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Eutectic melting of Fe-3 at% Si-4 at% C up to 200 GPa and implications for the Earth's core

Introduction

Silicon and carbon are listed among the potential light elements alloyed with iron and nickel in the Earth's core, together with sulphur, oxygen and hydrogen [START_REF] Poirier | Light elements in the Earth's outer core: A critical review[END_REF]. The presence of light elements is advocated since early 60's [START_REF] Birch | Density and composition of mantle and core[END_REF] to reconcile the difference in density between the seismic observations of the Earth's core and an hypothetic pure iron core. To satisfy the seismological observations of the Preliminary Reference Earth Model (PREM) [START_REF] Dziewonski | Preliminary reference Earth model[END_REF], the thermo-elastic properties of the iron alloy have indeed to match the density (ρ), longitudinal (VP) and shear (VS) wave velocities as a function of depth. In addition, the nature and quantity of light elements have to be compatible with the core-mantle differentiation history and account for the cosmochemical constraints on elemental abundances and/or volatility loss during Earth's accretion [START_REF] Mcdonough | Compositional Model for the Earth's Core[END_REF].

Matching geophysical and geochemical observables is therefore a key approach to understand the Earth's core composition.

In recent years, several studies have been conducted on iron alloyed with Si or C in binary systems (e.g. Fe-Si [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF][START_REF] Lord | The FeSi phase diagram to 150 GPa[END_REF][START_REF] Ozawa | High-pressure melting experiments on Fe-Si alloys and implications for silicon as a light element in the core[END_REF][START_REF] Tateno | The structure of Fe-Si alloy in Earth's inner core[END_REF], Fe-C [START_REF] Mashino | Melting experiments on the Fe-C binary system up to 255 GPa: Constraints on the carbon content in the Earth's core[END_REF][START_REF] Mookherjee | Elasticity and anisotropy of Fe3C at high pressures[END_REF][START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF][START_REF] Vočadlo | Gruneisen parameters and isothermal equations of state[END_REF]) and few in the ternary systems(e.g. Fe-Si-Ni [START_REF] Antonangeli | Composition of the Earth's inner core from high-pressure sound velocity measurements in Fe-Ni-Si alloys[END_REF], Fe-Si-S [START_REF] Tateno | Melting experiments on Fe -Si -S alloys to core pressures : Silicon in the core ?[END_REF] ). However a candidate composition satisfying all the constraints is still to be identified.

Si has often been considered as the main candidate light element in the Earth's core. Its affinity with iron under magma ocean conditions opens a wide range of possible solid solutions, with Si incorporation in the forming core, irrespectively of the oxidized or reduced nature of the accreting material [START_REF] Siebert | Terrestrial Accretion Under Oxidizing Conditions[END_REF]. Alloying Si with Fe in the Earth's core is also an elegant way to explain why the Mg/Si ratio for the mantle is higher than the one observed in chondrites [START_REF] Javoy | The chemical composition of the Earth: Enstatite chondrite models[END_REF].

However, recent studies pointed out that an hcp-Fe-Si alloy matching inner core density would have too high sound velocities with respect to seismological observations (Edmund et al., 2019). Furthermore, due to its solid-liquid partitioning coefficient close to 1 at 330 GPa [START_REF] Alfè | Composition and temperature of the Earth's core constrained by combining ab initio calculations and seismic data[END_REF], Si alone does not provide a satisfactory solution for the observed density jump at inner core boundary. The presence of oxygen is commonly argues on the base of its very strong affinity with the liquid [START_REF] Alfè | Composition and temperature of the Earth's core constrained by combining ab initio calculations and seismic data[END_REF].

Carbon has been considered as well as a likely candidate element in the Earth's core [START_REF] Wood | Carbon in the Core: Its Influence on the Properties of Core and Mantle[END_REF], because of its natural abundance in iron meteorites [START_REF] Chabot | The influence of carbon on trace element partitioning behavior[END_REF]. Carbon strongly influences the melting behaviour of Fe, with a depression of the melting curve of about 110 K/at % at CMB pressure, sufficient to prevent extensive partial melting of silicates at the core mantle boundary even for relatively small amount of C [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF]. Experimental studies on Fe3C and Fe7C3 end-members have shown that carbon reduces shear velocities and the Poisson ratio of pure Fe, approaching values of the inner core (Prescher et al., 2015). However, its high volatility during Earth's differentiation and low silicate/metal partitioning do not support carbon as the main light element in the Earth's core [START_REF] Dasgupta | Ingassing, Storage, and Outgassing of Terrestrial Carbon through Geologic Time[END_REF]. Thus, incorporation of Si or C leads to changes in properties of the Fe-alloys that make them suitable as core components, although not in a sole binary system with iron. This has often advocated for the addition of a third light element, such as oxygen. However, the simultaneous presence of silicon and oxygen is possibly limited by the progressive exsolution of SiO2 when cooling a liquid in the Fe-Si-O ternary system [START_REF] Hirose | Crystallization of silicon dioxide and compositional evolution of the Earth's core[END_REF]. Noteworthy, the combined effect of Si and C in the ternary Fe-Si-C system has not yet been investigated experimentally under high pressure and high temperature. A computational study [START_REF] Li | The elastic properties of hcp -Fe alloys under the conditions of the Earth's inner core[END_REF] determined the elastic properties at core conditions for two Fe-Si-C compositions and proposed that an alloy made by Fe-3at% Si-3 at% C could match PREM density and velocities at the temperature of 6500 K. Hence, in this experimental study we aim to study the phase diagram and melting curve of the Fe-Si-C system, and to measure the thermo-elastic properties of the stable solid phases. Such a dataset is required to assess if a suitable core composition for the Earth's core can be found within the Fe-Si-C ternary system.

