Progresses in mass spectrometry and analytical chemistry open an optimistic avenue for the exploration of new isotopic systems, by constantly improving the accuracy of the measurements. To the traditional, light element isotopic systems (C, N ,O, H), that show large variations in Nature, new systems, in particular of metallic elements (Ca, Mg, Fe, Ni, Cu, Zn in particular), are added constantly.

Analytical geochemists have taken a great share in these progresses, given that isotopic measurements in all their diversity are of particular interest in Earth Sciences.

When a new isotopic system is explored, or when one wants to give a first overview of the information gathered from a given system, isotopic measurements are generally summarized by graphs comparing various geological reservoirs, as the one shown on Figure 1 for Ca isotopes.

Figure 2: Example of a box-model (a) We consider the fractionation of O isotopes during water cycling, beginning with evaporation at the Equator, could formation, then progressive water loss by precipitation accompanying cloud transport toward poles (adapted from this site) (b) "closed-kinetic" box model describing the process occurring during progressive water loss by the cloud: a reservoir (the cloud) emits a precipitate (here, precipitations) which signature is fractionated by with respect to the cloud (here, = 10 corresponds to the fractionation associated with water condensation).(c) Signature of the cloud, the instantaneous precipitate and the accumulated precipitate, as a function of f precipitation which is the fraction of the water lost by the cloud. See [START_REF] Hayes | An Introduction to Isotopic Calculations[END_REF] for details.

These signals originate from the interplay of source mixing on one hand, and fractionation processes on the other hand. Source mixing tends to homogenize isotopic compositions. On the contrary, fractionation processes tend to differentiate isotopic compositions. Box-models are used to describe this interplay on a global, simplified approach, and interpret natural observations. Figure 2 shows an example where a box-model describes the fractionation of O isotopes during precipitation. This is essentially a parameterized approach. It enables the interpretation of natural observations in terms of masses, fluxes, or of the occurrence of processes fractionating isotopes such as diffusion or precipitation. Complementarily, box-models can be used to extract from natural observations the isotopic effect associated with a particular process (precipitation of clays in rivers, of zircons in melts, rain... ). In other words, it "breaks down" observations to elementary ingredients, or more precisely, processes.

In parallel, the isotopic effect of individual mechanisms should be characterized independently and in a well controlled way. This can be based on experiments. In this case, the conditions can be chosen to correspond as closely as possible to natural situations, or to cover the large variety of possible situations. The experiment can be designed to explore a particular process, such as pure diffusion, or pure thermodynamical equilibrium. A complementary approach is based on atomistic methods. The case of thermodynamical equilibrium is particularly appealing, as it is relatively easily addressed based on statistical physics. Because this modeling is starting from the very atomic structure, a lot of information can be extracted from these models. This information can be then used to rationalize the relationships between fractionation and other properties (bond distances, chemistry for example, see section 2).

In a way, box modeling and atomistic modeling help extract the information carried out by isotopes from both ends: form the realistic, complex, natural, macroscopic end on one hand, and from the elementary, atomic end, governed by statistical mechanics, on the other hand.

Personal motivations as a physicist. Reconciling theory with experiment and observations

Starting from ancient Greece, e.g. Plato's allegory of the cave, Humanity has built knowledge based on the two feet of empiricism (experiments and observation) and rationalism (theory). During modern era, theoretical physicists have pushed very far the refinements of quantum theory, to explain the way atoms bond, and of statistical physics and atomistic modelling, to explain the macroscopic properties of matter from the atomistic level.

The numerical implementation of these theories to address specific issues further requires more mathematical tools. Mastering these different aspects necessitates advanced physics studies, that are difficult to integrate afterhand by someone primarily interested by natural sciences. On another hand, for a numerical physicist, the temptation is strong to apply his skills to idealized, simplified systems which relevance for natural observations will require cautious checking.

Equations are powerful to explain the world that surrounds us, but being limited to them leads to bog down in a virtual world. In this context, geochemistry opens an infinite horizon of systems to apply physical approaches to tangible issues.

Research context, and organization of the manuscript

My primary expertise concerns the calculation of the electronic structure of solids. My research activity within the "Isotope Geochemistry " team from Geosciences et environnement Toulouse (GET -UMR 5563) has focused primarily on developing electronic structure methods for computing fractionation properties (Chapter 1). This part of my work has followed three main paths: (1) based on the computation of relatively simple (solid) systems, documenting the controls of various parameters (chemical composition, distance, structural parameters in general) upon the equilibrium fractionation of Si, O, H (Chapter 2); (2) extending the calculation of fractionation properties to the case of liquids (Li,Si,Section 1.5); and (3) exploring the difficulties arising from the modeling of particular elements: transition elements (Ni, Section 1.4), and, more recently, weak ionic elements (Ca). Another aspect of my work is the development of box models (Chapter 3) to explain natural or experimental observations, in collaboration with other researchers. A last part of my work, somewhat connected to the first, has been to compute equilibrium fractionation properties in support of experiments.

Supervision and teaching

With Magali Benoît, I have supervised the PhD of Romain Dupuis (2012[START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF], and I am currently directing the one of Hugo Moison (2020-), both on the ab initio modeling of liquid systems. I have directed two M1 students (2010: Emile Decorsière « Calcul prédicitif de constantes de déprotonation moléculaire dans le cadre de la théorie de la fonctionnelle de densité »; 2017 : Alexandre Sourenkov Paupy « Modélisation de l'évolution isotopique du silicium lors de la différenciation magmatique » ). I have also contributed to the research internship of Louise Delon (2017, supervised by M Blanchard and F Martin, Infrared spectroscopic study of the synthetic Mg-Ni talc series »). From 2012 to 2016, I have contributed to the PhD supervision of Margot Coutaud (officially supervised by O Pokrovski and JL Rols), in order to box model the Cu and Zn isotopes exchanges between biofilm systems and solution.

I teach mineralogy and quantification methods (statistics, chemical kinetics) at the L1 and L2 level. I built my own course in numerical modeling (M1 level), and I participate to lectures in isotope geochemistry. I have several projects to increase the use of computer sciences in teaching (in particular in mineralogy).

Chapter 1 Methodological developments for computing equilibrium fractionation: towards accuracy, transferability, and realism.

As a solid-state physicist, my goal is to make use of the important effort devoted to characterize isotopic fractionation in order to explore the capacities of electronic structure approaches, and to find ways to improve them.

A primary objective has been to validate methods based on electronic structure calculation to predict isotopic fractionation at equilibrium. Various technical ingredients were used, adapted to different cases. A glossary (Section 1.7) details the most important ones.

Essentially, our approach is to follow the path of lesser resistance, validating as accurately as possible the simplest cases before going to the more complex ones. Hence the necessity to identify the various difficulties.

Difficulties related to the phase Thermodynamic equilibrium occurs between two different phases. The phases that can be of interest here are crystalline solids, gases, liquids (in particular, aqueous fluids), melts, glasses, and also solid solutions, that differ from perfect, periodic crystalline solids. From the point of view of atomistic modeling, crystalline solids and molecules are the simplest systems to handle, first because they can be described by the positions of a few atoms, and second because their vibrational properties are often well characterized experimentally, which assures the validation of the procedure. In my research, I have first validated the calculation of solids and molecules, then I have worked on handling aqueous solutions. As perspectives, I will mention efforts to develop the computation of solid solutions and of adsorbed species at the interface between solids and aqueous solutions.

Note that, although not strictly corresponding to the rigorous definition of an equilibrium between two phases, the fractionation between two different species in an aqueous solution, or the "equilibrium" between a species in solution and a species adsorbed on the surface of a mineral are expected to be treatable with the same approaches.

Difficulties related to analytical chemistry Some isotopic systems are much more simple to measure than others. Historically, oxygen (O) isotopes were the first to be studied, and their fractionation is well documented in many systems and situations. It is therefore an optimal choice to validate a procedure, in the extent that this procedure is not element-dependent. It is however inversely optimal in terms of scientific interest, as this system is already well explored and understood. For this reason, I have also worked on systems more recently developed, such as Si, Li or Ni. For the future, I plan t work on Ca and Mg, for which constraints on equilibrium fractionation independent from experiment, or hints on the magnitude, direction or controls of this property are most welcome by the scientific community.

Difficulties related to anharmonicity Isotopic fractionation between two phases at thermodynamic equilibrium proceeds from the minimization of vibrational energy, and its estimate relies primarily on a correct estimate of vibrational properties. A very efficient way of computing vibrational properties is based on the so-called "harmonic approximation", that essentially relies on the assumption that atomic displacements are small with respect to the bond-length. When the vibrational displacements of an elements are large with respect to the bond-length, either because they are light, or because their bonds are soft, the harmonic approximation leads to potentially large methodological errors. For hydrogen, difficulties arise from its very light mass. This particular case was explored with these difficulties in mind. It was also shown that anharmonicity can be critical for the important case of aqueous solutions, as was illustrated for Li isotopes.

Difficulties related to electronic structure Electronic structure methods show difficulties to account for the properties (structure, vibrations) of particular elements. This is the case for transition elements (e.g. Fe, Ni, Co, Cr, Mn, Cu). In this case, magnetism should be considered, and the +U correction is necessary to correctly predict the electronic properties. These difficulties were explored for the Ni isotopic system. Another, scarcely documented so far, case of a difficulty of DFT methods is for weak cations such as K `or Ca 2`. This is largely for perspective works.

This chapter is structured based on isotopic system, to develop their specific difficulties. Section 1.1 is concerned with O isotopes, and reports the work developed in [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF] and [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF]. Section 1.2 presents the work developed on H isotopes [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Méheut | First-principles calculation of H/D isotopic fractionation between hydrous minerals and water[END_REF]. Section 1.3 presents the work developed on Si isotopes in silicates [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF][START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF]. Section 1.4 reports the numerical work that was realized in collaboration with G Quitté and J Guignard to support their experimental work [START_REF] Guignard | Nickel isotope fractionation during metal-silicate differentiation of planetesimals: Experimental petrology and ab initio calculations[END_REF], Méheut et al., 2018). Section 1.5 discusses the PhD work of R Dupuis [START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF][START_REF] Dupuis | Importance of a Fully Anharmonic Treatment of Equilibrium Isotope Fractionation Properties of Dissolved Ionic Species As Evidenced by Li+(aq)[END_REF].

1.1 Validating solid-solid and solid-molecule fractionations for the oxygen isotopic system.

Calculated mineral-water O isotopes fractionation laws

Equilibrium fractionation properties of condensed phases are expressed theoretically by their β-factor, which is related to the change in free energy associated with isotopic substitution in a particular phase. By contrast, isotopic substitution measurements yield the variation in δ-values (δ 18 O), which expresses the permil ( ) variations in the isotopic signature of a given phase with respect to a recognized reference material (SMOW = Standard Mean Ocean Water for oxygen).

The connection between the δ-values and the β-factors is expressed via the isotopic fractionation between phases A and B: 

δ 18 O A ´δ18 O B loooooooomoooooooon
ln β 18 O " ∆F k B T ´3 2 ln m 18 m 16 (1.2)
where ∆F " F 18 ´F 16 is the free energy difference and m 18p16q is the mass of the heavy(light) isotope. In [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF], we chose to consider quartz, kaolinite and ice, as their fractionation with respect to liquid water (or, to vapor for ice) are well constrained on a large temperature range. Our procedure was based on the PBE functional, with which these various systems had been already computed for their structural and vibrational properties (kaolinite: [START_REF] Balan | First principles study of water adsorption on the (100) surface of zircon: implications for zircon dissolution[END_REF]quartz: Zicovich-Wilson et al., 2004), and also the LDA functional for quartz (already computed by [START_REF] Gonze | Dielectric tensor, effective charges, and phonons in α-quartz by variational denstiy-functional perturbation theory[END_REF] for structure and phonons). In [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF], we have studied calcite on a similar way. The corresponding logarithmic β-factors are represented on Figure 1.1.

To assess the mineral-water fractionation, we also computed an isolated water molecule, which fractionation properties are considered representative of water vapor. The mineral-water vapour fractionation could then be obtained, and combining with the water-vapour fractionations as determined by [START_REF] Horita | Liquid-vapor fractionation of oxygen and hydrogen isotopes of water from the freezing to the critical temperature[END_REF], we obtain a mineral-liquid water fractionation value. The resulting laws as a function of temperature, are shown for the quartz-water (Figure 1 [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF]), (b) kaolinite and liquid water [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF], (c) ice and gas water [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF], (d) calcite and liquid water [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF]. Solid line: PBE calculation. Dashed line: LDA calculation. Symbols correspond to experimental data, see the corresponding references for details.

