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15 Abstract 

16 

17 Nuclear facilities continue to be developed to help meet global energy demands while reducing fossil 

18 fuel use. However, an incident during the dismantling of these facilities could accidentally release 

19 tritiated particles   (e.g.,   stainless   steel)   into   the environment.   Herein,   we investigated   the 

20 environmental dosimetry, fate, and impact of tritiated stainless steel (nano)particles (1 mg.L-1 

21 particles and 1  MBq.L-1 tritium) using  indoor  freshwater aquatic  mesocosms to  mimic a  pond 

22 ecosystem. The tritium (bio)distribution and particle fate and (bio)transformation were monitored in 

23 the different environmental compartments over 4 weeks using beta counting and chemical analysis. 

24 Impacts on picoplanktonic and picobenthic communities, and the benthic freshwater snail, Anisus 

25 vortex, were assessed as indicators of environmental health. Following contamination, some tritium 

26 (~16%) desorbed into the water column while the particles rapidly settled onto the sediment. After 4 

27 weeks, the particles and the majority of the tritium (>80%) had accumulated in the sediment, 

28 indicating a high exposure of the benthic ecological niche. Indeed, the benthic grazers presented 

29 significant behavioral changes despite low steel uptake (<0.01 %). These results provide knowledge 

30 on the potential environmental impacts of incidental tritiated (nano)particles, which will allow for 
31 improved hazard and risk management. 

32 

33 Environmental Implication 

34 

35 Tritiated stainless steel (nano)particles may accidentally be released into freshwater environments 

36 during a nuclear facility dismantling incident. These particles, containing radioactive tritium and 

37 potentially toxic metals, represent a hazardous material of emerging concern. To date, little is known 

38 about the behavior, fate and toxicity of such tritiated particles and it is therefore difficult to anticipate 

39 their environmental impacts. The current work helps address this by providing the first elements of 

40 knowledge on the dosimetry and particle fate in different environmental compartments, as well as 

41 identifying the organisms and ecological niches likely to be exposed, using an environmentally 
42 relevant exposure scenario. 

43 

44 
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45 1 Introduction 

46 

47 Natural nanoparticles or colloids (from natural mineral weathering, ocean spray, volcanoes, etc.) 

48 have been known to be involved in the transport of pollutants in surface and groundwaters for 

49 decades. Indeed, in 1989, McCarthy and Zachara first called attention to “the potentially critical, but 

50 poorly understood role of colloids in facilitating contaminant transport,” with a particular emphasis 

51 on the transport of radionuclides.1 Since then, a large number of studies have focused on the 
52 mechanisms, thermodynamics, and kinetics of the bio-physico-chemical interactions between these 

53 natural nanoparticles and a variety of pollutants (e.g. metals, metalloids, radionuclides, organics).2–5 

54 In recent years, another source of nanoparticles in the environment has been identified, resulting from 

55 the release of incidental, anthropogenic nanoparticles formed due to processes such as combustion, 

56 wear, corrosion, and abrasion over the course of a material’s lifecycle.6 In the case of nuclear energy 

57 facilities, incidental nanoparticles can be produced during routine reactor operation and maintenance 

58 (e.g. tungsten nanoparticles),7,8 and decommissioning phases (e.g. stainless steel and cement).9 Under 

59 normal operating and decommissioning conditions, these particles are contained due to the use of 

60 ventilation systems equipped with High Efficiency Particulate Air (HEPA) filters.10 However, in the 

61 case of a containment system failure, such incidental nanoparticles could be subsequently released 

62 into the environment and their environmental behavior, fate, hazard, and role in vectorizing 

63 radioactive contaminants such as tritium still requires investigation.11 

64 Tritium (3H), present in nuclear reactors as a by-product or reaction source, is a highly mobile, 

65 radioactive isotope of hydrogen (half-life of 12.3 years) and has already been shown to be radiotoxic 

66 in the environment.12–15 Tritium easily exchanges with water to form tritiated water, and can also 

67 bind to carbon chains of organic molecules.14,16–18 The organic complexation of tritium is known to 

68 enhance its bioaccumulation in the environment and favor its trophic transfer.19 Tritium can also be 

69 adsorbed at the surface of natural nanoparticles where it substitutes the protons of the structural 

70 hydroxyls.20 As previously mentioned, radionuclide adsorption onto natural nanoparticles is a well- 

71 known mechanism controlling their transport and migration in surface and groundwaters.21,22 

72 However, many gaps remain in understanding how tritium association with or transport by incidental, 
73 anthropogenic nanoparticles generated during dismantling activities will impact its environmental 

74 behavior and fate.9 

75 As such, tritiated stainless steel (nano)particles, which may be incidentally emitted into freshwater 

76 environments during decommissioning activities, were selected as the focus for this study. Once 

77 released into aquatic ecosystems, these particles may release constituting metals (e.g. Cr, Ni, Mo, Fe) 

78 and tritium into the water column. They may also agglomerate and settle down due to their density 

79 (i.e. 7900 kg.m-3) and an isoelectric point at the environmentally relevant pH of 7.8.23,24 To date, little 