Experimental methods

The starting material (FeSi3C4 in the text), with a nominal composition of Fe 93 at%, C 4 at%, Si 3 at%, was synthesized at ICMPE (Institute de Chimie et des Matériaux de Paris-Est, Paris, France) by ultrafast quench method starting from Fe (Neyco F-12734), Si (Wacker) and Fe3C (Neyco FC-76857/1).

Homogeneous Fe liquid alloys were first obtained by induction melting in a water-cooled Cu crucible under He atmosphere. Ribbon specimens of ~25 µm thickness and 20-30 mm width were produced by the planar flow casting technique. The alloys were then re-melted and ejected through a pressurized quartz nozzle on a rotating Cu-base wheel under 1 bar He atmosphere. Composition of the final products was measured using a Cameca SX100 electron microprobe analyser equipped with a cold finger and an O2 flux at Camparis center-Sorbonne Université. The measured composition for the alloy is 3 (±0.2) at % Si, 4 (±0.4) at% C and 93 (±0.06) at % Fe. Imaging by scanning electron microscopy (SEM) of the sample texture carried out on a Zeiss Ultra 55 scanning electron microscope at IMPMC laboratory confirmed a good homogeneity at the micron scale.

Samples were then prepared for high-pressure experiments by crushing parts of a ribbon and compressing it between two diamonds with a culet of ~ 600 microns, in order to obtain the desired thickness (usually between 5 and 10 microns). Dried grains of KCl were cold pressed into sheets out of which disks of selected diameters were cut by a femto-second laser and stored at 120°C. KCl served not only as pressure transmitting media and thermal insulator but also as a reliable pressure calibrant. KClsample-KCl sandwiches were then loaded in a pre-indented rhenium gasket (initially 200 µm thick), with a drilled hole of 120, 70, 35, 25 µm for diamonds with flat culets of 250 µm and bevelled culets of 150/300, 100/300, 70/300-µm diameters respectively. High pressure was generated by membranedriven Le Toullec-type diamond anvil cells, equipped with tungsten carbide seats designed for diamonds with a conical support [START_REF] Boehler | New anvil designs in diamond-cells[END_REF], providing a maximum 2-theta angle of 70°.

High temperature was generated by double-sided YAG laser heating.

The experimental runs were conducted on ID27 beamline at the European Synchrotron radiation facility (ESRF) [START_REF] Mezouar | Development of a new state-of-the-art beamline optimized for monochromatic single-crystal and powder X-ray diffraction under extreme conditions at the ESRF[END_REF] and on P02.2 Extreme Conditions Beamline (ECB) at Petra III at the Deutsche Elektronen Syncrotron (DESY) [START_REF] Liermann | The Extreme Conditions Beamline P02.2 and the Extreme Conditions Science Infrastructure at PETRA III[END_REF]. On ID27 at ESRF a monochromatic beam of 33 KeV (λ = 0.3738 Å, Iodine k-edge) was focused on a sample area of less than 3 × 3 μm 2 (full width at half maximum). Exposure time was usually between 10 and 30 s, and the diffraction signal was collected on a MAR CCD detector. Heating was provided by two continuous Nd:YAG fiber lasers (Transverse Electromagnetic Mode (TEM 00) focused over a visible heating spot >20 μm in diameter. Temperature was measured on both sides of the sample before and after the X-ray exposure (only upstream during the exposure), at the centre of the hot spot region. The analysis of the thermal emission was made on a 2 × 2 μm 2 area selected by a pinhole placed at the entrance of the spectrometer. Further details regarding temperature measurement and the uncertainties are provided in [START_REF] Miozzi | Equation of State of SiC at Extreme Conditions: New Insight Into the Interior of Carbon-Rich Exoplanets[END_REF]. Concerning P02.2 at Petra III, a monochromatic beam of 42.65 KeV (λ = 0.2907 Å) was focused on a sample area of 6 x 6 µm 2 . The diffraction signal was collected on a PerkinElmer detector with an exposure time between 10 and 30 s. Laser heating experiments have been performed with the available off-axis double-sided laser heating setup. Briefly, a laser light from a 100 W Ytterbium fibre laser (1072 nm, IPG Laser GmbH) was split by a polarizing beam splitter into two Gaussian profile beams (upstream and downstream). The heating power of each branch was controlled via a combination of the polarizing cube beam splitter and half-wave plates. The laser beam was focused by a simple plano-convex lens with an effective focal length of 50.2 mm. Typical laser spot size was ~20 μm, full width at half maximum (FWHM). Light emitted from the hot sample was then collected from both sides by a system of mirrors and lenses and guided to the spectrograph entrance slit. The detecting unit consisted of the ICCD iStar detector mounted on a Shamrock spectrograph (SR-303i-A-SIL) from Andor technology. The transfer function of the optical system for temperature measurement was calibrated using a tungsten halogen lamp (OPTEEMA Engineering GMbH, OL-245M-K3) at 2200K, 2500, 2900 K. Spectra from hot sample were corrected by the transfer function and used for temperature calculation by fitting procedure to the Planck's law using the software T-Rax by C.

