Assist Prof Maria Rosa Beccia 
  
Prof Gaëlle Creff 
  
Prof Den Christophe 
email: christophe.denauwer@univ-cotedazur.fr
  
Auwer 
  
Prof Di Christophe 
  
Giorgio 
  
Dr Aurélie Jeanson 
  
Prof Michel Hervé 
  
Gaston Bachelard 
  
Environmental Chemistry of Radionuclides : Open Questions and Perspectives

Since the discovery of nuclear fission, atomic energy has become for mankind a source of energy, but it has also become a source of consternation. This Perspective presents and discusses the methodological evolution of the work performed in the radiochemistry laboratory that is part of the Institut de Chimie de Nice (France). Most studies in radioecology and environmental radiochemistry have intended to assess the impact and inventory of very low levels of radionuclides in specific environmental compartments. But chemical mechanisms at the molecular level remain a mystery because it is technically impossible (due to large dilution factors) to assess speciation in those systems. Ultra-trace levels of contamination and heterogeneity often preclude the use of spectroscopic techniques and the determination of direct speciation data, thus forming the bottleneck of speciation studies. The work performed in the Nice radiochemistry laboratory underlines this effort to input speciation data (using spectroscopic techniques like X ray Absorption Spectroscopy) in environmental and radioecological metrics.

 

Introduction

Since the discovery of nuclear fission by O. Hahn, F. Strassmann and L. Meitner in 1938, mankind has come to rely on atomic energy as a source of power. [START_REF] Gosling | The Manhattan Project: Making the Atomic Bomb (DOE/MA-0001)[END_REF] Since then the nuclear industry, both military and civil, expanded dramatically after World War II and it globally continues to do so, although at different pace (depending on the country) until today. This, of course, has always raised social, political and scientific concerns over an eventual accident or misuse of nuclear power. Anecdotally, early misuse of radioactivity indeed occurred as early as in the 30s as exemplified by the Tho-Radia adventure, among others. [START_REF] Zaga | [END_REF] In 1947 a group of nuclear physicists created the Doomsday Clock to warn politicians about the use of nuclear weapons. This clearly demonstrated that the threat of nuclear disaster was felt throughout the world. In addition to concerns about defense applications, questions have also been raised regarding nuclear toxicology, legacy, long-term management of waste and the impact on the environment. Although exposure to radionuclides and radiation does not constitute a day-to-day issue of public health, concerns become more acute in the case of a nuclear event or of a deficiency in waste management. Most importantly, the possibility of exposure raises constant questioning from society and underlines the need for information and scientific input. Therefore, the risks related to radionuclides environmental contamination and its impact on ecosystems and humans must be better understood and assessed in order to prevent catastrophe. Of all the elements naturally occurring on Earth, uranium and thorium are the last on the Periodic Table (although ultra trace levels plutonium are also produced from uranium spontaneous fission and further neutron capture) and are used for the nuclear civil industry (thorium to a much lesser extent). Plutonium is one of the most emblematic elements of this industry and was synthesized in 1942 by G. T. Seaborg in Berkeley using a cyclotron accelerator. The three major civilian accidents of Three Mile Island, Chernobyl and Fukushima in March 1979, April 1986 and March 2011 respectively contributed significantly for the need to assess the impact of radionuclide release in the environment. At the same time, remediation technologies have always been a challenging operation since they are highly dependent on the physical-chemical history of the site under consideration. Finally legacy of historical nuclear sites like Mayak, Sellafield and Hanford (not exhaustive) also contributes to radionuclides dissemination. These factors, in addition to the general, social and political concerns on environmental impact, continue to drive fundamental scientific questions regarding any further accidental release of radionuclides on the Earth's surface. Today, on the other hand, in the context of climate change and the goals established in the 2015 Paris Agreement, nuclear power has been identified as a viable alternative (although not unique) to the use of fossil fuel-based energies. [3] Most studies in radioecology and environmental radiochemistry have intended to assess the impact and inventory of very low levels (see definition further down) of radionuclides in specific compartments (e.g., minerals, sediments, water, plants, organisms). This very helpful approach allows monitoring the transfer and accumulation momenta at very large scales but often fails to describe the chemical form of the element in question because such information is unavailable at this concentration level. Therefore, chemical mechanisms at the molecular level remain hardly decipherable because it is technically impossible (due to large dilution factors) to assess direct speciation. From the IUPAC gold book, speciation is defined as the "distribution of an element amongst defined chemical species in a system". [START_REF]IUPAC gold book[END_REF] In consequence a consequence, not only the quantity (the dose) but also the chemical form (speciation) are essential input data. [START_REF] Wolfe | Radioecology: Proceedings of the First National Symposium on Radioecology Held at Colorado State University[END_REF] Despite those limitations, attempts to better understand the migration and accumulation transfers to the environment and ecosystem have raised further questions. Data on the subject are indeed largely abundant in the literature and this article does not intend to review it. The following references published over the last decade may be considered as more exhaustive for the reader: Hu et al., [START_REF] Hu | [END_REF] Sachs et al., [7] Walter et al., [8] Kersting, [9] Maher et al., [10] Romanchuk et al., [11] Metian et al., [12] G. J-P. Deblonde et al.. [13] This opinion article presents the methodological evolution of the work performed in the Nice radiochemistry laboratory (Nice, Alpes Maritimes, France), now part of Institut de Chimie de Nice (ICN), in environmental chemistry of radionuclides and lies on a selection (not exhaustive) of literature data. Since the beginning of environmental chemistry research in Nice in 1980, the approach has shifted over time from pure radioecology to a radioecology combined with environmental radiochemistry and even biochemistry. This could only be done with the use of chemical, biological and spectroscopic tools in conjunction with analytical tools. The major difficulty in achieving this goal is to combine two orthogonal scales: the ultra-trace concentration scale on the one hand (in atoms per volume or surface units) and the large spatial heterogeneities of the field on the other hand (in length units).

