S Rabin 
  
M Blanchard 
  
C Pinilla 
  
F Poitrasson 
  
M Gregoire 
  
  
Iron and silicon isotope fractionation in silicate melts using first-principles molecular dynamics

Keywords: Density Functional Theory (DFT), Silicate melts, Isotope fractionation, Magmatic differentiation

The direct determination of silicate melts iron and silicon isotopes signature remains a major challenge of high-temperature isotope geochemistry. For this reason, melts are often approximated by silicate glasses. Calculation of precise equilibrium Si and Fe isotopes fractionation factors between minerals and melt would indeed allow us to distinguish equilibrium fractionation from diffusion-driven kinetic fractionation involved in the iron and silicon isotopes signatures of Earth and other planets. In this study, we use for the first time, first-principles molecular dynamics based on density functional theory to determine iron and silicon isotope compositions of different silicate melts, namely: iron-rich basalt, iron-depleted basalt, basanite, trachyte and phonolite. The 57 Fe/ 54 Fe reduced partition function ratios (-factors) of the different melts span over a 1.1 ‰ range at 1000 Kelvin (K) while 30 Si/ 28 Si 𝛽-factors are much less influenced by the melt composition with a 0.5 ‰ fractionation range at the same temperature. The main parameter controlling iron isotope fractionation in silicate melts having similar iron oxidation state is, after temperature, the average Fe-O bond length. The chemical environment around iron (e.g. Fe-Fe distances) is suggested to contribute to Fe isotope fractionation as well. Silicon isotopes fractionation seems also affected, but to a lesser extent, by its local chemical composition with decreasing Si-Fe distances leading to slightly higher Si 𝛽-factor in the melt. From these melts Fe and Si 𝛽-factors, a new set of equilibrium fractionation factors between a variety of minerals and melts has been calculated. These new ∆ 57 Femin-melt and ∆ 30 Simin-melt sets allow us to discuss whether processes such as fractional crystallization, partial melting and diffusion could be responsible for the documented Fe and Si isotopes variations in igneous rocks. Our results suggest that: 1) fractional crystallization may explain at least part of the Fe and Si isotopic evolution during magmatic differentiation, for values up to  57 Fe = 0.65 ‰ and  30 Si = -0.1 ‰, respectively, 2) partial melting of the upper mantle can produce the Mid-Ocean Ridge Basalts (MORB) iron isotopes signature. Finally, we calculated that olivine at equilibrium with a basaltic melt could display an iron isotope composition down to -0.1 ‰ for  57 Fe.

Hence, the lower isotopic compositions ( 57 Fe < -0.1 ‰) observed in natural olivines are most likely due to diffusion-driven kinetic fractionation.

1-INTRODUCTION

Understanding the detailed structural properties of iron-bearing silicate melts as well as the behavior of the constituting cations remains one of the great challenges in geosciences and in the glass-making industry. Many experimental and theoretical studies on melts from simple composition to natural-like melts have been carried out showing that cations could be either network former or network modifier depending on the nature of the cations and their coordination number (CN) that are dependent also of pressure, temperature and redox state of the melt [START_REF] Mcmillan | Structural studies of silicate glasses and melts-applications and limitations of Raman spectroscopy[END_REF][START_REF] Oestrike | Highresolution 23Na, 27Al and 29Si NMR spectroscopy of framework Aluminosilicate glasses[END_REF][START_REF] Stein | Molecular dynamics simulations of liquids and glasses in the system NaAlSiO4-SiO2: Physical properties and transport mechanisms[END_REF][START_REF] Gerlach | Self-diffusion of iron in alkali -magnesia -silica glass melts[END_REF][START_REF] Rossano | Environment of ferrous iron in CaFeSi2O6 glass; contributions of EXAFS and molecular dynamics[END_REF][START_REF] Jackson | Multi-spectroscopic study of Fe(II) in silicate glasses: Implications for the coordination environment of Fe(II) in silicate melts[END_REF]Guillot and Sator, 2007b;Guillot and Sator, 2007a;[START_REF] Karki | First-principles molecular dynamics simulations of silicate melts: Structural and dynamical properties[END_REF][START_REF] Angeli | Insight into sodium silicate glass structural organization by multinuclear NMR combined with first-principles calculations[END_REF][START_REF] Bauchy | Atomic scale foundation of temperature-dependent bonding constraints in network glasses and liquids[END_REF][START_REF] Losq | The role of Al3+ on rheology and structural changes in sodium silicate and aluminosilicate glasses and melts[END_REF][START_REF] Bajgain | Structure and density of basaltic melts at mantle conditions from first-principles simulations[END_REF][START_REF] Karki | First-principles computation of mantle materials in crystalline and amorphous phases[END_REF][START_REF] Kim | Effect of iron content on the structure and disorder of ironbearing sodium silicate glasses: A high-resolution 29Si and 17O solid-state NMR study[END_REF][START_REF] Ghosh | First-principles molecular dynamics simulations of anorthite (CaAl2Si2O8) glass at high pressure[END_REF][START_REF] Caracas | Melt-crystal density crossover in a deep magma ocean[END_REF][START_REF] Solomatova | Pressure-Induced Coordination Changes in a Pyrolitic Silicate Melt From Ab Initio Molecular Dynamics Simulations[END_REF][START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF][START_REF] Solomatova | Buoyancy and Structure of Volatile-Rich Silicate Melts[END_REF]. Silicon in melt is mostly four-fold coordinated and acts as the main network former of the melt structure. Despite the fact that silicon could be found as Si 0 in metallic inclusions of meteorites and planetary cores [START_REF] Poitrasson | Silicon Isotope Geochemistry[END_REF], silicon is considered as only tetravalent in the upper mantle and crust of the Earth.

Hence, silicon is not redox sensitive in terrestrial melts whereas iron is. Iron in melts has been assessed to behave differently in the melt depending on its redox state (Fe 2+ or Fe 3+ ). At low pressure, ferric iron is most likely to be four-fold coordinated and acts as a network former, as Al 3+ , whereas ferrous iron is five to six-fold coordinated and acts as a network modifier (see [START_REF] Mysen | The structural behavior of ferric and ferrous iron in aluminosilicate glass near metaaluminosilicate joins[END_REF]Mysen and Richet, 2019 and references therein). However, the role of ferrous and ferric iron in melts is still debated as some studies demonstrated that both could be four to six-fold coordinated and therefore they could both act as network modifier [START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF]. Recent study of [START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF] displayed indeed that iron redox state has limited impact on the general melt properties. In contrast, the iron spin state has more influence on the structural properties of the melt. Some uncertainties on the behavior of cations in the melt remain and, one of the major unknown so far is the isotopic properties of melts, including those of silicon ( 28 Si, 29 Si, 30 Si) and iron ( 54 Fe, 56 Fe, 57 Fe, 58 Fe).

Analytical developments and improvements over the past two decades enabled scientists to investigate non-traditional stable isotope fractionation at high-temperature. Several studies carried out on natural and experimental samples have revealed measurable (> 0.05 ‰) silicon and iron isotopic fractionations in igneous systems: i) Iron and silicon display heavy isotope enrichment during magmatic differentiation, although the trends are different (e.g. [START_REF] Weyer | Iron isotope fractionation during planetary differentiation[END_REF][START_REF] Williams | Systematic iron isotope variations in mantle rocks and minerals: The effects of partial melting and oxygen fugacity[END_REF][START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF][START_REF] Shahar | Equilibrium high-temperature Fe isotope fractionation between fayalite and magnetite: An experimental calibration[END_REF][START_REF] Schoenberg | Fe isotope systematics of coexisting amphibole and pyroxene in the alkaline igneous rock suite of the Ilímaussaq Complex, South Greenland[END_REF][START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF][START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF][START_REF] Weyer | Coupled lithium-and iron isotope fractionation during magmatic differentiation[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF][START_REF] Foden | Fe isotopes and the contrasting petrogenesis of A-, I-and S-type granite[END_REF][START_REF] Nebel | Redox-variability and controls in subduction zones from an iron-isotope perspective[END_REF][START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF][START_REF] Gajos | Spatially controlled Fe and Si isotope variations: an alternative view on the formation of the Torres del Paine pluton[END_REF][START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF][START_REF] Li | Iron isotope fractionation in hydrous basaltic magmas in deep crustal hot zones[END_REF], ii) Oceanic crust (MORB and Ocean Island Basalts (OIB)) displays heavier iron isotope signature than some mantle peridotites (e.g. [START_REF] Williams | Fractionation of oxygen and iron isotopes by partial melting 25 processes: Implications for the interpretation of stable isotope signatures in mafic rocks[END_REF][START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF][START_REF] Konter | Unusual δ56Fe values in Samoan rejuvenated lavas generated in the mantle[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF][START_REF] Nebel | Iron isotope variability in ocean floor lavas and mantle sources in the Lau back-arc basin[END_REF], iii) There is significant iron isotopes fractionation, associated to Fe-Mg chemical zoning, within single crystals of olivine [START_REF] Teng | Diffusion-driven magnesium and iron isotope fractionation in Hawaiian olivine[END_REF][START_REF] Sio | Discerning crystal growth from diffusion profiles in zoned olivine by in situ Mg-Fe isotopic analyses[END_REF][START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF]Collinet et al., 2017a;[START_REF] Sio | Thermal and crystallization histories of magmatic bodies by Monte Carlo inversion of Mg-Fe isotopic profiles in olivine[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF][START_REF] Sio | The isotope effect for Mg-Fe interdiffusion in olivine and its dependence on crystal orientation, composition and temperature[END_REF][START_REF] Oeser | Combined Fe-Mg chemical and isotopic zoning in olivine constraining magma mixing-to-eruption timescales for the continental arc volcano Irazú (Costa Rica) and Cr diffusion in olivine[END_REF]. The potential processes involved in the documented isotopic variations, such as partial melting (e.g. [START_REF] Weyer | Partial melting and melt percolation in the mantle: The message from Fe isotopes[END_REF][START_REF] Williams | Fractionation of oxygen and iron isotopes by partial melting 25 processes: Implications for the interpretation of stable isotope signatures in mafic rocks[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF][START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF], fractional crystallization (e.g. [START_REF] Schuessler | Iron and lithium isotope systematics of the Hekla volcano, Iceland -Evidence for Fe isotope fractionation during magma differentiation[END_REF][START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF][START_REF] Telus | Iron, zinc, magnesium and uranium isotopic fractionation during continental crust differentiation: The tale from migmatites, granitoids, and pegmatites[END_REF][START_REF] Foden | Fe isotopes and the contrasting petrogenesis of A-, I-and S-type granite[END_REF][START_REF] Du | Origin of heavy Fe isotope compositions in high-silica igneous rocks: A rhyolite perspective[END_REF], diffusion-driven kinetic fractionation [START_REF] Lundstrom | Hypothesis for the origin of convergent margin granitoids and Earth's continental crust by thermal migration zone refining[END_REF][START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF] or even fluid exsolution during late stage of differentiation [START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF][START_REF] Heimann | The role of volatile exsolution and sub-solidus fluid/rock interactions in producing high 56Fe/54Fe ratios in siliceous igneous rocks[END_REF][START_REF] Telus | Iron, zinc, magnesium and uranium isotopic fractionation during continental crust differentiation: The tale from migmatites, granitoids, and pegmatites[END_REF], were then investigated. However, interpretations of these observed isotopic variations are often limited by the lack of available equilibrium fractionation factors between coexisting phases, especially between minerals and silicate melts. Hence, the models used in the literature are under-constrained and precise quantification of the processes involved in Fe and Si isotopic fractionation in igneous rocks is hampered. It became then essential to obtain Si and Fe isotope compositions of various melts in order to quantify the processes associated to the isotopic variations in magmatic settings. By now, only few experimental and in-situ studies were carried out to obtain iron isotope composition of melts, using glasses as a proxy. [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] displayed significant variations in Fe isotope fractionation factors with varying composition of melts.

Nevertheless, the mechanisms involved in isotopic fractionation in melts are still under-constrained.

The degree of mass-dependent equilibrium fractionation between minerals has been associated to the oxidation state (for Fe; e.g. [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF], the bonding environment (i.e. bond length and coordination number; e.g. [START_REF] Sossi | The effect of bonding environment on iron isotope fractionation between minerals at high temperature[END_REF], and the local chemical environments of the atoms of interests (nature and number of the second neighbors; [START_REF] Macris | Crystal chemical constraints on inter-mineral Fe isotope fractionation and implications for Fe isotope disequilibrium in San Carlos mantle xenoliths[END_REF], Rabin et al., 2021). [START_REF] Grant | The geological significance of variations in the abundances of the isotopes of silicon in rocks[END_REF] and [START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF] proposed polymerization degree as a key factor influencing the Si isotope fractionation during magmatic differentiation. However, at the mineral scale, this relationship does not seem to be the sole parameter involved [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF][START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF]. The mechanisms listed above could play as well an important role on silicon and iron isotope fractionation in melts.