Prescher. Every temperature presented here was considered to have an actual error bar of ±150 K, which results from the measurement uncertainties, including temperature gradients, heating instability, and accuracy of the grey body approximation.

For all the experiments, pressure was determined using the thermal EoS of KCl by [START_REF] Dewaele | High-pressure-high-temperature equation of state of KCl and KBr[END_REF], assuming the temperature of KCl to be the average between the temperature of the diamond (295 K) and the temperature measured at the surface of the sample [START_REF] Campbell | High pressure effects on the iron-iron oxide and nickel-nickel oxide oxygen fugacity buffers[END_REF]. Uncertainties in pressure were propagated from uncertainties in the lattice parameter and from uncertainties on the temperature calibration for KCl as in [START_REF] Miozzi | Equation of State of SiC at Extreme Conditions: New Insight Into the Interior of Carbon-Rich Exoplanets[END_REF].

For melting experiments, samples were at first compressed to target pressures, and subsequently heated until the melting temperature was reached. The appearance of diffuse scattering contribution to the diffraction pattern (Figure S1) and the plateau in the evolution of measured temperature vs. laser power were used as melting criteria [START_REF] Lord | The FeSi phase diagram to 150 GPa[END_REF][START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF]. Samples were heated up and quenched after melting by cutting the laser power. The same procedure was repeated on a fresh spot on the sample. In some cases, the very same spot was re-heated at moderate T to induce recrystallization of the quenched sample so as to make in situ analysis of the run products by Rietveld refinement of diffraction patterns.

Subsolidus experiments were also carried out to constrain the phase diagram and to collect data in order to establish a P-V-T equation of state. Cycles of heating were done without reaching the melting temperature, up to pressures limited by the stability of diamonds and its culets size. The raw data were processed with Dioptas (Prescher and Prakapenka, 2015) using calibration parameters (sample detector distance and orientation) derived from the diffraction of a cerium dioxide (CeO2) standard. Each diffraction pattern was indexed and refined with PD Indexer (http://pmsl.planet.sci.kobeu.ac.jp/~seto/?page_id=20) to obtain the cell parameters of the phases. When possible, the loaded gaskets were recovered after the experiment. Transverse sections of the heating spot (e.g. Figure 1a) were exposed by Ar ion milling and further polished by a focused ion beam (Zeiss Neon40EsB), both available at IMPMC laboratory. Textural analysis of the heating spot was performed to confirm the melting.

Results

Data were collected for pressures ranging between 20 and 200 GPa and temperatures up to 4000 K.

Diffraction patterns of the starting material can be indexed as hexagonal closed packed (hcp) structure.

Irrespectively of the pressure, the diffraction rings become well defined and the peaks sharpen upon heating, allowing a precise interpretation of the structures. At high temperature the starting material crystalizes into Si-and C-bearing hcp Fe and Fe3C indexed with an orthorhombic structure (space group: Pnma) [START_REF] Liu | Phase relations of Fe3C and Fe7C3up to 185 GPa and 5200 K: Implication for the stability of iron carbide in the Earth's core[END_REF] and reference therein) (Figure 1b). Carbides peaks appear at T ~ 1500 K at low pressure (P = 50 GPa) and at T ~ 2000 K at high pressure (P = 140 GPa). This is likely related to a kinetic effect, and not to a solubility limit of C and Si in hcp Fe as a function of temperature and pressure.

Silicon or silicon-bearing compounds (i.e. SiC, FeSi) were not observed, neither in the diffraction patterns, nor in the transverse cut of the recovered samples. The suit of the collected data allowed us to determine the thermal EoS for both the hcp-Fe (+Si, +C) and the Fe3C phases, the melting curve and the phase relations at high pressure and temperature.