80 is known about the behavior, fate and toxicity of such incidental tritiated stainless steel 

81 (nano)particles and it is therefore difficult to anticipate the effects of an accidental release. Previous 

82 studies have assessed the ecotoxicity of metallic and metal oxide-based nanoparticles (e.g. Ag, Au, 

83 CuO, ZnO, CeO2) towards aquatic invertebrates (e.g. bivalves, gastropods, crustaceans) and 

84 demonstrated that these nanoparticles can increase reactive oxygen species (ROS) production and 

85 lead to toxicity. 25,26 The possibility for nanoparticles to cross biological barriers and accumulate in 

86 aquatic organisms has also been linked to toxicity (Auffan et al 2011).27 Based on this knowledge, 

87 any stainless steel (nano)particle toxicity will likely be related to particle solubility and/or the ability 

88 to bioaccumulate in organisms. Vernon et al.28 reported a lack of genotoxicity and low accumulation 

89 in the marine filter feeders Mytilus galloprovincialis exposed to 1 mg.L-1 stainless steel 

90 (nano)particles (non-radioactive) under controlled conditions. However, there have been no prior 
91 studies on the impacts of stainless steel (nano)particles to freshwater organisms. In addition, further 
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92 work employing radioactive tritiated stainless steel (nano)particles has yet to be completed to 

93 elucidate the potential combined impacts. 

94 Depending on the physico-chemical properties and transformations of the tritiated stainless steel 

95 (nano)particles in natural environments, the organisms and ecological niches likely to be exposed 

96 will differ (e.g. benthic versus planktonic compartments, filter-feeders versus benthic grazers, 

97 primary producers versus consumers). Moreover, the presence of dissolved ions and natural 

98 suspended matter in natural environments must be taken into account, as they will strongly modify 

99 tritiated stainless steel (nano)particle behavior and fate.29–31 To date, the main limitation for a better 

100 assessment of the behavior of tritium associated to or transported by incidental nanoparticles (e.g. 

101 stainless steel) is the difficulty in monitoring their behavior and fate in complex and relevant 

102 environmental matrices (e.g. sediment, biota). Due to their nanometric size and heterogeneous 

103 distribution, it remains challenging to link macroscopic effects (e.g. ecotoxicity, distribution within 

104 organisms) to the evolution of the particle’s nanometric properties (e.g. surface 

105 adsorption/desorption, homo/hetero-aggregation) in a relevant exposure scenario.32 To this end, 

106 aquatic mesocosms are an invaluable experimental tool due to their ability to mimic realistic 

107 contamination scenarios (e.g. low doses) that account for the complexity and synergies between 

108 contaminants and natural components, while allowing for the monitoring of multiple endpoints and 
109 the investigation of the impacts on several ecological niches.33,34 

110 Herein, we investigated the environmental dosimetry, fate, and impact of tritiated stainless steel 

111 (nano)particles on a pond ecosystem under static conditions using indoor freshwater aquatic 

112 mesocosms designed to simulate a one-time contamination following a dismantling incident scenario. 

113 The contamination was performed by injecting tritiated stainless steel particles (or hydrogenated 

114 stainless steel particles as a non-radioactive control) into the mesocosm for a final concentration of 1 

115 mg.L-1 incidental (nano)particles and 1 MBq.L-1 tritium. The tritium (bio)distribution and stainless 

116 steel particle   fate   and   (bio)transformation   were   monitored   in   the   different   environmental 

117 compartments (e.g., water, sediment, biota) over 4 weeks, using beta counting and chemical analysis, 

118 respectively. Impacts on picoplanktonic and picobenthic communities, as well as the benthic grazer 

119 gastropod, Anisus vortex, were assessed as indicators of environmental health. Through these 

120 investigations, our goal was to provide some of the first key knowledge on the environmental impacts 

121 of radiocontaminants associated to or transported by incidental (nano)particles from the nuclear 
122 energy sector, which will be crucial for improving hazard and risk management. 

 

123 2 Materials and Methods 
 

124 2.1 Aquatic mesocosm set-up 

125 For each experiment (i.e., radioactive and non-radioactive), four indoor aquatic mesocosms (glass 

126 tanks of 350 × 200 × 400 mm) were set up to mimic a natural pond ecosystem. The organisms 

127 selected for this study were picoplankton and picobenthos primary producers (e.g., bacteria, algae, 

128 protozoa from natural inoculum) and the benthic grazing snail, Anisus vortex (L., 1758), sampled 

129 from a non-contaminated pond in the South of France (N 43°20′47.04″, E 6°15′34.786″). The pond 

130 physical-chemical parameters on the field sampling day were: electrical conductivity = 432 µS.cm-1, 

131 temperature = 11°C, pH = 8.1, dissolved O2 = 8.6 mg.L-1 (94% of saturation), and total dry residue 
132 (organic and mineral) = 280 mg.L-1. 