To investigate the mechanisms involved in melt isotope fractionation, we have calculated consistent Si and Fe 𝛽-factors for various melt compositions using first-principles molecular dynamics (FPMD). In this study, five silicic melt compositions were investigated in order to assess the effect of increasing sodium, iron and silicon contents on the Si and Fe isotope composition of melts at 1 GPa. The pressure effect on isotope fractionation is also explored through a FPMD basalt simulation at 12 GPa. Our calculated Si and Fe 𝛽-factors for melts were combined to the set of Fe and Si 𝛽-factors of silicate and oxide minerals calculated by [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF] and [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] to obtain a full set of equilibrium fractionation factors between minerals and melts of various compositions. These data enable us to discuss the impact of equilibrium fractionation, through different processes such as fractional crystallization and partial melting, on Fe and Si isotopes systematics in igneous contexts.

2-METHODOLOGY

2.1-Modelling approach

The structure properties as well as the reduced partition function ratios of each melt were obtained from FPMD simulations based on density functional theory (DFT). All calculations were performed using the Perdew-Burke-Ernzerhof (PBE) parametrized generalized gradient approximation (GGA) functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] implemented in the Vienna Ab-initio Simulation Package (VASP; [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]. The interaction between the valence and core electrons were modelled using the projector-augmented wave (PAW) method [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]. Plane-wave cutoff of 500 meV and Brillouin-zone sampling at Gamma are used. The simulation cell of each system is constrained to a cube (Table 1). The design of the different melt structures in this study was conducted in 3 steps: i) A primary melt structure including 4 compounds (MgO, CaO, Al2O3, SiO2) was generated using classical molecular dynamics (MD) simulations, for few nanoseconds, based on DL-POLY code [START_REF] Smith | DL_POLY: Application to molecular simulation[END_REF] and using empirical potentials proposed by [START_REF] Matsui | A Transferable Interatomic Potential Model for Crystals and Melts in the System CaO-MgO-Al2O3-SiO2[END_REF]. ii) Substitution of some Mg atoms by Fe, some Ca atoms by Na or K was then performed in order to reach the desired melt compositions. iii) The structure thereby created was used as starting composition for the FPMD simulations. The structure was first equilibrated at high temperature (well above the melting point, > 6000 K) using NVT canonical ensemble (fixed number of atoms N, constant volume V and constant temperature T) and then cooled down to a desired lower temperature (4000 K). A temperature of 4000 K was settled in order to preserve the liquid state of the melts during the MD simulations (e.g. [START_REF] Bajgain | Structure and density of basaltic melts at mantle conditions from first-principles simulations[END_REF][START_REF] Ghosh | First-principles molecular dynamics simulations of anorthite (CaAl2Si2O8) glass at high pressure[END_REF][START_REF] Caracas | Melt-crystal density crossover in a deep magma ocean[END_REF]. Once the system was at the desired temperature, the isothermal-isobaric ensemble NPT (fixed number of atoms N, constant pressure P and constant temperature T) with variable-cell dynamics was used, for few picoseconds (ps) to optimize the cell parameters of each different melt composition (Table 1). The volume of the melt is indeed a key parameter as the liquid structure is primarily a function of volume, rather than pressure [START_REF] Karki | First-principles molecular dynamics simulations of silicate melts: Structural and dynamical properties[END_REF]. Then, NVT canonical ensembles were used to explore the effect of the various liquid compositions, as well as the pressure effect, on iron and silicon isotopic properties. Both NPT and NVT ensembles used Nosé thermostats (with a Nosé mass-parameter of 3; [START_REF] Nosé | A unified formulation of the constant temperature molecular dynamics methods[END_REF]. Each system contains at least 100 atoms in order to have a simulation cell large enough to calculate equilibrium properties [START_REF] Karki | First-principles molecular dynamics simulations of silicate melts: Structural and dynamical properties[END_REF]. To confirm that 100-atoms simulation cells were sufficient to describe the short-and medium-range properties of the silicate melts, a calculation on a 183-atoms simulation cell was also performed. The duration of the FPMD NVT simulation is also a critical parameter in order to satisfy the ergodicity principles (i.e. the system explores all the possible states of the system, with the same probability as in a liquid, during the simulation time). Therefore, the simulations were carried on for approximately 20 picoseconds in order to acquire representative ensemble at the desired temperature [START_REF] Bajgain | Structure and density of basaltic melts at mantle conditions from first-principles simulations[END_REF]. Analysis of the mean-square displacements (MSD) as a function of time [START_REF] Allen | Computer simulation of liquids[END_REF] were performed for each temperature-volume-composition condition, in order to confirm that the system stays in the liquid state (Appendix A -Supplementary material, Fig.

S1 to S7).

The mean pressure applied during the simulations is chosen to be around 1 GPa (corresponding to a crustal depth of ~35 km), in order to reproduce the pressure conditions of deep magmatic chambers such as in Montagne Pelée [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF] or Iceland [START_REF] Kelley | Pressures of crystallization of Icelandic Magmas[END_REF]. Moreover, partial melting happens at pressures between 1 and 3 GPa (e.g. [START_REF] Bertka | Anhydrous partial melting of an iron-rich mantle I: subsolidus phase assemblages and partial melting phase relations at 10 to 30 kbar[END_REF]. The exact mean pressures of each melt are displayed in Table 1 and more detailed analysis of pressure evolution during the MD simulations are available in the Appendix A -Supplementary material, Fig. S8.

The melts simulated here are composed of 7 to 8 chemical elements (Na, Ca, K, Fe, Mg, Al, Si, O) in order to reproduce faithfully natural melt compositions. Three calc-alkaline melts (iron-rich (IR) basalt, iron-depleted (ID) basalt and trachyte), and two peralkaline melts (basanite, phonolite) were studied in order to assess the isotopic evolution of the melt through differentiation (increasing SiO2 content)

as well as the effect of alkaline content in the melts on iron and silicon isotopic fractionation. Rhyolitic melt was not modelled in this study, despite being of high interest as it is expected to display heavier iron isotopes composition than basalt (e.g. [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF]. The low iron content of such melt would require a simulation cell larger than the ones used here, which is out of our calculation capacity. The melts compositions are displayed in Table 2. [START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF] showed that iron spin state configuration is a major parameter that influences greatly (> 15 %) the structural parameters of the melt. In our study, iron atoms are set up in high spin-state because it is known that iron is predominantly in high-spin states in glasses and melts at pressures relevant to crust formation (Mysen and Richet, 2019b and references therein). The Hubbard U term was not added to the DFT calculation as previous studies showed that there are no significant changes in terms of Fe local environment and melts properties (spin and valence state) between GGA and GGA+U calculations in liquid systems where Fe is in high-spin state, especially at high temperature (e.g. [START_REF] Karki | Density-Pressure Profiles of Fe-Bearing MgSiO3 Liquid: Effects of Valence and Spin States, and Implications for the Chemical Evolution of the Lower Mantle[END_REF][START_REF] Caracas | Melt-crystal density crossover in a deep magma ocean[END_REF][START_REF] Solomatova | Pressure-Induced Coordination Changes in a Pyrolitic Silicate Melt From Ab Initio Molecular Dynamics Simulations[END_REF][START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF]. All iron atoms in the melts were set up as Fe 2+ , in order to be closer to natural Fe 3+ /Fetot composition as MORB displays Fe 3+ /Fetot of about 0.09 ± 0.2 [START_REF] Bézos | Unraveling the confusion over the iron oxidation state in MORB glasses[END_REF] and OIB of about 0.2 [START_REF] Cottrell | Redox Heterogeneity of the Mantle Inferred from Hotspots[END_REF]. The Borneffective charge tensors that represent the first-order response of the atomic positions to an electric field, were obtained for iron through VASP in order to control the valence of iron in each melt simulation.

In addition to melt simulations, first-principles calculations are performed on two silicate minerals (Appendix A -Supplementary material, Table S1), using the same GGA-PBE functional and PAW pseudo-potentials as described above. These silicate minerals, already studied in [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF], are aegirine (FeNaSi2O6) and forsterite (Fe0.25Mg1.75SiO4). The only purpose of these calculations is to assess the potential bias related to the use of different pseudo-potentials on the Fe and Si 𝛽-factors of silicate minerals. This will allow us to provide a more accurate set of fractionation factors between silicate minerals and melts using mineral data from [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF].

2.2-Calculation of equilibrium isotope fractionation factors

The equilibrium isotope fractionation factor α(a,b,Y) of an element Y between two phases a and b is defined as:

𝛼 ( , , ) = ( , ) ( , ) 
Eq. ( 1)

where 𝛽(a,Y), called 𝛽-factor, is the reduced partition function ratio between phase a and a perfect gas of Y atoms. The usual notation of isotope fractionation, in permil (‰), is written 10 3 ln (a,Y). The isotope fractionation factor is therefore expressed as 10 3 lnα(a,b,Y) = 10 3 ln (a,Y) -10 3 ln (b,Y) ≈ ∆a-b = a-b. The notations a and b, used in laboratory studies, represent the isotopic compositions of coexisting phase a and b and are expressed as, in the case of iron:

𝛿 𝐹 𝑒 (‰) = -1 × 1000
Eq. ( 2)

The reduced partition function ratios of the melts were calculated in this study using two different methods referred to as the "snapshot" method and the velocity auto-correlation function, "VAF" method.

2.2.1-The "snapshot" method

The molecular dynamics trajectories are constituted of up to 40 000 time-steps (∆t = 0.5 fs). In order to obtain the 𝛽-factor of each melt, a number of snapshots are extracted from the trajectory, at regular time interval, large enough to consider the snapshots as independent from each other. Then, each snapshot structure is relaxed to their equilibrium structure at T = 0 K and a finite pressure of 1 GPa, until the residual forces on atoms are less than 10 -4 Ry/au, and the residual pressures smaller than 0.002 GPa. Hence, the equilibrated structure does not correspond anymore strictly to a melt but rather to a glass. The "frozen phonon" approach is then used to determine the dynamical matrix for each snapshot: 1) Phonopy code [START_REF] Togo | First principles phonon calculations in materials science[END_REF] is used to generate the 6N (N = number of atoms in the simulation cell) configurations corresponding to each atomic displacement in the three dimensions (3N in the positive axis, 3N in the negative axis as it is a glass without symmetry). 2) selfconsistent field (scf) calculations are then performed on each configuration using VASP. 3) Posttreatment is performed with Phonopy to obtain the dynamical matrix that is subsequently diagonalized for the two atomic masses of interest in order to obtain the vibrational frequencies for both isotopologues. The reduced partition function ratio is finally calculated from these vibrational frequencies [START_REF] Bigeleisen | Calculation of Equilibrium Constants for Isotopic Exchange Reactions[END_REF]:

𝛽(𝑎, 𝑌) = ∏ ( ) ( ) ( ) ( ) / Eq. (3)
where, 𝜈I and 𝜈'I are the vibrational frequencies of the two isotopologues (the prime symbol refers to the light isotope of the element Y), identified by a branch index i from 1 to 3Nat; Nat is the number of atoms in the simulation cell containing N atoms of the element Y; h is the Planck constant, kb is the Boltzmann constant, and T the temperature (in Kelvin). Equation (3) takes into account that there should be no isotopic fractionation at the high-temperature limit (i.e. the "Redlich-Teller" rule, [START_REF] Redlich | Eine allgemeine beziehung zwischen den schwingungsfrequenzen isotoper molekeln[END_REF].

In order to obtain accurate and precise Si and Fe 𝛽-factors for each melt, "frozen phonon" calculations were performed on 6 to 10 snapshots per FPMD simulation. The snapshot 𝛽-factors are then averaged in order to obtain a mean 𝛽-factor for each melt and the uncertainties associated correspond to the standard error of the mean 𝛽-factor. In this method, the interatomic force constant (F) can be calculated from the dynamical matrix by averaging the force constants of the atom of interest (Fe or Si) in the three spatial dimensions x,y,z. The number of snapshots is large enough as shown by the cumulative mean of the 𝛽-factor and Fe force constant (Appendix A -Supplementary material, Fig. S9).

The same methodology based on the vibrational frequencies was used to calculate the 𝛽-factors of the two minerals, except that only 3N configurations were generated by Phonopy, because of crystal symmetry.