Subsolidus phase relations and equations of state

The present study is the first characterisation of subsolidus phase relations in the ternary Fe-Si-C system at pressures higher than a few GPa [START_REF] Narumi | Thermodynamic evaluation of the C-Cr-Si, C-Ti-Si, and C-Fe-Si systems for rapid solution growth of SiC[END_REF]. In particular our dataset describes the iron rich corner of the phase diagram up to 200 GPa. In this study, hcp Fe (+Si, + C) and Fe3C have been found to be the stable compounds across the entire examined P-T range (Figure 1b). This is in disagreement with the proposed decomposition of Fe3C into in Fe7C3 + Fe above 157 GPa reported by Liu and co-authors (2016), but consistent with the more recent study of the Fe-C binary system carried out by [START_REF] Mashino | Melting experiments on the Fe-C binary system up to 255 GPa: Constraints on the carbon content in the Earth's core[END_REF]. Measured volumes of quenched hcp Fe collected in this study are presented in Figure 2 and are systematically larger, over the whole pressure range, than those of pure hcp Fe from literature (e.g. [START_REF] Dewaele | Quasihydrostatic Equation of State of Iron above 2 Mbar[END_REF]Fei et al., 2016;[START_REF] Miozzi | A New Reference for the Thermal Equation of State of Iron[END_REF]. Although Si shows a large solubility in hcp Fe under high pressure, up to ~18 at % Si (e.g. [START_REF] Fischer | Equation of state and phase diagram of Fe-16Si alloy as a candidate component of Earth's core[END_REF][START_REF] Tateno | The structure of Fe-Si alloy in Earth's inner core[END_REF]), the hereobserved volume increase cannot be solely explained by the presence of silicon. Recently, it has been proven that iron hcp structure can incorporate up to 5 wt % Si (about 9.5 at %) without any significant change of the unit cell volume (Edmund et al., 2019). If the decomposition of the starting material into Fe3C and Fe hcp follows the lever rule (inset in Figure 2), the content of Si in hcp iron is expected to be lower than 9.5 at%. Thus, no volume change should be observed as a consequence of the only Si incorporation. We can then conclude that a small amount of carbon has to be incorporated together with silicon, in order to explain the volume increment of the hcp unit cell, here after called hcp Fe (+Si, +C).

Furthermore, the simultaneous presence of Fe3C with hcp Fe (+Si, +C) suggests that the solubility limit of carbon was reached. The strong effect of small amount of C on the volume of hcp Fe can be related with its interstitial position in the hcp structure [START_REF] Caracas | The influence of carbon on the seismic properties of solid iron[END_REF][START_REF] Li | The elastic properties of hcp -Fe alloys under the conditions of the Earth's inner core[END_REF]. Conversely, Si is incorporated as substitution to iron atoms and therefore does not introduce major changes in the volume (Edmund et al., 2019). At high temperature tough, a different effect seems to appear, not observed in previous calculations [START_REF] Li | The elastic properties of hcp -Fe alloys under the conditions of the Earth's inner core[END_REF], as the volumes of hcp Fe (+Si, +C) are lower than those retrieved for pure iron (Figure 3). Hcp Fe (+Si, +C) appears to have a smaller thermal expansion than pure iron. This implies that the addition of a small amount of carbon in the structure of hcp Fe, sensibly change its thermal properties. To understand to which extent and provide a quantitative evaluation, we have fitted to our data a Vinet equation of state with a Mie Grüneisen Debye thermal model (text S1 of the Supplementary Material). We obtained the following thermal equation of state with K0 = 143 (3) GPa, K0' = 5.6 (1), γ0 = 1.0 (3) and q = 4 (1) with V0 and θD fixed to 6.95 cm 3 /mol (= 23.065 Å 3 ) and 420 K respectively (Figure S2 in Supplementary Material). This offers a simple description of the thermoelastic properties of hcp Fe (+Si, +C). However, the obtained model likely does not fully catch the complexity of the system, as highlighted by the dispersion of the experimental points with respect to the calculated isotherms and the relatively high residual pressures (± 9 GPa). The scatter in the initial data affects the quality of the obtained fit, thus compromising a reliable extrapolation of the physical properties at core's pressures. Further investigation, with improved data coverage in the examined pressure range, for both hcp Fe (+Si, +C) and pure hcp Fe is necessary to quantitatively investigate the difference in thermal expansion between the two compounds. Diffraction peaks of cementite (Fe3C) were indexed based on an orthorhombic structure with space group Pnma. The volumes obtained for Fe3C as a function of pressure and temperature are shown in Figure 4, together with the pressure variation of the a, b and c cell parameters at 300 K and 2000-2400 K. The 300 K compression curve is consistent with previous studies in the same pressure range (e.g. [START_REF] Sata | Compression of FeSi, Fe<inf>3</inf>C, Fe<inf>0.95</inf>O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF] and the low-pressure trend is in good agreement with data from large volume experiments (e.g. [START_REF] Litasov | Thermal equation of state and thermodynamic properties of iron carbide Fe3C to 31 GPa and 1473 K[END_REF]. While no discontinuities in the volume are visible in our dataset, the cell parameters display an inversion between b and a axis at 300 K occurring between 20 and 60 GPa (Figure 4b). Further XRD analyses in this pressure range are needed to precisely locate the pressure of transition. We suggest that the present report can be related to the one from Ono and Mibe (2010) of a magnetic transition occurring around 60 GPa. However, other techniques as Mossbauer or X-ray emission spectroscopy are more pertinent to further study magnetic transitions. Accordingly, we refer to literature work for an extensive discussion on the topic [START_REF] Gao | Pressure-induced magnetic transition and sound velocities of Fe 3 C: Implications for carbon in the Earth's inner core[END_REF][START_REF] Ono | Magnetic transition of iron carbide at high pressures[END_REF][START_REF] Prescher | Structurally hidden magnetic transitions in Fe 3C at high pressures[END_REF].

