in 480 

the 2008 May-June flood is similar to the major flood in December 2003 (3669 mg L-1 481 

for a flow rate of about 10000 m3 s-1: Eyrolle et al., 2012). This atypical high particulate 482 

load is linked to the upper Durance dam management, which discharged the excess water 483 

after heavy precipitation events into the southeastern Rhône watershed (Eyrolle et al., 484 

2012). Therefore, the Stn.AK3 (close to the river mouth and sampled after the May-June 485 

flood) is very peculiar due to the nature of the transported solid load, which was 486 

characterized as “old” material (Cathalot et al., 2013) consequently depleted in short 487 

half-life radionuclides (Eyrolle et al., 2012). Accordingly, the highest cumulated SPM 488 

flux corresponds to low short-lived radionuclide activities, resulting in lower inventories 489 

than those expected under typical flood conditions (see a broader discussion of this 490 

atypical flood in Eyrolle et al., 2012). When data from this atypical flood (Stn.AK3) were 491 

excluded, 7Be inventories show a good correlation with the cumulated SPM flux 492 

(R2=0.71, p˂0.05), indicating that the 7Be inventory is a fair record of the riverine 493 

particles deposition on a timescale of 3-4 months. 494 

The highest 234Thex inventories were observed in the river mouth, such as at station A. 495 

This suggests that: 1) 234Thex generated by both seawater and the Rhône water was carried 496 

by particles towards the river delta (Ollivier et al., 2011); 2) the scavenging of 234Thex was 497 

enhanced because freshwater mixing with marine water led to high turbidity and 498 

sedimentation rates (aggregation and flocculation processes) in this area. Through 499 

12-year observations (1988-2000), Corbett et al. (2004) also pointed out that the 234Thex 500 

inventories in the Mississippi River estuary are positively correlated with river particulate 501 
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discharge. 234Thex inventories also seem to be related to Rhône River particulate discharge 502 

although the relationship with cumulated SPM fluxes over ~48 days before the sampling 503 

appears to be much weaker compared to 7Be (R2=0.44, p˂0.05) (Figure 7b). As 504 

mentioned above, this is likely linked to their difference in source terms, which are 505 

mainly riverine for 7Be and both riverine and marine for 234Thex. The 7Be and 234Thex 506 

particulate activities in the lower Rhône River ranged from 15 to 400 Bq kg-1 and from 507 

unquantifiable to 56±14 Bq kg-1, respectively (Eyrolle et al., 2012; Zebracki et al., 2017). 508 

Despite the dual nature of 234Thex, the different sources allow us to define a zoning with 509 

respect to the influence of the Rhône River particulate discharge.  510 

 511 

4.3. Zoning of the Rhône River influence on sediments 512 
7Be and 234Thex are both strongly bound to particulate matter, without significant 513 

difference in preferential adsorption (Kd) at high SPM concentrations, such as in the river 514 

mouth (Baskaran et al., 1997; Baskaran and Swarzenski, 2007). The potential differences 515 

in their specific activities and inventories are mainly caused by source terms, seasonal 516 

variations of the river particulate discharge, grain size, distance of salt-water intrusion 517 

and amounts of particles in the water column (Feng et al., 1999a; Saari et al., 2010). 518 

Figure 5a clearly shows two populations of 7Be inventories with large and variable values 519 

near the river mouth at stations A and AB (or AZ) which are the closest stations to the 520 

river mouth and lower values further on the shelf. It must be noted that the two possible 521 

explanations of Figure 5a (i.e., two separate inventory populations or gradual decrease 522 

offshore of the inventories) support the zoning based on 7Be/234Thex inventory ratio. The 523 

decrease in 7Be inventory offshore is persistent in time and the trend lines for 2007 and 524 

2008 show good statistics (R2=0.49 and 0.53) which lend support to a rapid decrease of 525 
7Be activity offshore. 7Be is thus a powerful tracer for riverine particles although 526 
7Be-deficient sediments were exceptionally discharged by the Rhône River into the sea 527 

during the May flood event of 2008 due to rapid erosion of old watershed sediments. The 528 

situation is less clear for 234Thex as a tracer of marine influence with more variable 529 

inventory at and near the river mouth, but a decrease offshore, although much weaker 530 

than 7Be, is also visible (Figure 5b). Notably, this weak decrease of 234Th inventories 531 

from the mouth of the river towards the shelf in the Rhône River deltaic region is 532 
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contrary to expectations if 234Th is assumed to have only a marine source. The large 533 

spread observed in both radionuclides inventory is due to different source inputs, change 534 

in grain size and sediment type (Feng et al., 1999a, b). The use of 7Be/234Thex inventory 535 

ratio may allow avoiding these inventory variations and be a better indicator than 7Be 536 

alone. It is noteworthy that, in other cases such as the Mississippi River deltaic region 537 

where 234Thex inventories increase with the distance off the river mouth (Corbett et al., 538 

