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The 236 U/ 238 U isotope ratio is a widely used tracer, which provides information on source 23 identification for safeguard purposes, nuclear forensic studies and environmental monitoring.

24

This paper describes an original approach to determine 236 U/ 238 U ratios, below 10 -8 , in 25 environmental samples by combination of ICP-MS/MS for 236 U/ 238 U ration and multiple 26 collector ICPMS measurements for 235 U/ 238 U and 234 U/ 235 U isotope ratios.

27

Since the hydride form of UO + (UOH + ) is less prone to occur than UH + , we were focused on 28 the oxidised forms of uranium in order to reduce hydride based-interferences in ICPMS/MS.

29

Then, in-cell ion-molecule reactions with O 2 and CO 2 were assessed to detect the uranium 30 isotopes in mass-shift mode (Q1: U +  Q2: UO + ). The performances in terms of UO+ 31 sensitivity and minimisation of hydride form of UO + were evaluated using five different 32 desolvating systems. The best conditions, using an Apex Ω or an Aridus system, produced 33 uranium oxide hydride rate ( 235 U 16 O 1 H + / 235 U 16 O + ) of about 10 -7 with O 2 in the collision eell.

34

The method was validated through measurements of two certified IRMM standards with 35 236 U/ 238 U isotope ratio of 1.245 x 10 -7 and 1.052 x 10 -8 , giving results in agreement with 36 certified reference values. The relative standard deviations on seven independent 37 measurements for each standard were respectively of 1.5% and 6.2%. Finally, environmental 38 samples corresponding to sediments from the radioactive contamination plume emitted by the 39 Fukushima Daiichi Nuclear Power Plant accident were analysed after a well-established 40 uranium chemical separation procedure. 236 U/ 238 U atomic ratios between 1.5 x 10 -8 and 7 x 10 - 41 9 were obtained with a level accuracy lower than 20%. 42 43

Introduction 45

Uranium-236 with a half-life of 23.4 million years was produced by the 235 U(n,γ) and 238 U(n,3n) 46 nuclear reactions in nuclear atmospheric weapons testings carried out between 1945 and 1980 [START_REF] Sakaguchi | First results on 236 U levels in global fallout[END_REF][START_REF] Winkler | Bomb fall-out 236 U as global oceanic tracer using an annually 374 resolved coral core[END_REF]. 47

The atmospheric nuclear tests released 236 U which deposited on ground as aerosol particles; this is 48 referred to as global fallout, with the 236 U/ 238 U isotope ratio falling in the range of 10 -7 -10 -9 [START_REF] Sakaguchi | First results on 236 U levels in global fallout[END_REF]. 49 Uranium-236 is also produced via thermal neutron captures on 235 U in nuclear power plants or in 50 nature. In the terrestrial environment, the 236 U/ 238 U ratio signatures fall in the range of 10 -11 to 10 -14 [3, 51 4]. In nuclear reactors, the isotopic composition of 236 U/ 238 U varies and atomic ratios as high as 10 -3 52 can be reached. In the case of nuclear power plant accidents, like Chernobyl or Fukushima Daiichi, hot 53 particles with such high ratios can be found in the environment [START_REF] Boulyga | Determination of uranium isotopic composition and 236 U content of soil 382 samples and hot particles using inductively coupled plasma mass spectrometry[END_REF][START_REF] Salbu | Sources contributing to radionuclides in the environment: With 385 focus on radioactive particles[END_REF]. Given its potential variation 54 depending on the emission source, the 236 U/ 238 U isotopic ratio has been used in nuclear forensics, 55 nuclear safeguard and environmental monitoring studies [START_REF] Eigl | 236 U/ 238 U and 240 Pu/ 239 Pu isotopic in small (2L) sea and 389 river water samples[END_REF][START_REF] Quinto | The first use of 236 U in the general environment and near a shutdown nuclear 392 power plant[END_REF][START_REF] Boulyga | Isotope ratio measurements of spent 394 reactor uranium in environmental samples by using inductively coupled plasma mass spectrometry. 395[END_REF][START_REF] Santos | 397 Uranium determination using atomic spectrometric techniques: An overview[END_REF][START_REF] Yang | Determination of 236 U in environmental samples by single 400 extraction chromatography coupled to triple-quadrupole inductively coupled plasma-mass 401 spectrometry[END_REF][START_REF] Bu | Development and application of 403 mass spectrometric techniques for ultra-trace determination of 236 U in environmental samples-A 404 review[END_REF] and it is now considered to be a new 56 tracer for oceanographic studies [START_REF] Christl | 406 Synal, A depth profile of uranium-236 in the Atlantic ocean[END_REF][START_REF] Tortorello | Use of uranium isotopes as a temporal and spatial tracer 409 of nuclear contamination in the environment[END_REF][START_REF] Sakaguchi | Temporal and vertical distributions of anthropogenic 236 U in the Japan Sea 413 using a coral core and seawater samples[END_REF]. 57