The agreement between theory and experiment is satisfactory, but variable. For quartz-water equilibrium, PBE computation underestimates experiment by 3.5 at 300K, similarly to calcite-water, where underestimation is closer to 5 . On the contrary, computation overestimates experiment by 5 for ice-vapor at the same temperature. The case of kaolinite-water equilibrium is harder to judge, as experimental values are more scattered, but on the whole, calculation seems to underestimate experiment by a few permil, like quartz-water. The quartz-water LDA calculation is in slightly better agreement with experiment, but the temperature dependence seems slightly worse. Further, this functional is less adapted to the computation of materials containing hydrogen, like kaolinite or ice, and we will not inquire further on the efficiency of this functional. We simply notice that the result is sensibly close to the PBE one, and that the choice of the functional can have an effect on the order of a few .

In an effort to improve these predictions, we thought to analyze the various sources of possible errors. The accuracy of the calculated β-factor values depends primarily on two factors: anharmonic effects, and error of electronic structure approaches on the calculated harmonic phonon frequencies between isotopomers.

Anharmonicity

Anharmonicity can be rigorously defined as the error committed by the harmonic approximation. As the harmonic approximation relies on the assumption that atomic displacements are small with respect to the width of the potential energy well, anharmonicity can be approximatively seen as the consequence of large vibrational displacements, caused either by very light masses or by very shallow potentials, meaning very elastic bonds.

In the case of the isolated water molecule, and as for other simple molecules, the harmonic and "beyond harmonic" characteristics of the potential well have been well characterized, based on an exhaustive exploration of the vibrational spectra of these systems. These parameters, although relying on a few arbitrary assumptions, such as the Morse shape of the water potential well, permit in principle to predict with great accuracy the beta-factor of the water molecule at the anharmonic level [START_REF] Richet | A review of hydrogen, carbon, nitrogen, oxygen, and chlorine stable isotope fractionation among gaseous molecules[END_REF]. Interestingly, the anharmonic contribution to the vapor β-factor can be precisely estimated by the rather simple following law (see Figure 1.3):

∆ anh " ln β anh vap ´ln β harm vap " ´0.7 ˚10 3 T pKq (1.3)
For solids, contrary to (simple) molecules, no theoretical framework is available to estimate precisely the anharmonic contribution to the β-factor from experimental data. The following considerations are therefore largely speculative.

For dense solids like oxides, quartz, or anhydrous silicates, anharmonicity is expected to be negligible. As emphasized by [START_REF] Schauble | Preferential formation of 13 C ´18 O bonds in carbonate minerals, estimated using first-principles lattice dynamics[END_REF], the study by [START_REF] Gillet | Thermodynamic properties and isotopic fractionation of calcite from vibrationnal spectroscopy of 18 Osubstituted calcite[END_REF] on calcite suggests anharmonicity parameters on frequencies a i of typically 10 ´5 K ´1 for internal modes, to 15.10 ´5K ´1 for external, lower frequency modes. Here, these anharmonicity parameters are relative to the temperature variation of measured frequencies, which can be partly taken into account by the thermal expansion, within the quasiharmonic approximation. In other words, these effects are likely larger than the intrinsic anharmonicity of the potential well in given conditions (of T,P), that should be considered for a more rigorous estimation. However, if those effects are computed at 300K, we find a 0.3% effect on frequencies for internal modes, which can be seen as a rough estimate of the relative error on the β-factor (on ln β) due to anharmonicity.

For solids containing hydrogen (hydrous silicates, hydroxides, oxyhydroxides), one should expect, as for H 2 O, some non-negligible anharmonicity. For ice, of course, anharmonicity is expected to be even higher, and comparable to water vapor. Figure 1.3: Oxygen β-factors derived using experimental molecular constants and harmonic (dashed line: data from [START_REF] Khachkuruzov | Vibration constants for isotopic varieties of water molecules[END_REF] or anharmonic (continuous line: [START_REF] Richet | A review of hydrogen, carbon, nitrogen, oxygen, and chlorine stable isotope fractionation among gaseous molecules[END_REF] calculations, and difference ∆ anh (red). Insert: difference ∆ anh (red circles = individual calculations) and fit (continuous line), corresponding to Eq.(1.3) .

Frequency error

First-principles approaches based on approximate functionals permit to compute the properties of a large variety of materials, with relatively small deviation with respect to experiment. The amplitude of these deviations can however vary from one material to the other. Regarding the generalized gradient approximation (PBE or BLYP functionals, most used in our works) on phonon calculations, it has been tested by [START_REF] Favot | Phonon dispersion: Performance of the generalized gradient approximation[END_REF] and [START_REF] Corso | Ab initio phonon dispersions of Fe and Ni[END_REF]. It was found that the frequencies calculated are in agreement with experiment on a large variety of systems. On average, the PBE calculations reproduce the frequencies with a systematic underestimation depending on the system, from 2 to 5 relative % [START_REF] Favot | Phonon dispersion: Performance of the generalized gradient approximation[END_REF]; [START_REF] Schauble | Preferential formation of 13 C ´18 O bonds in carbonate minerals, estimated using first-principles lattice dynamics[END_REF]).

In [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF], we developed a formalism to conveniently propagate errors on frequencies to errors on fractionation properties. Assuming that a frequency 16 ν and its corresponding isotopic frequency shift 18{16 ∆ν " 18 ν ´16 ν are inaccurate by the same relative amount x, this will induce an error x on the contribution of this frequency to the β-factor equal to :

x " x ˆ1 `f 2 puq ´1 1 ´f puq coshpu{2q ˙,
(1.4) with u " h 16 ν{pkT q, f puq " u{pe u{2 ´e´u{2 q, and cosh the hyperbolicus cosinus. For u ą 0, xpuq is a decreasing positive function of u with xp0q " 2x (the maximum) and xp`8q " x.

From Eq. 1.4, a systematic correction of n% on the phonon frequencies (of both the normal system and the isotopically substituted one) induces a relative correction on the logarithmic β-factors varying between n% (at low temperatures) and 2n% (at high temperature). As an example, taking a typical silicate vibrational frequency of 900cm ´1, an error of 5% on this frequency will give an error on the logarithmic β-factors of 6.5% at 300K and of 9% at 1000K. Note that this systematic correction occurs on the logarithmic β-factors and not the β-factors themselves.

Now, if we focus on the fractionation properties themselves, that are equal to the difference between the logarithmic β-factors of two different materials, the situation could be quite different. If (1) the relative errors on frequencies are significantly different from one material to the other, and (2) the values of the β-factors are close to each other, the error of the calculation on the difference of the two β-factors can be very important.

In the case of oxygen fractionation properties, and for the PBE functional, and for the materials considered here (silicates, water molecule, also calcite), the conditions are favorable: 1/ the β-factors are significantly different from one another (see Figure 1.1), and 2/ the relative error on the frequencies are all relatively close, around 4-5%. In Figure 1.4, the ratio of experimental over theoretical frequencies is reported. For the PBE functional, the average ratios are 0.960˘0.003, 0.957˘0.006 and 0.954˘0.003, for quartz [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF], calcite and water vapor [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF] respectively. This will be further illustrated by the improvement obtained by correction for these effects (see next section 1.1.4).

Figure 1.4: Comparison of experimental and theoretical vibrational frequencies (a) for silicates (b) for quartz and vapor, for LDA and PBE functionals, and calcite, for PBE functional only. insert: ratio between experimental frequencies and theoretical frequencies. Theoretical calculations come from [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF], [START_REF] Méheut | Calcul Prédictif du facteur de partage isotopique entre minéraux dans le cadre de la théorie de la fonctionelle de la densité[END_REF]Schauble (2014), Füger et al. (2018). See for experimental references and details.

For the LDA functional, on the other hand, Figure 1.4(b) shows that the errors for vapor (0.953˘0.009, like PBE) and for quartz (0.989˘0.003, a value similar to anhydrous silicates in general) are significantly different. This illustrates the worse transferability of the LDA functional.

For kaolinite, and even more for ice, since there are potentially some important anharmonicity, the raw frequencies cannot be treated as harmonic. As far as we know, we have no estimate of the anharmonic effect on frequencies, therefore no way to estimate harmonic frequencies, and a scaling factor. : [START_REF] Li | Inelastic neutron scattering studies of hydrogen bonding in ices[END_REF] It is however interesting to take a look at the calculated ice vibrational frequencies (Figure 1.5, Table 1.2), and to compare them with calculated H 2 O(g) vibrational frequencies (Table 1.1). Whereas, for H 2 O(g), all calculated PBE harmonic frequencies are very close to anharmonic raw experimental frequencies, for ice, calculated (S) frequencies are below, and calculated (B) and (L) are above raw experimental data. This corresponds to a typical effect of hydrogen bond strengthening, and can be related to the fact that H¨¨¨O bondlength and bondstrength are underestimated with PBE, on the contrary to most bondlengths (such as Si-O, O-H), which are overestimated by a few percent (see [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF] for further details). This illustrates a limit of PBE, which tends to overestimate H-bonds in ice and water (but not in hydrous minerals).

Interest of correction

To improve the agreement with experiment of our mineral-water oxygen fractionation laws (cf Figure 1.2), anharmonicity and DFT error on harmonic frequencies should be accounted for. To correct for anharmonicity, we can take the effect estimated from experiment for water vapor (Eq. 1.3), and we have no choice but to consider that it is negligible for solids.

To correct for the DFT error on harmonic frequencies, a possibility is to multiply the frequencies by a scaling factor in order to match the experimentally measured frequencies1 . For calcite, water vapor and quartz, we have already determined average frequency scaling factors (see 1.1.3).

Figure 1.6: Result of the correction for anharmonicity and frequency error: Oxygen isotope fractionation between calcite and fluid (left, [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF] and between quartz and fluid (right, unpublished, see [START_REF] Méheut | Calcul Prédictif du facteur de partage isotopique entre minéraux dans le cadre de la théorie de la fonctionelle de la densité[END_REF] for a discussion) as a function of temperature. Symbols correspond to experimental data (see [START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF]Méheut et al., 2007 for details). For calcite-water, the two thin plain lines framing the corrected law correspond to the estimated error of this corrected calculation. For quartzwater, we have not considered the partial exchange experiments by [START_REF] Clayton | Oxygen isotope exchange between quartz and water[END_REF] With those hypotheses and values, we can correct for calcite-water and quartz-water fractionation laws: Figure 1.6. The corrected curve for the calcite-water law is very close to experimental values, in particular at low temperatures. For the quartz-water law, the agreement is very good at high temperature, but much worse for low temperature experiment. We should note that the low temperature experiments represent the fractionation during the precipitation of amorphous silica, not crystalline quartz. The disagreement between theory and experiment can therefore be seen as a consequence of the difference between quartz and amorphous silica vibrational properties.

Here, we have applied the frequency scaling with a factor calculated for each mineral separately. Practically, this is possible only when accurate spectroscopic data are available. It would be more useful to use a common scaling factor, either for all minerals, or for groups of them. [START_REF] Schauble | Preferential formation of 13 C ´18 O bonds in carbonate minerals, estimated using first-principles lattice dynamics[END_REF] used a single scaling factor for anhydrous carbonates, and another one for hydrous ones; [START_REF] Zeebe | Stable boron isotope fractionation between dissolved B(OH) 3 and B(OH) 4 . Geochim[END_REF] used a single factor for borates. The possibility to choose a common scaling factor for various materials appears to depend on the functional: for the PBE functional, the scaling factors of calcite, quartz and water vapor seem indistinguishable within uncertainties, whereas they are different for quartz and water vapor for LDA.

The case of hydrogen

Hydrogen β-factors were computed for hydrous minerals (kaolinite, lizardite, gibbsite, brucite), for ice and water vapor [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Méheut | First-principles calculation of H/D isotopic fractionation between hydrous minerals and water[END_REF], and are shown on 

Mineral-water pairs

As for oxygen, we computed the mineral-water vapor fractionation, then we subtracted the water-vapor fractionation law obtained from experiment [START_REF] Horita | Liquid-vapor fractionation of oxygen and hydrogen isotopes of water from the freezing to the critical temperature[END_REF].

We then obtain the mineral-water fractionation law, and can compare it to experimental values on Figure 1.8. From this comparison, we observe that most of the experimental points are «10 below our theoretical laws, but that there are notable exceptions. For lizardite, the experimental estimates by [START_REF] Sakai | D/H fractionation factors between serpentine and water at 100 ˝to 500 ˝C and 2000 bar water pressure, and the D/H ratios of natural serpentines[END_REF] (circles) follow a tendency very different from our calculations and from other experiments. For brucite, kaolinite and gibbsite as well, there are some experimental points that disagree with the general idea that theory overestimates reality by 10 . We have seen this as an indication that those points were not representing equilibrium values, sometimes in agreement with other authors (see discussion in [START_REF] Méheut | First-principles calculation of H/D isotopic fractionation between hydrous minerals and water[END_REF].

Figure 1.9: (a) Hydrogen β-factors derived using experimental molecular constants and harmonic or anharmonic calculations (see [START_REF] Méheut | First-principles calculation of H/D isotopic fractionation between hydrous minerals and water[END_REF] for details), and difference ∆ anh (red). Insert: difference ∆ anh . (b) Hydrogen-isotope fractionation-factors between brucite and perfect-water-gas. Solid line: calculations; dotted line: calculations corrected by Eq. (1.5). Symbols correspond to fractionations extracted from measurements (see Méheut et al., 2010 for details). Insert: difference between experimental and calculated brucite/perfect-gas-water fractionations. Plain line: quadratic fit (Eq. (1.5), see text).