-The "VAF" method

The "snapshot" method described above is a tried-and-tested method, especially for solvated species [START_REF] Kowalski | Prediction of equilibrium Li isotope fractionation between minerals and aqueous solutions at high P and T: An efficient ab initio approach[END_REF][START_REF] Dupuis | Fractionation of silicon isotopes in liquids: The importance of configurational disorder[END_REF][START_REF] Pinilla | Equilibrium magnesium isotope fractionation between aqueous Mg2+ and carbonate minerals: Insights from path integral molecular dynamics[END_REF][START_REF] Ducher | Equilibrium isotopic fractionation between aqueous Zn and minerals from first-principles calculations[END_REF] but the resultant 𝛽-factor does not strictly correspond to a liquid but rather to a glass as the atomic positions are relaxed at T = 0 K prior to the calculation of the 𝛽-factor. Another approach that allows to keep the temperature effect and the liquid properties (i.e. configurational disorder as well as possible anharmonic effects), is a method based on the kinetic energy of the atoms during the simulations following the thermodynamic perturbation theory (Landau and Lifshitz, 1980) where the 𝛽-factor is expressed as:

𝑙𝑛𝛽 = - Eq. ( 4 
)
where K is the kinetic energy of the element of interest and can be calculated from the partial vibrational density of state (VDOS) noted g(e): 𝐾 = ∫ 𝐸(𝑒/𝑘 𝑇) 𝑔(𝑒)𝑑𝑒 Eq. ( 6)

In equation 6, emax is the maximum energy of the vibrational spectrum, and E(e/kBT) is the Einstein function of the vibrational energy of a single harmonic oscillator at frequency ν = e/h, expressed as:

( / ) = / ( / ) + Eq. (7)
Here, the VDOS, g(e), is obtained from the Fourier transform of the velocity auto-correlation function (VAF) thermodynamically averaged over all atoms [START_REF] Meyer | Vibrational density of states of silicon nanoparticles[END_REF]:

𝑔(𝑒) = ∫ 𝑑𝑡 ∑ 𝑉 (𝑡) 𝑉 (0) ∑ 𝑉 (0) 𝑉 (0) 𝑒 Eq. ( 8 
)
where Vi is the velocity of the i-th atom.

In this method, the interatomic force constant can also be retrieved from the VDOS, using the following equation (e.g. [START_REF] Dauphas | A general moment NRIXS approach to the determination of equilibrium Fe isotopic fractionation factors: Application to goethite and jarosite[END_REF] :

〈𝐹〉 = ℏ ∫ 𝑔(𝑒) 𝑒 𝑑𝑒 Eq. (9)
In this study, the "VAF" method is applied on 10 000 time-steps trajectories (5 ps), enabling us to obtain 2 to 4 𝛽-factors for each melt that are then averaged. Uncertainties are estimated as the 2-standard error of this calculated mean. The "VAF" method was only applied on iron isotopes as iron can be a network modifier, more likely to be affected by the transition liquid-glass (i.e. Fe-O coordination number, Fe-O distance) compared to Si that is a network former.

The main limitation of using the VDOS to calculate the 𝛽-factor of a liquid is the fact that the VDOS display a non-zero value at zero frequency due to diffusion effects. In principle, this diffusive contribution should be removed before calculating the 𝛽-factor. Such corrections in complex silicate melts would be difficult to achieve since it would require precise knowledge of the molar volume contribution of each species in the melt. Furthermore, [START_REF] Pinilla | First-principles investigation of equilibrium iron isotope fractionation in Fe(1-x)Sx alloys at Earth's core formation conditions[END_REF] showed that these fluidicity effects were negligible in the calculation of equilibrium fractionation factor of iron in liquid Fex-1Sx alloys. Therefore, such effects were neglected here.

3-RESULTS

3.1-Structural melt properties

The partial radial distribution functions (RDF) of the different atomic species pairs present in the silicate melts were analyzed in order to determine the average interatomic distances as well as the atomic coordination (Appendix A -Supplementary material, Fig. S10 to S16). The atomic coordination (C) for a given species A with respect to another species B can be expressed as:

𝐶 = 4𝜋𝜌 ∫ 𝑟 𝑔 (𝑟)𝑑𝑟 Eq. ( 9 
)
where g(r) is the partial radial distribution function of the A-B atomic pairs and CAB represents the number of atoms of species B which lie within a spherical region of radius rmin centered around the atom of species A.

The average cation-oxygen distances and CN are displayed in Table 3 and the results are described in Appendix A -Supplementary material (under the heading "The structural properties of the melt"). The results are generally consistent with previous molecular dynamics results performed at high temperature (e.g. Guillot and Sator, 2007a;[START_REF] Bajgain | Structure and density of basaltic melts at mantle conditions from first-principles simulations[END_REF][START_REF] Ghosh | First-principles molecular dynamics simulations of anorthite (CaAl2Si2O8) glass at high pressure[END_REF][START_REF] Caracas | Melt-crystal density crossover in a deep magma ocean[END_REF][START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF][START_REF] Feng | A comparative study on pressureinduced structural transformations in a basaltic glass and melt from Ab initio molecular dynamics calculations[END_REF][START_REF] Solomatova | Buoyancy and Structure of Volatile-Rich Silicate Melts[END_REF]. The 183-atoms simulation of the basalt_IR displays similar cation-oxygen coordination numbers (difference < 1.8%) and cation-oxygen average bond lengths (difference < 1%) as the 100-atoms simulation (Table 3). This allows us to confirm that 100-atoms simulations are large enough to discuss about the short-and medium-range structural properties and therefore equilibrium isotopic properties.

Detailed analyses of iron and silicon environment in the different melts were performed by calculating the average distance between Fe or Si and their first cation neighbors as well as the corresponding coordination numbers (Table 4). The iron cationic neighbors are at a distance > 2.9 Å for all elements and all melts, except in iron-rich melts where the average distance between two iron atoms can be as low as 2.25 Å. Silicon is the most represented neighbor with an average Fe-Si coordination number between 3.02 and 4.30. The other elements display a Fe-cation coordination number < 2, except for Fe-Al coordination number in the phonolite (3.09). The silicon cationic neighbors are at a distance > 3 Å for all elements and all melts. The silicon close environment is more varied, with no clear preference in term of nature of second neighbors (Si, Al, K). The average number of network formers (Si+Al)

around Si are always > 3.8 except for basalt_ID that has an average number of 1.87. This would suggest that iron-depleted basalts (basalt_ID), unlike the other melts, cannot form a proper tetrahedral network. This agrees with Guillot and Sator (2007a) conclusions.

The degree of polymerization is an important parameter that is directly associated to the composition of the silicate melts. According to Mysen et al. (1985), a melt can be described in term of degree of polymerization, designated as NBO/T where NBO represents the number of Non-Bridging Oxygen atoms, and T stands for Tetrahedrally coordinated cations representing the network formers (Si and

Al in this study). These NBO/T ratios (Table 2) show that the more evolved melts such as trachyte and phonolite (NBO/T = 0.28) are more polymerized than the basaltic melts (NBO/T=1).

The structural homogeneity of melts can be defined according to glass specialists using a simple parameter characterizing the degree of occupation of the interstitial site C=M/T [START_REF] Kuryaeva | Degree of polymerization of aluminosilicate glasses and melts[END_REF],

where M represents the network-modifiers, and T the network formers. A melt structure is considered homogeneous when C < 0.27. The melt heterogeneity is mostly driven by the total concentration of alkali and alkali-earth metals oxides [START_REF] Kuryaeva | Degree of polymerization of aluminosilicate glasses and melts[END_REF]. In this study, melts are heterogeneous, displaying C values ranging between 0.45 for phonolite and 0.67 for the calc-alkaline basalt_IR and basalt_ID. This high degree of occupation of interstices is indeed favorable to individual structural groupings in the melts (i.e. microheterogeneous structure). The heterogeneity of aluminosilicate melts, caused by high content of sodium cations, leads to changes in the properties that are not accounted for in the degree of polymerization calculation. This explains why there is no apparent relationship between NBO/T and the Fe-O coordination number and unclear correlation with Si-O coordination number (Appendix A -Supplementary material, Fig. S17).

Reduced partition function ratios of iron and silicon

The theoretical reduced partition function ratios have been calculated for iron and silicon. Their temperature dependences are displayed in Fig. 2 as well as their corresponding polynomial fits in Table 5. As observed for minerals [START_REF] Blanchard | Equilibrium Fractionation of Non-traditional Isotopes: a Molecular Modeling Perspective[END_REF][START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF], there is a linear correlation between melt 𝛽-factor and their associated average interatomic force constant (Fig. 3). At 1000 K, the 10 3 ln 57 Fe/ 54 Fe for all melts span in a range of ~ 1.1 ‰ and the 10 3 ln 30 Si/ 28 Si are within a range of ~ 0.5 ‰ (Fig. 2). The variation of Fe isotope compositions within melts are greater than the one observed in silicate minerals whereas the variation of Si isotope compositions is twice larger in minerals relative to melts (Compare Fig. 2 with Fig. 1 of [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF]. Phonolite, the most evolved peralkaline melt displays the highest iron 𝛽-factors followed by the calc-alkaline iron-rich basalt (Basalt_IR) whereas the calc-alkaline iron-poor basalt (Basalt_ID) displays the lowest iron 𝛽-factors. On the other hand, the highest Si 𝛽-factor is found in trachyte, followed closely by phonolite.

3.2.1. "Snapshot" vs "VAF" method.

The Fe reduced partition function ratios were calculated using two methods: the "VAF" method and the "snapshot" method (See Part 2.2). In the "snapshot" method the 𝛽-factors are extrapolated to magmatic temperatures using Eq. (3) using the vibrational frequencies calculated at 0 K and P = 1 GPa.

On the other hand, 𝛽-factors determined by the "VAF" method are extrapolated from the MD run at 4000 K and P ≃ 1 GPa using Eq. ( 4). Results show that the "VAF" and "snapshot" methods give similar force constants within uncertainties (Table 6) and therefore 𝛽-factors since both quantities are linearly correlated (Fig. 3). This is consistent with the fact that the structures obtained with the "snapshot" method are really similar to the ones from the "VAF" trajectories in terms of bond lengths, coordination number and nature of Fe neighbors. The calculated uncertainties are twice larger with the "VAF" method than using the "snapshot" methods, but uncertainties could be certainly reduced by increasing significantly the duration of the simulations. Concerning phonolite, the discrepancy of force constant between the "VAF" and "snapshot" methods associated to extremely large uncertainties, notably for the former method, make the use of these results more difficult. It is clear that phonolite tends to have heavier Fe isotopic values than the other melts. However, the Fe force constant cannot be clearly quantified. This may be caused by the model itself of the phonolite melt that contains only one Fe atom over the 102-atoms system which reduces significantly statistical sampling. However, outside this exception, the similar Fe 𝛽-factors obtained by the "VAF" and the "snapshot" methods allow to conclude that both methods are relevant to determine the isotopic properties of a melt. This conclusion was previously reached by [START_REF] Pinilla | First-principles investigation of equilibrium iron isotope fractionation in Fe(1-x)Sx alloys at Earth's core formation conditions[END_REF] in the case of Fe-S alloys at high pressure and temperature conditions. This also means that potential anharmonic effects, that are at least partially taken in account with the "VAF" method, are negligible considering the uncertainties obtained and that extrapolation of Fe 𝛽-factors at high temperature from force constants obtained at low temperature is relevant (e.g. NRIXS and Lamb-Mössbauer measurements; [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF]. In the discussion and applications parts, the only results that will be considered are the ones obtained from the "snapshot" method for clarity and consistency with Si isotopes results.

-Fractionation factors between minerals and melts.

One of the major issues in determining the processes involved in iron and silicon isotope fractionation during magmatic differentiation is the lack of equilibrium Fe and Si fractionation factors between minerals present at magmatic temperatures (i.e. pyroxene, olivine, oxides...) and their associated melts. In this study, we combine the Fe and Si 𝛽-factors of various minerals present in magmatic setting, obtained from first-principles calculation [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF] with the present iron and silicon 𝛽-factors of the melts in order to obtain a full set of equilibrium fractionation factors between minerals and melts (∆ 57 Femineral-melt and ∆ 30 Simineral-melt). The entire set of Fe and Si equilibrium fractionation factors between minerals and melts, calculated after systematic bias correction (Appendix B-Supplementary Data), is displayed in Table 7.

It is noticeable that most of the minerals display lighter iron and silicon isotope composition than the different melts at equilibrium (Appendix B -Supplementary material). Only albite, anorthite, quartz and fayalite that display heavier silicon isotopic relative to the different melts. Likewise, aegirine and magnetite display heavier iron isotopic signature than basalt_ID, basanite and trachyte melts. As expected, fayalite, with its low iron force constant (F = 100 N/m), is the mineral that shows the greatest iron isotope fractionation with the different melts, followed by aegirine, hedenbergite and augite (Appendix B -Supplementary material).