Since uranium-236 is present at ultra-trace level in environmental samples, inductively coupled 58 plasma mass spectrometry (ICP-MS) is a sensitive and versatile analytical technique to determine 59 236 U/ 238 U isotope ratios [START_REF] Boulyga | Isotope ratio measurements of spent 394 reactor uranium in environmental samples by using inductively coupled plasma mass spectrometry. 395[END_REF][START_REF] Santos | 397 Uranium determination using atomic spectrometric techniques: An overview[END_REF]. The major concern for determining 236 U/ 238 U isotope ratios in such 60 samples by ICP-MS is to implement a careful sample preparation and uranium purification procedure 61 to prevent matrix effects [START_REF] Horwitz | Separation and preconcentration of uranium 419 from acidic media by extraction chromatography[END_REF][START_REF] Qiao | Sequential injection method for rapid and 422 simultaneous determination of 236 U, 237 Np, and Pu isotopes in seawater[END_REF] and to perform several corrections in relation to the very low 62 abundance of 236 U relative to 238 U and 235 U. The two major corrections concern 1) the formation of 63 polyatomic interferences such as 235 U 1 H + whose formation rate in the plasma, expressed as UH + /U + 64 ratio, is about 10 -5 [START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF], and 2) the overlap of the tailings of 238 U and 235 U. However, the determination 65 of 236 U/ 238 U isotope ratios as low as 10 -8 -10 -9 is not possible with single quadrupole ICP-MS or double 66 focusing ICP-MS mainly because the peak tailing of 238 U on the adjacent masses is not completely 67 removed [START_REF] Thirlwall | Inappropriate tail corrections can cause large inaccuracy in isotope ratio 428 determination by MC-ICP-MS[END_REF]. ICPMS/MS instruments, commercialized since 2012, provide peak tailing effect far 68 lower than other type of instrument [21]. With this new technology, an additional quadrupole is 69 introduced in front of the collision-reaction cell as a first mass filter stage. The presence of two 70 quadrupoles allows to eliminate peak tailing effects from 238 U and 235 U. Furthermore, the mass-shift 71 mode, which consists in U reaction with O 2 in the cell to form UO + , allows to reduce by one order of 72 magnitude the polyatomic interferences due to hydride forms UOH + , because they are less prone to 73 occur than UH + [START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF]. The potential of the ICP MS/MS technology to determine 236 U/ 238 U isotope ratios 74 has been addressed by Tanimizu et al. in synthetic samples, with ratios between 1 x 10 -7 and 2 x 10 -9 75 [START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF]. This technology has been further used to determine 236 U/ 238 U isotope ratios in soil samples 76 contaminated by the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, showing isotope ratios between 3 x 10 -7 and 4 x 10 -8 with uncertainties between 20 and 50% [START_REF] Yang | Determination of 236 U in environmental samples by single 400 extraction chromatography coupled to triple-quadrupole inductively coupled plasma-mass 401 spectrometry[END_REF][START_REF] Yang | Isotopic compositions of 236 U, 239 Pu, 435 and 240 Pu in soil contaminated by the Fukushima Daiichi Nuclear Power Plant accident[END_REF]. 78

In this work, we present a new method to determine very low 236 U/ 238 U isotope ratios by ICP-MS/MS. 79

All analytical steps were validated and a comprehensive evaluation of the uncertainty budget was 80 performed. All uranium isotope ratios were determined with the best precision in environmental 81 samples, especially by MC-ICP-MS for 234 U/ 235 U and 235 U/ 238 U and by ICP-MS/MS for 236 U/ 238 U that 82 is below 10 -8 . Before measurements, the sample preparation and purification of uranium were carried 83 out using a well-established procedure [START_REF] Jaegler | Reconstruction of uranium and plutonium dynamics at ultra-439 trace concentrations in sediment accumulated in the Mano Dam reservoir, Japan, before and after the 440 Fukushima accident[END_REF]. The 234 U/ 235 U determined by MC-ICP-MS was used to 84 correct the mass bias and the bias between analog and pulse counting modes of the secondary electron 85 multiplier in the ICP-MS/MS instrument. The operating conditions to obtain the best performance in 86 term of sensitivity and minimisation of polyatomic interferences are detailed and discussed. Firstly, 87 the reaction profiles of O 2 and CO 2 with U in the Collision Reaction Cell (CRC) were evaluated 88 independently [START_REF] Gourgiotis | Simultaneous uranium/plutonium separation and direct isotope ratio 443 measurements by using CO 2 as the gas in a collision/reaction cell-based MC-ICPMS[END_REF][START_REF] Tanner | Chemical resolution of Pu(+) from U(+) 446 and Am(+) using a band-pass reaction cell inductively coupled plasma mass spectrometer[END_REF][START_REF] Vais | Separation of plutonium from uranium using reactive chemistry in a 449 bandpass reaction cell of an inductively coupled plasma mass spectrometer[END_REF] and in combination with He in the cell. Secondly, five desolvating systems, 89 with and without gas in the cell, were compared on the basis of two criteria, i.e. uranium sensitivity 90 and uranium hydride formation rate. Thirdly, after determining the optimal parameters, the 91 methodology was validated by assessing the reproducibility and accuracy of the 236 U/ 238 U ratios (about 92 10 -7 and 10 -8 ) in two certified IRMM (Joint Research Center, Geel) reference materials. The 93 methodology was finally applied to analyse real samples, made of sediments collected in the Mano 94 Dam Reservoir, which drains a part of the main radioactive plume released by the Fukushima Daiichi 95 Nuclear Power Plant (FDNPP) accident. 96 97