2004), the use of 7Be/234Thex inventory ratio is more powerful than the single radionuclide 539 
7Be. 540 

The 7Be/234Thex inventory ratios in sediment ranged from 0.02 to 0.77, with large 541 

variations with the distance from the Rhône mouth (Figure 8). The 7Be/234Thex inventory 542 

ratios decreased from 0.59 at Stn.A3 (32 m water depth) to 0.04 at Stn.U (90 m water 543 

depth) in June 2008, and from 0.77 (21 m water depth) at Stn.A4 to 0.17 at Stn.C (72 m 544 

water depth) in December 2008. The lowest ratio of 0.04 indicates that the riverine source 545 

traced by 7Be has disappeared and that the marine influence is dominant. In contrast, the 546 

high ratio of 0.77 indicates that the riverine source is dominant. High 7Be/234Thex 547 

inventory ratios also mainly occur within a ~ 5 km radius off the river mouth. Feng et al. 548 

(1999b) pointed out that the 7Be/234Thex inventory ratios are a negative function of both 549 

the water depth and salinity in a completely different context of a partially-mixed tidal 550 

estuary, namely, increasing with the decrease of water depth and salinity. However, the 551 

Rhône River plume spreads over several kilometers off the Rhône mouth and the low 552 

salinity waters are confined to a thin surface layer at the surface with seawater below the 553 

plume (Naudin et al., 1997; Arnoux-Chiavassa et al., 2003; Many et al., 2016), indicating 554 

that the impact of salinity on the 7Be/234Thex inventory ratio can be ruled out. Thus, in our 555 

case, the 7Be/234Thex inventory ratio is negatively correlated with water depth.  556 
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 557 

Figure 8. 7Be/234Thex inventory ratio in sediment cores as a function of distance from the 558 

Rhône River mouth for March 2007 (red empty squares), April 2007 (blue empty 559 

squares), September 2007 (green empty squares), March 2008 (dark red empty 560 

circles), May-June 2008 (dark cyan empty circles), October 2008 (purple empty 561 

circles) and December 2008 (black empty circles). The exponential decreases of 562 
7Be/234Thex inventory ratios with distance off the Rhône River mouth in 2007 and 563 

2008 are plotted to highlight the trends. 564 

 565 

The 7Be/234Thex inventory ratios also show temporal variations and are mainly 566 

related to river particulate discharge, especially close to the river mouth. The 7Be/234Thex 567 

inventory ratios from 2008 are overall higher than in 2007. The 7Be/234Thex inventory 568 

ratios also demonstrated an overall positive correlation with the river particulate 569 

discharge, from normal discharge to flood discharge. At Stn.A, the 7Be/234Thex inventory 570 

ratios in December 2008 (influenced by the November flood) are higher than in March 571 

2008, when the discharges were lower and resuspension during the end of the winter may 572 

have redistributed part of the deposited particles. In addition, as already reported, SW 573 

preferential deposition is visible in our data set. In this direction, at Stn.C (8.5 km away 574 

from river mouth), the 7Be/234Thex inventory ratios in December 2008 were three times 575 
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larger than in April 2007, showing that this station is impacted by newly deposited 576 

particles. However, in the SE direction at Stn.L (4.5 km), the 7Be/234Thex inventory ratio 577 

displays lower values. This feature is clearly consistent with the dominant spread 578 

direction of the Rhône River plume, generally in a SW direction, which has been proven 579 

to be the preferential direction for deposition of the riverine material in this area (Naudin 580 

et al., 1997). Similar patterns have already been reported for other tracers, such as trace 581 

metals (Alliot et al., 2003; Roussiez et al., 2006; Radakovitch et al., 2008), man-made 582 

radionuclides (Calmet and Fernandez, 1990; Charmasson, 2003; Lansard et al., 2007), 583 

and carbon and nitrogen stable isotopes (Lansard et al., 2009; Cathalot et al., 2013).  584 

 585 

Table 3. Zoning in the Rhône pro-delta, where is dominant between riverine and marine influences  586 