4-DISCUSSION

4.1 -Iron and silicon environment in the silicate melts.

Our results on the iron and silicon structural properties allow us to discuss the iron and silicon environment in the different investigated melt. As mentioned in part 3.1, silicon structural properties are independent of the melt composition whereas iron is sensitive to the compositional change of the melt.

The nature of the network former in the melt is one of the parameters investigated that have an impact on iron atoms bonding-properties. We observe a linear relationship between Fe-O coordination number and the Al/(Si+Al) ratio in melts as described in previous studies [START_REF] Mysen | The structural behavior of Al3+ in peralkaline melts and glasses in the system Na2O-Al2O3-SiO2[END_REF]. Phonolite and basanite display the highest Fe-O coordination numbers that correspond to the highest Al/(Si+Al) ratio. Peralkaline undersaturated melts are indeed, by definition, depleted in silicon. The increasing aluminum content as network former over silicon results in an increase of the coordination number of all the network modifiers (Table 3) including the part of aluminum acting as network modifier (Fig. 1).

The iron effective charge in the investigated melts shows little variation (2.28-2.37) that cannot be correlated to systematic changes in coordination number or Fe-O distances (Tables 2 and3). This agrees with the study of [START_REF] Ghosh | Effects of valence and spin of Fe in MgSiO3 melts: Structural insights from first-principles molecular dynamics simulations[END_REF] showing that ferric and ferrous iron can have the same coordination number in melts and that variations of iron effective charge in melts cause no significant change of the structural properties of iron.

The structural heterogeneity of the melts, defined in part 3.1 as related to the abundance of network modifiers, indicates the potential presence of individual structural groupings that could also induce segregation of cations in the melts. Therefore, it is interesting to look at the nature and distribution of the network modifier cations around iron and silicon (Table 4). Iron tends to favor iron as its closest neighbor in melts when iron concentration is relatively high (basalt_IR, basanite; Table 4). The distribution of iron atoms as a next nearest neighbor (NNN) of another iron can be determined by dividing the number of Fe NNN by the total number of its NNN's (i.e. CNFe-Fe/CNFe-X, with X = Fe, Ca, Na, Si, Mg, and Al, [START_REF] Rossano | Environment of ferrous iron in CaFeSi2O6 glass; contributions of EXAFS and molecular dynamics[END_REF]. In the case of a random distribution of cations in the melt structure, this ratio is only dependent of the melt stoichiometry. For the basaltic melt (basalt_IR), a random cation distribution model predicts a value of 0.1, while our FPMD simulation indicates a value of 0.14. Concerning the basanite melt, a random distribution of iron in the melt corresponds to a value of 0.12. FPMD basanite simulation gives a ratio of 0.14. These results suggest a slight segregation of iron in the basanite and basalt_IR melts. Concerning silicon, unlike iron there is no systematic preferences in term of the nature of second neighbors. The next nearest neighbor of silicon is alternatively silicon itself, aluminum, potassium or even calcium.

-Silicate glasses vs silicate melts.

In many experimental studies, glasses are the only proxy for melts. When the melt quenching is fast enough to avoid cation reorganization, then the glass structure associated is most likely to be close to the melt one as observed with the snapshot method. A comparative study of MD simulation and experimental glasses shows that cation-oxygen distances are slightly larger in glasses than in melts even if the structure properties are very similar [START_REF] Rossano | Environment of ferrous iron in CaFeSi2O6 glass; contributions of EXAFS and molecular dynamics[END_REF]. [START_REF] Feng | A comparative study on pressureinduced structural transformations in a basaltic glass and melt from Ab initio molecular dynamics calculations[END_REF] exhibited notable structural changes (i.e. density) between the basaltic glass and its molten counterparts, especially at low pressure. [START_REF] Luo | Deep neural network potentials for diffusional lithium isotope fractionation in silicate melts[END_REF] also pointed out that the effects of temperature on the Fe-O coordination is not negligible, with a silicate glass at 300 K displaying Fe-O coordination of 4.5 whereas melt at 3000 K have a Fe-O coordination of 3.7. In the case of isotopic variation between melts and glasses, this question has not really been assessed. As stated in the methods section, the "VAF" method takes into account all features of the melt system whereas the "snapshot" method involves a relaxation of atomic positions at zero temperature. Both methods give similar 𝛽-factors. However, it is noteworthy that this computational structural relaxation does not mimic exactly the quench of a glass that is inevitably slower. Many studies observed that the coordination number of an element is a parameter that will affect its isotopic signature in a material (e.g. [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[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] Sossi | The effect of bonding environment on iron isotope fractionation between minerals at high temperature[END_REF][START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF]. Therefore, it is possible that silicate glasses are not an ideal proxy for melts, as glasses display significantly higher coordination numbers and therefore will underestimate the melts 𝛽-factor.

4.3 -Iron isotope fractionation in melts.

-Parameters controlling Fe isotope fractionation.

In silicate minerals, the main parameters involved in iron isotope fractionation, besides temperature, are the oxidation state of iron, i.e. Fe 3+ /Fetot [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF][START_REF] Shahar | Equilibrium high-temperature Fe isotope fractionation between fayalite and magnetite: An experimental calibration[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF], the Fe-O bond length, the Fe-O coordination number [START_REF] Sossi | The effect of bonding environment on iron isotope fractionation between minerals at high temperature[END_REF] and the number and nature of iron second-neighbors [START_REF] Macris | Crystal chemical constraints on inter-mineral Fe isotope fractionation and implications for Fe isotope disequilibrium in San Carlos mantle xenoliths[END_REF][START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF]. All these parameters are also expected to have an impact on melt iron isotope composition. However, the importance of a parameter over another can change due to the structural differences between melts and minerals. Furthermore, the range of Fe -factors within those melts is greater than what was observed in silicate minerals (Compare Fig. 2 with Fig. 1 of [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF].

The first important observation from these FPMD simulations is that the variations in Fe-O coordination number (from 3.7 to 4.7) does not seem to be correlated to the iron force constants (Fig. relationship between SiO2 content and force constant is observed in our study given the silica range investigated (Fig. 6). In addition, [START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF] also displayed iron mean force constant variations in Fe 2+ -rich melts with similar SiO2 content. Therefore, the variation of Fe force constant in melts with similar Fe 2+ and SiO2 content definitely means that iron isotope fractionation within silicate melts cannot be uniquely explained in term of iron redox state or network-former concentration.

In addition to the lack of relationship between Fe force constant and SiO2 content, there seems to be no correlation between iron force constant and the melt polymerization parameter NBO/T (Fig. 7a).

However, there is a relationship between the Fe-Fe and Fe-Mg distances and iron force constants: a decrease of these distances leads to higher iron force constant (Fig. 8c andd). This explains why basalt_IR and basanite display higher force constant than the basalt_ID and trachyte (Table 6). This suggests that, like for minerals [START_REF] Macris | Crystal chemical constraints on inter-mineral Fe isotope fractionation and implications for Fe isotope disequilibrium in San Carlos mantle xenoliths[END_REF][START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF], the melts iron force constant could be influenced by the Fe local environment. However, there is no clear relationship between iron/magnesium concentration in the melts and the iron force constant (Fig. 9). Further investigations are necessary to confirm and quantify the impact of the Fe local environment on the iron force constant. Sodium cations might also play a role on iron isotope fractionation in melts even if there is no direct relationship between Fe-Na distances or Na2O and iron force constant (Figs. 8,9). As discussed in part 3.1.2, the content of sodium drives the structural heterogeneity of the melt, enabling the observed segregation of cations around iron atoms. [START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF] also suggested that melts composition and more precisely the presence of K or Na cations leads to higher force constant. Here, we do not observe a higher force constant in the trachytic melt where the concentration of K and Na is relatively high. The major difference between this study and the one by Roskosz et al. ( 2022) is that they used simplified melt compositions, therefore the variety of the iron second neighbors was narrowed (Na or K and Fe itself). Furthermore, we display in the present study that neither Na nor K cations are favored as Fe second neighbor in a natural-like melt where the composition is more complex, except the highly alkaline melt (i.e. phonolite). Overall, our theoretical study agrees with [START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF] on the fact the nature of the cations in the melts, and most likely the nature of the cations surrounding Fe atoms, seems to affect the iron force constant.

Hence, Fe isotope fractionation in melts appears mainly driven by the Fe-O bond length and by the nature and number of the network-modifier cations around iron atoms.

-Comparison between theoretical and experimental data

Dauphas et al. (2014) were the first to provide experimental iron 𝛽-factors of silicate terrestrial glasses of various compositions, as proxy of melts, using Nuclear Resonant Inelastic X-ray Scattering (NRIXS).

In Fig. 6, iron force constant obtained by NRIXS [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] Other studies mainly focused on inter-mineral iron isotope fractionations [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF][START_REF] Shahar | Equilibrium high-temperature Fe isotope fractionation between fayalite and magnetite: An experimental calibration[END_REF][START_REF] Dauphas | A general moment NRIXS approach to the determination of equilibrium Fe isotopic fractionation factors: Application to goethite and jarosite[END_REF][START_REF] Macris | Crystal chemical constraints on inter-mineral Fe isotope fractionation and implications for Fe isotope disequilibrium in San Carlos mantle xenoliths[END_REF][START_REF] Roskosz | Spinelolivine-pyroxene equilibrium iron isotopic fractionation and applications to natural peridotites[END_REF][START_REF] Sossi | The effect of bonding environment on iron isotope fractionation between minerals at high temperature[END_REF] as measuring iron isotope composition of glasses in equilibrium with minerals is a great analytical challenge on natural and experimental samples. This is why there is only few data on iron isotope fractionation factor between silicate melts and minerals. However, ∆ 57 Femineral-melt were assessed empirically in many studies performed on natural samples in order to model fractional crystallization and other related processes (e.g. [START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF][START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF]. [START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF] determined a ∆ 57 Femelt-cpx of 0.15 ‰, based on the observed difference in mean Fe isotope composition between oceanic basalts and fertile mantle peridotites [START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF] with no indication of the temperature dependence. Assuming a temperature of 1000 K, our calculated ∆ 57 FeBasalt_ID-Augite and ∆ 57 FeBasalt_ID-Hedenbergite of about 0.12 ‰ as well as ∆ 57 FeBasalt_ID-Diopside = 0.08 ‰ are only slightly lower than the empirically determined one. However, looking at iron-rich basalt, our calculated ∆ 57 FeBasalt_IR-Augite and ∆ 57 FeBasalt_IR-Hedenbergite of about 0.42 ‰ as well as our ∆ 57 FeBasalt_ID-Diopside = 0.38 ‰ appear significantly larger than the 0.15 ‰ value proposed by [START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF]. Depending on the iron content in the melt ∆ 57 Fecpx-melt can vary between 0.08 ‰ up to 0.42 ‰ at 1000 K. This is why strong cautions need to be applied when using ∆ 57 Femelt-mineral to model iron isotope composition of natural samples. It is important to know the exact chemistry of the bulk rock and of the minerals, along with the melt fO2 (see Fig. 6 and [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF].

The ∆ 57 Femelt-cpx = 0.25 x 10 6 /T 2 used by [START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF] to model fractional crystallization at Red hill volcano also fits in the calculated range. Our calculated ∆ 57 Feforsterite-basalt_IR = -0.15 ‰ at 1500 K agrees with the ∆ 57 Feol-melt of -0.15 ‰ observed by [START_REF] Teng | Iron Isotope Fractionation During Magmatic Differentiation in Kilauea Iki Lava Lake[END_REF] at magmatic temperature. However, subsequent in situ Fe isotope measurements from the same group showed that this was essentially a kinetic effect occurring upon magma cooling (see review in [START_REF] Sio | Thermal and crystallization histories of magmatic bodies by Monte Carlo inversion of Mg-Fe isotopic profiles in olivine[END_REF]). Hence, this comparison with the literature suggest that our calculated values seem to be on the higher end relative to previous field-based and experimental studies [START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF] and further investigations will be needed to clarify why.

4.4 -Silicon isotope fractionation in melts.

4.4.1 -Parameters controlling Si isotope fractionation.

The parameters proposed to control silicon isotope fractionation in silicate minerals are Si-O bond lengths, Si-O polyhedron volume [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF], Si-O coordination number [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][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF], the nature of silicon second neighbors (Rabin et al.,2021), the electronegativity of the surrounding cations [START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF], and the polymerization degree [START_REF] Grant | The geological significance of variations in the abundances of the isotopes of silicon in rocks[END_REF][START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF] .