The P-V relation at 300 K and thermal equation of state were also refined for Fe3C. The fit of the ambient temperature data with a Vinet EoS at the 3 rd order yields a V0 = 22.65 (2) cm3/mol with K0 = 288 (35)

GPa and the first pressure derivative K' = 3.7 (6). These results are consistent with the work of Sata and coauthors (2010) for the non-magnetic phase. In addition, V0 and K0 are also comparable within the error bars with those obtained employing computational methods and two different equations of state, Birch Murnaghan [START_REF] Vočadlo | The effect of ferromagnetism on the equation of state of Fe 3 C studied by first-principles calculations[END_REF] and Vinet [START_REF] Mookherjee | Elasticity and anisotropy of Fe3C at high pressures[END_REF]. The experimentally determined K' (3.7) however, is lower than the values of 4.3 in [START_REF] Vočadlo | The effect of ferromagnetism on the equation of state of Fe 3 C studied by first-principles calculations[END_REF] and 4.9 for [START_REF] Mookherjee | Elasticity and anisotropy of Fe3C at high pressures[END_REF]). Once considering the entire P-T dataset, keeping the Debye temperature fixed to the values from literature [START_REF] Litasov | P-V-T equations of state for iron carbides Fe3C and Fe7C3 and their relationships under the conditions of the Earth's mantle and core[END_REF] and refining all the others parameters of the thermal model we obtain: V0 = 22.63 (8) cm 3 /mol, K0 = 293 (18) GPa, K0'= 3.6 (3), γ0 = 3.2 (5), q = 4 (1), with the pressure residuals between ± 6 GPa and χ 2 = 1.5. The marginal difference in the values of V0 and K0 between the 300 K EoS and the thermal model is a consequence of the presence of numerous high temperature points between 30 and 60 GPa, which improved the fit. 

Melting curve

The melting relations of FeSi3C4 were measured up to 190 GPa and 3500 K (Figure 5). Over this pressure range, hcp Fe (+Si, +C) was observed in coexistence with Fe3C before melting. Upon heating, diffraction from hcp Fe (+Si, +C) crystals is observed along with diffuse scattering from the first liquid until complete melting is reached. The obtained eutectic melting curve is lower than that observed for Fe-16wt%Si (27.5 at %) [START_REF] Fischer | Equation of state and phase diagram of Fe-16Si alloy as a candidate component of Earth's core[END_REF] and close to the eutectic melting in the Fe-Fe3C binary system reported by [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF] (Figure 5).

Silicon is known to have a negligible effect on the melting of pure Fe, conversely carbon greatly affects the melting temperatures [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF]. This behaviour is observed also in the ternary system where the quantity of silicon is not enough to tamper the depressing effect of carbon.

Figure 5: Eutectic melting curve for FeSi3C4. Light blue triangles facing upward represent the last P-T conditions were an assemblage (hcp) Fe (+Si, +C) + Fe3C was stable. At the P-T conditions represented by the red facing down triangles (hcp) Fe (+Si, +C) was the only remaining solid, in equilibrium with a liquid. For comparison the melting curves of Fe-16wt%Si [START_REF] Fischer | Equation of state and phase diagram of Fe-16Si alloy as a candidate component of Earth's core[END_REF] and eutectic melting in the Fe-Fe3C [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF] are also illustrated.

At the pressure of 50 GPa, we estimated the melt composition by Rietveld analysis of the diffraction pattern of a finely recrystallized quenched sample. The quenched sample, initially amorphous, was reheated to a temperature around 1500 K, to trigger a recrystallization without having a large elemental diffusion. Samples were kept at this temperature so to obtain sharp and continuous diffraction rings. Diffraction spots, possibly due to un-melted surrounding material were masked on the image plate, and excluded from the Rietveld intensity analysis. This approach has been already successfully employed in the study of the pressure evolution of the eutectic in the binary Fe-C [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF] with results then independently confirmed by successive EPMA measurements [START_REF] Mashino | Melting experiments on the Fe-C binary system up to 255 GPa: Constraints on the carbon content in the Earth's core[END_REF]. In the present case, it was not possible to independently confirm the Rietveld results by EPMA analysis of the recovered experimental charges, since the samples that we successfully recovered from the high-pressure were quickly altered in air after the FIB preparation, thus preventing any further analysis.

A lower bound of 13 (± 4.3) at% C for the C content of the liquid in the ternary system is estimated from the relative proportion of Fe3C vs. hcp Fe (+Si, +C), neglecting the few at % C potentially present into the hcp structure. As incorporation of silicon in the hcp structure of Fe does not introduce any volume change, its amount could not be evaluated by Rietveld analysis. A partitioning 1:1 between solid and liquid was assumed, leading to the estimate of 3 at % Si in the liquid [START_REF] Fischer | High pressure metal-silicate partitioning of Ni, Co, V, Cr, Si, and O. Geochim[END_REF][START_REF] Kuwayama | Phase relations of iron-silicon alloys at high pressure and high temperature[END_REF].

Discussion

From the determined melting curve, the melting relations in the Fe-rich side of the ternary system can be established and used to test the hypothesis of Si and C being the major light element in the Earth's core.