Materials and methods 98

Reagents, isotopic reference materials and samples 99

We used ultrapure water (18.2 MΩ cm) from Millipore (Molsheim, France), and analytical grade 100 HNO 3 (67-69% purity) and HCl (32-35% purity) acids ("PlasmaPure Plus degree") from SCP Science 101 (Courtaboeuf, France). Ultrapure Ar, O 2 , CO 2 , N 2 and He were purchased from Air Liquide. Two 102 certified isotopic reference materials of uranium, IRMM 184 and IRMM 075/5, were used to 103 determine precision and accuracy of the 236 U/ 238 U ratio, determined by ICP-MS/MS. These two 104 standards show 236 U/ 238 U ratios of 1.245±0.002 x10 -7 (IRMM 184) and 1.0652±0.0008 x10 -8 (IRMM 105 075/5). 235 U/ 238 U ratio of 0.0072623 ±0.0000022 from IRMM 184 was used to measure the mass bias 106 factor on MC-ICP-MS measurements. The standard solutions were prepared by evaporating aliquots 107 of stock solution and dissolving the dry extract in 2% HNO 3 . An in-house natural uranium powder 108 (U 3 O 8 ) was dissolved in 0.5 mol L -1 HNO 3 to prepare a stock solution used for optimization of the 109 measurement methods by ICP-MS/MS. The environmental samples were selected from a sediment 110 core (~35 cm depth) collected in Hayama Lake, located 39 km from the northwest of FDNPP (Mano 111 Dam reservoir), as described in Jaegler et al. [START_REF] Jaegler | Reconstruction of uranium and plutonium dynamics at ultra-439 trace concentrations in sediment accumulated in the Mano Dam reservoir, Japan, before and after the 440 Fukushima accident[END_REF]. 112 Sample preparation and chemical treatment: Around 5 g of each sample collected in selected 113 layers along the length of the sediment core were calcined and dissolved by several leaching-114 evaporation cycles with 14 mol.L -1 HNO 3 , and a final step with a mixture of HNO 3 (67%) and 10 115 mol.L -1 HCl (37%) in a molar ratio of 1/3. Samples were further filtrated and evaporated again to be 116 recovered in a solution of 8 M HNO 3 , before uranium separation by ion exchange chromatography. 117

The uranium fraction was collected and purified by successively using a 20-ml-column filled with 118 AG1X8 anion-exchange resin, and a 2 mL-column filled with UTEVA extraction resin (100 -150 119 mesh). The eluate was evaporated to dryness and recovered in a final solution of 2% HNO 3 to be 120 analysed with both ICP-MS instruments. A schematic diagram of the sample treatment protocol is 121 given in Figure S1 and detailed in a previous study [START_REF] Jaegler | Reconstruction of uranium and plutonium dynamics at ultra-439 trace concentrations in sediment accumulated in the Mano Dam reservoir, Japan, before and after the 440 Fukushima accident[END_REF]. 122

Two solutions from the IRMM 075/5 standard (called SDC1 and SDC2) underwent the whole 123 procedure including dissolution and purification through the two steps of ion exchange 124 chromatography, while a third solution (called SC1) was only subjected to the two steps of liquid 125 chromatography. Seven procedural blanks were included in the analytical sessions. 126

Instrumentation 127

ICP-MS/MS:

The 236 U/ 238 U ratio was determined with an ICP-MS/MS (Agilent 8800 ICP-QQQ, 128

Tokyo, Japan). The ICP-MS/MS was optimized daily using a solution containing 10 ng mL -1 of Li, 129

Co, Y, Ce, Tl and U in 2% HNO 3 . The operating conditions for the instrument are summarized in 130 Table S1. The dead time of the secondary electron multiplier detector for this instrument was precisely 131 evaluated at 32 ns with a method previously described [START_REF] Gourgiotis | Accurate determination of Curium and 453 Californium isotopic ratio by inductively coupled plasma quadrupole mass spectrometry (ICP-QMS) 454 in 248Cm samples for transmutation studies[END_REF]. 132