133 Each mesocosm consisted of a bottom layer of ~2.3 kg artificial sediment (89% SiO2, 10% kaolinite, 

134 and 1% CaCO3) covered by 150 g of water-saturated natural sediment containing primary producers 
135 (sieved at 250 μm), followed by 16 L of Volvic® water, which has pH and conductivity values close 
136 to those of the natural pond water. Picoplankton recovered from the natural pond surface water were 
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137 also added to the mesocosm. Briefly, 100 mL of pond water was sieved (250 μm), then successively 

138 filtered at 2 μm and 0.2 μm. The 0.2 μm filter was then recovered and agitated in 100 mL Volvic® 

139 water to resuspend the picoplankton, and 40 mL of this water inoculum was injected into each 

140 mesocosm. A day/night cycle of 6 h/18 h was applied using full spectrum light (Viva® light T8 tubes 

141 18 W), and the room temperature ranged between 16.0 ± 1.5 °C. The mesocosm experiments were 

142 performed under static conditions, with no pumping or water circulation. Ultrapure water was added 

143 to the mesocosms weekly to compensate for evaporation. Two weeks of equilibration were necessary 

144 for the stabilization of the mesocosm physico-chemical parameters and the development of the 

145 primary producers. Then, ~20 adult A. vortex (6.0 ± 0.6 mm diameter) were introduced per 

146 mesocosm and acclimatized for 3 days prior to starting the experiment. More information on the 

147 experimental procedure can be found in Auffan et al.35 
 

148 2.2 Tritiated and hydrogenated stainless steel particles 

149 Commercial stainless steel (SS316L, Product No. FF216030) particles with a main elemental 

150 composition of 69% w/w Fe, 17% w/w Cr, 10% w/w Ni, 2% w/w Mo, 1.4% w/w Mn, were purchased 

151 from Goodfellow® (Huntingdon, England). These commercial stainless steel particles were selected 

152 based on parameters defined from preliminary work in which particles were produced a stainless 

153 steel rod by saw cutting.36 The process used to label the stainless steel particles is based on thermally 

154 activated diffusion. Tritiated stainless steel (nano)particles (T-SS) were obtained using a three-step 

155 procedure developed at CEA Saclay (French Alternative Energies and Atomic Energy Commission): 

156 i) the commercial SS316L particles were first treated two times at 450 °C for 2h under high pressure 

157 (1.2🞨105 and 1.4🞨105 Pa, respectively) with 1H2 in order to stabilize the surface of the particles in a 

158 reducing atmosphere; ii) during the second treatment the particles were exposed to tritium gas (3H2) 
159 at 450 °C and 1🞨105 Pa; and iii) to complete the process, a degassing step was performed to 

160 eliminate any mobile tritium, which resulted in a T-SS particle specific radioactivity of 1 MBq.mg- 

161 1.37 This specific activity is proportional to the content of tritium trapped in the material (bound or 

162 unbound). The stability of the T-SS particles with respect to the tritium content was confirmed by 

163 measuring the specific activity before and after 3 months of storage in a glovebox in air. A batch 

164 experiment was also conducted to determine the short-term tritium release kinetics in abiotic 

165 mesocosm water (i.e., Volvic®) using the same T-SS particle concentration to be introduced in the 

166 mesocosms (i.e., 1 mg.L-1). Briefly, a 1 mg.L-1 suspension of T-SS (10 mL) was prepared in Volvic® 

167 water and stirred continuously. This suspension was sampled (2mL) at 1, 3, 6, 48, and 92 h. Each 

168 aliquot was immediately filtered by centrifugation (4000xg for 1 h) using Amicon® Ultra-4 3 K 

169 centrifugal filter devices (3 000MWCO, size retention limit ~ 1 nm, Merck-Millipore®) and the 

170 filtrate (i.e., dissolved fraction) was measured directly by liquid scintillation counting (Tri-Carb 

171 2910TR analyzer, Perkin Elmer). The % tritium (3H) release was determined using the ratio of the 

172 volumetric release activity to the initial volumetric activity. 

173 Surrogate, hydrogenated stainless steel (nano)particles (H-SS) were also prepared as a non- 

174 radioactive control and were obtained by exposing the commercial particles to the same temperature 

175 and pressure conditions, but using 1H2 instead of 3H2 for the second step at 450 °C and 1🞨105 Pa. 
176 The H-SS particles were characterized for size, morphology, elemental composition, and crystalline 

177 phases using scanning electron microscopy (SEM) with Energy Dispersive Spectroscopy (EDS) 

178 analysis, optical particle counting, and X-ray diffraction (XRD), as detailed in Experimental S1 and 

179 as shown in Figure 1. Of note, the treatment process used to obtain the H-SS particles did not result 

180 in any significant change in size, morphology, or elemental composition. The average SEM size for 

181 the pristine commercial particles was 1.72 ± 1.14 μm, with 2 particle populations centered around 

182 ~0.7 μm and ~4 μm, while for the H-SS particles the average SEM size was 1.73 ± 0.99 μm with 2 
183 particle populations centered around ~0.8 μm and ~3 μm (Figure S1). Furthermore, these SEM size 



5  

1 μm  

2 μm 

25% 
Ultrapure water 

Volvic water®
 

20% 

15% 

10% 

5% 

0% 

184 distributions were coherent with that obtained via optical particle counting in ultrapure and Volvic® 

185 water (Figure 1). 