Foreword, chemistry at the ultra-trace levels.

The chemistry of elements at the ultra-trace levels (< 1 ppb, vide infra) is strongly linked to the discoveries in radiochemistry in the search for trace radionuclides (Marie Curie's work) or for very short life radionuclides. At this level of concentration (in atoms per cm 3

), reactivity may be shifted away from the mass action law and classical thermodynamics toward statistical thermodynamics. Kinetics might also be affected, although the border between traditional and ultra-trace chemistry is not well defined. It is not the purpose of this note to discuss the reactivity of ultra-trace levels and the reader can refer to the article of Guillaumont et al.. [14] Nevertheless the limits of the classical description of chemical reactivity described for ultra-trace radiochemical studies also find justifications in environmental studies because of enormous dilution factors that often occur in the environment.

Arriving at a definition of environmental studies with radionuclides

In environmental chemistry studies, the term Heavy Metals has been the subject of long controversy in the scientific literature because it is ambiguous and does not reflect the long list of elements that are of concern for general environmental studies. In 2021, Pourret et al. stated that Heavy Metals is "a very imprecise term, never rigorously defined by any authority, and loosely used to refer to an element and its compounds". [15] Consequently, Metallic Trace Elements (MTE) or Metalloid Trace Elements are also frequently used. Both terms are not strict synonyms and this might be a source of ambiguity. In the case of environmental radiochemistry or radioecology, the elements of interest for environmental studies cover almost all the families of the periodic table, from alkaline to noble gas (i.e., fission products, activation products, actinides). The generic term Trace Radionuclides (TR) might therefore be perfectly appropriate together with the sub ensemble Metallic Trace Radionuclides (MTR) which could be synonymous with radioactive MTE. When dealing with TR or MTR, two types of properties are to be considered: their chemical behavior (as chemical elements) and their radiation impact (as radionuclides). The first one refers to electronic properties, the second one to nuclear properties and both properties are almost disconnected. One should also keep in mind that most elements possess stable and unstable isotopes while only elements after Bi in the Periodic Table possess only unstable isotopes with half-lives ranging from a few picoseconds to billions of years (from 83 Bi to 118 Og to date). The first property obviously affects the chemical equilibria and reactivity; the second property mainly affects the biological mechanisms but also chemical states in some cases because of the impact of radiation (type and dose). Depending on the element and its isotope, both aspects (chemistry and radiation) might be worth considering, or one aspect might be neglected over the second one. On one hand, the environmental chemistry of radionuclides refers to the chemical study of TR or MTR in environmental systems. On the other, radioecology is a subdivision of ecology that "emerged as a scientific discipline at the end of World War II, in response to environmental problems from radioactive fallout associated with nuclear weapons testing". [16] This historical view of radioecology seems to exclude, although by omission, possible effects of natural radioactivity (radiations) on ecosystems. But the origin of MTR does not directly affect the dose effect, nor its thermodynamics or kinetics. In short, the environmental chemistry of radionuclides and radioecology are distinct but complementary approaches that may overlap in some cases in their goal to study the impact of MTR and their radiation on ecosystems (which may or may not include humans). The main factors under consideration are the radionuclide (its chemical and radiation properties), the object of interest (environmental compartments, biotopes, living species, humans included or not, dose-effect relationships at individual organism level), and its concentration scale. Although radioecology emerged in the 50s, one of the first radioecology symposia was held at Colorado State University in 1961. [START_REF]Radioecology: Proceedings of the First National Symposium on Radioecology Held at Colorado State University[END_REF] Introductory remarks from