Sample introduction system: Five desolvating systems associated to the ICP-MS/MS were 133 compared : i) an Aridus II™ from Cetac Technologies (Nebraska, USA) and various Apex systems 134 from Elemental Scientific (Nebraska, USA): ii) an Apex IR™, iii) an Apex Ω™, iv) an Apex HF™ 135 without desolvating membrane, and v) an Apex HF™ with a desolvation membrane, the Spiro TDM. 136

All the devices were used with a 120 µL mL -1 microconcentric PFA nebulizer (Elemental Scientific, 137 ESI, USA). When no desolvating system was implemented, a MicroMist concentric quartz nebulizer 138 (Agilent, California, USA) was used at a flow rate around 300 µL mL -1 . The different desolvating 139 systems were compared with respect to several parameters: uranium sensitivity and uranium oxide 140 hydride rate. Before comparison, the nebulizer gas, N 2 flows and, in the case of membrane systems 141 (Apex Ω™, Spiro TDM and Aridus II™), sweep gas flows, were optimized daily with respect to the 142 Ce oxide formation (CeO/Ce ratio <0.05 %). 143

Uranium reactivity evaluation:

The reactivity of U in the cell with two different oxidizing agents 144 (O 2 and CO 2 ) was evaluated with respect to sensitivity of UO + . Both pure gases were introduced using 145 the third cell gas entrance. A step of 2% for the cell gases was applied, ranging from 0 to 40%. The 146 role of He was evaluated by increasing the gas flow from 0 to 6 mL min -1 , with a 0.2 mL min -1 step, 147 using the corresponding entrance of the cell. 148

MC-ICP-MS:

An MC-ICP-MS Neptune Plus™ (Thermo Scientific, Bremen, Germany) was also 150 employed to determine the 234 U/ 235 U and 235 / 238 U ratios with a high level of precision. The relevant 151 operating conditions are given in Table S1. The samples were introduced into the plasma by means of 152 a "stable introduction system" (SIS) composed of a 100 µL mL -1 microconcentric PFA nebulizer 153 (Elemental Scientific, Nebraska, USA) mounted on a tandem quartz spray chamber made of a double-154 pass chamber composed of cyclonic and Scott chambers, and equipped with a PC 3 Peltier chiller 155 (Elemental Scientific, Nebraska, USA). The sensitivity was daily optimized to obtain a signal with 156 maximal intensity and stability. 157

Analytical approach 158

Analytical method for MC-ICP-MS: 235 U/ 238 U and 234 U/ 235 U isotope ratios were determined by MC-159 ICP-MS. The sensitivity was around 125 V per ppm for U during the analytical sessions; the 160 acquisition method consisted of 30 cycles (3 blocks of 10 cycles) with an integration time of 4.2 s and 161 removal of outliers using a 2 test. The instrumental mass bias was corrected by means of a classical 162 Sample Standard Bracketing (SSB) approach using the certified IRMM 184 standard and applying an 163 exponential law [START_REF] Russell | Ca isotope fractionation on the Earth and 457 other solar system materials[END_REF]. Concentrations of samples and standards were in the same range (less than 20% 164 relative difference between them). The analyses were conducted at low mass resolution and in static 165 mode. Signals for 235 U and 238 U isotopes were acquired using a Faraday cup equipped with 10 11 Ohm 166 resistor amplifiers. The 234 U signal was acquired using a SEM detector combined with a Retarding 167 Potential Quadrupole (RPQ) to reduce abundance sensitivity. The SEM/Faraday yield was determined 168 by standard bracketing with the same IRMM 184 standard used for mass bias correction. By applying 169 this approach, the standard deviation obtained for the 234 U/ 238 U ratio was around 0.4% at k=1. 170

Uncertainties on 235 U/ 238 U and 234 U/ 235 U isotope ratios were calculated according to the Kragten 171 method, described elsewhere [START_REF] Kragten | Calculating standard deviations and confidence intervals with a universally applicable 460 spreadsheet technique[END_REF][START_REF] Kragten | A standard scheme for calculating numerically standard deviations and confidence 462 intervals[END_REF]. 172 Analytical method for ICP-MS/MS: All isotopes of uranium were measured in their corresponding 173 oxide forms (U 16 O + ), taking advantage of the mass-shift mode [START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF]. Transitions are given in Table S2.

the 235 U/ 238 U ratio by MC-ICP-MS, in order to protect the detector from a too high 238 UO + count rate 176 (10 9 counts.s -1 ) and to obtain the lower uncertainty on all uranium isotope ratios. 177

The intensity of 234 U 16 Experimental 236 U/ 235 U ratios were internally corrected in terms of the mass bias and the bias 184 corresponding to the combined pulse counting and analog detection modes. This "B" value was 185 calculated for the experimental 234 U/ 235 U ratio in each sample, following Eq (1): 186 , (Eq. 1) 187 where ( 234 U/ 235 U) tr represents the true value of the ratio, ( 234 U/ 235 U) exp represents the ratio obtained by 188 ICP-MS/MS, and m 234 and m 235 correspond to the exact mass of isotopes 234 U and 235 U respectively. 189