Looking at the melts investigated here, we find that the range of Si isotope 𝛽-factors in melts is relatively similar to that observed in silicate minerals, though to the higher end (Fig. 3b), except for fayalite that displays a significantly lower 𝛽-factor. The average Si-O bond length and coordination number are similar in all the investigated melts (Table 3). This means that neither Si-O bond length nor Si-O coordination number are responsible for the Si 𝛽-factor variation observed in these melts (Fig. 4b and Fig. 5b). This lack of relationship between those parameters and the silicon isotope fractionation were also observed in the silicate minerals investigated in Rabin et al. ( 2021) that all display a coordination of 4, and an average Si-O bond length of 1.65 Å.

The melt polymerization has been proposed to be the main factor causing silicon isotope fractionation among bulk igneous rock series [START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF]. At the mineral scale however, polymerization of SiO4 4-tetrahedra did not appear to be the sole parameter influencing Si isotope fractionation in silicates [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][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF]Rabin et al., 2021). In this study, there seems to be a correlation between NBO/T and Si force constant from basalt to trachyte, considering the associated uncertainties (Fig. 7b). However, Phonolite has a Si force constant of 700 ± 15 N/m associated with a NBO/T ratio of 0.28 whereas basalt_ID has a similar Si force constant (695 ± 13 N/m) but a NBO/T ratio of 1 (Fig. 7b). As underlined part 3.1, variable melts composition, generating structural heterogeneities, can blur the potential correlation with the polymerization parameter NBO/T. This scatter is well observed among terrestrial igneous rocks, as opposed to lunar ones with a simpler petrogenetic history, notably in terms of protolith that were likely less varied on the Moon [START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF]. This suggests that in melts displaying structural heterogeneities, the polymerization degree might not the main parameter influencing silicon isotope composition.

A limited increase in Si force constants with increasing SiO2 content, a proxy for magmatic differentiation, can also be inferred (Fig. 10). However, there is no relationship between Si force constant and Si-Si distance (Fig. 11), nor with coordination number. The variation of SiO2 content (from 49.1 to 63.2 wt%) in our simulated melts is relatively reduced. To evidence any strong relationship between Si force constant and SiO2 content a melt with > 70 wt% silica content would need to be modeled. Silicon force constants are really similar for basalt_ID, basanite and phonolite, with values of 695 ± 13, 687 ± 8 and 700 ± 15 N/m respectively. This means that increasing alkaline and aluminum content in the melts, that seems to play a role on iron isotope fractionation, has no effect on silicon fractionation (Fig. 10). This also demonstrates that electronegativity differences of the cations constituting the melt (Na = 0.93; Mg = 1.31; Al = 1.63) does not affect the silicon isotope composition of the melts. Silicon is indeed a network former in the melts and silicon structural properties as well as the Si force constant are much less sensitive to melt composition than iron. The only significant variation of Si force constant is between basalt_IR and trachyte with values of 669 ± 11 N/m and 716 ± 10 N/m, respectively. Besides the polymerization degree (Fig. 7b), it seems that the major difference between these two melts are the Si-Fe average distance, of about 3.1 Å for basalt_IR and 2.4 Å for trachyte (Table 4). The shortest average Si-Fe distance corresponds to the highest Si force constant in the melts (Fig. 11).

To conclude, the small but significant silicon isotope fractionation in the melts seems to be mainly driven by either the presence of iron as silicon second neighbors and/or the melt polymerization degree. The nature of the melt, whether peralkaline or calk-alkaline, is not influencing the silicon isotope signature. Further studies with a larger range of SiO2 content would need to be performed in order to assess whether SiO2 content is affecting or not the Si isotope composition of the melts.

-Comparison between theoretical and experimental data

As for iron isotopes, most studies focused on inter-mineral silicon isotope fractionation [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF][START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF][START_REF] Méheut | Silicon isotope fractionation in silicate minerals: Insights from first-principles models of phyllosilicates, albite and pyrope[END_REF][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] and there are only two studies reporting so far ∆melt-mineral 30 Si /28 Si. [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] and [START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF], used the silicon β-factors of silicate minerals calculated by [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] in order to assess Si fractionation factors between silicate minerals and different melt compositions. These calculations were performed assuming that silicate melts have Si isotope fractionation factors equal to the weighted sum of those for their normative mineral compositions. Our set of Si isotope fractionation factors as well as the one calculated by [START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF] at 1123 K are displayed in Figure 12 (and Table S1 -Appendix B -Supplementary material). Both studies display a similar order for Si fractionation factors with ∆meltdiopside 30

Si/ 28 Si > ∆melt-orthoenstatite 30 Si/ 28 Si > ∆melt-olivine 30 Si/ 28 Si > ∆melt-anorthite 30 Si/ 28 Si > ∆melt-albite 30 Si/ 28 Si. The 2016) is slightly higher than our calculated ∆mineral-melt 30 Si/ 28 Si within uncertainties. As a result, [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] would suggest that olivine and enstatite have a lighter silicon isotope composition than the basaltic melts and that the silicon fractionation factor between the feldspars and the melt is insignificant which is not what is observed in our study (Figure 12). The high Si β-factor of the basaltic melt estimated by [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] and [START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF] is probably due to the high content of feldspars in the composition of the magmatic rocks, mainly in the mesostasis. As a consequence, estimated 10 3 lnβmelt is mainly driven by anorthite and albite Si β-factors. From our results, it appears that the melt Si β-factor can hardly be assessed by using the weighted sum of the mineral composition of the melt and their associated Si β-factor, especially for the more mafic ones.

5-APPLICATIONS

-Magmatic differentiation

5.1.1-Iron isotopes

Iron isotope fractionation has been widely studied on natural samples in the context of magmatic differentiation. Most of the magmatic series display heavy iron isotope compositions in the most evolved lavas (e.g. [START_REF] Teng | Iron Isotope Fractionation During Magmatic Differentiation in Kilauea Iki Lava Lake[END_REF][START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF][START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF], especially with SiO2 content > 70 wt% (e.g. [START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF][START_REF] Schuessler | Iron and lithium isotope systematics of the Hekla volcano, Iceland -Evidence for Fe isotope fractionation during magma differentiation[END_REF][START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF].

One of the candidates to explain such isotopic signature is fractional crystallization. However, the impact of fractional crystallization on iron isotope fractionation is still debated. Many studies considered that there is no significant iron isotopic fractionation between Fe 2+ -minerals and the associated melt and that magnetite, an Fe 3+ oxide, is the main mineral phase driving the iron isotope composition in the lavas. Hence, the evolved lavas should display lighter iron isotopic composition [START_REF] Shahar | Equilibrium high-temperature Fe isotope fractionation between fayalite and magnetite: An experimental calibration[END_REF]. Therefore, fractional crystallization has been discarded as potential candidate to explain the observed heavy iron isotope signature at the last stage of magmatic differentiation [START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF]. However, [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] displayed the first experimental β-factors for glasses (see section 4.3.2 above) and demonstrated that the heavy isotope signature of evolved melts could compensate for the magnetite crystallization during magmatic differentiation. Thus, fractional crystallization could lead to the heavy  57 Fe observed. Besides, [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF] and [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF] showed that isotopic fractionation between Fe 2+ -bearing minerals are significant. Taking this into account in fractional crystallization models could reproduce the isotopic trend observed in natural lavas [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF]. Here, the model produced in [START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF] was modified by replacing the approximated ∆ 57 Femin-melt (using melt β-factor of [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF]), by the ∆ 57 Femintrachyte calculated in this study (Table 7, Appendix C -Supplementary material -Table E1). Our model shows a smooth increase of  57 Fe from 58 wt% SiO2 to 74 wt% SiO2 followed by a sharp increase up to 0.65‰ (Fig. 13a). This sharp  57 Fe increase observed at 74wt% SiO2 is related to the end of ulvöspinel and magnetite and beginning of ilmenite crystallization (see Appendix C -Supplementary material). If most of the Fe isotope signatures of the evolved lavas and granites (e.g. [START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF][START_REF] Telus | Iron, zinc, magnesium and uranium isotopic fractionation during continental crust differentiation: The tale from migmatites, granitoids, and pegmatites[END_REF][START_REF] Foden | Fe isotopes and the contrasting petrogenesis of A-, I-and S-type granite[END_REF] can be explained by our fractional crystallization model, some of the heaviest iron isotopic signatures observed in some granites ( 57 Fe = + 0.9 ‰; e.g. He et al., 2017;[START_REF] Xia | Iron and Zinc isotope fractionation during magmatism in the continental crust: Evidence from bimodal volcanic rocks from Hailar basin, NE China[END_REF] are however not reproduced by this model. Despite the fact that this is the most constrained fractional crystallization model produced so far, the lack of calculated β-factor for rhyolitic melt could under-estimate the  57 Fe of the most evolved melt as rhyolitic melt should have a higher β-factor than trachyte [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF]. Overall, from this new model, it is possible to conclude that fractional crystallization may explain at least part of the iron isotope evolution during magmatic differentiation for  57 Fe values up to 0.65 ‰.

5.1.2--Silicon isotopes

Silicon isotopes show progressive and systematic enrichment in heavy isotopes during magmatic differentiation [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] going from  30 Si = -0.30±0.05 ‰ for SiO2 = 47 wt% up to -0.10±0.07 ‰ for SiO2 = 76 wt% in terrestrial volcanic rocks. [START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF] proposed fractional crystallization as the main process involved in silicon isotope fractionation during magmatic differentiation. However, modelling of the effect of fractional crystallization on  30 Si along magmatic differentiation performed by [START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF] and [START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF], diverge from the measured silicon isotopic trends (Fig. 13b). This discrepancy can be due to the fact that, besides the effect of magma differentiation, igneous rocks silicon isotope composition also records source signatures, such as a possible heavy seafloor chert contribution for andesites and a light clay contribution for anatectic leucogranites [START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF]. Also, the lack of precise fractionation factor between silicate minerals and melt is a limitation for fractional crystallization modeling. Many studies [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][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF]Rabin et al., 2021) underlined that silicon isotope fractionation between silicate minerals, even at high temperature, are significant. The use of approximated ∆ 30 Simin-melt allowed [START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] to show, through different models, that fractional crystallization is a viable mechanism to explain heavy silicon isotope signatures in the most evolved lavas. Here, we are modelling the effect of fractional crystallization on silicon isotopes using our ∆ 30 Simin-trachyte in order to evaluate this hypothesis (Appendix C -Supplementary material -Table E2). We used the same starting composition in the MCS software as in the model of fractional crystallization for iron isotopes. In this model, silicon isotope evolution is expressed as follow:

𝛿 𝑆𝑖 (𝑚𝑒𝑙𝑡) = 𝛿 𝑆𝑖 (𝑚𝑒𝑙𝑡) + ∑ 𝑋 × 10 ln 𝛼 (𝑇) Eq. ( 10)

where Xi is the modal proportion of minerals crystallized at each 5°C step.  30 Simelt is the initial  30 Si of the melt. In this case  30 Simelt = -0.22 ‰ for SiO2 = 58 wt%.

Our model is in good agreement with the measured silicon isotopic trend in terrestrial lavas (Fig. 13b).

The linear trend of our model (y = 0.0061 x -0.588) is close to the linear trend measured of the Hekla volcanic suite (y = 0.0059 x -0.591; [START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF]) and Cedar Butte volcanic suite (y = 0.0069x -0.638; [START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF]). The sharp  30 Si increase observed in the model at 74wt% SiO2 is directly correlated to the beginning of quartz crystallization associated with a decrease of anorthite and albite crystallization. Our new set of fractionation factors between silicate minerals and melts allow us to better constrain the fractional crystallization model for the first time. Besides the source effect discussed above, it shows that fractional crystallization may explain the observed heavy silicon isotope signature in the most evolved lavas (Fig. 13b), at variance with the previous interpretation of [START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF] for the Cedar Butte volcanic suite.