We then chose to exclude those experimental points from our comparison, and tried to understand the difference between theory and "selected" experiment, so as to correct for it. As for oxygen, this difference originates from two sources: the neglect of anharmonicity and the error of DFT on frequencies. For water vapor, the role of anharmonicity has been estimated from experimental data by [START_REF] Richet | A review of hydrogen, carbon, nitrogen, oxygen, and chlorine stable isotope fractionation among gaseous molecules[END_REF] (Figure 1.9a). Its effect on the β-factor of water vapor reaches 150 at 300K. Although this is no different from oxygen in terms of relative effect on the β-factor, it represents a huge effect with respect to the difference between the various β-factors (see Figure 1.7 and compare with Figure 1.9). In any case, the situation is very different from oxygen, since this anharmonicity cannot be neglected for the solids considered here. A correction procedure, like oxygen, cannot be attempted here, as the anharmonic contribution cannot be estimated for solids.

From these considerations, we attempted an empirical procedure to correct for theoretical error. For this, we took the experimental brucite-water experiments, that are considered as a model system for equilibrium fractionation of H isotopes. We converted them in terms of brucite-water gas, for them to be as comparable as possible with our calculation. The difference between the two is plotted as insert on Figure 1.9b. This difference was fitted with a quadratic law, giving:

∆ exp´th " ´6.87 ˚10 3 T pKq `0.66 ˚10 6 T 2 (1.5)
Equation (1.5) was then used as a correction for all the other laws (Figure 1.10). A good agreement is now reached with most of the selected experimental data.

Figure 1.10: Hydrogen-isotope fractionation-factors between hydrous minerals and liquid water. Solid line: calculations; dotted line: calculations corrected with the law calculated on Figure 1.9. Symbols are selected experimental data. See [START_REF] Méheut | First-principles calculation of H/D isotopic fractionation between hydrous minerals and water[END_REF] for details This good agreement may be fortuitous, because it is not expected that anharmonicity of OH bonds in solids is the same for any solids. It should vary with the strength of hydrogen bonding [START_REF] Balan | Structure, reactivity and spectroscopic properties of minerals from lateritic soils : insights from ab initio calculations[END_REF]. Our correction might therefore be valid only for materials in which H-bonding is weak. In any case, in order to advance on this topic it will be critical to develop an approach to estimate OH bonds anharmonicity in solids. A way to do that would be to adapt the PIMD methodology used to compute isotopic fractionation in liquids (Section 1.5) to solids. This could represent a follow-up to our planned work on liquids (cf Section 4.1.1).

The ice-vapor case

As for oxygen, calculated ice fractionation properties for hydrogen isotopes should be discussed separately from hydrous solid ones. In fact, as can be seen on Figure 1.11, experimental data are above calculation (by 8-10 ), instead of below for hydrous minerals. Ice calculation shows therefore an "additional penalty" compared to other materials. This "ice effect" is opposite to the one on oxygen isotopes, where ice was calculated heavier than expected from the tendency showed by other materials. This, once again, can be related to an over-estimation of H bonding by calculation. In fact, if H-bonds are stronger, bending and librational modes, that affect O isotopes, are also stronger, but stretching modes, that affect only H isotopes fractionation, are weaker. This illustrates further the limits of the PBE functional to model H-bonds.

Figure 1.11: Hydrogen-isotope fractionation-factor calculated between ice and gas water (Solid lines) and comparison with existing experimental data (symbols). See [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF] for details

The case of Si isotopes

In my previous work [START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF][START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF][START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF], silicon β-factors were computed for various minerals (quartz, kaolinite, lizardite, , talc, pyrophyllite, enstatite, forsterite, albite, and pyrope, and some of them are shown on Figure 1.12.

Although of high interest for contemporary geochemistry, the calculation of Si isotopes fractionation properties between solids cannot be validated in the same way as oxygen, due to the lack of accurate experimental equilibration. This is due in part to the small fractionations encountered by Si isotopes, and the difficulty to measure them, but also to the apparent difficulty to reach equilibrium with Si isotopes, at least experimentally.

Regarding the calculation of their fractionation properties, their difference with the previous systems can however be discussed. First, like hydrogen, Si β-factors are varying little in absolute value, due to the unicity of the first neighbour of Si (O) in minerals.

However, unlike hydrogen, the anharmonic behaviour of Si-O bonds is expected to be negligible. Based on the observation that our calculation consistently overestimates structural parameters, and underestimates vibrational properties by similar amounts, we expect it to underestimate reality by a few percent (see discussion in [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF]).

Our calculations regarding this isotopic system will be discussed in more detail in the following chapter, in relation with the factors controlling Si isotopes fractionation.

Metal-silicate fractionation of transition element isotopes

The calculation of the electronic structure of materials with transition elements (such as Cr, Mn, Fe, Ni, Co, Cu) can be of particularly great difficulty, due to the incomplete d electronic sub layers of these elements. There are two aspects of these difficulties. One is the presence of magnetism, and the other is the strong correlation of d electrons.

As can be seen on the calculated β-factors (Figure 1.13(a)), the fractionation properties of metal and Ni 2`s ilicates are very close to each other. The metal calculation does not show any particular difficulty. On Figure 1.13(b), we show calculations of olivinemetal fractionation, with different setups for olivine. We realized three different magnetic orderings, following the works of [START_REF] Cococcioni | Structural, electronic, and magnetic properties of Fe2SiO4 fayalite: Comparison of LDA and GGA results[END_REF] (ferromagnetic, simple antiferromagnetic, for which M1 and M2 sites of forsterite show opposite spin, and a more complex antiferromagnetic order, more stable). The effect of magnetic ordering appears small with respect to the overall fractionation. We also attempted a +U correction (unpublished so far), and the effect is more important. However, although it improves the quality of the calculation (by properly predicting Ni 2 SiO 4 as insulator), the addition of this +U correction might actually worsen the agreement of this calculated metal-silicate fractionation with respect to real ones, because it goes with a significant overestimation of cell Figure 1.12: Silicon β-factors computed in [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF]. Calculations are done using PBE. parameters for the silicate. Indeed, the cell parameters of the relaxed Ni-olivine Ni 2 SiO 4 or Ni-diopside CaNiSi 2 O 6 are both 2.5% above experimental values when +U correction is considered, whereas they are only 1.5% without this correction. Quite inconsistently, the cell parameters of the metal are very precisely reproduced by the calculation. It is difficult to go further on this question, due to the lack of exhaustive vibrational properties for one of the Ni silicates, that would permit to define a proper rescaling factor.

Finally, on Figure 1.13(c) (from [START_REF] Guignard | Nickel isotope fractionation during metal-silicate differentiation of planetesimals: Experimental petrology and ab initio calculations[END_REF], we compare the results of our calculations with experiment. The result is essentially that the fractionation is too small to be properly detected. On this figure, the effect of nuclear volume on isotope fractionation has also been estimated based on [START_REF] Fujii | Theoretical and experimental investigation of nickel isotopic fractionation in species relevant to modern and ancient oceans[END_REF].

In conclusion, the case of Ni isotopes fractionation is interesting for the unexpectedly small effect of a change in redox state on fractionation properties, but the accuracy of our theoretical calculation is so far difficult to estimate. Further work to properly validate our frequency calculations with respect to experiment (either by taking other materials better characterized, or by measuring experimentally the frequencies of Ni silicates) will be necessary. Another strategy could be to calculate the same systems but with Fe instead of Ni, as Fe-bearing silicates are better characterized for their vibrational and fractionation properties, and a Fe is chemically close to Ni.

Towards liquids fractionation properties

Mineral-liquid fractionations are of central interest, since most minerals form by precipitating from a silicate melt or an aqueous solution. For oxygen or hydrogen, mineral-water "theoretical" fractionation laws could be obtained by combining mineral-vapor theoretical fractionations with liquid-vapor experimental data (see sections 1.1 and 1.2). Note that this procedure is only valid for conditions of pressure and temperature where liquid and gas water coexist. Some corrections can however be applied, based on the works of Horita, Polyakov and co-authors [START_REF] Horita | Experimental and theoretical study of pressure effects on hydrogen isotope fractionation in the system brucite-water at elevated temperatures[END_REF][START_REF] Polyakov | Pressure effects on the reduced partition function ratio for hydrogen isotopes in water[END_REF].

In any case, for other materials, the mineral-aqueous solution equilibrium requires to assess the fractionation properties of aqueous species, such as H 4 SiO 4 for Si isotopes, or Li `(aq). Calculation of the fractionation properties of such dissolved species from electronic structure methods has already a long history, actually longer than calculation of solid properties, with the works by Rustad or Fujii to cite only the biggest contributors. Dissolved species of Mg, Ca, Li, Fe, Cu, Ni, B for example, were studied. However, all these studies rely on a description of dissolved species as isolated water clusters, with the element of interest surrounded by a single layer of water molecules or of other complexant species, such as CO 23 . This simplistic approach neglects the complex structure and dynamics of an aqueous solution, and may hold unrealistic results. To go further and reach a more realistic modeling of aqueous solutions, an approach based on molecular dynamics is mandatory. In molecular dynamics approaches, a periodically repeated cell containing 30 or more water molecules and the specie of interest is subject to random forces so as to model the effect of thermal agitation (see e.g. [START_REF] Tuckerman | Statistical mechanics: theory and molecular simulation[END_REF]. Compared to the simple water clusters, these approaches imply heavy numerical loads, and have been limited so far to simple systems.

Inherent structures: Si isotopes

In a first approach, we aimed to assess the Si isotopes fractionation properties of dissolved Si (H 4 SiO 4 , H 3 SiO 4 ). For this, cells with 62 water molecules and these species were modeled and molecular dynamics trajectories were generated. From these molecular dynamics trajectories, instantaneous snapshots (Figure 1.14(a)), representing the positions of all the atoms at a given time, were randomly selected and relaxed, and their vibrational and fractionation properties were estimated by the same approach as for a solids. All the details are given in [START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF]. On Figure 1.14(b) are reported the resulting dissolved species-silica equilibrium isotopic fractionations, and relevant experimental data. At 300K, quartz-H 4 SiO 4 fractionation reaches -2.09˘0.13 , and the in-solution H 4 SiO 4 -H 3 SiO 4 equilibrium reaches 1.60˘0.17, where the uncertainty results from the variability of fractionation properties computed over different inherent structures. Given the large interest aroused by this isotopic system, these calculations can be compared to some recent studies, both theoretical and experimental. [START_REF] Stamm | The experimental determination of equilibrium Si isotope fractionation factors among H 4 SiO 4 0 , H 3 SiO 4 and amorphous silica (SiO 2 ¨0.32 H2O) at 25 and 75 ˝C using the three-isotope method[END_REF] determined experimentally the H 4 SiO 4 -H 3 SiO and of the difference between amorphous silica and quartz remain to be explored.

At last, [START_REF] Fujii | Isotope fractionation of Si in protonation/deprotonation reaction of silicic acid: A new pH proxy[END_REF] have computed the same H 4 SiO 4 -H 3 SiO 4 equilibrium based on static cluster approaches, and find a significantly different result (+3 ), justifying the need for more realistic MD-based approaches, despite their heavier computational load.

1.5.2 Possibility of a total calculation, and anharmonicity in liquids: Li

As has been shown from hydrogen isotopes, the harmonic approximation can be quite severe, preventing us from reconciling theory and experiment. Solutions are generally considered as highly anharmonic by liquid physicists, mostly because the interatomic potentials that they commonly use to model solutions are. Moving beyond the harmonic approximation entails performing exact quantum calculations, which can be achieved using the Feynman path integral formulation of quantum statistical mechanics. In the path integral approach, a system of quantum particles is represented as a set of classicallike ring-polymer chains, whose interparticle interactions are determined by the rules of quantum mechanics. All the methodological details are given in [START_REF] Dupuis | Importance of a Fully Anharmonic Treatment of Equilibrium Isotope Fractionation Properties of Dissolved Ionic Species As Evidenced by Li+(aq)[END_REF]. Most importantly, this approach is very expensive numerically speaking, and we have applied it only with an empirical description of atomic interactions. It requires systems for which such empirical potentials have been developed, which is the case for Li `in solution, and for Li 2 O. We have calculated the fractionation properties of Li 2 O and Li `in solution, both within the harmonic approximation -the inherent structure approach presented in section 1.5.1 being used for Li `-(Figure 1.15, straight lines), and with the "rigorous" path integral approach (Figure 1.15, closed symbols) . The difference between the two types of calculations is negligible for Li 2 O and very significant for Li `(12 at 300K). We therefore assume that solids should generally be suitably described by the common harmonic approach (except for hydrogen isotopes), whereas liquids may require the path integral approach. Further, as shown on Figure 1.16, when considering the more documented equilibrium between Li `and phyllosilicates (clays, micas), we can see that the path integral approach permits to reconcile calculations with experiment.

