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The Fe-Si-C system at extreme P-T conditions: A possible core crystallization pathway for reduced planets

differentiation of terrestrial planets in the Solar System and beyond, contributing to the study of planetary diversity.

Introduction

Recent studies suggest that the Fe-Si-C ternary system might be more relevant to the study of planetary interiors than previously expected. The discovery of ultra-reduced phases such as silicon and iron carbides [START_REF] Xu | Moissanite in serpentinite from the Dabie Mountains in China[END_REF][START_REF] Nazzareni | Discovery of moissanite in a peralkaline syenite from the Azores Islands[END_REF] in several geological contexts has prompted reconsideration of Earth's mantle composition. Furthermore, several experimental studies aiming at better understanding how silicon and iron carbides can form in oxidized planets [START_REF] Schmidt | Natural moissanite (SiC) -a low temperature mineral formed from highly fractionated ultra-reducing COH-fluids[END_REF][START_REF] Golubkova | Ultra-reducing conditions in average mantle peridotites and in podiform chromitites: a thermodynamic model for moissanite (SiC) formation[END_REF] have shown the possibility for iron carbides to form deep carbon reservoirs [START_REF] Wood | Carbon in the Core: Its Influence on the Properties of Core and Mantle[END_REF][START_REF] Chen | Hidden carbon in Earth's inner core revealed by shear softening in dense Fe 7 C 3[END_REF].

Regarding the Earth's core, both Si and C are considered as potential core components, but neither the Fe-Si nor the Fe-C binary alloys concurrently account for the major physical properties of the core such as, density, velocity and melting temperature at the core-mantle boundary (CMB) (e.g. Edmund et al., 2019a;[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] when considered individually. However, other recent studies have proposed that a combination of these two light elements can potentially satisfy these constraints, considering a ternary alloy (Li et al. 2018, Miozzi et al. 2020b) or as an addition to other light elements such as oxygen [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF].

The importance of carbon-enriched core systems is not limited to the Earth. For instance, theoretical and experimental studies in the attempt to interpret data from the MESSENGER mission suggest that silicon and carbon might have a pivotal role during Mercury's formation and evolution [START_REF] Rivoldini | The interior structure of Mercury constrained by the low-degree gravity field and the rotation of Mercury[END_REF][START_REF] Chabot | Experimental constraints on Mercury's core composition[END_REF][START_REF] Knibbe | The thermal evolution of Mercury's Fe-Si core[END_REF][START_REF] Steenstra | Geochemical constraints on core-mantle differentiation in Mercury and the aubrite parent body[END_REF][START_REF] Knibbe | Mercury's Interior Structure Constrained by Density and P-Wave Velocity Measurements of Liquid Fe-Si-C Alloys[END_REF]. The highly reducing conditions experienced by this planet could have favoured Si and S as the main light elements in the core, while carbon would be present at the surface as a graphite crustal layer, as suggested by remote sensing analyses [START_REF] Peplowski | Remote sensing evidence for an ancient carbon-bearing crust on Mercury[END_REF] and supported by experiments (e.g. Vander [START_REF] Vander Kaaden | Constraints on the Abundances of Carbon and Silicon in Mercury's Core From Experiments in the Fe-Si-C System[END_REF].