-Partial melting effect on iron isotopes

Previous studies have suggested that mantle-derived melts may show heavier iron isotope signatures compared to their presumed mantle peridotite source rocks (e.g. [START_REF] Williams | Iron Isotope Fractionation and the Oxygen Fugacity of the Mantle[END_REF][START_REF] Weyer | Partial melting and melt percolation in the mantle: The message from Fe isotopes[END_REF][START_REF] Williams | Fractionation of oxygen and iron isotopes by partial melting 25 processes: Implications for the interpretation of stable isotope signatures in mafic rocks[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF][START_REF] Nebel | Iron isotope variability in ocean floor lavas and mantle sources in the Lau back-arc basin[END_REF]. The changes in Fe 3+ /Fetot between crystal and liquid due to partial melting has been argued as a key parameter to explain this. The moderately incompatible behavior of Fe 3+ (Kd = Cmelt/Csolid ~4.5; [START_REF] Mallmann | The crystal/melt partitioning of V during mantle melting as a function of oxygen fugacity compared with some other elements (Al, P, Ca, Sc, Ti[END_REF][START_REF] Cottrell | The oxidation state of Fe in MORB glasses and the oxygen fugacity of the upper mantle[END_REF] relative to Fe 2+ iron (Kd = 1; [START_REF] Mallmann | The crystal/melt partitioning of V during mantle melting as a function of oxygen fugacity compared with some other elements (Al, P, Ca, Sc, Ti[END_REF][START_REF] Davis | Experimentally determined mineral/melt partitioning of first-row transition elements (FRTE) during partial melting of peridotite at 3GPa[END_REF] suggests that iron isotope fractionation could occur during partial melting of upper-mantle to create oceanic crust. Many studies using different models (i.e. batch-melting, non-modal melting; e.g. [START_REF] Weyer | Partial melting and melt percolation in the mantle: The message from Fe isotopes[END_REF][START_REF] Williams | Fractionation of oxygen and iron isotopes by partial melting 25 processes: Implications for the interpretation of stable isotope signatures in mafic rocks[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF], tried to assess whether partial melting of mantle peridotite, through single or numerous stages, could create the heavier isotopic signature of MORB (0.7 ‰ <  57 Fe < 0.22 ‰; [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF]). However, the role of partial melting on the iron isotope signature of MORB remains debated (e.g. [START_REF] Weyer | Partial melting and melt percolation in the mantle: The message from Fe isotopes[END_REF][START_REF] Williams | Fractionation of oxygen and iron isotopes by partial melting 25 processes: Implications for the interpretation of stable isotope signatures in mafic rocks[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF][START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF]. Many parameters in these partial melting models are well constrained such as the Fe 3+ /Fetot of MORB (Fe 3+ /Fetot = 0.09 ± 0.02; [START_REF] Bézos | Unraveling the confusion over the iron oxidation state in MORB glasses[END_REF] and the temperature at depth during mantle melting. One of the main critical parameters is the fractionation factor between the melt and the minerals (olivine, orthopyroxene). A recent study by [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] shows that partial melting is only responsible for one third (0.023 ‰) of the isotopic fractionation between MORB and mantle peridotite. [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF] proposed a correction of Fe isotope signature of MORB for the effect of olivine early fractionation allowing them to assess whether mantle heterogeneity could be the source of the heavy iron isotope signature of MORB. From this correction, it appears that normal MORB displays a mean  57 Fe of 0.10 ± 0.01 ‰. [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF] demonstrated then that for an upper mantle  57 Fe = 0.05 ± 0.01 ‰, a Fe 3+ /Fetot = 0.037 and a degree of partial melting comprised between 0.1 and 0.2, the MORB iron isotope composition can be reproduced. As mentioned above, the choice of ∆ 57 Femin-melt is critical in partial melting models. [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF] applied a ∆ 57 Femin-melt = ∆ 57 Feol-melt = -0.4 x 10 6 /T 2 as olivine is the major iron carrier in peridotites before orthopyroxene. At 1500 K, the ∆ 57 Feol-melt is about -0.17 ‰ in their models, which is slightly higher, but similar within uncertainties, than our calculated ∆ 57 Feforsterite-basalt_IR = ∆ 57 Feorthoenstatite-basalt_IR = -0.15 ‰. Our new set of equilibrium isotope fractionation factor between minerals and melts allows us to confirm that normal MORB iron isotopic signature can be explained by 10 to 20 % partial melting of the peridotite mantle as demonstrated by [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF].

-Iron isotope intracrystalline diffusion

Chemical zoning is commonly observed in phenocrysts (i.e. olivine, pyroxene) of volcanic rocks. This has been interpreted as the result of crystal growth in an evolving melt during magmatic differentiation or/and diffusion-controlled chemical exchange due to the contrast (disequilibrium) between crystal and melt composition (e.g. [START_REF] Teng | Diffusion-driven magnesium and iron isotope fractionation in Hawaiian olivine[END_REF]. In the past few years, studies demonstrated that iron chemical zoning in olivine is mirrored by iron isotope zoning [START_REF] Teng | Diffusion-driven magnesium and iron isotope fractionation in Hawaiian olivine[END_REF][START_REF] Sio | Discerning crystal growth from diffusion profiles in zoned olivine by in situ Mg-Fe isotopic analyses[END_REF][START_REF] Oeser | High-precision fe and mg isotope ratios of silicate reference glasses determined in situ by femtosecond LA-MC-ICP-MS and by solution nebulisation MC-ICP-MS[END_REF][START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF]Collinet et al., 2017;[START_REF] Sio | The isotope effect for Mg-Fe interdiffusion in olivine and its dependence on crystal orientation, composition and temperature[END_REF][START_REF] Oeser | Combined Fe-Mg chemical and isotopic zoning in olivine constraining magma mixing-to-eruption timescales for the continental arc volcano Irazú (Costa Rica) and Cr diffusion in olivine[END_REF]. Iron isotopes profiles across olivine display significant variations (> 1 ‰; [START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF][START_REF] Oeser | Combined Fe-Mg chemical and isotopic zoning in olivine constraining magma mixing-to-eruption timescales for the continental arc volcano Irazú (Costa Rica) and Cr diffusion in olivine[END_REF] that exceeds potential equilibrium isotope fractionation. Iron isotopes profiles can therefore be used as evidence for the diffusion origin of the chemical zoning in olivine, since the light isotopes ( 54 Fe) diffuse faster than the heavy isotopes ( 57 Fe) (e.g. [START_REF] Richter | Isotope fractionation by chemical diffusion between molten basalt and rhyolite[END_REF]. Quantifying kinetic isotope effects in minerals and melts from first-principles calculations, as performed in recent studies for other elements (e.g. [START_REF] Luo | Deep neural network potentials for diffusional lithium isotope fractionation in silicate melts[END_REF][START_REF] Luo | First-principles computation of diffusional Mg isotope fractionation in silicate melts[END_REF]Spallanzani et al., 2022), is beyond the scope of this study. We would require a large simulation cell for the melt with an important number of atoms (N) in order to assess with precision diffusion coefficients for the different elements in our systems, as diffusivity follows the inverse of N 1/3 dependence [START_REF] Karki | First-principles molecular dynamics simulations of silicate melts: Structural and dynamical properties[END_REF]. However, from our set of iron equilibrium fractionation factors between silicate melts and minerals, we can assess the magnitude of iron isotope fractionation during olivine crystallization over diffusion-driven kinetic isotope fractionation. The net isotope fractionation measured across zoned olivine crystals depends on the rate of crystal growth relative to the rate of chemical diffusion [START_REF] Sio | Discerning crystal growth from diffusion profiles in zoned olivine by in situ Mg-Fe isotopic analyses[END_REF][START_REF] Sio | Thermal and crystallization histories of magmatic bodies by Monte Carlo inversion of Mg-Fe isotopic profiles in olivine[END_REF]. A fast crystal growth relative to diffusion process would generate olivine zoning driven by crystal growth associated with magmatic differentiation. Some authors [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF][START_REF] Sio | The isotope effect for Mg-Fe interdiffusion in olivine and its dependence on crystal orientation, composition and temperature[END_REF], implied that in this case only little isotopic fractionation between mineral and melt is expected as they consider ∆ 57 Feolivine-melt to be insignificant at magmatic temperature. Alternatively, when crystal growth is slow relative to diffusion, then crystal zoning is induced by diffusive re-equilibration with the evolving melts and higher isotopic variations within the olivine are expected. The lack of fractionation between forsterite and melt was also observed in our study in the case of a basaltic melt with low iron content, basalt_ID, with a ∆ 57 Feforsterite-basalt-ID = -0.01 ‰ at 1500 K. Our study shows however that the equilibrium fractionation factors between olivine and a basalt with higher iron content (13.1 wt%) are significant with a ∆ 57 Feforsterite-basalt_IR = -0.15 ‰ and a ∆ 57 Fehortonolite-basalt_IR = -0.18 ‰ at 1500 K. Therefore, at equilibrium, considering that iron isotope fractionation is exclusively driven by crystal growth process, an olivine may display according to our calculation  57 Fe as low as -0.09 ‰, considering a melt value of 0.09 ‰ (BIR1g, [START_REF] Craddock | Iron and carbon isotope evidence for microbial iron respiration throughout the Archean[END_REF][START_REF] Oeser | High-precision fe and mg isotope ratios of silicate reference glasses determined in situ by femtosecond LA-MC-ICP-MS and by solution nebulisation MC-ICP-MS[END_REF]. Iron isotopes composition lighter than -0.09 ‰, as observed in in-situ isotopic profiles with olivine rims  57 Fe as low as -2.1 ‰ [START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF], can therefore only be explained by diffusion-driven fractionation [START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF]Collinet et al., 2017b;[START_REF] Sio | Thermal and crystallization histories of magmatic bodies by Monte Carlo inversion of Mg-Fe isotopic profiles in olivine[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF].

Our new equilibrium ∆ 57 Feolivine-basalt_IR allows us to propose that the low  57 Fe signatures observed in olivines can in part be explained by equilibrium fractionation. However, our results also confirm that kinetic diffusion-driven fractionation has a major influence on the iron isotope chemical profiles of olivine as implied by other studies [START_REF] Teng | Diffusion-driven magnesium and iron isotope fractionation in Hawaiian olivine[END_REF][START_REF] Sio | Discerning crystal growth from diffusion profiles in zoned olivine by in situ Mg-Fe isotopic analyses[END_REF][START_REF] Oeser | Processes and time scales of magmatic evolution as revealed by Fe-Mg chemical and isotopic zoning in natural olivines[END_REF]Collinet et al., 2017a;[START_REF] Sio | Thermal and crystallization histories of magmatic bodies by Monte Carlo inversion of Mg-Fe isotopic profiles in olivine[END_REF][START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF][START_REF] Sio | The isotope effect for Mg-Fe interdiffusion in olivine and its dependence on crystal orientation, composition and temperature[END_REF][START_REF] Oeser | Combined Fe-Mg chemical and isotopic zoning in olivine constraining magma mixing-to-eruption timescales for the continental arc volcano Irazú (Costa Rica) and Cr diffusion in olivine[END_REF]. As discussed above in section 5.5.1.1 and underlined by [START_REF] Nebel | Iron isotope variability in ocean floor lavas and mantle sources in the Lau back-arc basin[END_REF], although diffusion in olivine can create large isotopic variations at the crystal scale, it is not expected to affect significantly (> 0.03 ‰) the melt composition during magmatic differentiation as proposed by [START_REF] Lundstrom | Hypothesis for the origin of convergent margin granitoids and Earth's continental crust by thermal migration zone refining[END_REF] and [START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF].

6-Conclusion

This study provides, for the first time, equilibrium Fe and Si isotope β-factors of various melts, using first-principles molecular dynamics. We first demonstrated, through comparison of the "snapshot" and "VAF" methods, that both methods are appropriate to study isotope fractionation of melts. Iron, that acts mainly as a network-modifier in the melts, displays significant isotope fractionation among the to the ∆melt-mineral 30 Si/ 28 Si are displayed on the x-axis. Olivine corresponds here to forsterite (Mg2SiO4). The ∆meltmineral 30 Si/ 28 Si displayed in this figure are also available in Table S1 -Appendix B -Supplementary material.