Concluding remarks and perspectives

Depending on the isotopic system, the computational difficulties are different. The two primary difficulties are (1) anharmonicity and (2) the error that the computation can make on vibrational properties.

Anharmonic effects have been documented only for hydrogen isotopes -for many systems: H 2 , H 2 O, HS etc. (see [START_REF] Richet | A review of hydrogen, carbon, nitrogen, oxygen, and chlorine stable isotope fractionation among gaseous molecules[END_REF] -; for O isotopes -only for the H 2 O molecule -, and recently for Li isotopes -for aqueous Li `. For solids, excluding hydrous ones, it is generally considered as negligible. This is somewhat confirmed for oxygen isotopes (in quartz and calcite), by the good agreement observed between corrected calculations, which assume negligible anharmonicity for solids, and experiment (see section 1.1.4), and for Li isotopes in Li 2 O, by direct path integral calculations (see section 1.5.2).

For liquids, further investigations are needed.

Correcting for anharmonicity Based on recent developments, a post-harmonic approach based on path integrals, that directly computes the rigorous β-factor, can be used to estimate anharmonicity (see section 1.5.2). This approach was designed primarily for liquid systems, but can be applied to solids as well. For liquids, it has revealed very important in the case of Li `, but another study [START_REF] Pinilla | Equilibrium magnesium isotope fractionation between aqueous Mg2+ and carbonate minerals: Insights from path integral molecular dynamics[END_REF] showed that it is useless for Mg 2`, since the result does not differ from the harmonic calculation in the case of this element. It will be important to determine the systems for which this methodology is necessary. However, in the case of Li, the success of our approach was strongly dependent on the existence of a suitable empirical potential describing aqueous Li `. To access any system, it will be of high interest to make this approach compatible with an ab initio approach. For solids, we have used path integrals to compute the Li β-factor of Li 2 O [START_REF] Dupuis | Importance of a Fully Anharmonic Treatment of Equilibrium Isotope Fractionation Properties of Dissolved Ionic Species As Evidenced by Li+(aq)[END_REF], and found no observable anharmonicity. No other solid has been studied so far with this method. It would be very interesting to apply this approach to the computation of hydrogen isotopes fractionation properties of hydrous minerals. Here also, the development of a DFT-based approach is practically required.

Correcting for functional

For oxygen isotopes, based on the success of our correction procedure (section 1.1.4), the idea that the PBE functional commits a consistent error on the vibrational properties of most systems (around 5% underestimation) seems valid. However, it is not always the case. For Ni isotopes between metal and silicate, the PBE functional shows very different in reproducing cell parameters for the metal (almost perfect agreement) and for the silicate (2.5% overestimation). This suggests an inconsistent errors on vibrational frequencies as well, for the PBE functional (see section 1.4). For the LDA functional, contrary to PBE, H 2 O and silicates show inconsistent errors. For H or Si isotopes, these considerations cannot be really discussed (see sections 1.3 and 1.2). An important goal of future research will be to determine, for a given isotopic system (in progress: Sb, Ca, Zr), which is the most consistent functional. In the case where no existing functional are truly consistent, will it be possible to define families of materials for which a given scaling factor is valid?

Although this might seem a lot of work for a relatively small improvement, this effort can be placed into the study of the general efficiency of individual functionals, and of their limits, which serves the important goal of their progressive improvement. These studies are generally based on the agreement of calculations on such properties as structure (cell parameters), phonon frequencies of simple materials. Fractionation properties, on the other hand, show significant differences with respect to these properties. First, they relate to the vibrational properties of a particular atom. Second, they are proportional to the difference of these properties between two minerals, and as such, they are very sensitive to the transferability (i.e. the consistency) of a calculation method between two different materials.

Glossary of terms relevant to numerical atomistic simulation

In order to emphasize the different technical ingredients that are presented in this memoir and their importance, we chose to detail some of them.

1/ Atomic interactions The fundamental ingredient of all atomistic simulations, atomic interactions describe how the energy of the atoms can be computed depending on their relative positions. Starting from the calculation of this energy, all the other properties (e.g. vibrations, isotope fractionation) can be derived using various algorithms.

• Ab initio description (AI) In this framework, the atomic energy is obtained directly from the resolution of quantum mechanics. Its greatest strength is that it does not require any empirical input that may depend on the system. For isotope fractionation properties, that are measured between two phases, an ab initio description is strongly desirable with respect to empirical potentials because it permits a fully consistent computation of both phases. Its disadvantage is its numerical cost.

• Functionals (PBE, BLYP, VDW-DF2 in particular Functionals are the basic ingredients of ab initio approaches. They correspond to the physical approximations applied to resolve the equations of quantum mechanics.

• Van Der Waals interactions (VdW) Van Der Waals interactions are weak forces not taken into account in most ab initio approaches. It has been suggested that they could significantly affect cation structures [START_REF] Ducher | van der Waals Contribution to the Relative Stability of Aqueous Zn(2+) Coordination States[END_REF].

• Empirical potentials In this framework, the energy of the atoms is determined via a simplified function of the distances between two atoms, containing empirical parameters. These empirical parameters can be chosen for the computation to reproduce experimental properties measured on a given system. For example, many potentials for dissolved cations are built so that molecular dynamics satisfactorily reproduce the energy of solvation of these cations as measured by experiment. Empirical potentials demand few numerical resources and permit to compute large systems, but they are hardly transferable, meaning that a given potential can only be used for a single system.

2/ Molecular dynamics (MD) Molecular dynamics are a family of algorithms whose purpose is to simulate the effect of thermal agitation on an assembly of atoms. The "movie" of all the atomic positions at each time step is called a trajectory. They are used here to simulate various liquids. Molecular dynamics codes consider boxes containing 50 or more water molecules + the species of interest and repeat them periodically, so as to consider an infinite medium. In "classical" molecular dynamics, the atoms are considered as localized in space.

• Nuclear Quantum Effects (NQEs) As any other particles, atoms obey to quantum physics, meaning that they are not localized in space, and their properties (such as position) should be described by a wave function, such as electrons. This Figure 1.17: Snapshot of a molecular dynamics trajectory with Ca surrounded by 100 water molecules. The box is periodically repeated behaviour is particularly marked in light atoms, such as hydrogen, where it is responsible for tunnel effects. It affects also the structure of water. For structural properties, NQEs are often second order. Mass dependent isotopic fractionation properties, on the other hand, originate directly from dynamic (or vibrational) NQEs.

• Path Integral Molecular Dynamics (PIMD) Scheme permitting to take into account the NQEs in the simulation of a liquid. In the path integral approach, a system of quantum particles is represented as a set of classical-like ring-polymer chains, whose interparticle interactions are determined by the rules of quantum mechanics.

• Path Integral Langevin Dynamics, Ring polymer contraction Numerical schemes developed to realize path integral molecular dynamics at a lower numerical cost.

3/ Structure For a crystalline solid, the structure refers to the X-ray resolved atomic positions and unit cell of the crystal. The coordination of a given atom (e.g. Ca) refers to the number of first atomic neighbours (usually oxygen). For a liquid, the structure is given by the probability density functions (g A´B (r)) to find an atom B at a distance r of atom A.

4/ Computation of equilibrium fractionation Equilibrium fractionation originates from the change in kinetic energy related to an isotopic substitution. For thermal equilibrium to cause isotopic fractionation, kinetic energy has to be considered within a quantic formalism.

• Harmonic approximation (HA) This approximation assumes that the atomic displacement is small with respect to the bond length. Starting from a static structure, this approximation permits to assess the kinetic properties based on Chapter 2

Relationships between equilibrium fractionation and other properties

Given the diversity of minerals and natural phases, the search for the factors controlling equilibrium isotopic properties has been active for a very long time, primarily for oxygen isotopes. For this element, it was essentially the first bonding neighbours that were considered important [START_REF] Garlick | Oxygen isotope fractionation in igneous rocks[END_REF][START_REF] Schütze | Der Isotopenindex-Eine Inkrementen methode zur näherungsweisen Berechnung von Isotopenaustauschgleichgewichten zwischen kristallinen Substanzen[END_REF][START_REF] Richter | The application of the increment method in comparison with experimentally derived and calculated O-isotope fractionations[END_REF][START_REF] Hoffbauer | Oxygen isotope thermometry based on a refined increment method and its application to granulite-grade rocks from Sri Lanka[END_REF][START_REF] Zheng | Calculation of oxygen isotope fractionation in metal oxides[END_REF][START_REF] Zheng | Oxygen isotope fractionation in carbonate and sulfate minerals[END_REF]. Smyth, 1989 also proposed a model linking oxygen fractionation properties with local electrostatic potential. For the fractionation of common isotopic systems (C,O, H) in organic molecules, Galimov realized an important theoretical work (e.g. [START_REF] Galimov | Isotope organic geochemistry[END_REF].

In the aim to study the isotopic systems to come, [START_REF] Schauble | Applying stable isotope fractionation theory to new systems[END_REF] summarized the general parameters controlling equilibrium isotopic fractionation. These considerations essentially derive from the reasoning that heavy isotopes concentrate in materials with high vibrational energy, therefore with the stiffer bonds.

• Redox state of the element of interest: the higher redox degree corresponding to stronger and stiffer bonds, therefore concentrating heavier isotopes.

• Coordination of the element of interest: highly coordinated atoms having longer, weaker and softer bonds, therefore concentrating light isotopes.

• Nature of the surrounding atoms, for example their electronegativity: the higher the difference in electronegativity between the two bonding partners, the stiffer the bond, the higher the concentration in heavy isotopes.

For complexed cationic (Fe, Ni, Cu, Zn) species in aqueous solution, Fujii et al. ( 2014) have illustrated the relationship between the electronegativity of the complexing entities and fractionation properties. They also underlined the relationship between bond distance and fractionation, for the same systems. Correlations between bond distances and isotopic fractionation properties have been previously studied for Mg [START_REF] Schauble | First-principles estimates of equilibrium magnesium isotope fractionation in silicate, oxide, carbonate and hexaaquamagnesium(2+) crystals[END_REF], with limited success, and for Li and B (Kowalski andJahn 2011,2013), with success on a large class of materials for B, and in Li(H 2 O) n clusters for Li.

This chapter is structured based on the nature of the property that influences fractionation. The level of my contribution varies across the works presented here. Section 2.1 presents the numerical work I realized in collaboration with G Quitté, J Guignard & coll. to support their experimental work (fractionation of Ni isotopes between metal and silicate, [START_REF] Méheut | Nickel Isotopic Fractionation between Metal and Silicate: Insights from Theoretical Approaches[END_REF][START_REF] Guignard | Nickel isotope fractionation during metal-silicate differentiation of planetesimals: Experimental petrology and ab initio calculations[END_REF] together with [START_REF] Javoy | First-principles investigation of equilibrium isotopic fractionation of O-and Si-isotopes between refractory solids and gases in the solar nebula[END_REF] (fractionation of Si isotopes in SiO, in metal and in silicates) for which my contribution was to provide the post-processing code to compute fractionation properties. Section 2.2 presents the numerical work I realized in collaboration with F Stamm, J Schott & coll. to support their experimental work (fractionation of Si isotopes between species in solution, [START_REF] Stamm | Extreme silicon isotope fractionation due to Si organic complexation: Implications for silica biomineralization[END_REF]. Section 2.3 presents my work in [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF]. Section 2.4 discusses material from Méheut and Schauble (2014), [START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF] and [START_REF] Stamm | Extreme silicon isotope fractionation due to Si organic complexation: Implications for silica biomineralization[END_REF].

Redox: Si, Ni

Cases where the rule stating that more oxidized species concentrate heavier isotopes was clearly verified cover Fe 2`v s Fe 3`( e.g. [START_REF] Anbar | Theoretical investigation of iron isotope fractionation between F epH 2 Oq 36 and F epH 2 Oq 26 : implications for iron stable isotope geochemistry[END_REF][START_REF] Blanchard | Iron isotope fractionation between pyrite (FeS2), hematite (Fe2O3) and siderite (FeCO3): A first-principles density functional theory study[END_REF], Cu `vs Cu 2`( e.g. [START_REF] Fujii | Density functional theory estimation of isotope fractionation of Fe, Ni, Cu, and Zn among species relevant to geochemical and biological environments[END_REF], Cr 3`v s Cr 6` ( Ottonello and Zuccolini, 2005), although the spread of possible values for a given redox state (controlled in particular by the electronegativity of complexant entities) is also important. For Si as well, as shown on Figure 2.1, the important cases of Si in metal (Si 0 : Fe 15 Si), gaseous SiO or SiS (Si 2`) and silicates (Si 4`: quartz, enstatite) quite well respect the order of increasing redox.