At 50 GPa the eutectic melting temperature of FeSi3C4 is ~ 2300 K, relatively close to the eutectic temperature for the Fe-C binary (~ 2400 K) and well below the melting of Fe-Si binary (~ 2700 K from [START_REF] Fischer | Equation of state and phase diagram of Fe-16Si alloy as a candidate component of Earth's core[END_REF]) systems and pure Fe (~ 2900 K from [START_REF] Anzellini | Melting of Iron at Earth's Inner Core Boundary Based on Fast X-ray Diffraction[END_REF][START_REF] Morard | Solving Controversies on the Iron Phase Diagram Under High Pressure[END_REF]. Carbon is known to have a strong effect on the melting of pure Fe [START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF] whereas silicon barely affects it [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF]. The measured ternary eutectic and the characteristics of the two binaries enable us to determine the synthetic liquidus shape at 50 GPa (Figure 6a). At these pressures Si does not affect the melting temperature, at least up to a content of 18 at%, although the eutectic composition shifts toward lower silicon contents [START_REF] Lord | The FeSi phase diagram to 150 GPa[END_REF][START_REF] Ozawa | High-pressure melting experiments on Fe-Si alloys and implications for silicon as a light element in the core[END_REF].

Conversely, carbon has a strong influence on the melting temperature while the eutectic composition is constant [START_REF] Mashino | Melting experiments on the Fe-C binary system up to 255 GPa: Constraints on the carbon content in the Earth's core[END_REF][START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF].

By combining the evolution in pressure of the two binary systems [START_REF] Anzellini | Melting of Iron at Earth's Inner Core Boundary Based on Fast X-ray Diffraction[END_REF][START_REF] Fischer | Equation of state and phase diagram of Fe-16Si alloy as a candidate component of Earth's core[END_REF][START_REF] Morard | Fe-FeO and Fe-Fe3C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygen-rich core[END_REF] with the relationships established here for the ternary system, we can assess the ternary relations at the core mantle boundary pressure of 136 GPa (Figure 6b).

Concerning the eutectic composition, in line with the observations for the binary Fe-C [START_REF] Mashino | Melting experiments on the Fe-C binary system up to 255 GPa: Constraints on the carbon content in the Earth's core[END_REF], a constant carbon content is assumed for the ternary system, while the silicon content is going to change with pressure, according to values reported for the Fe-FeSi binary system [START_REF] Ozawa | High-pressure melting experiments on Fe-Si alloys and implications for silicon as a light element in the core[END_REF]. Over the pressure range of interest, the melting depression in the ternary system is expected to be poorly affected by changes in the Si content, whereas carbon will be the element with stronger effect on the melting. We therefore assume that the ternary eutectic at 136 Earth's core, geochemical arguments also need to be taken into account. Constraints based on silicatemetal partitioning [START_REF] Dasgupta | Carbon solution and partitioning between metallic and silicate melts in a shallow magma ocean: Implications for the origin and distribution of terrestrial carbon[END_REF] limit the maximum carbon content in the Earth's core to about 1 wt % C (4.3 at % C). Estimations of silicon content span over a wider range, with the most recent models based on metal/silicate partitioning experiments ranging between 2 and 10 wt% Si (3.9 to 18 at% Si), depending upon accreting material and redox path [START_REF] Siebert | Terrestrial Accretion Under Oxidizing Conditions[END_REF]. The melting surfaces, as well as the portion of the compositional space satisfying the geochemical constraints are highlighted in Figure 6a and 6b (dark blue portions).

The melting temperature presented here can be used to discuss the temperature at the CMB for a core containing silicon and carbon as main light elements. Geotherm in the Earth's core at CMB pressure is estimated to be 400 to 900 K above the crystallisation temperature of core materials [START_REF] Anzellini | Melting of Iron at Earth's Inner Core Boundary Based on Fast X-ray Diffraction[END_REF][START_REF] Komabayashi | Thermodynamics of melting relations in the system Fe-FeO at high pressure: Implications for oxygen in the Earth's core[END_REF]. Thus, for a ternary Fe-C-Si core composition, once a constant carbon content up to 4.3 at% is assumed (dark blue region in Figure 6b), and irrespectively of the actual silicon content, temperatures at CMB would range between 4120 (±150) K and 4550 (±150) K for the lower boundary (T melt + 400 K) and 4620 (±150) K and 5050 (±150) K for the upper boundary (T melt + 900 K), shown in Figure 7a as yellow and orange surfaces. These temperature estimates are lower bounds as temperature is expected to increase if the eutectic composition had a higher carbon content.