J. N. Wolfe implicitly paved the way for complementarity between ecology and environmental chemistry within the scope of nuclear sciences: "The last assessment of experimental result in biology must be ecological, and the understanding of the environment and its working complex is likely to be essential for survival". [START_REF] Jorgensen | Mammals of the Nevada Test Site[END_REF] This approach contributed to the development of accumulation data. In 1966 in Stockholm, the symposium on "Radioecological concentration process" further defined the use of concentration factors (CF) to characterize the accumulation processes in living species. [START_REF] Aberg | Radioecological concentration processes In[END_REF] Since then, IAEA is constantly updating CF data in order to assess the impact of MTR dissemination. [START_REF]IAEA Library Cataloguing in Publication Data, Sediment distribution coefficients and concentration factors for biota in the marine environment[END_REF] In a recent article, Carvalho reviews the use of CF and their limitations as a useful concept to quantify the uptake and accumulation of radionuclides in aquatic biota. [21] In the Nice radiochemistry laboratory, environmental studies started in 1980 and ramped up shortly after the Chernobyl accident (1986) in order to track impact on land and water biota. One of the first articles published on the subject was issued in 1987. [22] This was shortly before what would become a long-lasting collaboration with IAEA Monaco on the determination of metrics in marine biota like "Radionuclides in macro algae at Monaco following the Chernobyl accident". [23], [24] In 1995, another article was published on TR transfer in trees with similar methodology. [25] Concentration factors (or direct concentration data) appeared therefore as key descriptive data for radioecological assessment. In those papers and in most radioecological studies, TR and MTR are present at the ultra-trace or trace scales (ultra-trace scale <1 ppb, trace scale <1 ppm) because very large dilution factors occur in the environment. Therefore, chemical toxicity might be considered negligible versus long-term radiation effects (radiotoxicity) although this might not be clearly defined. This is a point where the environmental chemistry of radionuclides and radioecology may become complementary: the input of speciation data is essential to understanding the biochemical pathways at the origin of possible chemical and radiological toxicities. However, this is not straightforward because chemical reactivity and speciation largely depend (although not exclusively) on the concentration scale whereas the nucleus decay process does not. Speciation is therefore a key parameter to be defined if chemical mechanisms underlying transfer and accumulation are to be described. Therefore, two difficulties immediately arise: concentration and heterogeneity.

Speciation in field studies [dealing with large dilution factors]

As mentioned above, most often large dilution factors of the contaminants appear when drifts or water flux are involved. Large heterogeneities and presence of hot spots may occur. Speciation at ultra-trace scale is also limited to analytical techniques that will give in best cases indirect speciation data. In consequence, radioecology and environmental chemistry of radionuclides have largely been based on Mass Spectrometry. Sequential extraction techniques may also bring valuable information, although indirectly. [26] At very low levels (below fg/g) recent advanced mass spectrometry techniques like Accelerated Mass Spectrometry (AMS) may be very useful. [27], [28] The use of radiometric techniques often requires preliminary radiochemical separation when direct and in particular Pu). [29] In tight collaboration with the International Atomic Energy Agency (IAEA) in Monaco, [30] such radiochemical separation techniques were implemented in the Nice radiochemistry laboratory for environmental samples by G. Ardisson in the 80s using co-precipitation steps. [31] In the 90s, Ardisson and coworkers implemented in Nice a separation methodology using a unique ion [32] The technique has been used, for instance, in the case of Belarus soils in the Chernobyl region. [33] For gamma emitters like 137 Cs or 110m [34], [35] Although speciation could not be directly addressed with those techniques and at such a level of concentration, inventories were performed and migration processes could be investigated.