186 

A B 
 

 
 
 
 
 
 

 
 
 

 

 
C 

7.50K 

0.1 1 

 

D 

10 

Size (μm) 

 
 

6.75K 
 
 

6.00K 

 
5.25K 

 
 

4.50K 
 
 

3.75K 
 
 

3.00K 
 
 

2.25K 
 
 

1.50K 

 
 
 
 

30000 
 
 

25000 
 
 

20000 
 
 

15000 
 
 

10000 
 
 

5000 

 

 
187 

 

 

0.75K 
 
 

0.00K 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 

energy (kev) 

 
 

0 
25 35 45 55 65 75 85 95 

 

2Θ 

188 Figure 1. Hydrogenated SS particles characterization: A) SEM image (EHT = 15 kV, WD = 12.5 

189 mm, BSD4A, Mag. = 3.39 kX), B) optical counter size distribution analysis in ultrapure and Volvic® 

190 water (0.5 g.L-1), C) Elemental composition based on EDS analysis, and D) XRD diffractogram (λCo 

191 = 1.79 Å). 
 

192 2.3 Particle exposure scenario of a lentic ecosystem 

193 The aquatic mesocosm experiments were designed to simulate a one-time contamination of a pond 

194 ecosystem under static conditions with tritiated steel particles (Figure 2). Stainless steel fate and 

195 behavior in the mesocosms was monitored at the CEREGE using the surrogate H-SS particles, while 

196 tritium distribution in the different environmental compartments was determined using T-SS particles 

197 in a parallel experiment conducted at the Saclay tritium lab (CEA). The one-time contamination was 

198 performed by injecting 16 mL of a suspension (in ultrapure water) containing 16 mg of H-SS or T-SS 

199 for a final concentration of 1 mg.L-1 stainless steel particles in the mesocosm water column. In the 

200 case of the T-SS exposure, the injection of 1 mg.L-1 T-SS corresponded to a tritium concentration of 

201 1 MBq.L-1 i.e., 1 MBq per mg of SS. Of note, due to the need to limit the production and 

202 management of tritiated waste, the aquatic mesocosms exposed to T-SS particles were used to obtain 

203 tritium concentrations in the different environmental compartments (i.e. sediment, biota, water 

204 column), as well as a qualitative assessment of ecosystem stability following exposure. All other 
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Figure 2. Schematic of the set-up, sampling, and monitoring of the freshwater indoor mesocosm 

experiments performed in the Tritium lab in CEA Saclay (France) and the CEREGE mesocosm 

facilities (France). 

 

2.4   Aquatic mesocosm monitoring 

For each mesocosm, multiparameter probes (Odeon® Open X) were installed (~20 cm below the air- 

water interface and 7 cm above the sediment) to monitor the temperature (°C ± 0.5 °C), pH (unit ± 

0.1 unit), redox potential (mV ± 1 mV), electrical conductivity (μS/cm ± 2 μS/cm), and dissolved O2 

(mg.L-1 ± 0.1 mg.L-1 ) in the water column for the entire duration of the experiment. The number of  

colloidal particles suspended in the water column was monitored weekly at 10 cm below the water 

surface using an optical particle counter (Flowcell FC200S + HR, Occhio®, Belgium). Particles with 

sizes ranging from 0.2 to 52 μm in the water column were considered. 
 

2.5   Organism viability and behavior 

Picobenthos and picoplankton (cells between 0.2 to 2 μm) concentrations were determined at the  

surface of the sediment (0.5 ± 0.1 mm depth) and in the water column (10 cm below the air -water 

interface) on a weekly basis. To determine picoplankton concentrations, water (10 mL) and sediment 

(15 mL) were sampled at days 0 and 28, treated with formaldehyde (3.7%), and stored at 4°C until  

counting. Counting was performed by mixing 10 μL of each sample with 5 μL 3 μM SYTO® 9 Green 

Fluorescent Nucleic Acid Stain on a glass slide and observing the number of cells in five different 

zones using a fluorescence microscope. The concentration of picoplankton (cells.mL -1) was reported 

as the mean ± standard deviation of the five different zones. The benthic grazing snail, A. vortex, was 

observed weekly for viability and localization within the mesocosm (i.e., at the water surface or in 

the sediment) as an indication of potential behavioral changes. These behavioral changes are 

considered as a short time response and are both ecologically relevant and sensitive to environmental  

stressors.38,39 
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238 2.6 Tritium and SS particle quantification in different environmental compartments of lentic 

239 ecosystem 

240 The tritium and the SS particle distributions in the mesocosms were quantified by respectively 

241 measuring the tritium and main stainless steel metals (i.e., Fe, Cr, Ni, Mo, Mn), in the surficial 

242 sediments, water column, and the A. vortex organisms. Sampling was performed weekly over 4 

243 weeks (i.e. Days 0, 7, 14, 21 and 28). The surficial sediments were sampled at three different 

244 locations and then pooled before drying 24 h at 50 °C. The estimated depth sampled using this 

245 procedure was 0.32 ± 0.07 cm below the water /sediment interface. The water column (10 mL) was 

246 sampled with a pipette at 10 cm below the surface of the water. The soluble fraction of the water 

247 column was also collected for tritium and metal analysis by sampling aliquots of surface water (4 

248 mL) at the same depth and centrifuging them in Amicon® Ultra-4 3 KDa centrifugal filter devices 

249 (3000 MWCO, size retention limit ~ 1 nm, Merck-Millipore®) at 4000xg for 1 h to separate the 

250 soluble and particulate fractions. Concerning the benthic organisms, ten A. vortex were sampled at 

251 weeks 2 and 4, rinsed with clean Volvic® water (3 mL), and stored after drying 24 h at 50 °C. 