Further constraints can be placed when considering CMB from the mantle perspective. At the scale of seismological observations of the lower-most part of the mantle (> 5 km) the presence of an ubiquitous melt layer can be excluded. Indeed, even the ultra-low velocity zones [START_REF] Williams | Seismic Evidence for Partial Melt at the Base of Earth's Mantle[END_REF], characterized by an anomalously low shear-wave velocity, feature sometimes interpreted as due to the presence of a melt, are well-localized observations. For most of the lower mantle to be solid, the temperature at the CMB has to be lower than the solidus of the constituting material. When assuming either a chondritic or a peridotitic composition, estimated solidus temperatures at CMB range between 4100 and 4200 K [START_REF] Andrault | Solidus and liquidus profiles of chondritic mantle: Implication for melting of the Earth across its history[END_REF][START_REF] Fiquet | Melting of peridotite to 140 gigapascals[END_REF]. The P-T-X surfaces determined in this study show that for most of the Si and C compositional range leads to temperatures laying above mantle solidus (Figure 7a), which would trigger extensive melting at the base of the mantle. There is however a narrow compositional portion for which, under the assumption of a moderate difference at CMB pressure between core melting temperature and actual geotherm (T melt + 400 K), core temperature would remain below the 4200 K isotherm (Figure 7b and7c). Such solution space, with a carbon content between 3.4 and 4.3 at % and maximum silicon content of 13.6 at % hence represents a core composition that would satisfy the temperature requirement. It should be noted however that both higher carbon content in the eutectic (here assumed to coincide with our lower bound estimate of 13 at %) both a difference between geotherm and crystallisation temperature of core materials at CMB pressure larger than 400 K move the estimated temperature toward higher values, above the mantle solidus for the entire compositional space.

In summary, based on our experimental results and the above discussion, we argue that there is a compositional space in the Fe-Si-C diagram that would satisfy the temperature constraints at the CMB but only under the assumptions of: i) absence of extensive mantle melting at the CMB; ii) peridotitic or chondritic lower mantle composition; and iii) core temperature at CMB not exceeding more than 400 K melting temperature of core material (lower bound to core geotherm). Within this scenario the ultra low velocity zones, could be explained as outcome of partial melting of materials more fusible than surrounding peridotitic mantle, such as mid-ocean ridge basalt (e.g. [START_REF] Pradhan | Melting of MORB at core-mantle boundary[END_REF]. Nevertheless, we stress that the determined compositional space for carbon is narrow and shifted towards the upper geochemically acceptable limits, and that core temperature can be higher than the lower bound assumed here. As such, the presence of a third light element inducing further depression of the melting curve (i.e. oxygen, sulphur, hydrogen) still represents the most likely possibility. Finally, while the already mentioned recent calculation [START_REF] Li | The elastic properties of hcp -Fe alloys under the conditions of the Earth's inner core[END_REF] suggests Fe-C-Si alloys to have velocities compatible with PREM at inner core P-T conditions, experimental determinations support significant increase in the sound velocities of iron due Si alloying [START_REF] Antonangeli | Sound velocities and density measurements of solid hcp-Fe and hcp-Fe-Si (9 wt.%) alloy at high pressure: Constraints on the Si abundance in the Earth's inner core[END_REF]Edmund et al., 2019). This makes difficult to find solutions with large light element content simultaneously accounting for both velocities and density (Edmund et al., 2019), in particular when allowing for the likely presence of nickel, which increases atomic mass and reduces the thermal expansion of the alloy [START_REF] Edmund | Axial Compressibility and Thermal Equation of State of Hcp Fe-5wt% Ni-5wt% Si[END_REF]. Further experimental work is thus necessary to confirm the theoretical predictions. 7: Extrapolation in the ternary Fe-Si-C system of the compositions that satisfy the geochemical and temperature constraints for the core. a) Yellow and orange surfaces encompass temperatures expected at the CMB for a core with a Fe-Si-C composition. In green the 4100 K and 4200 K isotherms representing the solidus of a peridotitic or chondritic mantle; b) details on the interception between the 4200 K isotherm and the compositional surface in the ternary compositional space; c) projection of the compositions on the two Fe-X-T planes. In light blue the Fe-C with 0 at % Si compositional surface and in light yellow the Fe-Si with 0 at % C compositional surface. In yellow the compositional spaces satisfying the geochemical and temperature constraints.

Conclusions

Phase diagram and melting curve of a Fe-3at% Si-4at% C ternary alloy have been investigated in a wide P-T range, using in situ X-ray diffraction. Our results demonstrate that, upon heating, this alloy always crystalizes in (hcp) Fe + Fe3C, with all the silicon and part of the carbon being hosted within the iron hcp structure. Carbon in interstitial sites strongly affects the volume of hcp Fe, compared to silicon in substitution to Fe atoms. The melting curve in this ternary system is very close to the curve of the binary Fe-C system, suggesting that the effect of silicon on the melting is negligible even when carbon is added to the structure. The depression of the crystallization temperature might be sufficient to allow the presence of solid mantle at the CMB. However this condition is satisfied only for a narrow compositional range, with the carbon content close to the upper limit imposed by cosmochemical constraints, and for geotherm exceeding melting temperate by no more than 400 K at CMB. The presence of another light element seems still necessary to be taken in account if modelling a core containing silicon and carbon as the main elements alloyed with iron. 

Figure 1

 1 Figure 1: a) Backscattered electron image of a laser heating spot in FeSi3C4 cut perpendicular to the laser heating axis. The textured part corresponds to solid part of the sample (typical features from solid metal as in (Morard et al., 2018), whereas the homogeneous part, in arc shape on top, corresponds to the liquid extracted after partial melting. The dark grey areas on both sides of the sample are KCl layers; b) Diffraction patterns collected at 300K on FeSi3C4 quenched samples showing the coexistence of hcp Fe (+Si, +C) and Fe3C. Intensity (in arbitrary) units is plotted vs. d-spacings. Stars represent peaks indexed as Fe3C and circles hcp Fe (+Si, +C), the small ticks stand for KCl.