Outside the Solar System, exoplanets were discovered orbiting around stars with a composition more reduced than the Sun [START_REF] Bond | THE COMPOSITIONAL DIVERSITY OF EXTRASOLAR TERRESTRIAL PLANETS[END_REF][START_REF] Adibekyan | Heavy Metal Rules. I. Exoplanet Incidence and Metallicity[END_REF], leading to the important question of planetary diversity. The interpretation of the available data (i.e., exoplanet mass and radius) in terms of planetary composition and structure has proven to be a difficult task, due to the degeneracy of internal structure models. As a matter of fact, many possible interior assemblages and compositions can result in similar mass and radius values [START_REF] Rogers | A FRAMEWORK FOR QUANTIFYING THE DEGENERACIES OF EXOPLANET INTERIOR COMPOSITIONS[END_REF][START_REF] Dorn | Can we constrain interior structure of rocky exoplanets from mass and radius measurements?[END_REF][START_REF] Miozzi | Equation of State of SiC at Extreme Conditions: New Insight Into the Interior of Carbon-Rich Exoplanets[END_REF]. Therefore, while waiting for further astrophysical observables, more accurate models of synthetic exoplanets are required in order to solve this degeneracy issue. One way to address this problem is to establish correlations between the properties of planetary cores and mantles, and the Mg/Si and Fe/Si ratios of the host star, using selfconsistent thermodynamic databases built on end-member stable phases [START_REF] Dorn | Can we constrain interior structure of rocky exoplanets from mass and radius measurements?[END_REF][START_REF] Dorn | A generalized Bayesian inference method for constraining the interiors of super Earths and sub-Neptunes[END_REF]. Another way is to predict the main mineralogical components and the overall structure of the (exo)planet, and to model the interior using the physical and thermal properties of each predicted phase. So far, also when the latter approach was applied, cores have been most commonly modelled as pure iron spheres [START_REF] Howe | MASS-RADIUS RELATIONS AND CORE-ENVELOPE DECOMPOSITIONS OF SUPER-EARTHS AND SUB-NEPTUNES[END_REF][START_REF] Dorn | A generalized Bayesian inference method for constraining the interiors of super Earths and sub-Neptunes[END_REF][START_REF] Dorn | Outgassing on stagnant-lid super-Earths[END_REF], neglecting compositional variability. This oversimplification of cores chemistry, although sometimes necessary for the models, can lead to large uncertainties in the estimate of planetary (and core) radius [START_REF] Unterborn | SCALING THE EARTH: A SENSITIVITY ANALYSIS OF TERRESTRIAL EXOPLANETARY INTERIOR MODELS[END_REF]. It should also be noted that chemical and physical processes occurring in the core and related to its composition or structure could affect the entire planet and its global properties (e.g. dynamo activation and possible occurrence of a magnetic field). As such, considering a wide range of core compositions is necessary to have a comprehensive view of a planet. Within this context, deeper knowledge of the physical properties and phase relations of iron and iron alloys at high pressure and high temperature is needed. The properties of iron in binary and ternary alloys with light elements have been largely investigated in relation to the Earth's core (e.g. [START_REF] Antonangeli | Composition of the Earth's inner core from high-pressure sound velocity measurements in Fe-Ni-Si alloys[END_REF][START_REF] Badro | Core formation and core composition from coupled geochemical and geophysical constraints[END_REF]Edmund et al., 2019a;[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]Miozzi et al., 2020b;[START_REF] Morard | Solving Controversies on the Iron Phase Diagram Under High Pressure[END_REF][START_REF] Morard | The Earth's core composition from high pressure density measurements of liquid iron alloys[END_REF]Prescher et al., 2015;[START_REF] Tateno | Melting experiments on Fe -Si -S alloys to core pressures : Silicon in the core ?[END_REF]. However, all these studies consider compositions with small amounts of alloying elements, in agreement with the cosmochemical constraints on the light elements content in the Earth's core. To cover all the possible planetary compositions in the Solar System as well as exoplanets more exotic compositions and overall, a larger light element content should also be considered.

Constructing the phase diagram of core compositions rich in light elements over extended pressure and temperature ranges allows predicting the nature and structure of the first phases crystallizing from a liquid core in a cooling planet. This information provides insights into the core composition and structure, and hence, its dynamics. Understanding core crystallization pathways and the resulting mineralogy, is the key to assessing whether a dynamo can start and be sustained, potentially leading to the generation of a magnetic field [START_REF] Dumberry | Mercury's inner core size and core-crystallization regime[END_REF][START_REF] Breuer | Iron snow, crystal floats, and inner-core growth: modes of core solidification and implications for dynamos in terrestrial planets and moons[END_REF]. Furthermore, this information is fundamental to the interpretation of -field observations [START_REF] Driscoll | Optimal dynamos in the cores of terrestrial exoplanets: Magnetic field generation and detectability[END_REF].

In this study we investigated experimentally the Fe-rich compositional space of the Fe-Si-C ternary system in the 15-200 GPa pressure range and at temperatures up to 4000 K using laser-heated diamond anvil cells (LH-DAC) in combination with in situ X-ray diffraction (XRD), and electron microscopy analysis of the recovered samples. The subsolidus and melting phase relations are determined, and the obtained results are applied to planetary interiors to provide a phenomenological description of possible core crystallization sequences.