The true value of the 234 U/ 235 U ratio in the IRMM 184 is the certified one, while this ratio was 190 measured by MC-ICP-MS for IRMM 075/5 and for the samples. Once the experimental ratio 236 U/ 235 U 191 had been corrected with the B value, the final 236 U/ 238 U ratios in the samples were calculated by 192 multiplying the corrected 236 U/ 235 U ratios by the 235 U/ 238 U values, previously determined by MC-ICP-193 MS. Uncertainties were calculated according to the Kragten method [START_REF] Kragten | Calculating standard deviations and confidence intervals with a universally applicable 460 spreadsheet technique[END_REF][START_REF] Kragten | A standard scheme for calculating numerically standard deviations and confidence 462 intervals[END_REF]. 194

Results and discussion 195

Study of gas reactivity and collisional focusing 196

One of the main concerns with respect to determining the 236 U/ 238 U ratio in environmental samples is 197 the formation of 235 U 1 H (m/z=236) in the plasma. To correct this interference, the 238 UH + / 238 U + ratio in 198 our instrument in a single quadrupole mode and in a standard configuration without desolvating 199 system, was measured around 7x10 -5 , which is in agreement with values quoted in the literature [11, 200 23]. This hydride formation is not negligible considering that the 236 U/ 235 U ratios in our IRMM 201 standards are below 10 -5 , and also expected in the samples. As described by Tanimizu et al. [START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF], the 202 collision/reaction technology made possible by ICP-MS/MS, allows to reduce such rate thanks to the 203 mass-shift mode, through the reaction of U with O 2 in the cell to form UO + (U + + O 2 UO + + O, ΔH r = 204 -2.89 eV). This reduces hydride based-interferences compared with the SQ mode, since the hydride 205 form of UO + (UOH + ) is less prone to occur than UH + . 206

Using this method, two different oxidizing agents were compared as cell gases (O 2 and CO 2 ) in order 207 to provide the best performance in term of sensitivity for signal of oxide form of uranium. Reaction 208 curves, corresponding to the variations of the signal intensity of the oxide form of uranium as a 209 function of the gas flow introduced in the cell, were plotted for a 0.050 µg mL -1 U solution (Figure 1). 210

As can be observed, both reaction profiles are similar in shape and sensitivity (~ 9x10 5 counts.s -1 for 211 238 UO + ), although the optimal gas flow for CO 2 is slightly shifted with respect to O 2 (10% and 7% 212 respectively). The total oxide rate conversion could not be computed since UO + oxide reacts with O 2 213 to form UO 2 + (ΔH r = -2.63 eV) at m/z 270, being outside the recording range of the instrument 214 (maximum m/z at 260). Potential collisional focusing effects already described in the literature [START_REF] Tanner | Reaction cells and collision cells for ICP-MS: a tutorial 464 review[END_REF] 215 were also evaluated by adding He in the cell along with the corresponding reaction gas (O 2 , CO 2 ). 216 Since no sensitivity enhancement was observed (Figure S2), He was no longer used. This may be 217 related to the fact that O 2 and CO 2 already produce some collisional focusing; not only inelastic 218 collisions occur, leading to the formation of the expected ion, but also elastic collisions for which there 219 is no energy exchange and thus no reaction. According to these results, the reaction gas of choice was 220 O 2 , since CO 2 does not improve either or UO + sensitivity or the formation of UOH + . 221

Uranium oxide hydride formation rate using different desolvating systems 222

Although the mass-shift strategy can reduce the uranium oxide hydride formation rate to around one 223 order of magnitude, it remains necessary to reduce its incidence over 236 U to reach the desired ratios. 224 Consequently, the following step was to access the different desolvating devices described in section range of the detector (10 10 ). In order to evaluate this contribution, a 500 ng mL -1 solution of natural U 253 in 2% HNO 3 with 236 U abundance lower than 10 -10 was analysed in SQ and MS/MS modes. Mass 254 spectra were recorded from m/z = 234 to m/ z= 239 in SQ mode, while they were recorded between 255 m/z = 250 and m/z = 255 in MS/MS mode. Masses at m/z = 239 in SQ mode and m/z = 255 in MS/MS 256 mode were included in order to observe the uranium hydride and uranium oxide hydride ( 238 U 1 H + and 257 238 U 16 O 1 H + , respectively). Both spectra are shown in Figure 2. As can be seen, peaks in the spectrum 258 registered in SQ mode overlap completely. Peaks observed at m/z = 237 are due to a significant 238 U 259 peak tailing effect and peaks at m/z=236 corresponds to 238 U tailing and 235 UH + . It is also worth noting 260 the decrease in the uranium hydride formation rate when switching from SQ mode to MS/MS mode, 261 as already explained. Analysis in MS/MS mode completely removes the tailing effects, according to 262 the peaks shapes shown in Figure 2. 263