36 = 0.24, H2O = 0.20) with an QFM buffer [START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF]. Note that the "jumps" in the models correspond to abrupt changes in term of mineralogy during melt differentiation in the MCS software. The grey circles in the background correspond to δ 57 Fe (a) and δ 30 Si (b) from the literature [START_REF] Foden | Fe isotopes and the contrasting petrogenesis of A-, I-and S-type granite[END_REF][START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF][START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF][START_REF] Schuessler | Iron and lithium isotope systematics of the Hekla volcano, Iceland -Evidence for Fe isotope fractionation during magma differentiation[END_REF][START_REF] Sossi | Redox-controlled iron isotope fractionation during magmatic differentiation: An example from the Red Hill intrusion[END_REF][START_REF] Telus | Iron, zinc, magnesium and uranium isotopic fractionation during continental crust differentiation: The tale from migmatites, granitoids, and pegmatites[END_REF][START_REF] Sio | Discerning crystal growth from diffusion profiles in zoned olivine by in situ Mg-Fe isotopic analyses[END_REF][START_REF] Williams | Interplay of crystal fractionation, sulfide saturation and oxygen fugacity on the iron isotope composition of arc lavas: An example from the Marianas[END_REF][START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF][START_REF] Savage | The silicon isotope composition of granites[END_REF][START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF][START_REF] Du | Origin of heavy Fe isotope compositions in high-silica igneous rocks: A rhyolite perspective[END_REF]He et al., 2017;[START_REF] Xia | Iron and Zinc isotope fractionation during magmatism in the continental crust: Evidence from bimodal volcanic rocks from Hailar basin, NE China[END_REF]. The fractionation factor ∆ 57 Femin-melt (∆ 57 Feenstatite-trachyte; ∆ 57 Fediopside-trachyte; ∆ 57 Feulvospineltrachyte ; ∆ 57 Femagnetite-trachyte) and ∆ 30 Simin-melt (∆ 30 Sienstatite-trachyte; ∆ 30 Sidiopside-trachyte; ∆ 30 Sianorthite-trachyte ; ∆ 30 Sialbite-trachyte;

∆ 30 Siquartz-trachyte ) used in these models are displayed in 1 for sample denomination. method or the "VAF" method as well as the silicon force constants of the melts using the "snapshot" method.
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  4a). Trachyte that has a Fe-O coordination number of 3.74, displays a similar force constant <F> (191 ± 20 N/m) as basanite (196 ± 13 N/m) that has a Fe-O coordination number of 4.73. The second main observation is the iron force constant dependency on Fe-O distances (Fig.5a). The basalt_IR has the highest Fe force constant (243 ± 17 N/m) associated to the shorter Fe-O bond length (1.76 Å). This is consistent with the study of[START_REF] Sossi | The effect of bonding environment on iron isotope fractionation between minerals at high temperature[END_REF] that shows that the silicate minerals with the shorter Fe-O bonds tend to be enriched in heavy57 Fe.[START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF], revised by[START_REF] Roskosz | Structural, redox and isotopic behaviors of iron in geological silicate glasses: A NRIXS study of Lamb-Mössbauer factors and force constants[END_REF], demonstrated that there is a relationship between iron force constant and Fe 3+ /Fetot in silicate glasses produced under different level of oxygen fugacity (Fig.6) with the glasses synthetized under high oxidizing condition displaying the highest Fe force constant. They also demonstrated that Fe 2+ -glasses (log(ƒO2) = -8) have large variations of iron force constant (from 188 ± 7 up to 251 ± 10 N/m) depending on their SiO2 content. This range is relatively similar to the one observed in our study (from 171 ± 8 up to 243 ± 17 N/m), however no

  are compiled with our calculated ones. The range of iron force constants of their Fe 2+ -basaltic glasses (from 197 ± 8 N/m up to 292 ± 18 N/m) are similar to our calculated iron force constants for Fe 2+ -basaltic melts at 1 GPa (between 171 ± 8 N/m up to 243 ± 17 N/m), although their major element compositions are different. For the most evolved lavas, our trachyte iron force constant is consistent with that of[START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF]. They found no major increase in the iron force constant until late stage of magmatic differentiation (~ 70 wt% of SiO2) for the silica-saturated series. No measurement on silica undersaturated peralkaline glasses were performed which prevents us to compare our phonolite and basanite iron 𝛽-factor. Later,[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF] determined iron force constants between 189 ± 9 and 203 ± 11 N/m for their synthetic lunar glasses using NRIXS that is undistinguishable from[START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] estimates for terrestrial basalts under IW fO2 conditions (See Fig.4of[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF] and lies within our range of values for terrestrial basalts.[START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF] and[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF] concluded at no Fe isotope fractionation between forsterite and melts of various planetary composition, including terrestrial since they have the same force constant. Our calculated fractionation factor between forsterite and the basalt with low iron content (Basalt_ID) ∆ 57 Feforsterite-basalt_ID = -0.01 ‰ at 1500 K agrees with such a conclusion. However, this study displays a fractionation factor between forsterite and the basalt with high iron content (FeO = 13.1 wt%) ∆ 57 Feforsterite-basalt_IR = -0.15 ‰ at 1500K. If the range of Fe force constant calculated for the melts is similar to the measured one for glasses[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF][START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF], our basaltic melt with high FeO content displays higher iron force constant than the basalt with elevated FeO contents investigated by[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF]. As we underlined in part 4.3.1, multiple parameters tend to affect the iron force constant of the melts, including differences of compositions (e.g., the addition of titanium in the glasses studied by[START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF], although these authors did not see an effect on the Fe force constant). Also, our calculation does not take into account the possible effect of variable melt fO2 (Part 2.1). Moreover, our forsterite Fe force constant calculated by DFT (162 ± 8 N/m) is also lower than the one obtained by NRIXS measurements (197 ± 10 N/m;[START_REF] Dauphas | Magma redox and structural controls on iron isotope variations in Earth's mantle and crust[END_REF]).

  silicon fractionation factors calculated by[START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] and[START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF] are, however, systematically higher than our calculated ∆melt-mineral 30 Si/ 28 Si, by 0.1-0.2 ‰ for the trachytic melt and by 0.4-0.5 ‰ for basaltic (IR) melt. The discrepancies between our calculated silicon fractionation factor between minerals and trachytic melt and the one estimated from[START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] lies within our estimated uncertainties of ≃ 0.3 ‰ at 1123 K. Concerning the basaltic melt, the ∆mineral-melt 30 Si/ 28 Si ofQin et al. (

Figure 1 -

 1 Figure 1 -Population analysis of the cation-oxygen coordination numbers for the different simulated melts.

Figure 2 -

 2 Figure 2 -High-temperature dependence of the reduced partition function ratio for a) iron isotopes and b) silicon isotopes. Basalt_ID and Basalt_IR are the iron-depleted and iron-rich basalt, respectively.

Figure 3 -

 3 Figure 3 -10 3 ln𝛽 as a function of the average force constant for iron (a) and silicon (b) at T = 1500K. Minerals in plain symbols 10 3 ln𝛽 are taken from the first-principles study of Rabin et al. 2021. The linear fit for iron is f(x) = 0.0019 x for melts and minerals. The linear fit for silicon is f(x) = 0.0046 x for melts and minerals.
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 45 Figure 4 -Relationship between the average force constant and the average coordination number for Fe (a) and Si (b).

Figure 6 -

 6 Figure 6 -Comparison of iron force constant of glasses (circles and upside-down triangles) under different oxygen fugacity measured experimentally by Dauphas et al. (2014) and Roskosz et al. (2022) with our calculated iron force constant for the different melts (triangles) versus SiO2 (in Wt %).
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 7 Figure 7 -Relationship between the degree of polymerization (NBO/T) and the Fe force constant (a) or Si force constant (b) of the melts.
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 8 Figure 8 -Relationship between the average Fe-cation distance and the Fe force constant.
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 9 Figure 9 -Relationship between the average iron force constant and the SiO2 (a), Al2O3 (b), FeO (c), MgO (d), CaO (e) and Na2O (f) content of the melts.
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 1011 Figure 10 -Relationship between the average silicon force constant and the SiO2 (a), Al2O3 (b), FeO (c), MgO (d), CaO (e) and Na2O (f) content of the melts.

Figure 12 -

 12 Figure 12 -Comparison between ∆melt-mineral 30 Si/ 28 Si calculated in this study and the ones estimated in Deng et al. (2019) from Qin et al. (2016) at 1123 K. The melt β-factors used correspond to the basalt_IR (this study; red) and MORB β-factors[START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF] orange) in figure a) and to the trachyte (this study; turquoise) and the granite[START_REF] Deng | An oceanic subduction origin for Archaean granitoids revealed by silicon isotopes[END_REF][START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF]; dark blue) β-factors in figureb). The minerals corresponding

Figure 13 -

 13 Figure13-Models of δ 57 Fe (a; blue line) and δ 30 Si (b; dark blue cross) evolution during magmatic differentiation : Models were obtained using the MCS software[START_REF] Bohrson | Thermodynamic model for energy-constrained open-system evolution of crustal magma bodies undergoing simultaneous recharge, assimilation and crystallization: The magma chamber simulator[END_REF] with starting andesite composition(SiO2= 58.23, TiO2 = 0.94, Al2O3 = 16.94, Cr2O3= 0.03, FeO = 7.31, MgO = 3.99, CaO = 7.08, Na2O = 3.47, K2O=1.57, P2O5 

Table 7 .

 7 The linear trends in b) represent the linear fit of bulk rock analyses obtained by[START_REF] Savage | Silicon isotope fractionation during magmatic differentiation[END_REF] in black and[START_REF] Zambardi | Fe and Si isotope variations at Cedar Butte volcano; insight into magmatic differentiation[END_REF] in green from natural magmatic rocks analysis as well as the linear trend of our fractional crystallization modelled value (in red).

		nb atoms	V (Å 3 )	Density 𝝆 (g/cm 3 ) Pressure (GPa) Temperature (K)
	Basalt_IR	100	1341.5	1.64	1.1	4000
	Basalt_IR_183	183	2489.52	1.39	0.9	4000
	Basalt_IR_HP	100	1079.03	1.98	11.7	4000
	Basalt_ID	100	1289.51	1.66	0.7	4000
	Basanite	110	1366.48	1.78	1.2	4000
	Trachyte	104	1355.82	1.68	1.8	4000
	Phonolite	102	1248.44	1.82	0.9	4000

Table 1 -

 1 Characteristics of the modeled melts. The pressure given for each melt represents the mean pressure of each FPMD trajectories. The temperature is the target temperature of the FPMD simulations. Basalt_IR_183 and Basalt_IR_HP have the same composition as the iron-rich basalt Basalt_IR with either a larger simulation cell (183 atoms) or a higher pressure (12 GPa). Basalt_ID is the iron depleted basalt.

		Basalt_IR	Basalt_ID	Basanite	Trachyte	Phonolite
	SiO2	49.09	50.54	48.75	62.20	56.48
	Al2O3	13.89	14.30	16.55	16.83	23.15
	FeOT	13.05	6.72	14.57	6.79	3.60
	MgO	10.98	15.07	7.19		0.00
	CaO	10.18	10.48	9.10	2.66	0.00
	Na2O	2.81	2.90	3.87	5.81	10.29
	K2O	-	-	-	5.71	6.48
	Fe mean valence	2.3	2.37	2.36	2.33	2.28
	NBO/T	1	1	0.71	0.29	0.28

Table 2 -

 2 Composition in wt % and degree of polymerization (NBO/T) of the modeled melts as well as the mean valence of iron atoms in the melts that correspond to the Born effective charge calculated in VASP. See Table

Table 3 -

 3 Cation-oxygen coordination number as well as the average cation-oxygen bond length of the modeled melts. See Table1for sample denomination.

		Basalt_IR	Basalt_ID	Basanite	Trachyte	Phonolite
		d(Å)	CN	d(Å)	CN	d(Å)	CN	d(Å)	CN	d(Å)	CN
	Fe-Ca	3.37	1.27	3.37	1.13	3.50	1.49	-	-	-	-
	Fe-Na	3.35	0.64	3.09	1.14	3.30	0.91	3.09	0.63	3.09	1.27
	Fe-K	-	-	-	-	-	-	-	-	3.59	2.07
	Fe-Fe	2.25	1.21	6.09	-	2.49	1.24	3.06	-	-	-
	Fe-Mg	2.98	1.43	3.34	2.07	3.15	1.05	-	-	-	-
	Fe-Al	3.10	1.06	3.05	1.29	3.01	1.79	3.10	1.68	3.17	3.09
	Fe-Si	3.09	3.02	3.08	4.06	3.15	4.19	2.97	4.11	3.00	4.30
	Si-Ca	3.36	1.30	3.17	1.38	3.26	1.11	3.24	0.37	-	-
	Si-Na	3.36	0.76	3.30	0.51	3.22	1.16	3.30	1.17	3.20	2.49
	Si-Fe	3.09	0.68	3.10	0.56	3.15	1.21	2.95	0.38	3.02	0.22
	Si-Mg	3.20	1.70	3.23	1.80	3.15	1.02	-	-	-	-
	Si-Al	3.06	1.30	3.12	0.65	3.12	1.56	3.11	1.42	3.09	1.69
	Si-Si	3.04	2.36	3.06	1.22	3.04	2.31	3.04	2.88	3.02	2.81
	Si-K	-	-	-	-	-	-	3.58	2.16	3.50	2.80

Table 4 -

 4 Iron-cation and silicon-cation coordination numbers and their corresponding average distance in the modeled melts. See Table1for sample denomination.