For Ni, on the other hand, the situation is more complex. As seen on Figure 2.2, and discussed in section 1.4, Ni 0 and Ni 2`m aterials have very close β-factors, holding very small fractionations. To compare with Mg and Fe systems, which present similar redox states, we divided the ln β values by 1 m light ´1 m heavy , where m light and m heavy are the masses of the heavy and light isotopes, respectively. The reason for this choice is that, if the atomic bonds are treated as springs of stiffness k, then the following relationship holds true [START_REF] Criss | Stable isotope geochemistry: a tribute to Samuel Epstein, The Geochemical Society, chapter Temperature dependance of isotopic fractionation factors[END_REF]: 2020), see for further details. Fe calculations: hematite (Fe 3`, from [START_REF] Dauphas | A general moment {NRIXS} approach to the determination of equilibrium Fe isotopic fractionation factors: Application to goethite and jarosite[END_REF], olivine (Fe 2`, from [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF], Fe bcc metal (Fe 0 , from [START_REF] Dauphas | A general moment {NRIXS} approach to the determination of equilibrium Fe isotopic fractionation factors: Application to goethite and jarosite[END_REF].

ln β phase " ˆh 2k B T ˙2 ˆkphase ˆˆ1 m light ´1 m heavy ˙(2.1)
As a consequence, the quantity reported as y-axis on Figure 2.2 is proportional to bond stiffness, and more consistent to compare from one system to the other. Indeed, we can see that all M 2`s ystems (plain curves) hold very similar bond stiffness whatever the element. The differences between M 0 and M 2`a re very similar for Fe and Ni, and very small in both cases. On the contrary, Mg metal presents much smaller bond stiffness than Ni or Fe metals, and by consequence is very different from Mg 2`. The difference between Fe 3`a nd Fe 2`, as well, is much larger than between Fe 0 and Fe 2`. Therefore, there appears to be "a problem" with metals of transition elements: those present much stiffer bonds than what their redox state might have suggested.

Coordination: Si

Although not common in Earth-surface conditions, hypervalent silicon ( V I Si, V Si) is expected to play a role in Si metabolism [START_REF] Kinrade | Silicon-29 NMR evidence of a transient hexavalent silicon complex in the diatom Navicula pelliculosa[END_REF], and could be responsible for the large Si isotopes fractionation found e.g. during Si uptake by sponges. [START_REF] Hahn | Catecholate Complexes of Silicon: Synthesis and Molecular and Crystal Structures of [Si(cat)2].cntdot.2THF and Li2[Si(cat)3].cntdot.3.5dme (cat = Catecholate Dianion)[END_REF]. For V-fold coordinated Si, three structures were considered, chosen for their different functional groups and coordination polyhedrons: Li[Si(AnErytH ´2)2(OH)]•H 2 O (where AnErytH ´2=anhydroerythritol dianions; [START_REF] Benner | Diolato-silicat-und -germanat-Ionen aus wäßrig-alkalischer Lösung[END_REF] Tacke et al., 1999), and Li[Si(OCH 2 [START_REF] Donhärl | Elemental silicon and solid SiO give the same products as SiO2 upon reaction with alkali-metal glycolates[END_REF]. These structures were assumed to be representative of VI-and V-fold coordinated aqueous Si.

, [2-(Dimethylammonio)ethoxy]bis[2- methyllactato(2-)-O1,O2] silicate (compound 7 of
CH 2 OH) (OCH 2 CH 2 O) 2 ] (compound 1 of
The good agreement found with experiment for the Si catechol complex (Figure 2.3(b)) confirms the general validity of the strong approximation considered above. Note that the Si fractionation measured in this experiment is the largest so far. These computations show the strong effect of a change in coordination on Si isotopes fractionation properties. IV-fold coordinated Si compounds, which cover the very large majority of its forms, either in minerals or in aqueous solutions, cannot fractionate by more than 5 at equilibrium and under surface conditions (see Figure 2.5). In comparison, quartz-Si(V) and quartz-Si(VI) fractionation are typically 12 and 22 , respectively (see Figures 2.3, 2.5 and Stamm et al., 2020 ).

Cationic effect: Si

In Nature, Si is mostly in the +4 redox state and IV-fold coordinated with oxygen, forming SiO 4 tetrahedral entities, possibly polymerized in chains, plans or 3D structures. The exceptions to this rule correspond to specific conditions, such as the ones of the solar nebula (gaseous SiO species, see Figure 2.1), of the interior of planetary bodies (Si in metal, see Figure 2.1, hypervalent Si in high pressure silicate minerals, [START_REF] Huang | First-principles calculations of equilibrium silicon isotope fractionation among mantle minerals[END_REF], or Si interacting with organic matter (hypervalent Si, see section 2.2). Therefore, under common circumstances, none of the factors mentioned so far (redox state, coordination, first neighbours) are varying, and the factors controlling Si fractionation are yet to be determined. In a pioneering study, [START_REF] Grant | The geological significance of variations in the abundances of the isotopes of silicon in rocks[END_REF] proposed that the polymerization of SiO 4 tetrahedra may control the fractionation properties of silicate minerals. In [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF], we showed that this hypothesis hardly accounted for the calculated fractionation properties for common minerals of varying polymerization (e.g. quartz, enstatite, forsterite), and that minerals of identical polymerization degree (2D-polymerized kaolinite, lizardite) could show very different. Based on these observations, and on a larger study, we proposed in [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF] that the mechanism controlling Si isotopes fractionation was an electron donation by electropositive cations towards the tetrahedral units (see Figure 2.4(b)). We hypothesize that this donation causes a decrease in stiffness of Si-O bonds, also observable by a lengthening of those bonds (see also section 2.4). Similarly to the first-neighbour effect allegedly controlling O isotopes (see Introduction of the section), Si isotopes would be controlled by second neighbours.

Practically, for silicates, fractionation properties show proportional to chemical composition, following (Figure 2.4(a)): 1000 ln αpsilicate, qtzq " a Mg pT q ¨Mg eq. `aAl pT q ¨Al eq.

Si eq.

(2.2)

, where Si eq. =#Si, Al eq. " 3 4 #Al and Mg eq. " 1 2 #Mg (cation equivalents) are the chargeweighed stoichiometric coefficients of each cation, normalized to the charge of the silicon atom, and a X pT q are proportionality coefficients depending on temperature. It is suggested that the effect of cation X on Si isotope fractionation (i.e. a X pT q) will increase with decreasing electronegativity of X. In [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF], we showed that the fractionation properties of silicate minerals were correlated with mean Si-O distances (Figure 2.5(a)). As discussed above, this bond-length variation was interpreted as a consequence of a gift of electrons from the electropositive cations in the structure. This electronic gift would also lead to a decrease in bond stiffness, therefore to a decrease in the β-factor (see Eq. (2.1)).

Distances: Si

This relationship between distance and fractionation properties could also be emphasized for the inherent structures extracted from the molecular dynamics trajectory of H 4 SiO 4 and H 3 SiO 4 (Figure 2.5(b)). In this case, electron donation from cations cannot be held responsible of the observed variability from one inherent structure to the other. However, there is a weak dependence of Si-O distance toward the number of H-bonds established on the oxygens and hydrogens of the H 4 SiO 4 and H 3 SiO 4 entities, and Hbonds might be seen as partial electron donation (see [START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF]. In any case, this relationship seems more general than just resulting from electron transfer, and its profound meaning remains to be clarified. We also emphasized it for Si species of IV, V or VI-fold coordination (Figure 2.5(c)), although the domain of variation of distances and fractionation properties becomes much larger than when IV-fold species alone are considered.

For liquid inherent structures, this relationship permits to choose the inherent structures most representative of the fractionation properties of the species, which are the ones which average Si-O distance is close to the average over inherent structures. This allows for an important gain in computing time (see discussion in [START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF].

Chapter 3 Analytical modeling

To be able to explain isotopic signatures measured on natural objects, in terms of elementary processes, geochemical models are often necessary to account for the overall process.

This chapter presents the various modeling works that I have realized to help interpret natural measurements or experiments. Section 3.1 presents the work that I have realized with A Corgne and in collaboration with T. Zambardi, F. Poitrasson & coll to help interpret their analytical measurements on natural objects [START_REF] Zambardi | Isotope variations in the inner solar system: implications for planetary formation, differentiation and composition[END_REF]. Section 3.2 presents the work that I have realized with M. Coutaud to interpret her experiments on Zn/Cu isotopes fractionation during the interaction of these elements with a biofilm [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF][START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF][START_REF] Coutaud | Copper isotope fractionation during excretion from a phototrophic biofilm[END_REF]. Lastly, section 3.3 presents the work that I have realized in collaboration with A.M. Desaulty to interpret her measurements of Zn isotopes in DGT (for Diffusive Gradient in Thin films) samplers.

Si isotopes in core-mantle differentiation

Core-mantle differentiation is a fundamental geochemical process at the origin of the formation of planetary bodies. When aggregating to form these bodies, the matter from the solar nebula heats, melts and splits into a metallic phase and a silicate phase that segregate from each other (see Figure 3.1). The denser metallic phase dives towards the center of the planetary body, forming the core, whereas the silicate phase floats, forming the mantle. Excluding the primary elements of the silicate phase (Si,O) and of the metal phase (Fe), all other elements (including Si, O in the metal phase, and Fe in the silicate phase) are fractionated between the two phases. Siderophile and lithophile elements are those which favor the metallic and silicate phases, respectively. Because the amplitude of this metal-silicate elementary fractionation can be independently constrained from experiments, and because it depends on many parameters (pressure, temperature, composition), its measure (or extrapolation) on natural objects can help constrain the scenario of the core-mantle differentiation, in particular for very siderophile elements (Ni), or elements very sensitive to pressure (V) or redox. The works of many authors have lead to the "ocean magma scenario" that proposes precise conditions for the coremantle differentiation (Figure 3.1).

However, these models cannot explain the difference in density (around 10%) observed between the external liquid core and a pure Fe-Ni alloy under the same conditions. The nature of the light elements responsible of this density deficiency has been the subject of many studies. Silicon is an important candidate. As shown on Figure 3.1(b), the quantity Figure 3.1: Model of continuous core formation during Earth's accretion [START_REF] Wade | Core formation and the oxidation state of the Earth[END_REF][START_REF] Corgne | Metal-silicate partitioning and constraints on core composition and oxygen fugacity during Earth accretion[END_REF], Wood, 2008, credit of Nancy Chabot). Left: schematics showing the general principle of the model: at the bottom of the magma ocean, metal diapirs equilibrate with the silicate liquid before diving without re-equilibration through the solid mantle to the core; Right: (a) Variations of T of last equilibration (at the basis of the magma ocean) and FeO content of the BSE during accretion. The T profile is defined by the peridotite solidus [START_REF] Fiquet | Melting of Peridotite to 140 Gigapascals[END_REF]. FeO variations correspond to the three-step profile proposed by [START_REF] Wood | Accretion and core formation: constraints from metal-silicate partitioning[END_REF] of Si that can be inferred from Si metal-silicate partitioning experiments, and from this model, is very uncertain.

Si isotopes could help us constrain this quantity. In fact, [START_REF] Georg | Silicon in the Earth/'s core[END_REF] proposed to compare the isotopic signature of meteorites (δ 30 Si bulk =-0.58˘0.06 ), supposed representative of the bulk Earth composition, and the signature of rocks from the terrestrial mantle (δ 30 Si mantle =-0.38˘0.06 ), supposed representative of the average terrestrial mantle. This difference was interpreted as the consequence of the segregation of (isotopically light) Si within the mantle, which quantity could be estimated provided that the overall process was to be modeled.

The elementary process allegedly fractionating isotopes would be the equilibrium isotopic fractionation between a silicate melt and a metal under the conditions of the bottom of the magma ocean, similarly to what was considered for element partitioning in the above mentioned models. Since equilibrium fractionation depends little on pressure, the metal-silicate equilibrium law estimated at low pressures, shown on Figure 3.2, can be used.

Figure 3.2: Equilibrium fractionation of Si isotopes between silicate and metal, as estimated by natural measurements on aubrite meteorites [START_REF] Ziegler | Metal-silicate silicon isotope fractionation in enstatite meteorites and constraints on Earth's core formation[END_REF], by equilibration experiments [START_REF] Shahar | Experimentally determined Si isotope fractionation between silicate and Fe metal and implications for Earth's core formation[END_REF], and by calculations (Fe 15 Si-enstatite equilibrium, [START_REF] Javoy | First-principles investigation of equilibrium isotopic fractionation of O-and Si-isotopes between refractory solids and gases in the solar nebula[END_REF].