Isotope ratio measurements in standards 264

Non-treated standards 265

Accuracy and reproducibility of the 236 U/ 235 U ratio measurements with ICP-MS/MS was checked by 266 the analysis of two certified standards: IRMM 184 and IRMM 075/5. These two standards were 267 specifically chosen because of their 236 U/ 238 U ratios, close to those expected in the samples: 268 1.245±0.002 x10 -7 (IRMM 184) and 1.0652±0.0008 x10 -8 (IRMM 075/5). Whereas all uranium 269 isotope ratios are certified for the IRMM 184 standard ( 234 U/ 235 U=0.007317 ± 0.000005; 270 235 U/ 238 U=0.0072623 ± 0.000002), only the 236 U/ 238 U ratio is certified for IRMM 075/5. Therefore, the 271 "reference" 235 U/ 238 U and 234 U/ 235 U ratios were determined by MC-ICP-MS. For this, three solutions of 272 IRMM 075/5 containing 200 ng mL -1 of U were analysed as explained in previous sections. Average 273 values obtained for the 234 U/ 235 U and 235 U/ 238 U ratios were 0.007332 ± 0.000005 (n=3) and 0.0072575 274 ± 0.0000009 (n=3) respectively. For our purposes, these values were used as references to correct the 275 experimental 236 U/ 235 U ratios obtained by ICP-MS/MS. 276

The 236 U/ 235 U ratio was determined for both standards in seven solutions, each containing around 1 µg 277 mL -1 of U, with the ICP-MS/MS equipped with an Aridus desolvating system. Experimental ratios 278 were individually calculated using the corresponding B value for mass and detector bias corrections. 279

The contribution of 235 U 16 O 1 H + and of the instrumental blanks over 236 U 16 O + were subtracted at m/z = 280 252 ( 236 UO + ). Final 236 U/ 238 U ratios for the IRMM 184 and IRMM 075/5 standards are shown in 281 Tables 2 and3 respectively. 282

Regarding IRMM 184, uncertainties for the 236 U/ 238 U ratios were between 2-3% in most cases. The 283 236 U/ 238 U ratios obtained for seven standard solutions analysed during different analytical sessions, 284 showed a relative standard deviation of 1.5%, lower than the calculated uncertainties. The accuracy of 285 the average value with respect to the certified ratio was -0.6%. A similar situation was found for the 286 IRMM 075/5. However, uncertainties were much more variable, ranging between 8-23%, because of 287 the very low counting for the 236 UO + signal. In any case, the relative standard deviation between the 288 seven different measurements was 6.2%, lower than the uncertainty. Accuracy for the average value 289 was 2.6%. 290

Treated standards 291

To make sure that 236 U cannot be polluted during the chemical pre-treatment of the samples, three 292 solutions of the IRMM 075/5 standardcalled SC1, SDC1 and SDC2 were also subjected to the 293 chemical separation and purification procedure. Along with the standards, three procedural blanks 294 were included in the analytical session. For the analysis of these samples, the desolvating Apex Ω 295 system was used. 296

The signal at 236 U 16 O + m/z in the three procedural blank solutions showed counting lower than 0.2 cps. 297 By contrast, the absolute count rates of the standard solutions for the same 236 U 16 O + signal was around 298 10 cps, meaning that the contribution of the blank was less than 2% of the final 236 U 16 O + signal and 299 can therefore be neglected. 300

As for the non-treated standards, the 234 U/ 235 U and 235 U/ 238 U ratios were determined by MC-ICP-MS. 301

Average values were 0.007336 ± 0.000012 and 0.0072566 ± 0.0000011 for 234 U/ 235 U and 235 U/ 238 U 302 ratios respectively. These values are statistically indistinguishable from those obtained for the non-303 treated standards ( 234 U/ 235 U=0.007332 ± 0.000005; 235 U/ 238 U=0.0072575 ± 0.0000009). 304

With respect to the 236 U/ 238 U ratio, and considering the lower precision of the measurements 305 performed by ICP-MS/MS, three non-treated IRMM 075/5 standards (I, II, III) were also measured 306 before and after the treated standards. The results are given in Figure 3. The average 236 U/ 238 U ratio for 307 non-treated standards was 1.10 ± 0.03 x10 -8 , statistically similar to this measured for the treated 308 standards (1.13 ± 0.10 x10 -8 for SC1 and 1.11 ± 0.03 x10 -8 for SCD1 and SCD2). Consequently, no 309 detectable differences in isotope ratios due to the sample treatment procedure could be found. 310

Assessing sources of uncertainty 311

The Kragten method provides information on the relative contribution of each error source on the final 312 uncertainty. Error sources taken into account are: count rates at the different m/z in samples and blank 313 solutions, uncertainties on the certified ratios of the isotope standards. As an example, the relative 314 contribution of each source on the final uncertainty is shown in Table 4. As can be observed, more 315 than 90% of the uncertainty budget is due to 236 U 16 O + count rate, which, as mentioned before, is 316 around 10 cps for the IRMM 075/5 standard at 1 µg mL -1 U. Other significant contributions were the 317 count rates for 238 U 16 OH + and 235 U 16 O + with 6.6% and 1.1% respectively. The influence of the other 318 terms tended to be minor, mostly below 0.5%. 319 320