In order to answer the question of direct speciation i.e., information on metal oxidation state and coordination sphere, spectroscopic techniques are needed. Most spectroscopic techniques (X-ray Absorption Spectroscopy, Vibrational Spectroscopy, Spectrophotometry to name a few) hardly detect ppm values. XAS spectroscopy, for instance, allows direct speciation analysis at a given electronic edge of a given element (central atom) in a complex matrix. However, the signal is averaged by all the central atoms lightened by the photon beam. Therefore, an optimum between beam size and sample heterogeneities must be found (see next section). Also, the technique remains restricted by detection limits in the range of ppm values. Laser Fluorescence Spectroscopy (time resolved) may be used at sub-ppm levels but only with elements that are fluorescent (UO 2 2+ , Eu 3+ and Cm 3+ notably). One possibility for overcoming the intrinsic limitation of concentration is to dope (or spike) the analyzed medium with a salt of the element of interest. It is important to underline some of the criteria and limitations of this methodology : i) the concentration after doping must be a compromise between the detection limit and the avoidance of any significant modification of the chemical equilibria; ii) the solubility limit of the element must not be reached in the given medium; iii) the chemical and physical form of the element must mimic, if possible, the source term in the environment (soluble form, particles etc.), iv) equilibria that are favored at ultra low concentrations in the environment might become invisible after doping at macro concentrations. Since 2011 at ICN, we have been working in the marine environment in collaboration with CEA DAM Ile de France. Seawater represents the largest proportion of the hydrosphere (ca 96.5%) and covers about 71% of the Earth's surface. Oceans and seas are also the geographical endpoints of rivers. Therefore, these large bodies of water act as a long-term repository for organic and inorganic pollutants. For this reason, the marine environment has often been monitored as a pollution bellwether. The origin of radionuclides in seawater is either anthropogenic (atmospheric nuclear tests from the Cold War, crash of satellites, accidental or industrial releases, etc.) or natural from the Earth crust composition (mainly uranium, but also thorium). In the case of uranium, over the last two decades, all of the speciation models have reported on the formation of carbonate species as predominant. [START_REF] Choppin | Actinide speciation in aquatic systems[END_REF] However, the speciation of uranium in seawater has been lacking experimental spectroscopic data. Using the doping strategy described above combined with XAS measurements, Maloubier et al. have determined uranium (VI) and neptunium(V) speciation in natural seawater samples that were previously doped with uranium and neptunium salts (the doping value of [U, Np] = 5x10 -5 M was used in this study). [37] Figure 1 shows the concentration scale of most major ions in seawater compared to the selected doping concentration in this study.

Figure 1: Schematic scale representing the major components of natural seawater compared to the working range in the described methodology. Scale is not linear, values are taken from the MBARI web site. [38] Direct structural data were then obtained with EXAFS at the uranium L III edge and neptunium L II edge. The occurrence of an uranyl (UO 2 2+ ) carbonate species has been confirmed for uranium in seawater, very similar to the uranium local environment in the crystal structure of Liebigite and to uranyl carbonate species in pure aqueous solution. For neptunyl (NpO 2 + ), EXAFS data indicate the presence of at least one carbonate ligand, but a mixing with the aquo form cannot be precluded. 37 The case study of uranium speciation in seawater shows that the main limitation of XAS (as for other spectroscopic techniques) may not only be linked to low concentrations of the investigated element, but also to interference from other elements in the matrix (in aqueous medium heterogeneities are excluded). In fact, at the uranium L III edge, difficulties in obtaining data with a very good signal-to-noise ratio in those conditions come also from the bromine emission line (Kβ1) and the strontium emission present in seawater (Figure 1).

Speciation in field studies, [dealing with spatial heterogeneities]

Environmental compartments and samples are intrinsically defined by strong spatial heterogeneities bioaccumulation occur, km when seawater drifts or catchment basins are studied, to name a few). The radionuclide speciation is therefore subject to spatial definition, because different kinetic and thermodynamic conditions may tune the speciation at very low spatial scales (a few nm). Several reviews have summarized the different migration and accumulation pathways associated with heterogeneous (at the sub-micron scale) uranium and plutonium field samples using complementary imaging and spectroscopic micro-and nano-probes. [9], [39], [40] Brown et al. showed at Hanford Site (Washington State, USA) that contaminants are pluming in the zone beneath various Hanford Tank Farms. In this example, uranium is pluming at hundreds of meter scale from the Tank. Speciation le using X-ray Spectroscopy showed that uranium occurs in fractures dominantly as the uranophane group mineral. [41] In this specific example, speciation could be performed directly on (heterogeneous) environmental samples because the source contamination term is large enough (leading to hot spots and/or diffuse contamination). With similar spectroscopic tools, Bargar et al. described how biogeochemical processes can tune the uranium speciation within domains that are of the order of a few nm.