Materials and Methods

Fifty-three heating runs were conducted on four different compositions in the Fe-Si-C system. Cells were equipped with diamonds of culet diameters varying from a maximum of 300 µm to a minimum of bevelled 70/300 µm, depending on the target pressure. Starting materials consisted of four different nonstoichiometric alloys, with thickness between 5 and 10 µm: Fe 92 at% -Si 3.6 at% -C 4.4 at% (hereafter Fe-Si3C4), Fe 64.4 at% -Si 27.8 at% -C 7.8 at% (hereafter Fe-Si28C8), Fe 57.8 at% -Si 23.5 at % -C 18.7 at % (hereafter Fe-Si24C19) and Fe 61.4 at %, Si 31.3 at % -C 7.3 at % (hereafter Fe-Si31C7). Fe-Si3C4 samples were synthetized using the ultra-rapid quench (URQ) method (Miozzi et al., 2020b), while all other compositions were obtained by physical vapour deposition (PVD) [START_REF] Miozzi | Equation of State of SiC at Extreme Conditions: New Insight Into the Interior of Carbon-Rich Exoplanets[END_REF]. The composition of the synthesized products was measured using a Cameca SX100 electron microprobe analyser equipped with a cold finger and under an O2 flux at Camparis Center of Sorbonne Université. The homogeneity of the starting materials at the micron scale was confirmed with imaging using a Zeiss Ultra 55 scanning electron microscope at IMPMC laboratory.

KCl discs, sandwiching the sample, provided thermal insulation from diamonds and served as pressure medium and pressure calibrant in all experiments. Angle dispersive X-ray diffraction experiments were conducted at the ID27 beamline of the European Synchrotron Radiation Facility and at the P02.2 beamline of the Deutsche Elecktronen Synchrotonen (DESY). At ID27 beamline, the incident monochromatic beam had energy of 33 KeV (λ = 0.3738 Å, corresponding to the Iodine k-edge) and was focused on a spot of 3 x 3 µm 2 , full width at half maximum. Signal was collected on a MAR CCD detector with exposure times between 10 and 30 s. Heating was provided by two continuous Nd:YAG fiber lasers (TEM00) focused over a heating spot >20 μm in diameter. Temperature was measured at the centre of the hot spot region, on both sides of the sample before and after the X-ray exposure, and only upstream during the exposure. 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 the temperature measurements 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]. At P02.2 beamline, energy was set at 42.7 KeV (λ = 0.2903 Å) and the beam focused on a sample area of 6 x 6 µm 2 . The diffraction signal was collected on a PerkinElemer detector with an exposure time between 10 and 30 s. Laser light delivered by a 100 W Ytterbium fiber laser (1072 nm, IPG Laser GmbH) was focused on the sample with plano-convex lens with an effective focal length of 50.2 mm, resulting in one heating spot of ~20 µm. Spectra from the central part of the hot region of the sample were corrected by the transfer function and collected thanks to an ICCD iStar detector mounted on a Shamrock spectrograph (SR-303i-A-SIL) from Andor technology. Temperature is obtained by fitting procedure to the Planck's law using the software T-Rax (http://www.clemensprescher.com/programs/t-rax). Every temperature presented here is considered to have an error bar of ±150 K, which results from the uncertainties in the measurements, including temperature gradients, heating instability, and accuracy of the grey body approximation.

In all the experiments, pressure was determined using the thermal equation of state (EoS) of KCl [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 on pressure determination account for the uncertainties on the assumed temperature for KCl as detailed in [START_REF] Miozzi | Equation of State of SiC at Extreme Conditions: New Insight Into the Interior of Carbon-Rich Exoplanets[END_REF].

Samples were first compressed to target pressure and subsequently heated up until the melting temperature was reached. The appearance of an X-ray diffuse scattering signal from the liquid, together with the observation of a 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 quenched after melting by shutting down the laser power. The same heating protocol, usually lasting few minutes, was repeated on several spots of the loaded sample (the number of heating spots depends on the size of the sample, which in turn depends on the target pressure). The raw data were processed with Dioptas (Prescher and Prakapenka, 2015) using calibration parameters (e.g. sample-detector distance and orientation) derived from the diffraction of cerium dioxide (CeO2) standard. Each diffraction pattern was indexed with PD Indexer (http://pmsl.planet.sci.kobe-u.ac.jp/~seto/?page_id=20) to obtain the cell parameters of the phases. When possible, samples were recovered after the experiment.