Based on these elements (the isotopic signature of meteorites and rocks on one side, the elementary process -isotopic equilibrium law of Figure 3.2 -on the other side) we can now put them together within an interpretative box-model, to deduce the quantity of Si in the core. For this, [START_REF] Georg | Silicon in the Earth/'s core[END_REF] proposed a simplified approach: based on the result of accretion models that the average temperature during accretion was 2000K, they assumed a silicate melt-metal equilibrium at constant temperature (2000K), giving, based partly on theoretical estimates of the fractionation law (see [START_REF] Georg | Silicon in the Earth/'s core[END_REF] for details) :

δ 30 Si mantle ´δ30 Si metal " 1000 ln α 30 Si silicate´metal p2000Kq « 1.7 (3.1)
Taking into account mass conservation, equation (3.1) leads to:

F Si " ∆ 30 Si BSE´chond. 1000 ln α 30 Si silicate´metal p2000Kq (3.2)
where F Si designates the Si fraction in the core, and ∆ 30 Si BSE´chond. is the difference in isotopic composition between bulk silicate Earth (BSE, estimated through mantle rock signatures) and chondrites (taken as representative of bulk Earth).

Although the aim of Georg et al. ( 2007)'s study was to argue on the importance of the metal-silicate Si isotopes fractionation, and not to use it to estimate the quantity of Si inside external core, several points motivated some further investigations in order to put the argument to the extreme and draw lessons from it. As shown on Figure 3.2, further studies constrained more precisely the metal-silicate equilibrium fractionation, based on natural observations [START_REF] Ziegler | Metal-silicate silicon isotope fractionation in enstatite meteorites and constraints on Earth's core formation[END_REF], experiment [START_REF] Shahar | Experimentally determined Si isotope fractionation between silicate and Fe metal and implications for Earth's core formation[END_REF] or theory [START_REF] Javoy | First-principles investigation of equilibrium isotopic fractionation of O-and Si-isotopes between refractory solids and gases in the solar nebula[END_REF]. As well, our aim in [START_REF] Zambardi | Isotope variations in the inner solar system: implications for planetary formation, differentiation and composition[END_REF] was to bring further precisions both on the value of δ 30 Si bulk and of δ 30 Si mantle (by measuring new samples), and also, to model more realistically the accretion process, going beyond the simplified approach of [START_REF] Georg | Silicon in the Earth/'s core[END_REF] summarized by Equation (3.1). For this, instead of considering a fractionation at constant temperature, we considered a continuous accretion model, with a fractionation occurring at a temperature evolving with the degree of differentiation. The result of this exercise, shown in Figure 3.3, demonstrates that, given the fractionation law, the final ∆ 30 Si BSE˘Chond. {F Si lies along a restricted range at the end of accretion (0.88 ˘0.11), regardless of the chosen accretion model. This approach permits to better constrain the parameters influencing this model, and leads to unrealistically high amounts of Si in the core (typically 12 `4 ´2 wt%Si), suggesting that additional mechanisms should be evoked.

Zn and Cu isotopes fractionation during uptake by biofilms

The aim of M. Coutaud's PhD [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF][START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF][START_REF] Coutaud | Copper isotope fractionation during excretion from a phototrophic biofilm[END_REF] was to study the isotopic fractionation of Cu and Zn isotopes during the interaction of these elements with a biofilm. In this goal, two types of experiments were realized: closed-reactor (batch) experiments, and drip-flow reactor (DFR) experiments.

In this context, I supervised the construction of models adapted to these different experimental set-ups, for her to extract the most relevant information from those experiments, and to interpret them in terms of individual processes. Coutaud et al., 2014 for details). The effect of a drying period of the biofilm was also tested.

Zn isotopes fractionation during sorption/excretion of biofilm

In the case of the batch experiments, the solution and biofilm were measured at the beginning and at the end of the experiment, whereas for the DFR, the outlet solution could be monitored all along experiment.

In terms of process, the important quantities to infer from the experiment are the instantaneous enrichment factors occurring during sorption or excretion. Two cases can be considered: a bidirectional, equilibrium process, and a unidirectional, kinetic process.

In the case of an equilibrium (bidirectional) process, excretion and sorption correspond to the same process, and we will simply have: 66 Zn equilibrium " δ 66 Zn solution ´δ66 Zn biof ilm (3.3)

In this case the enrichment factor is easy to deduce from measured quantities.

In the case of a kinetic process, sorption and excretion are asymmetric, and the enrichment factors can be defined as: 66 Zn sorption " δ 66 Zn sorbed ´δ66 Zn sol (3.4)

66 Zn excretion " δ 66 Zn excreted ´δ66 Zn biof ilm (3.5)

In this case, δ 66 Zn sorbed and δ 66 Zn excreted correspond to instantaneous quantities, that cannot be measured directly. This corresponds to a process that is unidirectional in nature (from solution to biofilm for sorption, from biofilm to solution for excretion).

Based on the analyses of our results, we interpret sorption and excretion as kinetic and equilibrium processes, respectively (see Coutaud et al., 2014 for details). Massbalance considerations then permit to estimate the enrichment factors from the effectively measured quantities, respectively for batch reactor sorption, DFR sorption, batch reactor excretion and DFR excretion respectively: In equations (3.6), (3.7), (3.8), (3.9), XpZnq represents the Zn mass fraction of solution or biofilm. See Figure 3.5 for the definition of the measured quantities. Note that p0Ñiq denote quantities integrated (averaged) from steps 0 to i, whereas piÑi`1q denote instantaneous quantities.

Figure 3.5 shows the enrichment factors, averaged or instantaneous, calculated for the various experimental setups. They show that, both for sorption and excretion, one should distinguish a starting fast process, showing large fractionations but concerning The fractionation is given by the difference between biofilm and solution signatures. from [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF], see for details limited amounts of Zn, and a subsequent process, less fractionating but concerning more Zn. These observations were interpreted in terms of various physico-chemical processes successively dominating the isotopic effect (Figure 3.7 and Coutaud et al., 2014). [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF][START_REF] Coutaud | Copper isotope fractionation during excretion from a phototrophic biofilm[END_REF] were studying essentially the same processes along the same lines, but for Cu isotopes. Their results are summarized on Figure 3.6. Interestingly, the integrated enrichment factor during sorption in batch reactor (Figure 3.6 (a)), which shows a progressive evolution all along experiment, could be interpreted as the result of two successive kinetic processes with different, well defined enrichment factors. These observations were interpreted in terms of various physico-chemical processes successively dominating the isotopic effect (Figure 3.7 and Coutaud et al., 2019). 

Cu isotopes fractionation during sorption/excretion of biofilm

Summary

The results of [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF] For Zn isotopes, short-term processes, characterized by large and positive (+1.2 , Figure 3.5 a) fractionations during adsorption, are explained by the formation of strong carboxylate complexes with the polysaccharide matrix secreted by the biofilm, and are likely to follow a reversible, equilibrium process. The long-term process, characterized by a smaller fractionation (+0.3 during adsorption, Figure 3.5 a, b), is interpreted as resulting from an active uptake by cells within the biofilm. Note that for this long-term process, the excretion and adsorption are characterized by opposite values of the fractionation (within uncertainty), which is similar to what occurs for equilibrium processes. In the case of the short-term processes, more difficult to assess, the fractionation estimated during desorption shows highly variable (-1.4 to 0 , Figure 3.5 c, d) depending on conditions (batch or DFR experiment, wet or dried biofilm). Different explanations, including a role of hydrodynamics or the damaging of cells and polysaccharide matrix by dessication were proposed (see discussion in [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF].

For adsorption of Cu isotopes (Coutaud et al., 2018, Figure 3.6 a) as well, short-term adsorption processes similar to the Zn case were observed, characterized by a largely positive fractionation (1.1 ), and still explained by the formation of strong carboxylate complexes within the polysaccharide matrix at the surface of the biofilm. The fractionation accompanying long-term incorporation is however more variable. For Bulk Reactor experiments, it is -0.4˘0.2 (Figure 3.6 a), whereas for Drip Flow Reactors it is around +0.5˘0.3 (Figure 3.6 b). This difference is primarily explained by an effect of contrasting Cu uptake regimes controlled by the concentration gradient between cells and solution. Indeed, the Cu 2`c oncentration in DFR experiments (0.17 µM ) was much lower than that in BR experiment (72 µM ). Depending on Cu concentration, either a high-or a low-affinity transport system may dominate (see discussion in [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF]. Now, for the excretion of Cu isotopes [START_REF] Coutaud | Copper isotope fractionation during excretion from a phototrophic biofilm[END_REF], lower part of Figure 3.7 and Figure 3.6 c,d), the short-term excretion was characterized by a positive fractionation (∆ 65 Cu solution´biof ilm =+0.7˘0.2 , Figure 3.6 c). We explain this value by a combination of i) desorption corresponding to the inverse of the short-term adsorption process (which would explain a ∆ 65 Cu solution´biof ilm of +0.3 ) and ii) partial 'ripping off' of the polysaccharide matrix with its heavy isotopes which would directly go to the solution without fractionation. For longer times, the ∆ 65 Cu solution´biof ilm decreases towards more negative values (-0.4 , Figure 3.6 c, d) that were explained by an active efflux of Cu(I) and by a passive diffusion of Cu 2`, both of these processes favoring light isotopes.

DGT samplers for Zn isotopes

For environmental monitoring, the deployment of samplers capable of measuring the . concentration in one polluting element is of very high interest. Diffusive Gradient in Thin films generate a lot of interest for this purpose.

Their principle is explained on Figure 3.8. They are constituted by two essential elements: a resin with a very high affinity for the element studied (here,Zn), and a diffusive layer made of aqueous gel. The affinity of the resin is so high that, essentially, one can consider that the concentration is null on the resin side of the gel. On the other side, provided that the natural environment is well mixed, the concentration is the one of the outer environment. Under such circumstances, a constant diffusive gradient will establish, corresponding to a constant diffusive flux of matter proportional to the outer concentration. As a consequence, the overall quantity of the element in the resin will be proportional to the time of deployment and to the outer (averaged) concentration:

M " CDAt ∆g (3.10)
where M is the quantity (in moles) of metal on the resin, C is the solution concentration, A is the surface of the sampler in contact with the solution, ∆g is its thickness, and D is the diffusion coefficient of the metal in the diffusive layer (see [START_REF] Desaulty | Coupling DGT passive samplers and multi-collector ICP-MS: A new tool to measure Pb and Zn isotopes composition in dilute aqueous solutions[END_REF] for further details). Now, if these samplers were to be used for isotopic sampling, one should account for the fractionation occurring during diffusion in the diffusive layer. In fact, diffusion is characterized by a power dependence of mass [START_REF] Bourg | Molecular dynamics simulations of kinetic isotope fractionation during the diffusion of ionic species in liquid water[END_REF]Sposito, 2007,Richter et al., 2006):

D 1 D 2 " ˆm2 m 1 ˙β (3.11)
where β is a dimensionless exponent, independent of diffusion coefficients and thickness of the diffusion layer.

Combination of equations (3.10) and (3.12) leads to:

" M 1 M 2 * resin " " C 1 C 2 * solution ˆm2 m 1 ˙β (3.12) ! M 1 M 2 ) resin and ! C 1 C 2
) solution correspond to the isotopic ratios of solution and sampled Zn, respectively. In terms of δ values, it translates to:

δ resin ´δsolution " ´1000 ln m 1 m 2 ˆβ (3.13)
The value of β has been estimated at 0.0019 for Zn by [START_REF] Rodushkin | Isotopic Fractionation during Diffusion of Transition Metal Ions in Solution[END_REF], for a 10 g/L Zn(NO 3 )+0.84M HNO 3 solution at 20 ˝C. Taking this value for our system leads to a very good agreement between the signature of the solution and the signature of the resin corrected for this effect (see Figure 3.9) Figure 3.9: Zn isotopic compositions for samples issued from tests performed in pilot simulating the groundwater flow. Data are represented for immersion solutions at time = 0 in column 1 (black dot), column 2 (white dot) and column 3 (grey dot) and for DGT immersed during 21 days in columns 1, 2, 3 (respectively black, white and grey squares) extracted with protocol 1 (filled square) and protocol 2 (crossed square). 

Path Integrals

An important source of uncertainty for the prediction of fractionation properties is the possible contribution of anharmonic effects. Indeed, the harmonic approximation is at the root of the common method for calculating fractionation properties, and the neglect of these anharmonic processes is generally a stop-gap measure necessary to exploit these calculations. Based on an innovative approach (PIMD, see section 1.5.2), our research showed that anharmonicity have a significant effect on Li isotopes fractionation properties of species dissolved in solution [START_REF] Dupuis | Importance of a Fully Anharmonic Treatment of Equilibrium Isotope Fractionation Properties of Dissolved Ionic Species As Evidenced by Li+(aq)[END_REF]. On the contrary, [START_REF] Pinilla | Equilibrium magnesium isotope fractionation between aqueous Mg2+ and carbonate minerals: Insights from path integral molecular dynamics[END_REF] showed, based on the same approach, a negligible role of anharmonicity in the case of the Mg isotopes fractionation properties of dissolved species.