 587 

 588 

The use of the 7Be/234Thex inventory ratio allowed us to establish a zoning 589 

regarding the particle deposition with the distance from the Rhône River mouth. In order 590 

to examine if 7Be/234Thex inventory ratios have a significant difference in the different 591 

zones, we applied a simple Mann-Whitney U test (Fay and Proschan, 2010). Close to the 592 

Rhône River mouth, at a distance of less than 3.0 km, such as for Stns. A, AB and AK4, 593 

defined as Zone I (surface area near river mouth ~7 km2), 7Be/234Thex inventory ratios, 594 

ranging from 0.16 to 0.95, display a significant difference (p˂0.05) with the values 595 

obtained at a larger distance. These correspond to the continental shelf (distance from the 596 

river mouth ˃8.5 km), with stations D, E, R and U designated as Zone III (surface area 597 

off river mouth ˃150 km2), with 7Be/234Thex inventory ratios ranging from 0.02 to 0.07. 598 

This indicates that the inputs of river-borne particles are dominant in Zone I, while Zone 599 

III is characterized by a stronger marine particle influence. At an intermediate zone with 600 

Stns. AZ, B, C, G, K, L, N, and O (defined as Zone II, distance from the river mouth 601 

=3.0-8.5 km), the 7Be/234Thex inventory ratios are between 0.05 and 0.30 suggesting a 602 

Zone Distance (km) 7Be/234Thex inventory ratio River vs. Marine  

I ˂ 3.0 ˃0.50 River 

II 3.0~8.5 0.10~0.50 River & Marine 

III ˃8.5  ˂0.10 Marine 
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mixed influence of particles labelled by river and seawater, recently deposited in this area. 603 

The zoning based on inventory ratios is presented in Figure 9 and summarized in Table 3.  604 

 605 
Figure 9. The zoning with different dominant sources of particles: input of river-borne 606 

particles (River) near the river mouth and marine particles (Marine) on the 607 

continental shelf. 608 

This zoning is comparable to the observation by Rassmann et al. (2016), who 609 

demonstrated that the average oxygen penetration depth into Zone I sediment was one 610 

fifth of that in Zone III. In addition, Zone I, which corresponds mainly to the pro-deltaic 611 

area, appears to be the area where most of the particle associated contaminants driven by 612 

the Rhône River into the Gulf of Lions are deposited (Miralles et al., 2004; Roussiez et al., 613 

2005). This zoning is therefore helpful for further understanding the spreading of 614 

particles-associated contaminants, such as man-made radionuclides and heavy metals 615 

(Charmasson et al., 1998; Radakovitch et al., 2008; Ferrand et al., 2012), and its initial 616 

sedimentary deposition in the Gulf of Lions. This study provides an effective reference to 617 

assess riverine and marine influence beyond the Rhône, which is very important for 618 
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understanding the initial deposition of riverine particles as tracking the recent particles 619 

deposition on the time scale of a few months has been rarely performed in deltas and 620 

estuaries. 621 

 622 

5. Conclusions 623 

Short-term deposition of particles close to the Rhône River mouth in the Gulf of 624 

Lions was traced by natural radionuclides 7Be and 234Thex. Both the 7Be and 234Thex 625 

inventories are larger at the Rhône River mouth and were correlated with cumulated SPM 626 

fluxes calculated over two half-lives before the sampling date. The spatial distributions of 627 
7Be inventories and 7Be/234Thex inventory ratios showed an exponential decrease with 628 

distance from the river mouth. Their distributions indicated that recent particles are 629 

mainly deposited within a ~5 km radius from the river mouth and that maximal 630 

deposition occurs within 3 km off the river mouth. These areas of recently deposited 631 

particles coincide with areas with high apparent accumulation rates determined using 632 
137Cs or 210Pbex. Moreover, the gradients in the sediment 7Be/234Thex inventory ratio 633 

observed in the studied area lend support to the notion that this ratio can be used as a 634 

potential index for identifying the dominant influence between the river and the sea on 635 

the deposited particles. The riverine and marine influences can be classified as follows: 636 

Zone I (distance from the river mouth ˂ 3.0 km with 7Be/234Thex inventory ratio over 0.50, 637 

surface area near river mouth ~7 km2) is dominated by riverine input, while Zone III 638 

(distance from the river mouth beyond 8.5 km with 7Be/234Thex inventory ratio less than 639 

0.10, surface area off river mouth beyond 150 km2) is under a marine influence. In 640 

between, the transition zone (Zone II, distance from the river mouth: 3.0-8.5 km with 641 
7Be/234Thex inventory ratios between 0.10 and 0.50) displays a mixed influence. 642 
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