252 Concerning the radioactivity (i.e., tritium) measurements, liquid scintillation counting was performed 

253 using a Tri-Carb 2910TR analyzer from Perkin Elmer. Two types of measurements were performed, 

254 either a direct measurement in the case of water samples, or after acid digestion in the case of the 

255 solid samples (i.e., surficial sediments and A. vortex). The solid samples were analyzed after drying 

256 (24 h at 50 °C), grinding, and acid digestion (3 volumes of 37% HCl Normatom® and 1 volume of 

257 65% HNO3 Normatom® for 48 h). The resulting solution contained a high concentration of ions and 
258 the particle digestion induced a coloration of the solution. The digestion solution was therefore 

259 diluted with 3 volumes of ultrapure water before measurement to limit quenching effects during 

260 liquid scintillation counting. 

261 Before ICP-MS elemental analysis for metal content, the water column and A. vortex rinse samples 

262 (2 mL) were acid-digested at ambient temperature (3 mL 37% HCl Normatom® + 1 mL 65% HNO3 

263 Normatom®) for 48 h. Sediment and A. vortex samples were first ground using a mortar and pestle, 

264 then mineralized at 180 °C by using a microwave digestion system (ultraWAVE, Milestone, Italy) 

265 prior to ICP-MS analysis. For elemental analysis of sediment samples (50 mg), a mixture of 3 acids 

266 (1.5 mL HCl 37% (Normatom®), 1 mL HNO3 65%, 1 mL of HF 47%-51%) was used, while A. 
267 vortex organisms (50 mg) were digested in 1 mL HCl 37%, 1 mL HNO3 65%, 1 mL H2O2 30%-32% 

268 (PlasmaPure®) and 0.5 mL HF 47%-51%. All digested residues were diluted to 10 mL with ultrapure 

269 water before analysis of Fe, Cr, Ni, Mo, and Mn concentrations using a PerkinElmer NexION 300X 

270 quadrupole ICP-MS. 

271 Although the main elements (i.e., Fe, Cr, Ni, Mo, Mn) comprising the SS particles were quantified in 

272 each environmental compartment (i.e., water column, surficial sediment, and primary consumers), 

273 not all elements could be used as tracers due to high background concentrations (Experimental S2 

274 and Figure S4). Three elements (i.e., Cr, Ni, and Mo) were found to be suitable as tracers of the SS 

275 particles (Figures SI). For clarity, only the data associated with using Mo as a tracer of SS in water 

276 and sediment is presented, however comparable results which support the same conclusions were 
277 obtained using Cr and Ni as tracers (Figures S5 & S7). 

278 

279 

280 

281 

282 
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283 3 Results and Discussion 

284 3.1 Tritiated stainless   steel   particle   fate,   behavior,   and   impacts   in   the   planktonic 

285  compartment 
 

286 3.1.1 Tritium and SS behavior and fate in the water column 

287 Figures 3A & 3B show the Mo concentrations (tracer of SS particles) measured in the water column 

288 as a function of time. No significant increase in either the total Mo concentration (~0.6-0.7 μg.L-1) or 

289 the dissolved Mo concentration (~0.5-0.6 μg.L-1) was observed in the water column of mesocosms 

290 contaminated with H-SS during the one-month experiment. This highlights the fast kinetics of SS 

291 particle removal from the water column that occurred during the first week. The lack of an increase 

292 in Mo concentration in the dissolved fraction over the entire experiment duration is consistent with 

293 the slow dissolution kinetics of SS. The negligible SS solubility was further confirmed by the lack of 

294 other SS metals (i.e. Cr and Ni) being released into the dissolved phase (Figure S5). 

295 Figure 3C gives the tritium activity in the water column following exposure to the T-SS. Seven days 

296 after contamination significant tritium activity was measured in the water column, which remained 

297 stable over time. The ~150 Bq.mL-1 measured in the water column corresponded to 16 ± 2 % of the 

298 total tritium injected. To identify whether the tritium was bound to particles (SS or natural suspended 

299 particles) or dissolved, 3H activity was also measured after ultrafiltration of the water at 3 KDa. The 

300 similar tritium activities measured before and after ultrafiltration allowed us to conclude that the 

301 tritium measured in the water column of the mesocosms was fully dissolved (Figure 3D). 