Isotope ratio measurements in the Fukushima environmental samples. 321

The 235 U/ 238 U and 234 U/ 235 U ratios were measured by MC-ICP-MS, and the 236 U/ 235 U ratio was 322 measured by ICP-MS/MS using an Aridus system. Solutions were diluted to obtain a final U 323 concentration of around 1 µg mL -1 to ensure that the 236 U 16 O + counting rate would be detectable. 324 A 2% HNO 3 solution corresponding to the instrumental blank was analysed before each procedural 325 blank or sample. Corresponding counting rates at m/z of 236 U 16 O + for both types of blanks are shown in 326 Figure 4. There is no evidence of carry-over for the instrumental blank, as the counting remained 327 constant during the session. Besides, no significant differences were observed between the 328 instrumental (<0.4 cps) and the procedural blank (<0.7 cps), meaning that the sample treatment did not 329 contribute significantly to the 236 U 16 O + background. 330

Seven sections from a sediment core of the Mano Dam reservoir were analysed according to the 331 methodology described above. MDh corresponds to the sample closest to the surface, and MDb to the 332 deepest one. Set-up stability was checked before analysis through the analysis of standards. The 333 234 U/ 235 U and 235 U/ 238 U ratios obtained by MC-ICP-MS, and 236 U/ 238 U ratios obtained by ICP-MS/MS 334 are given in Table 5. 234 U/ 235 U ratios were used for correction of 236 U/ 235 U ratios determined with ICP-335 MS/MS. 235 U/ 238 U ratios were used for the final computation of the 236 U/ 238 U ratios. The average value 336 obtained for the 235 U/ 238 U ratio, i.e. 0.007257 ± 0.000003, is in perfect agreement with the natural ratio 337 reported in the literature, i.e. 0.007257 ± 0.000004 [START_REF] Richter | Isotopic "fingerprint" for natural 380 uranium samples[END_REF]. Nonetheless, 234 U/ 235 U ratios vary slightly 338 between samples with a relative standard deviation of 2%. Uncertainties calculated for the samples 339 measured by ICP-MS/MS were consistent with the uncertainties obtained for the standards. 340

Measured 236 U/ 238 U ratios ranged between 7.0x10 -9 and 4.2x10 -8 . Associated uncertainties obtained 341 using the Kragten method varied between 6.7% and 16.8% at k=2. These values are significantly 342 lower than the uncertainties reported in previous publications using ICP-MS/MS technology for the 343 analysis of seawater and soil samples [START_REF] Yang | Determination of 236 U in environmental samples by single 400 extraction chromatography coupled to triple-quadrupole inductively coupled plasma-mass 401 spectrometry[END_REF][START_REF] Tanimizu | Determination of ultra-low 236 U/ 238 U[END_REF]21]. In the present work, the 236 U/ 238 U ratios measured 344 in sediments can be attributed to the global fallout values <10 -7 [START_REF] Jaegler | Reconstruction of uranium and plutonium dynamics at ultra-439 trace concentrations in sediment accumulated in the Mano Dam reservoir, Japan, before and after the 440 Fukushima accident[END_REF]. 345

Conclusion 346

In this work, we present a new methodology to determine all uranium isotope ratios in environmental 347 samples after a chemical separation procedure involving a combination of anion exchange and 348 extraction resins. 234 U/ 238 U and 235 U/ 238 U ratios were determined by MC-ICP-MS while 236 U/ 238 U 349 isotope ratios, which are below 10 -8 , were measured using ICP-MS/MS. In this later case, the strategy 350 was based on the use of MS/MS mass-shift mode, since abundance sensitivity values are generally 351 below 10 -10 and the hydride form of UO + (UOH + ) is less prone to occur than UH + . The selected gas 352 introduced in the cell was O 2 and in order to obtain the lower UOH + /UO + ratio, five different 353 desolvating systems are tested. The Apex Ω and Aridus systems provided the best results in term of 354 sensitivity and UOH + /UO + ratios down to 4 x 10 -7 were reached. 355