In this context, it is of uttermost interest to determine which isotopic systems will be affected by anharmonic effects in solution, and why. Second, the approach used to evaluate the role of anharmonicity on Li and Mg dissolved species is hardly extendable to other cases (other phases, species or other isotopic systems). This stems from the extreme numerical cost of PIMD approaches. Their application is therefore limited to a description of atomic interactions in terms of empirical potentials. Empirical potentials take a lot of work to develop and they are hardly transferable to other phases or dissolved species. The dissolved Li and Mg cases could be treated because of the existence of well tested empirical potentials for the modelling of dissolved Li `and Mg 2`s pecies. An issue would be to develop a numerically efficient PIMD approach that would make ab initio approaches affordable.

My ANR project (JCJC call), entitled "Fractionation of Isotopes in Liquids, Calcium behaviour in Soils" (FILi-CaBeSo) pursues this double aim of documenting the anharmonicity of further species and to develop a numerically affordable PIMD approach. Awarded within the 2020 JCJC call, it will finance one PhD and two years of postdoctoral contract and will represent my principal research subject for the years to come.

The FILi-CaBeSo project will represent a breakthrough in our understanding of the isotope fractionation mechanisms of dissolved species at equilibrium, with application to the behaviour of calcium in the soil system. We will develop a (numerically affordable) methodological scheme to predict the isotopic fractionation properties of dissolved species, from an atomistic approach, 1) not requiring the harmonic approximation, so as to overcome the challenges posed by the dynamic behavior of solutions, and 2) based on a first-principles, or ab initio, modeling of atomic bonding (i.e. not based on empirical energy potentials), so as to ensure an application to virtually any aqueous species. To this aim, the present project relies on the interplay of several innovative numerical approaches. In particular, atomic interactions will be described by empirical potentials or by an ab initio approach, and various molecular dynamics schemes will be used.

Our working hypotheses are that:

• the structure, in particular the coordination, of Ca species in solution (the Ca 2`( H 2 O) n (aq) aqua complex or other complexes in aqueous solution) is suitably described by molecular dynamics (MD).

• for a species in solution, isotope fractionation should be computed based on a path integral molecular dynamics (PIMD), as developed in the PhD thesis of Romain Dupuis [START_REF] Dupuis | Importance of a Fully Anharmonic Treatment of Equilibrium Isotope Fractionation Properties of Dissolved Ionic Species As Evidenced by Li+(aq)[END_REF]. Static molecular cluster approaches, used by many, are inaccurate approximations.

• Implementing advanced PIMD methodological schemes (path integral Langevin dynamics, ring polymer contraction), imported from the community of fundamental chemists, will significantly reduce the numerical cost, thus permitting an easy application of this last approach to virtually any system (large liquid systems, or other isotopic systems).

The theoretical concepts mentionned here, and highlighted in blue are further explained in the Glossary Section 1.7.

Our working plan covers (1) collaboration with theoretical chemists (M. Benoît from CEMES, Toulouse, R. Vuilleumier from ENS Paris, M. Tuckerman from NYU, R Schurhammer from Strasbourg University) to develop a proper methodology and apply it to larger systems; (2) collaboration with experimentalists (J Schott, V Mavromatis from GET, Toulouse) to realize equilibration experiments in order to obtain experimental estimates of solid-liquid fractionation properties that could be compared with our calculations; (3) collaboration with natural geochemists (A.D. Schmitt from Strasbourg University) to apply our calculations to geochemical problematics. Further details can be obtained from the complete proposal attached to this Manuscript.

Surfaces

The understanding of surface mechanisms will be determining to progress on the modeling of fractionation during precipitation of minerals, and for understanding of the mechanisms of precipitation in general. At the forefront of this questioning, the fractionation of divalent metal cations (Mg 2`, Ca 2`, Sr 2`, Ba 2`, Zn 2`, Cu 2`) was subject to many studies (see e.g. [START_REF] Schott | Deciphering non-traditional isotope fractionation during solid-fluid interactions: Kinetic/thermodynamic challenges and pathways forward[END_REF], and brought some interesting insights that could be used as starter studies to address this issue. In particular, the observed fractionation during precipitation of a solid is thought to be in some cases the result of the fractionation at equilibrium between species in solution and species adsorbed onto the surface of the solid.

In particular, the incorporation of Zn into calcite favors heavy isotopes, in contradiction both with common kinetic theory and with the expectations on equilibrium fractionation. Indeed, kinetic fractionation should enrich the precipitate in light isotopes. On the other hand, Zn has the same coordination in calcite and in solution (VI-fold), but it is expected to be more distorted in calcite, with longer and weaker bonds. Under thermodynamical equilibrium, weaker bonds concentrate lighter isotopes. It is therefore expected that, at equilibrium also, Zn in calcite will be isotopically lighter than in the solution (see Figure 4.1).

On another hand, as Zn adsorbed at the surface of calcite is only IV-fold coordinated (see Figure 4.1), it should be enriched in heavy isotopes with respect to the solution. An appealing explanation for the observed preference of heavy Zn isotopes for calcite would therefore be that the fractionation occurs at the solution interface, the adsorbed Zn being subsequently confined inside the solid by the interface growth. The very slow solid diffusion of Zn would prevent any re-equilibration. Under such circumstances it seems of high interest to theoretically model species adsorbed at interfaces (which is not new science) and to assess their fractionation properties with respect to the solution.

One pioneering study [START_REF] Sherman | Isotopic disequilibrium of Cu in marine ferromanganese crusts: Evidence from ab initio predictions of Cu isotope fractionation on sorption to birnessite[END_REF] realized for the first time this modeling for isotope effects during sorption of Cu 2`a t the surface of Birnessite. They found good agreement with experimental estimates. At the level of the GET laboratory, such research would foster the collaboration of the theoretical group (Me and Marc Blanchard) and the experimentalists (Vasileios Mavromatis in particular).

Strongly correlated materials

In line with our preliminary work in [START_REF] Méheut | Nickel Isotopic Fractionation between Metal and Silicate: Insights from Theoretical Approaches[END_REF] and [START_REF] Guignard | Nickel isotope fractionation during metal-silicate differentiation of planetesimals: Experimental petrology and ab initio calculations[END_REF], we plan to realize a large study focusing on the fractionation of transition metal cations (Fe, Ni, W, Cr in particular) between metal and silicate. We will be particularly interested in estimating the capacity of the +U correction to improve the quality of those calculations. This will be realized in collaboration with Ghylaine Quitté. On similar grounds, we are collaborating with Béatrice Luais to model the fractionation of Ge between metal and silicate (ANR project PlanetGEM, currently under review). Both works are focusing on the metal-silicate differentiation of planetary bodies.

Modeling Si isotopes fractionation during magmatic differentiation

Our work in [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF] (see section 2.3) emphasizes the importance of chemical composition for silicon isotope fractionation between silicate minerals. The role of chemical composition can be summarized by Eq. (2.2): 1000 ln αpsilicate, qtzq " a Mg pT q ¨Mg eq. `aAl pT q ¨Al eq. Si eq.

, where Si eq. =#Si, Al eq. " 3 4 #Al and Mg eq. " 1 2 #Mg (cation equivalents) are the chargeweighed stoichiometric coefficients of each cation, normalized to the charge of the silicon atom, and a X pT q are proportionality coefficients depending on temperature.

Assuming this relationship valid for all silicates, in processes leading to elemental (Mg/Si, Al/Si, . . .) partitioning, silicon isotopic composition is expected to follow this partitioning. For example, magmatic differentiation originates in part from progressive precipitation of minerals from a melt. At first, minerals with high Mg/Fe/Ca content are precipitated, enriching the melt in Al, Na and Si (Bowen series). If we assume that Eq. (2.2) is also applicable to a melt (considering only Mg, Si and Al cations), we can posit that:

∆ 30 Si min´melt « a M g pT q˚"

ˆM g eq Si eq ˙min ´ˆM g eq Si eq ˙melt  `aAl pT q˚" ˆAl eq Si eq ˙min ´ˆAl eq Si eq ˙melt  (4.1) Several studies have emphasized the observed increase in δ 30 Si signatures of magmatic rocks with their SiO 2 content (Figure 4.2, Douthitt, 1982[START_REF] Savage | Silicon isotope homogeneity in the mantle[END_REF][START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF][START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF]. Following [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF], we propose that this trend is explained by chemical partitioning during magmatic precipitation, making precipitated minerals isotopically lighter than the melt. This leads to a progressive enrichment of the magma in heavy isotopes, and therefore to progressive heavy isotope enrichment in successively precipitated minerals. Since these successive minerals are also typically of increasing SiO 2 content (as a consequence of the progressive depletion of the magma in other cations), the correlation between δ 30 Si and SiO 2 content follows.

In order to take full advantage of the information carried by the igneous array, the next step would be (1) to complete our study and Eq. (2.2) so as to compute the effects of the other cations (in particular Ca 2`) , and (2) model the fractionation occurring during magmatic differentiation. This will be done using a software modeling thermodynamic equilibrium in the melt, such as MELTS [START_REF] Ghiorso | Chemical Mass Transfer in Magmatic Processes. IV. A Revised and Internally Consistent Thermodynamic Model for the Interpolation and Extrapolation of Liquid-Solid Equilibria in Magmatic Systems at Elevated Temperatures and Pressures[END_REF]. 
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 01 Deciphering isotopic observations: from geological reservoirs to atomic events

Figure 1 :

 1 Figure 1: Example of a range of measured isotopic compositions (here, δ 44{40 Ca values) in main Earth-surface reservoirs, from Schmitt (2016). Isotopic signatures are expressed in δ values. δ values are defined from isotopic ratios R 44{40 " n 44 Ca n 40 Ca by the formula:

  measured by analysts " ∆ 18 O A´B " 1000 ln α 18 O A´B " 1000 ln β 18 O A ´1000 ln β 18 O B loooooooooooooooooomoooooooooooooooooon calculated by theorists , (1.1) where ∆ 18 O A´B and 1000 ln α 18 O A´B are referred to as the "fractionation between phases A and B" by analysts and theorists, respectively. The ln β 18 O ApBq are the so-called βfactors of Li in phase A(B). The O β-factor is related to a free energy difference associated with a change of the O mass as:

Figure 1 . 1 :

 11 Figure 1.1: Oxygen β-factors computed in Méheut et al. (2007) and Füger et al. (2018) (for calcite). Calculations are done using PBE (continuous lines) or LDA (dashed lines). H 2 O(i): ice-water. H 2 O(g): gas-water (isolated molecule).

  .2 a), kaolinite-water (Figure 1.2 b), ice-vapor (Figure 1.2 c), and calcite-water (Figure 1.2 d), equilibria.

Figure 1 . 2 :

 12 Figure 1.2: Theoretical oxygen isotope fractionation factor between (a) quartz and liquid water, H 2 O(l) (Méheut et al. (2007)), (b) kaolinite and liquid water[START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF], (c) ice and gas water[START_REF] Méheut | Equilibrium isotopic fractionation in the kaolinite, quartz, water system: predictions from first-principles density-functional theory[END_REF], (d) calcite and liquid water[START_REF] Füger | Oxygen isotope fractionation during smithsonite formation from aqueous solutions[END_REF]. Solid line: PBE calculation. Dashed line: LDA calculation. Symbols correspond to experimental data, see the corresponding references for details.

Figure 1 . 5 :

 15 Figure 1.5: calculated vibrational (Méheut et al., 2007) density of state of ice, and contribution of the different types of modes: (T): translational modes; (L): librational modes ; (B): bending modes ; (S): stretching modes.

  Figure 1.7. Contrary to oxygen, these β-factors are very close in relative value. This is due to the fact that the bond in which H is engaged is always the sale (hydroxyl OH bond), whereas for oxygen this bond was very different from one material to the other (quartz:Si-O; calcite: C-O; ice: O-H etc...).

Figure 1 . 7 :

 17 Figure 1.7: Hydrogen β-factors computed in Méheut et al. (2007) (for H 2 O(g), ice, kaolinite), and Méheut et al. (2010) (for brucite, lizardite, gibbsite). Calculations are done using PBE. H 2 O(i): ice-water. H 2 O(g): gas-water (isolated molecule).

Figure 1

 1 Figure 1.8: Hydrogen-isotope fractionation-factors calculated between hydrous minerals and liquid water (Solid lines) and comparison with existing experimental data(symbols). See Méheut et al. (2007) and Méheut et al. (2010) for details. See Figure 1.10 for correction.

Figure 1 .

 1 Figure 1.13: Nickel-isotope fractionation properties calculated and comparison with experiment. (a) comparison of calculated β-factors (calculations done with PBE functional, no +U correction and ferromagnetic order). (b) effect of magnetic order and +U correction for calculated mineral-metal Ni fractionation. (c) Comparison with experimental data, and nuclear field shift correction (from Guignard et al., 2020). See Méheut et al. (2018) and Guignard et al. (2020) for details.

Figure 1 .

 1 Figure 1.14: (a) Example of a snapshot selected from the molecular trajectory. Each cell contains 62 water molecules and one H 4 SiO 4 entity ; (b) Si-isotope fractionation properties calculated and comparison with experiment. Dashed lines: extrapolation of calculations at 0, 25 and 50 ˝C. amSiO 2 : amorphous silica. See Dupuis et al. (2015) for details.