			10 3 ln β 57 Fe/ 54 Fe		10 3 ln β 30 Si/ 28 Si
		A	B	Value at 1500 K	A	B	C	Value at 1500 K
	Basalt_IR -0.0059 1.0332	0.461 ± 0.031	0.0028	-0.1474	6.9342	3.073 ± 0.058
	Basalt_ID -0.0035 0.7269	0.324 ± 0.015	0.0031	-0.1569	7.2036	3.202 ± 0.056
	Basanite	-0.0061 0.8986	0.406 ± 0.057	0.0031	-0.1578	7.1926	3.191 ± 0.062
	Trachyte	-0.0044 0.8178	0.365 ± 0.041	0.0033	-0.165	7.4202	3.290 ± 0.047
	Phonolite -0.0155 1.8063	0.813 ± 0.084	0.0033	-0.1643	7.334	3.254 ± 0.081

Table 5 -

 5 Polynomial fits of the reduced partition function ratios for 57 Fe/ 54 Fe and 30 Si/ 28 Si. Polynomial fits use equation of type Ax 2 + Bx for 10 3 ln 57 Fe-54 Fe and Ax 3 + Bx 2 + Cx for 10 3 ln 30 Si-28 Si with x = 10 6 /T 2 for T between 0 and 1500 K. See Table1for sample denomination.

		Fe force constant	Si force constant
		« Snapshot » method	« VAF » method	« Snapshot » method
	Basalt_IR	243 ± 17	235 ± 24	669 ± 11
	Basalt_ID	171 ± 8	193 ± 19	695 ± 13
	Basanite	196 ± 13	196 ± 23	687 ± 8
	Phonolite	403 ± 44	290 ± 99	700 ± 15
	Trachyte	191 ± 20	159 ± 38	716 ± 10
	Basalt_HP	-	269 ± 33	-
	Basalt_183	-	222 ± 12	-

Table 6 -

 6 Comparison of the iron average force constants of the melts (in N/m) using either the "snapshot"

Table 7 -

 7 Table 1 for sample denomination. Polynomial fits of iron and silicon fractionation factors between various minerals and melts.Polynomial fits use equation of type C1x 2 + C2x for ∆ 57 Fe-54 Fe and C1x 3 + C2x 2 + C3x for ∆ 30 Si-28 Si with x = 10 6 /T 2 for T between 0 and 1500 K. The iron and silicon -factor of minerals were taken from[START_REF] Rabin | First-principles calculation of iron and silicon isotope fractionation between Fe-bearing minerals at magmatic temperatures: The importance of second atomic neighbors[END_REF] for all minerals except quartz, albite and anorthite that were taken from[START_REF] Qin | First-principles calculations of equilibrium fractionation of O and Si isotopes in quartz, albite, anorthite, and zircon[END_REF].

		∆A-B 57 Fe/ 54 Fe			∆A-B 29 Si/ 30 Si		
		C1	C2	at 1500 K		C1	C2	C3	at 1500 K
	∆Aegirine-Basalt_IR	0.0013	-0.0081 -0.003 ± 0.04	∆Aegirine-Basalt_IR	-0.0003 0.0128 -0.1088 -0.046 ± 0.15
	∆Enstatite-Basalt_IR	0.0028	-0.32	-0.142 ± 0.03	∆Enstatite-Basalt_IR	0.0001 -0.0029	0.229	0.101 ± 0.16
	∆Forsterite-Basalt_IR	0.0036	-0.3385 -0.150 ± 0.03	∆Forsterite-Basalt_IR	0.0004 -0.0035 0.2951 0.130 ± 0.16
	∆Augite-Basalt_IR	0.0038	-0.4266 -0.189 ± 0.03	∆Augite-Basalt_IR	-0.0002 0.0077	0.0022 0.002 ± 0.15
	∆Hortonolite-Basalt_IR	0.0039	-0.4042 -0.179 ± 0.03	∆Hortonolite-Basalt_IR	-0.0003	0.01	0.074	0.035 ± 0.15
	∆Hedenbergite-Basalt_IR 0.0043	-0.4329 -0.192 ± 0.03	∆Hedenbergite-Basalt _IR -0.0002 0.0067 -0.0376 -0.015 ± 0.15
	∆Fayalite-Basalt_IR	0.0047	-0.5601 -0.248 ± 0.03	∆Fayalite-Basalt_IR	-0.0007 0.0268	-0.515 -0.224 ± 0.14
	∆Diopside-Basalt_IR	0.0039	-0.3884 -0.172 ± 0.03	∆Diopside-Basalt _IR	0.0004 0.000009 0.1026 0.046 ± 0.16
	∆Ulvospinel-Basalt_IR	0.0033	-0.3104 -0.137 ± 0.03	∆Forsterite-Mg-Basalt_IR 0.0001 -0.0092 0.4385 0.193 ± 0.16
	∆Magnetite-Basalt _IR	0.0023	-0.0476 -0.021 ± 0.04	∆Quartz-Basalt_IR	0.0062 -0.0694 0.7804 0.334 ± 0.17
					∆Anorthite-Basalt_IR	0.0059	-0.066	0.7351 0.314 ± 0.17
					∆Albite-Basalt_IR	0.0055 -0.0609 0.6467 0.276 ± 0.171
	∆Aegirine-Basalt_ID	-0.0011	0.2982	0.132 ± 0.03	∆Aegirine-Basalt_ID	-0.0006 0.0223 -0.3782 -0.164 ± 0.15
	∆Enstatite-Basalt_ID	0.0004	-0.0137 -0.006 ± 0.02	∆Enstatite-Basalt_ID	-0.0002 0.0066 -0.0404 -0.017 ± 0.16
	∆Forsterite-Basalt_ID	0.0012	-0.0322 -0.014 ± 0.02	∆Forsterite-Basalt_ID	-0.0003	0.006	0.0257 0.013 ± 0.16
	∆Augite-Basalt_ID	0.0014	-0.1203 -0.053 ± 0.02	∆Augite-Basalt_ID	-0.0005 0.0172 -0.2672 -0.115 ± 0.15
	∆Hortonolite-Basalt_ID	0.0015	-0.0979 -0.043 ± 0.02	∆Hortonolite-Basalt_ID -0.0006 0.0195 -0.3434 -0.149 ± 0.15
	∆Hedenbergite-Basalt_ID 0.0019	-0.1266 -0.056 ± 0.02	∆Hedenbergite-Basalt_ID -0.0005 0.0162 -0.307 -0.133 ± 0.15
	∆Fayalite-Basalt_ID	0.0023	-0.2538 -0.112 ± 0.02	∆Fayalite-Basalt_ID	-0.001	0.0363 -0.7844 -0.342 ± 0.14
	∆Diopside-Basalt_ID	0.0015	-0.0821 -0.036 ± 0.02	∆Diopside-Basalt_ID	-0.0003 0.0095 -0.1668 -0.072 ± 0.15
	∆Ulvospinel-Basalt_ID	0.0009	-0.0041 -0.002 ± 0.02	∆Forsterite-Mg-Basalt_ID -0.0002 0.0003 0.1691 0.075 ± 0.16
	∆Magnetite-Basalt_ID	-0.000056 0.258656 0.115 ± 0.03	∆Quartz-Basalt_ID	0.0059 -0.0599	0.511	0.216 ± 0.17
					∆Anorthite-Basalt_ID	0.0052 -0.0514 0.3773 0.158 ± 0.17
					∆Albite-Basalt_ID	0.0056 -0.0565 0.4657 0.196 ± 0.17
	∆Aegirine-Basanite	0.0015	0.1265	0.057 ± 0.06	∆Aegirine-Basanite	-0.0006 0.0232 -0.3672 -0.159 ± 0.16
	∆Enstatite-Basanite	0.003	-0.1854 -0.082 ± 0.06	∆Enstatite-Basanite	-0.0002 0.0075 -0.0294 -0.012 ± 0.17
	∆Forsterite-Basanite	0.0038	-0.2039 -0.090 ± 0.06	∆Forsterite-Basanite	-0.0003 0.0069	0.0367 0.018 ± 0.17
	∆Augite-Basanite	0.004	-0.292 -0.129 ± 0.06	∆Augite-Basanite	-0.0005 0.0181 -0.2562 -0.110 ± 0.16
	∆Hortonolite-Basanite	0.0041	-0.2538 -0.112 ± 0.06	∆Hortonolite-Basanite	-0.0006 0.0204 -0.3324 -0.144 ± 0.16
	∆Hedenbergite-Basanite	0.0045	-0.2983 -0.132 ± 0.06	∆Hedenbergite-Basanite -0.0005 0.0171 -0.296 -0.128 ± 0.16
	∆Fayalite-Basanite	0.0049	-0.4255 -0.188 ± 0.06	∆Fayalite-Basanite	-0.001	0.0372 -0.7734 -0.336 ± 0.15
	∆Diopside-Basanite	0.0041	-0.2538 -0.112 ± 0.06	∆Diopside-Basanite	-0.0003 0.0104 -0.1558 -0.067 ± 0.16
	∆Ulvospinel-Basanite	0.0035	-0.1758 -0.077 ± 0.06	∆Forsterite-Mg-Basanite -0.0002 0.0012 0.1801 0.080 ± 0.17
	∆Magnetite-Basanite	0.0025	0.087	0.039 ± 0.06	∆Quartz-Basanite	0.0059	-0.059	0.522	0.221 ± 0.18
					∆Anorthite-Basanite	0.0052 -0.0505 0.3883 0.163 ± 0.18
					∆Albite-Basanite	0.0056	-0.056	0.4767 0.201 ± 0.18
					39				
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different compositions of melt. The Fe-O mean coordination number appears not playing a significant role on the observed Fe β-factor variations in melts. The main parameters driving the iron isotope composition in melts is the Fe-O bond length. The chemical environment around iron (i.e. iron second neighbors) is also suggested to contribute to Fe isotope fractionation, as smaller Fe-Fe and Fe-Mg distances leads to higher Fe β-factor values in the melts. Further investigations are necessary in order to confirm this hypothesis. Overall, these results show that significant Fe isotope fractionation is expected without changes of iron redox. On the other hand, silicon isotope fractionation appears to be less sensitive to compositional changes in melts and displays limited isotope fractionation among the different melts. This is most likely due to its network-former role in the melt. Since structural parameters such as Si-O bond length and coordination number remain constant, they do not play a major role on the Si β-factors variation observed in these melts. The silicon isotope compositional variations were also expected to be related to the depolymerization degree (NBO/T; [START_REF] Grant | The geological significance of variations in the abundances of the isotopes of silicon in rocks[END_REF][START_REF] Poitrasson | An Earth-Moon silicon isotope model to track silicic magma origins[END_REF]. However, this relationship may be blurred by the high alkaline content of the melts. Silicon β-factors appear to be also driven by its local environment, notably the presence of iron as silicon second neighbors. This Fe and Si β-factors of melts allowed us to calculate a consistent set of equilibrium fractionation factors between various minerals and melts. This represents a major step forward in the understanding and quantifying of the processes involved in iron and silicon isotope fractionation in magmatic settings.

In this perspective, we used our new ∆ 57 Femin-melt and ∆ 30 Simin-melt in several models from the literature in order to assess the impact of the addition of more constrained fractionation factors on them. Our results support fractional crystallization as a possible driving process involved in both Si and Fe isotope evolution during magmatic differentiation for the melts chemical range investigated. Our calculated ∆ 57 Feol-melt allows us to confirm the model of [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF] showing that generation of MORB with  57 Fe = 0.1 ‰ can be explained by partial melting of peridotites (with a degree of partial melting comprised between 10 and 20%). This different from nil ∆ 57 Feol-melt fractionation factor however contradicts [START_REF] Prissel | Experimentally determined effects of olivine crystallization and melt titanium content on iron isotopic fractionation in planetary basalts[END_REF] conclusions, thus calling for further investigations. We also showed that there is significant iron isotope fractionation between Fe 2+ -bearing minerals and melts. Olivine crystallization at equilibrium could show a ∆ 57 Feolivine-basalt range from 0 to -0.18 ‰. Our new set of iron fractionation factors can therefore help to quantify the equilibrium fractionation versus the diffusiondriven kinetic fractionation in future iron isotope diffusion models.

APPENDIX A. SUPPLEMENTARY MATERIAL

The file includes all the parameters and discussions relative to the structural properties of the melts (including MSDs and RDFs).

APPENDIX B. SUPPLEMENTARY MATERIAL

The file includes the Fe and Si fractionation factors between the different melts and silicate minerals as well as the detailed calculation of the fractionation factors (systematic bias correction).

APPENDIX C. SUPPLEMENTARY MATERIAL

This MS Excel file includes Fe and Si fractional crystallization results and VAF iron beta fractionation factors.