302 Understanding the distribution of tritium between the stainless steel surface, near surface, and bulk 

303 metal is necessary for determining how the tritium is released from the T-SS particles in freshwater 

304 ecosystems. Matsuyama et al.40 suggested that the tritium atoms trapped by oxidized layers at the SS 

305 surface easily react with water molecules and are quickly released in water at ambient temperature. 

306 We evaluated the short-term release kinetics of 3H release using a batch experiment and estimated 

307 that 12 ± 1.5 % of the total 3H is released after 48 hours (Figure S6). Thereafter, the 3H release did 

308 not change significantly up to 92 hours (14 ± 1% 3H release) or even after 28 days (16 ± 2 %) in the 
309 mesocosms, which indicates that a quasi-equilibrium state had been reached.41 
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(

A) Total Mo concentration (μg.L-1) and (B) dissolved Mo concentration (μg.L-1) in the water column 

of the control and H-SS exposed mesocosms. (C) Total 3H activity (Bq.mL-1) and (D) dissolved 3H 

activity (Bq.mL-1) in the water column of the H-SS and T-SS exposed mesocosms. Statistical 

differences between exposed and control mesocosms were evaluated with the Student’s t- test; ** p < 

0.05. 

 
3.1.2 Homo-aggregation versus hetero-aggregation of tritiated steel particles 

Two mechanisms can be involved in the fast removal of SS from the water column and their settling 

at the surface of the sediment: homo-aggregation between SS particles and/or hetero-aggregation 

with natural colloids. Indeed, natural colloids present in the mesocosm water (e.g. suspended clays,  

natural organic matter) can cause the formation and settling down of hetero-aggregates.27 In the 

mesocosm water, the number of colloids in the 0.2-1 μm fraction (mostly kaolinite clay) was close to 

105 particles.mL-1 (Figure 4). No significant differences in the number of colloids were observed 

after steel particle injection, indicating that hetero-aggregation was not predominant under these 

experimental conditions. 
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Figure 4. Number of suspended materials (0.2-1 µm and 1-10 µm) in uncontaminated water from 

control mesocosms and mesocosms contaminated with steel particles. X-axis: days. 

 

Moreover, because of the pH and ionic strength of the mesocosm water column, SS particles are 

colloidally unstable and will likely homo-aggregate (Ref 22, 23). Using Stokes’ law the particle 

sedimentation velocity can be calculated:42 

𝑣 = 
𝟐 (𝛒𝐩 − 𝛒𝐟) 

𝒈𝑹𝟐
 

 

𝟗 𝛍 
336 where v is the velocity (m.s-1), g the gravitational field strength (m.s-2), R the radius of the spherical 

337 particle (m), ρp the mass density of the particle (kg.m-3), ρf the mass density of the fluid (kg.m-3), and 
338 μ the viscosity (kg.m-1. s-1). With this equation, the ~3 μm SS particle population is expected to settle 

339 within about 35 minutes, while the ~0.8 μm particle population would be expected to settle within 

340 about 500 minutes (8 hours). The undetectable change in the number of natural colloids in the water 

341 column (i.e. no decrease over time) associated with the fast kinetics of SS particle sedimentation, led 

342 to the conclusion that homo-aggregation and gravitational settling in the most favorable mechanism 
343 of steel particle partitioning in the mesocosms. 

344 

345 3.1.3 Favorable bio-physical-chemical conditions in the planktonic compartment 

346 During the contamination phase, several physical-chemical and microbial parameters were monitored 
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347 to assess the global response of the mesocosms to the presence of the SS particles in the planktonic 

348 compartment. The monitored physical-chemical parameters were constant over the contamination 

349 period and close to the those measured on the field the day of sampling (with the exception of the 

350 temperature): dissolved O2 (80−93 %, 7−9 mg.L-1), redox potential (414 ± 72 mV), conductivity (300 
351 ± 4 μS.cm-1), temperature (15.8 ± 0.8 °C), and pH (7.6 ± 0.2) (Figure S2). The number of 

352 picoplankton (cells between 0.2 and 2 μm) measured in the water column at days 0 and 28 remained 

353 constant over time, i.e. between 104 and 105 cells.mL-1 (Figure S3). Moreover, no significant 

354 differences were observed between control and contaminated mesocosms, thus no picoplankton 

355 mortality resulted from the SS particle exposure. 

356 On the whole, the ecological conditions of the mesocosm water column remained favorable during 

357 the exposure to H-SS and T-SS with oxygenation, pH, temperature, redox potential, conductivity, and 

358 the number of primary producers all in the range of natural conditions. This is consistent with the 

359 selected exposure scenario and the low concentrations measured in the water column, which has been 
360 found to be acutely non-toxic for the ecosystem mimicked.43–46 
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362 3.2 Tritiated stainless steel particle accumulation and impacts in the benthic compartment 

363 3.2.1 Tritium and SS behavior and fate in the surficial sediment 

364 Given the relatively low particle stability in the water column, as well as the likelihood of the homo- 

365 aggregation scenario discussed above, a significant accumulation in the surficial sediments was 

366 expected. In Figures 5A & 5B, the Mo concentrations determined in the surficial sediment and in its 

367 interstitial water were plotted. Despite the large variability attributed to sampling heterogeneity, 