Figure 1 .

 1 Figure 1.15: Comparison of fractionation properties (β-factors) calculated using TI-PIMD (˛) and using the harmonic approximation (HA) (straight lines), for Li 2 O(black) and Li `in solution (red) as a function of temperature. Inset: Difference between the β-factors computed using the two approaches: ∆ anh " rln β 7 Lis TI´PIMD ´rln β 7 Lis harm . Red dashed line: ∆ anh pLi `q " ´3.38 ˚10 3 T . See Dupuis et al. (2017) for details.

Figure 1 .

 1 Figure 1.16: (a) Theoretical fractionation between phyllosilicate minerals and Li+(aq). Open black symbols and solid line, harmonic fractionation between Li mica models and Li `(aq); Squares and triangles, Li `(aq) calculated with empirical potentials. Diamonds and line, Li `(aq) calculated with BLYP, consistently with the solid. Red solid triangles/squares, rigorous fractionation between Li mica models and Li `(aq). (b) Comparison with selected experimental estimates of phyllosilicate-solution Li isotopes equilibrium (green symbols) and Li isotope fractionations associated with natural processes (blue symbols). See Dupuis et al. (2017) for details.

Figure 1 .

 1 Figure 1.18: Part of the structure of Ca in solution: density of probability to find a O atom at distance r of Ca (solid line), and its integral (dashed line). The maximum of the function gives the average Ca-O distance, whereas the plateau of the integral gives the coordination of Ca (here, VI).

Figure 1 .

 1 Figure1.19: Static cluster representation of the Ca aqua complex surrounded by 6 water molecules (from[START_REF] Colla | Calcium-isotope fractionation between solution and solids with six, seven or eight oxygens bound to Ca(II)[END_REF]. To be compared with Fig.1.17
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 21 Figure 2.1: Reduced partition function ratios of silicon for molecules in gas phase (g) and for crystalline phases (cr). See Javoy et al. (2012) for details.

Figure 2

 2 Figure 2.2: Compared Mg, Ni (from Méheut et al., 2018 and Guignard et al., 2020) and Fe (litterature) estimated fractionation properties, illustrating the effect of redox on isotopic fractionation of metal element isotopes. Mg and Ni calculations are DFT-based, harmonic calculations, whereas Fe calculations result from integrations of experimentally measured vibrational spectra found in the literature (from INRXS or Mössbauer, see related references). Mg calculations: forsterite Mg 2 SiO 4 (Mg 2`) , Mg metal (Mg 0 ); from Méheut et al. (2018). Ni calculations: Ni-forsterite and Ni-diopside (Ni 2`) , Ni metal (Ni 0 ); from Guignard et al. (2020), see for further details. Fe calculations: hematite (Fe 3`, from Dauphas et al., 2012), olivine (Fe 2`, from Dauphas et al., 2014), Fe bcc metal (Fe 0 , from Dauphas et al., 2012).

Figure 2

 2 Figure 2.3: Estimated silicon fractionation properties for compounds of +4 redox state and various Si coordination; (a) calculated Si β-factors for IV SiO 2 quartz, V Si-Diolate and V I Si-catecholate. Plain and dashed lines correspond to calculations with the PBE and vdW-DF2 functionals, respectively. from Stamm et al. (2020), see for further details. The calculations of Si 2`O and Fe 15 Si 0 β-factors from Javoy et al. (2012) (discussed above in section 2.1) are shown to exhibit the redox effect. (b) calculated Si fractionation between V Si-Diolate, V I Si-catecholate, H 3 SiO 4 and H 4 SiO 4 , and comparison with experimental estimates. From Stamm et al. (2020), see for further details.

  (a) and (b)) and experimentally(Figure 2.3(b)) the fractionation properties of hypervalent species of dissolved silicon. These calculations were based on compounds modeled from Xray determined structures found in the literature. As an example of VI-fold coordinated Si, Li 2 [Si(Cat) 3 ]•3.5dme was considered (where cat =the catecholate dianion, and dme =dimethoxy ethane CH 3 -O-CH 2 -CH 2 -O-CH 3 ;

Figure 2

 2 Figure 2.4: (a) Relationship observed between mineral-quartz fractionation properties and their cationic content (Eq. (2.2)). Squares represent phyllosilicates. Note the outlier status of forsterite; (b) Interpretation of Si-O distance differences between phyllosilicates as a consequence of an electron donation from electropositive cations; from Méheut and Schauble (2014), see for further details.
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 25 Figure 2.5: Estimated silicon fractionation properties as a function of SiO distances: (a) for minerals (from Méheut and Schauble, 2014, see for further details); (b) for Inherent Structures in solution (discussed section 1.5.1 above; from Dupuis et al., 2015, see for further details); (c) for various Si coordinations (discussed section 2.2 above; from Stamm et al., 2020, see for further details.

  Figure 3.1: Model of continuous core formation during Earth's accretion[START_REF] Wade | Core formation and the oxidation state of the Earth[END_REF][START_REF] Corgne | Metal-silicate partitioning and constraints on core composition and oxygen fugacity during Earth accretion[END_REF], Wood, 2008, credit of Nancy Chabot). Left: schematics showing the general principle of the model: at the bottom of the magma ocean, metal diapirs equilibrate with the silicate liquid before diving without re-equilibration through the solid mantle to the core; Right: (a) Variations of T of last equilibration (at the basis of the magma ocean) and FeO content of the BSE during accretion. The T profile is defined by the peridotite solidus[START_REF] Fiquet | Melting of Peridotite to 140 Gigapascals[END_REF]. FeO variations correspond to the three-step profile proposed by[START_REF] Wood | Accretion and core formation: constraints from metal-silicate partitioning[END_REF]. Such temperatures and FeO variations lead to modeled depletions of moderately siderophile elements in the BSE consistent with observations (as shown for Ni and V in (b)). (b) Modeled core/BSE variations during accretion for Ni, V and Si using P-T-FeO conditions defined in (a) and parameterizations for metal-silicate partitioning from Corgne et al. (2008) for Ni and Si and Wood (2008) for V. Note the large range of final Si core/BSE ratios (yellow path). (c) Expected variations of ∆ 30 Si BSE´Chond . showing an important level of uncertainty at the end of accretion, due to large uncertainties in elemental metal-silicate partitioning. From Zambardi et al. (2013), see for further details.

Figure 3 . 3 :

 33 Figure 3.3: Variations of the ∆ 30 Si BSE˘Chond. {F Si ratio during continuous core formation for several FeO BSE paths (insert, same abscissa) satisfying constraints from moderately siderophile elements. Taking into account the uncertainty on elemental metal-silicate Si partitioning, ∆ 30 Si BSE˘Chond. {F Si lies along a restricted range at the end of accretion (0.88 ˘0.11), regardless of the chosen FeO path. From Zambardi et al. (2013), see for further details.
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 34 Figure 3.4: Schematic representation of Zn isotopic fractionation. Up: the batch reactor experiments (a: Zn sorption, b: Zn excretion). Down: DFR experiments (a: Zn sorption, b: Zn excretion) from Coutaud et al. (2014), see for further details

Figure 3

 3 Figure 3.5: (a) results of the batch reactor sorption experiments: integrative Zn isotopic enrichment factor (Eq. (3.6)) as a function of time. (b) results of the DFR sorption experiments: instantaneous Zn isotopic enrichment factor (Eq. (3.7)) as a function of time. (c) results of the batch reactor excretion experiments: equilibrium Zn isotopic enrichment factor (Eq. (3.8)) as a function of exposure time for wet (blue diamonds) and dried (red squares) biofilm. (d) results of the DFR excretion experiments: Zn stable isotopes signature for the biofilm (open symbols) and the solution (closed symbols) as a function of the excreted fraction in DFR. The fractionation is given by the difference between biofilm and solution signatures. from Coutaud et al. (2014), see for details

Figure 3

 3 Figure 3.6: Cu-biofilm interaction. (a) result of batch reactor sorption experiments: apparent integrative Cu isotopic enrichment factor as a function of the total Cu sorbed fraction. The blue and green dotted lines represent kinetic modeling of xpB and xpD data, assuming a precursor stage of adsorption with instantaneous " 1.1 followed by a stage of incorporation with instantaneous " ´0.5 Ñ ´0.2 . (b) results of DFR sorption experiments: apparent instantaneous enrichment factor as a function of time. (c) result of batch reactor excretion experiments: cumulated Cu isotopic fractionation offset of excretion. (d) result of DFR excretion experiments: instantaneous Cu isotopic fractionation offset of excretion. From Coutaud et al. (2018, 2019), see for further detail.

  (adsorption and desorption of Zn isotopes) and Coutaud et al. (2019) (desorption of Cu isotopes) are summarized in Fig. 3.7, and discussed below together with Coutaud et al. (2018) (adsorption of Cu isotopes). First, two different behaviours, characterized by different isotope fractionations, are observed at the beginning of the experiment and in later stages.
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 37 Figure 3.7: Schemes of the separation processes occurring for Zn and Cu isotopes during solution-biofilm interactions. Up: Zn fractionations during adsorption and desorption (From Coutaud et al., 2014). Down: comparison of Cu and Zn isotopes fractionation during excretion (From Coutaud et al., 2014).
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 3 Figure 3.8: Principle of DGT sampler. From Guo et al. (2019)

  Figure 3.9: Zn isotopic compositions for samples issued from tests performed in pilot simulating the groundwater flow. Data are represented for immersion solutions at time = 0 in column 1 (black dot), column 2 (white dot) and column 3 (grey dot) and for DGT immersed during 21 days in columns 1, 2, 3 (respectively black, white and grey squares) extracted with protocol 1 (filled square) and protocol 2 (crossed square). Data for DGT corrected by Eq. (3.13) are represented in black box. The mean value for immersion solutions are represented by the dotted line. From Desaulty et al. (2017), see for further detail.

Figure 4

 4 Figure 4.1: Structure of the Zn atom: (a) Zn(H 2 O) 26 aqua-ion, the main species in solution; (b) Zn incorporated in the structure of calcite CaCO 3 , substituted for Ca 2`; (c) Zn adsorbed onto the calcite surface (one water molecule is not shown).
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 4 Figure 4.2: The igneous array: observed correlation between δ 30 Si and SiO 2 content in magmatic series. From Zambardi et al. (2014).

  

  

  

  

  

Table 1 .

 1 1: Water molecule: calculated vs experimental vibrational frequencies (cm ´1).

	Mode Experimental Frequencies Méheut et al. (2007)
		harmonic ; anharmonic ‹ PBE LDA
	sym. stretch	3835	3657	3640 3679
	asym. stretch	3939	3756	3747 3795
	bond bend	1648	1595	1586 1542

;

[START_REF] Khachkuruzov | Vibration constants for isotopic varieties of water molecules[END_REF] 

‹ Lide (1998)

Table 1

 1 

	.2: Ice vibrational spectrum: calculation vs. IINS spectrum (cm ´1).
	Mode Méheut et al., 2007 Expt. :
	O-H stretching (S)	2878-3207	3050-3500
	H-O-H bending (B)	1595-1680	1410-1810
	Libration (L)	660-1155	550-1000
	Translation (T)	53-374	50-325

To be correct, these experimental frequencies should be harmonic. For water vapor, we have experimental harmonic frequencies[START_REF] Khachkuruzov | Vibration constants for isotopic varieties of water molecules[END_REF]. For solids, we have assumed that anharmonicity had no role in fractionation, so it should not have role on frequencies either. Therefore, we are consistent with our hypothesis if we consider that "raw" experimental frequencies represent harmonic ones.

fractionation at ambient temperature, by equilibrating amorphous silica with a solution at various pHs, and reaches reasonable agreement (2.34˘0.11 at 25 ˝C, 2.21˘0.05 at 75 ˝C, given by the difference of H 4 SiO 4 -amSiO 2 and H 3 SiO 4 -amSiO 2 points on Figure 1.14) with our value. Regarding mineral-solution equilibria, the comparison is less satisfactory, but not less interesting.[START_REF] Pollington | Experimental calibration of silicon and oxygen isotope fractionations between quartz and water at 250 ˝C by in situ microanalysis of experimental products and application to zoned low ?30Si quartz overgrowths[END_REF] equilibrated quartz with a solution at 250°C and 0.01-0.1 molal NaOH, and found a significantly heavier quartz (0.5 ) in semi-quantitative agreement with our calculations -although the complex speciation of the solution, and the different temperatures make difficult the comparison -.[START_REF] Stamm | The experimental determination of equilibrium Si isotope fractionation factors among H 4 SiO 4 0 , H 3 SiO 4 and amorphous silica (SiO 2 ¨0.32 H2O) at 25 and 75 ˝C using the three-isotope method[END_REF] deduced fractionations between amorphous silica and H 4 SiO 4 (0.45 ) significantly lower than our quartz -H 4 SiO 4 calculation. Issues regarding the effect of speciation