The method was developed and validated for two certified IRMM isotopic standards with 236 U/ 238 U 356 certified ratio of 1.245 x 10 -7 (IRMM 184) and 1.052 x 10 -8 (IRMM 075/5). The IRMM 075/5 standard 357 was subjected to the preparation and chemical purification procedure, and no detectable difference in 358 isotope ratios due to sample treatment was found. The isotopic ratios obtained for seven independent 359 measurements of the two standards gave results in agreement with certified reference values, with 360 relative standard deviation of respectively 1.5% (IRMM 184) and 6.2% (IRMM 075/5). Finally, the 361 236 U/ 238 U isotope ratios were determined in sediments collected along a core in a lake draining a part 362 of the main radioactive pollution plume released by the FDNPP accident. The measured 236 U/ 238 U 363 ranged between 7.0x10 -9 and 4.2x10 -8 , with accuracy levels below 20%, corresponding to the global 364 fallout signature. These ratios were the lowest ever measured by ICP-MS/MS in sediment samples, 365 with uncertainty below 20% for ratios below 10 -8 . 366
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 123 Figure 1: Reaction profile of 236 U 16 O + in counts.s -1 in MS/MS and mass-shift mode versus O 2 and CO 2 491gas flow rates expressed in % of gas in the cell. The concentration of U in solution was 0.050 µg mL -1 492
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  O + and 236 U 16 O + signals was measured in pulse counting mode, while 235 U 16 O + 178 and 238 U 16 O + were measured in analog mode. A total of 20 replicates were acquired for 234 U 16 O + , 179 235 U 16 O + and 236 U 16 O + . 236 U 16 O + counting was also corrected from the formation of 235 U 16 O 1 H + . The 180 uranium oxide hydride formation rate was calculated in a separate acquisition method by determining 181 the 238 U 16 O 1 H + / 238 U 16 O + ratio. The method consisted of 5 replicates with 3 points per peak and 100 182 sweeps. Instrumental blanks were corrected for all U isotopes. 183
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 4 considering all the sources 498 Blank average count rate (counts.s -1 ) for 236 U16 O + during the analytical sessions. The black 499 squares represent measurement of instrumental blanks, while the measurement of procedural blanks 500 are represented by white squares 501
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Table 1 .

 1 538 539

	Standard configuration	Apex IR	Apex HF	Apex HF + Spiro	Apex Ω	Aridus

Sensitivity 238 U 16 O + counts.s -1 per ng mL -1

  

	90 000 -110 00	110 000 -150 000	220 000 -280 000	~250 000	400 000 -600 000	400 000 -600 000
	Hydride					

rate ( 238 U 16 O 1 H + / 238 U 16 O + )

  

	542 546	Table 2. Table 3.					
	543 547						
		Standard IRMM 184 Standard IRMM 075/5	236 U/ 238 U 236 U/ 238 U	Combined expanded uncertainty Combined uncertainty Relative combined expanded (%) expanded uncertainty Relative difference/certified Relative ratio % Relative combined difference expanded / certified uncertainty (%) ratio %
		Certified ratio 1.2446x10 -7 0.0017x10 -7 Certified ratio 1.06519x10 -8 0.00075x10 -8	0.13	0.07	6.3
		I I	1.239x10 -7 1.13x10 -8	0.039x10 -7 0.15x10 -8	3.2	13.5	-0.4	6.3
		II II	1.216x10 -7 1.10x10 -8	0.040x10 -7 0.09x10 -8	3.3	8.3	-2.3	3.4
		III III	1.241x10 -7 1.04x10 -8	0.025x10 -7 0.09x10 -8	2.0	8.7	-0.3	-2.0
		IV IV	1.251x10 -7 1.14x10 -8	0.025x10 -7 0.11x10 -8	2.0	9.5	0.5	7.3
		V V	1.207x10 -7 1.19x10 -8	0.022x10 -7 0.10x10 -8	1.8	8.3	-3.0	8.3
		VI VI	1.252x10 -7 1.04x10 -8	0.028x10 -7 0.24x10 -8	2.2	22.8	0.6	-2.8
		VII VII	1.250x10 -7 1.00x10 -8	0.028x10 -7 0.20x10 -8	2.2	19.4	0.5	-5.6
		Average ratio Average ratio	1.237x10 -7 1.09x10 -8				
		StdDev (n=7) StdDev (n=7)	0.018x10 -7 0.068x10 -8				
		Relative StdDev (%) Relative StdDev (%)	1.5 6.2				
		Relative Relative					
		difference/ certified ratio diference / certified ratio	-0.6 2.3				
		(%) (%)					
	544 548						
	545		3x10 -6	3x10 -6		3x10 -6	4x10 -6	4x10 -7	4x10 -7
	540 549						
	541 550						

Table 4 . 551 552 Source of uncertainty 234 UO + cps (B) 234 UO + cps 235 UO + cps (B) 235 UO + cps 236 UO + cps (B) 236 UO + cps 238 UO + 238 U 1 H + cps 234 U/ 235 U ref 235 U/ 238 U ref

 4 

	Contribution (%)	0.65	<0.0001	1.10	<0.0001	90.7	0.44	0.12	6.61	0.35	0.001
	553										
	554										

Table 5 . 555 Sample 235 U/ 238 U † Combined expanded uncertainty 234 U/ 235 U † Combined expanded uncertainty 236 U/ 238 U ‡ Combined expanded uncertainty

 5 

	Relative
	combined
	expanded
	uncertainty
	(%)

The 236 U/ 238 U ratio was determined indirectly by determining the 236 U/ 235 U ratio by ICP-MS/MS and