368 significant differences in the Mo concentrations measured in the sediment were observed compared 

369 to the control at each sampling time. Concentrations averaging between 19 ± 6 mg Mo.kg-1 sediment 

370 (day 7) and 10 ± 2 mg Mo.kg-1 sediment (day 14, 21, and 28) were measured. Given these 

371 concentrations, we estimated that at the end of the experiment, 132 ± 37 % of the total SS had settled 

372 down in the surficial sediment. Similar Mo concentrations (~ 0.6 μg.L-1) in the sediment interstitial 

373 water (Figure 5B) compared to the water column (Figures 3A & 3B) indicated that the interstitial 

374 water was in equilibrium with the water column. Similar results were also obtained for Cr and Ni 

375 concentrations, further confirming the settling down of the SS particles in the surficial sediment 
376 (Figure S7). 

377 

378 Regarding the tritium concentration in the benthic compartment, Figure 5C highlights that the 3H 

379 activity in surficial sediment reached 267 ± 57 Bq.mg-1 of sediment after 28 days. The 3H activity in 

380 the interstitial water of the surficial sediment (Figure 5D) was also measured and the results (~ 170 

381 Bq.mL-1) obtained at each sampling time again confirmed that the interstitial water was in 

382 equilibrium with the water column (Figure 3D). Two hypotheses can be supported by these results: i) 

383 the tritium found in the sediment is still bound to the SS particles, ii) the tritium in the sediment has 

384 been first released from the SS particles and then adsorbed at the surface of inorganic or organic 

385 phases of the sediment. Assuming that after 28 days in the surficial sediment, all the 3H (267 ± 57 

386 Bq.mg-1 of sediment) is still bound to the SS (9.6 ± 1.2 mg Mo.kg-1 of sediment), this leads to an 

387 estimated particle activity of 0.64 ± 0.14 MBq.mg-1 of SS. Taking into consideration the 3H lost to 

388 the water column (~16%), this value does not fully represent the expected activity of 0.84 ± 0.2 

389 MBq.mg-1 for the SS particles, likely due to the sampling and measurement heterogeneities, but still 

390 accounts for an ~80% recovery of 3H and suggests that the first hypothesis is the most favored. All 

391 these results highlight that the surficial sediments concentrate the pollution and will be an important 

392 sink  of incidental tritiated (nano)particles potentially released during nuclear power plant 
393 dismantling. 

394394 

395395 
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Figure 5. (A) Mo concentration (mg.kg-1) in surficial sediments and (B) in the interstitial water 

(μg.L-1) of the control and H-SS exposed mesocosms and (C) 3H activity (Bq.mg-1) in surficial 

sediments and (D) in the interstitial water (Bq.mL-1) of the H-SS and T-SS exposed mesocosms. 

Statistical differences between exposed and control mesocosms were evaluated with the Student’s t- 

test; ** p < 0.05. 

 

 
3.2.2 Tritiated stainless steel particle uptake and impacts on freshwater organisms 

 
A. vortex are benthic grazers that eat algae and biofilms at the sediment/water interface. Since the  

tritiated steel particles are concentrated in the sediment, these benthic grazers live and feed in a 

sensitive ecological niche. The active (ingestion) and passive (adsorption of the shell) uptake of SS  

particles and 3H was determined by analyzing the elemental content of A. vortex before and after 

rinsing at 14 and 28 days. 

Using Mo as the SS tracer, a passive interaction (e.g., adsorption on the shell) between the particles 

and the snails was observed, with ~0.8 ng of Mo per snail (~0.005% of injected SS particles) 

measured in the rinse water at day 28. Moreover, a significant Mo concentration (0.22 ± 0.06 mg.kg- 
1) and 3H activity (4.25 ± 1.36 Bq.mg-1) were measured in the rinsed snails at day 14, suggesting an 

active uptake (Figures 4A and 4B). These concentrations at day 14 correspond to <0.01% of the SS  

and <0.01% of the 3H initially injected after subtraction of the background of the relevant controls. 

Assuming that all the 3H taken up is still bound to the SS, this leads to a particle activity of 0.51 ± 
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cle activity of 0.84 ± 0.2 MBq.mg-1 after the initial 16% 3H release in the water column, likely due in 

this case to a low [Mo] as well as sampling and measurement heterogeneities, but still supports  the 

hypothesis that the 3H taken up remained bound to the SS particles. After 28 days, the concentrations 

and activity ([Mo] = 0.16 ± 0.03 mg.kg-1, [Ni]= 0.86 ± 0.15 mg.kg-1, [Cr]= 0.65 ± 

0.23 mg.kg-1, 3H activity of 4.65 Bq.mg-1) remained constant. Although the measurement of 3H at 

day 28 only represents the result from one mesocosm due to loss of the replicate sample, this value is  

consistent with the 3H amount estimated to be found in the snails using Mo as the tracer for the SS  

particles and assuming that the tritium remains particle-bound. 
 

Figure 6. Concentration of A) metals (mg/kg) and B) 3H activity (Bq/mg) accumulated in A. vortex. 