[42], [43] At a much larger spatial scale (few cm), the implementation in situ of DGT (Diffusive Gradient in Thin film) and DET (Diffusive Equilibrium in Thin film) in wetlands impacted by former mining activities in the French Massif Central region provides a vertical mapping of Nat U gradient. The depth profiles with fairly good spatial resolution (a few cm) show the correlation with the soil nature, the organic content matter, all factors combined with the history of the site. [44] In the Nice radiochemistry laboratory, a large program was launched in 2000 by G. Barci-Funel and H. Michel to investigate the fallout from the Chernobyl accident in the Boréon sector, located in the Alpes-Maritimes mountains, less than 100 km North of Nice (Alpes Maritimes, France). The study zone was an alpine wetland and surroundings, which consisted of a small lake, a clearing and a steep catchment in which MTR from nuclear test fallout and the Chernobyl accident are still detectable: from nuclear weapon tests ( 238,239+240 Pu and 241 Am) and from the Chernobyl nuclear power plant accident ( 137 Cs). The main question was to understand the large scale distribution of selected MTR in various environmental compartments (soil, sediments, water) and their mobility from the aqueous phase to the soil and sediment surface and subsurface. In the lake sediments, direct deposits of the radioactive fallout were detected in depth due to the effect of sedimentation causing MTR to migrate from the ground surface to the sub-surface. The transfer between those two natural compartments has shown the importance of water as a transport vehicle and the prevalence of leaching phenomena. Leaching carries MTR from the drainage basin slopes, to the clearing and then to the sediment through the aqueous phase. [45] In sediment samples, MTR have a low relative mobility, 241 Am being the most mobile element and 137 Cs the less mobile, 238,239+240 Pu having an intermediate behavior. [46] The vertical distribution of Cs was explained by its low mobility due to important adsorption capacities of solid matrices leading to its immobilization. In short, the order of mobility Am > Pu > Cs reflects their various chemical and biochemical reactivities. This shows the intricacy of the migration mechanisms with various processes that can compete: mechanical (wind, rainfall, snow), thermodynamic (complexation and sorption equilibria, hydrolysis, leaching), all phenomena being linked. In all cases, large dilution factors or significant concentration factors (rarer) modify the localization and speciation. To further address this question in complex and heterogeneous environmental systems, a combination of radiometric, spectroscopic and imaging micro-probes would certainly be necessary as already pointed out. This is the methodology recently implemented in the Nice radiochemistry laboratory in collaboration with the MARS beam line of SOLEIL synchrotron and CEA in order to follow the spatial speciation of anthropogenic uranium in model columns of simulated soils.

[47]

Speciation of radionuclides, transfer to living species

During the first decades after World War II, radioecology studies were driven by the study of the impact of nuclear radiation and transfer of radionuclides to ecosystems. As stated in a recent viewpoint on radioecology from Rhodes and coworkers, "There is a growing desire to incorporate attributes of ecosystem science into radiological risk assessment and radioecological research […]" [16] putting radioecology (mostly at very low doses) into the larger perspective of ecological risk assessment (see also publications from the International Commission on Radiological Protection, ICPR [48] ) in which humans are considered as part of their ecosystems. Considering our recent interest in the marine system, our approach certainly deviates from this position mainly because of our methodology to dope the natural systems with the MTR of interest as the only methodological pathway for studying speciation in living systems. But the way we are considering the possible uptake of MTR from marine species may complement current radioecological approaches. In one of our recent case studies, we considered the sea urchin (here Paracentrotus lividus) often used as a sentinel species of local pollution because of its sedentary habits and wellknown sensitivity to pollutants (accumulation of MTE). [START_REF] Chiarelli | Marine Invertebrates as Bioindicators of Heavy Metal Pollution[END_REF] We investigated the chemical mechanisms of MTR ( Nat U, 60 Co, 137 Cs) uptake by P. lividus using a well-controlled system of aquaria doped with the MTR of interest. For Nat U, for instance, and using XAS spectroscopy, we provided evidence of the metabolization of uranium (under its most stable uranyl UO 2 2+ chemical form) in living P. lividus. [50] Furthermore, contaminated gonads of P. lividus were analyzed by Scanning Transmission X-ray Microscopy (STXM), a technique that couples XAS and microscopy in order to localize the element of interest in a 2-D space and define its speciation at the same time. Such a technique is suitable for element-selective imaging studies with a spatial resolution down to a few tens of nm. In this work, measurements performed at the uranium N V edge (4d-nf transition) showed the absence of precipitated inorganic phases of uranium. Instead, it appeared to be homogeneously distributed on the gonad cell membranes, leading to the conclusion that uranyl was bound to specific biomolecules (Figure 2). EXAFS data analysis at the U L II edge of contaminated gonads further suggested that the metal is coordinated to carboxylate residues of a biomolecule. The toposome protein, the main protein in P. lividus was further identified as a possible target for U complexation because of its ability to store Ca 2+ ions with carboxylate chemical functions. To complement this downscale molecular approach "from the animal to the metalloprotein", we also explored the bioinorganic actinide chemistry of some possible target metalloproteins involved in the iron homeostasis (because Fe 3+ and An 4+ bear some chemical similarities like their propensity for hydrolysis): the transferrin and the ferritin. Using tools from bioinorganic chemists (bio-XAS for instance), we investigated the modification of the complexation site when an actinide cation is replacing the endogenic cation (like iron in ferritin). [51] Considering humans as part of the ecosystem, direct or indirect human contamination by radionuclides may occur as a result of an incident (nuclear power plant and/or ships), an act of war or terrorism, or after an injury (plant, mining industry). In such cases, the available treatments are very limited and mostly consist of i.v. administration of sodium bicarbonate in the case of U, DTPA (triaminopentaacetic acid, as calcium or zinc form) or more innovative chelating molecules in the case of plutonium.