Figure 2 :

 2 Figure 2: Plot of the molar volumes as a function of pressure at T = 300 K for C-and Si-bearing hcp Fe. Green triangles represent the experimental data from this study, purple line the EoS fitted with the elastic parameter of pure Fe, black squares the experimental data on Fe-9.5 at % Si from Edmund et al (2019). Blue dashed line the EoS of pure Fe (hcp) from (Miozzi et al. 2020). Inset: Ternary Fe-Si-C diagram showing the phase relations in the iron rich side. In red the tie line connecting the starting material and Fe3C. In green the solubility field for Si and C in (hcp) Fe estimated at 50 GPa. The interception represents the solubility limit of light elements in iron.

Figure 3 :

 3 Figure 3: Plot of the volumes over pressure for hcp Fe (+Si, +C) compared with the experimental volumes of pure Fe from Miozzi et al. (2020) and its model for the thermal equation of state extrapolated for the examined pressure range.

Figure 4

 4 Figure 4: a) Fe3C axial compressibility for a, b and c at 300K. b) Axial compressibility for a, b and c at high temperature. c) Experimental data (symbols) and fit with the Mie Grüneisen Debye thermal model (lines) for Fe3C. Top right inset, pressure residuals for the fit

  GPa qualitatively behaves as the one at 50 GPa for a similar composition, with the eutectic temperature measured at ~ 2950 K (Figure 5) and only marginally affected within +/-50 K by a moderate change in the Si content. Additionally, to test the assumption of Si and C as the main light elements in the

Figure 6 :

 6 Figure 6: Surfaces representing the melting temperature in the ternary system at 50 and 136 GPa (a and b respectively). The dark blue portions stand for the compositions included within the carbon content imposed by geochemical arguments. Quantities are obtained via linear interpolation.

Figure

  Figure7: Extrapolation in the ternary Fe-Si-C system of the compositions that satisfy the geochemical and temperature constraints for the core. a) Yellow and orange surfaces encompass temperatures expected at the CMB for a core with a Fe-Si-C composition. In green the 4100 K and 4200 K isotherms representing the solidus of a peridotitic or chondritic mantle; b) details on the interception between the 4200 K isotherm and the compositional surface in the ternary compositional space; c) projection of the compositions on the two Fe-X-T planes. In light blue the Fe-C with 0 at % Si compositional surface and in light yellow the Fe-Si with 0 at % C compositional surface. In yellow the compositional spaces satisfying the geochemical and temperature constraints.
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  Figures S3-S5: Diffraction patterns fitted with GSAS. Listed reflections are those used for the fit in PDIndexer.
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Supplementary material for:

"Eutectic melting of Fe-3 at% Si-4at% C alloy up to 200 GPa and implications for the Earth's core." The PVT data sets obtained for both hcp Fe (+Si, +C) and Fe3C were fitted with a 3 rd order Vinet equation of state to describe the isothermal compression, plus a thermal pressure component following the Mie Grüneisen Debye thermal model.

Isothermal pressure is defined as:

where

, v the volume at pressure and v0 that at ambient conditions.

For the thermal model the Mie Grüneisen Debye parametrization was used in which the pressure at high temperature is consider as resulting from the sum of the pressure at a reference temperature (here ambient T) and the thermal pressure. The thermal pressure can be written as a function of the vibrational energy E, the Gruneisen parameter γ and the volume:

In turn, the lattice vibrational energy is expressed as a function of the temperature T normalized to the characteristic Debye temperature θD and written as:

where n is the number of atoms per formula unit, R is the gas constant. The Debye temperature

is a function of the Debye temperature at reference conditions (θ0) and the Grüneisen parameter (γ) given by

q where q corresponds to the logarithmic volume dependence of γ(V).

More details regarding the used equations of state are available for example in [START_REF] Jackson | Analysis of P-V-T data: constraints on the thermoelastic properties of high-pressure minerals[END_REF][START_REF] Milani | Thermo-elastic behavior of grossular garnet at high pressures and temperatures[END_REF]. All the refinement were performed with the EoSFit suite [START_REF] Angel | EosFit7c and a Fortran module (library) for equation of state calculations[END_REF].

Due to the difficulties encountered in refining V0 from the experimental data, in the present study V0 was calculated by adding to the V0 of pure Fe from [START_REF] Miozzi | A New Reference for the Thermal Equation of State of Iron[END_REF] a delta V obtained averaging the difference between the experimental volumes of hcp Fe (+Si, +C) and those of pure Fe over the pressure range of interest. For the same reason the Debye temperature was kept fixed to the value of pure Fe (i.e. 420 K) (e.g. Edmund et al., 2019;Fei et al., 2016).

Figure S2. Right: Experimental data interpolated with the isotherms recalculated from the obtained thermal equation of state. The ambient temperature data have been fitted with a 3 rd order Vinet EoS and a Mie Grüneisen Debye formalism has been employed for the thermal data. Left: Plot of the residuals on pressure versus the observed pressures.