Statistical differences between exposed and control mesocosms were evaluated with the Student’s t- 

test; * p < 0.1, ** p < 0.05. 
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435 Following exposure to H-SS in the surficial sediment, no acute toxicity was observed towards A. 

436 vortex (<1% of mortality) nor the primary producers (no change in the number of picobenthos ~106 

437 cells.mL-1) over the duration of the experiment (Figure S3). 

438 Nevertheless, aquatic organisms can respond to stress with a combination of physiological adaptation 

439 and behavioral responses.47 Behavioral modification in animals is one of the most sensitive indicators 

440 of environmental stress.48 Herein, we noticed that A. vortex behavior was affected following exposure 

441 to the H-SS particles. After 18 and 21 days of exposure, there was a significant increase in the 

442 fraction of snails burrowing at the sediment surface, with fractions of 2.2 ± 0.3 and 4.3 ± 0.5, 

443 respectively after normalization to controls (Figure 7). Of note, a fraction of 1.0 indicates no 

444 behavioral change with respect to control organisms. Such negative effects on living traits of 

445 freshwater snails have already been observed following a decrease in temperature,49 exposure to 

446 metals50 or pesticides,51 and also in the presence of invasive predator populations.52 These behavioral 

447 changes could have implications on the ecology, population dynamics and habitat features of a 

448 species.53 Being less mobile in/at the surface of the sediment, the snails will be more exposed to 

449 predators, the interactions between snails will be reduced, and the grazing patterns of snails will be 

450 affected, which will impact their feeding regimen, the periphyton communities, and thus the overall 
451 balance and health of the freshwater ecosystem.54 

452 Based on the feeding regimen of the snails and on previous mesocosm experiments performed with 

453 TiO2, CuO and CeO2 engineered nanoparticles, it is likely that the SS (nano)particles are localized in 

454 the digestive gland of A. vortex where they undergo enzymatic digestion 43–45,55. In depth 

455 characterization of the localization (at tissular and cellular scale) and speciation of the metals (e.g., 

456 Fe, Ni, Cr, Mo) is required to better understand the biodistribution and biotransformation of the SS 

457 particles, as well as the bio-physico-chemical mechanisms of toxicity. For instance, the delay of 11 to 

458 18 days before observing significant changes (Figure 7) could be attributed to the more or less rapid 

459 modification (depending on the group of invertebrates) of the enzymatic systems which regulate 

460 behavior (carboxylesterases, glutathione S-transferase, cholinesterase, etc.). These toxicokinetic 

461 effects on the sensitivity have already been observed in the case of pesticides.56–60 and would require 

462 confirmation for H-SS exposure. Moreover, a thorough characterization of the biological responses in 

463 the presence of T-SS is still required. Indeed, with mixtures (as in tritiated stainless steel 

464 (nano)particles), we could observe additive effects (e.g., the sum of 3H and metal toxicities), 

465 synergistic effects (inducing toxic effects greater than the sum of the effects of the individual 

466 chemicals) or also antagonistic effects (where the combined effect of is less toxic than the individual 

467 effects).61,62 The potential combined radiotoxicity (due to 3H) and particle toxicity (due to SS 
468 particles) needs to be further understood. 

469 

470 
471 
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473 Figure 7. Fraction of snail population residing at/in sediment surface in H-SS contaminated 

474 mesocosms normalized to controls. Statistical differences between exposed and control mesocosms 
475 were evaluated with the Student’s t-test; ** p < 0.05. 
476 

477 Conclusions 

478 

479 The present indoor freshwater mesocosm experiment permitted the analysis of the environmental fate 

480 and impact of anthropogenic tritiated stainless steel (nano)particles and dissolved tritium following a 

481 one-time contamination scenario. Our results demonstrated that upon entering the aquatic 

482 environment, the stainless steel (nano)particles exhibited no significant solubility, rapidly settled 

483 down, and accumulated at the water/sediment interface. During the exposure, ~16% of the tritium 

484 was rapidly lost to the water column, while the majority of the tritium (>80 %) remained associated 

485 to the stainless steel (nano)particles or sediment. Thus, tritium association with or transport by 

486 incidental anthropogenic (nano)particles generated during dismantling activities will drive its 

487 environmental behavior and fate. The accumulation of stainless steel particles and the associated 

488 tritium in the sediment represents a high exposure of the benthic ecological niche. While no acute 

489 toxicity was observed towards the picoplanktonic and picobenthic communities or the benthic 

490 grazers, the benthic grazers presented significant behavioral changes in the presence of stainless steel 

491 particles, exhibiting increased burrowing at the sediment surface despite low steel uptake (<0.01 %). 

492 This behavior change is an indicator of environmental stress and further studies are thus warranted to 

493 understand the mechanisms related to this response, evaluate any combined radiotoxicity and particle 

494 toxicity, and confirm if benthic grazer gastropods such as A. vortex can be used as indicator species 

495 for this type of radioactive particle contamination. Altogether, these results provide some of the first 

496 elements of knowledge on the potential dosimetry and environmental impacts of tritiated stainless 
497 steel particles, which will allow for improved hazard and risk management. 
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