[52], [53],

.

To target the main biological retention sites defined by biokinetics data (liver, kidneys, lungs and bones) and therefore provide a more complementary therapy, a macro-or supramolecular approach makes sense and can constitute a fully complementary alternative to the current treatments, to passively target these reservoirs. For the past ten years, the Nice radiochemistry laboratory has been developing such approaches for human decorporation, i.e. decontamination of the incriminated actinide(s) resulting from excretion, by natural means, linked to the utilization of the countermeasure. In that sense, we have developed two polymeric analogues of DTPA: Polyethyleneimine functionalized by acetate (PEI-CH 2 COO -) or phosphonate groups (PEI-CH 2 PO 3 2-) to vectorize the chelates. Furthermore, dose-response experiments showed promising actinide complexation efficiencies comparable to the reference DTPA.

[54], [55] 

Conclusive remarks

Studies on radionuclides in environmental chemistry took place in the Nice radiochemistry laboratory in order to analyze nuclear fallout after the Chernobyl accident. The methodology developed in this context, at first strongly tied to IAEA, enabled the determination of inventory data and migration mechanisms. Such data are essential for better understanding and assessing operational CFs, although initial conditions (exposure, delivery, etc.) must be carefully taken into consideration. But ultra-trace levels of contamination often preclude the use of spectroscopic techniques and the determination of direct speciation data. Heterogeneity at various scales also requires adapting the size of the probe to the size of the sample. This always questions the representativeness of the measurement. Those two limiting conditions (ultra-trace environmental levels on the one hand, and heterogeneity on the other) have up until now formed the bottleneck of speciation studies. In our effort to input speciation data in environmental (and radioecological) metrics, we have developed a doping methodology that fills this methodological gap. Our recent work on marine species in collaboration with CEA uses this approach which overlaps radioecology and environmental radiochemistry. The major limitation is certainly the validation of representativeness for contaminated ecosystems. For that purpose, much care should be taken to complement such approaches with field data, as much as possible.

In conclusion, obtaining speciation data calls for a methodological compromise. Nevertheless, the input data so gathered is essential and can impact calculation codes developed on a larger scale.

Figure 2 :

 2 Figure 2: STXM image of sea urchin gonad cell obtained at 725eV, above U NIV edge (left), and contrast obtained between the images recorded at 725 eV, above U NIV edge, and 738 eV, below U NIV edge (right). Reprinted (adapted) with permission from B. Reeves, M. R. Beccia, P. L. Solari, D. E. Smiles, D. K. Shuh, L. Mangialajo, S. Pagnotta, M. Monfort, C. Moulin, C. Den Auwer, Environ Sci. Technol. 2019, 16, 7974-7983. Copyright 2022 American Chemical Society.

in La formation de l'esprit scientifique, contribution à une psychanalyse de la connaissance, G. Bachelard, 1938. Transl. "It would be better to be completely ignorant than to have knowledge deprived of its fundamental principle"
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