For each recovered sample a transverse section of the heating spot was exposed by Ga milling with a focused ion beam (Zeiss Neon40EsB, IMPMC). Textural and chemical analyses of the quenched products were performed using a Zeiss Ultra55 field emission gun scanning electron microscope at IMPMC.

Melting in diamond anvil cell

Melting experiments in diamond anvil cells and analyses of the recovered samples allow the determination of the temperature and composition of the eutectic point, thus probing the solidus boundary. Measurements at temperatures exceeding the solidus are feasible but are typically affected significantly by the threedimensional thermal gradient, which changes the chemistry of the solid phase in equilibrium with the convecting liquid. This makes a standard thermodynamic path and the attainment of complete melting at the liquidus difficult to achieve, in contrast with closed capsule experiments in a large volume press. As a consequence, only the first occurrence of diffuse scattering is used here to provide a constraint on the properties of the phase diagram (i.e., the temperature of the eutectic or cotectic point).

Results

The diffraction patterns of the loaded starting material can be indexed as a single hexagonal closed packed structure for sample manufactured by ultra-rapid quench method (Figure S1-S2). Differently, the diffraction patterns of samples manufactured by physical vapour deposition display only a diffuse scattering, indicative of a nano-crystalline or amorphous structure. For the two different starting materials, moderate heating was needed to start crystallizing the thermodynamically stable mineralogical assemblages.

The experimentally obtained phase relations up to 200 GPa and 4000 K are shown in Figure 1, where each data point indicates the stable phases at each investigated P-T conditions.

Over the investigated P-T range, iron or naquite, an iron monosilicide phase (i.e. FeSi, [START_REF] Shi | Naquite, FeSi, a new mineral species from Luobusha, Tibet, Western China[END_REF], with different stoichiometry depending on the initial composition, are stable as a single phase (while including some Si and/or some C) or in coexistence with iron carbides, specifically, either Fe3C cementite [START_REF] Hendricks | The Crystal Structure of Cementite[END_REF] or the Eckstrom-Adcock carbide Fe7C3 [START_REF] Herbstein | Identification of Eckstrom-Adcock Iron Carbide as Fe7C3[END_REF]. The observed mineralogical assemblage progressively changes with increasing light elements content in the starting material. Fe and Fe3C are stable for the low light elements content and are replaced by FeSi and Fe7C3 as the light elements content increases.

In the samples with low light elements content, Fe in its hexagonal close packed structure (i.e. hcp Fe) is the only stable phase at low temperature. Fe3C is observed at higher temperature and adopts an orthorhombic structure (Pnma space group; Figures S3-S5). These two phases are stable upon heating, until melting. The liquid is observed to coexist with a single phase of hcp structure except, for a few points at pressures below 80 GPa, where fcc Fe is also observed. Peaks indicating in the spectra the presence of Fe3C are not visible anymore. The eutectic temperatures (Figure 1a) are lower than those determined for the binary Fe-Si system [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF] and within the error bars, comparable to those for Fe-C eutectic melting [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]. Considering the binary Fe-C and Fe-Si systems, carbon has been reported to have a strong effect on the melting temperature of pure iron phases [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] Lord | The FeSi phase diagram to 150 GPa[END_REF][START_REF] Morard | Melting of Fe-Ni-Si and Fe-Ni-S alloys at megabar pressures: Implications for the core-mantle boundary temperature[END_REF][START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF]. The observed melting curve for this ternary alloy demonstrates that carbon has a predominant effect on the melting also in presence of silicon and even when present in small concentration in the alloy.

In Fe-Si28C8, studied up to 120 GPa and ~ 4000 K (Figure 1b), an FeSi phase is the only phase observed at low pressures (i.e. 20 GPa). This compound is stable with a cubic DO3 structure (space group Fm-3m), and no peaks from iron carbides, or fcc/hcp iron are visible. The stability field of the DO3 structure is relatively narrow, and at 30 GPa the FeSi phase transforms into a cubic B2 structure (space group Pm-3m), in concomitance with the appearance of hexagonal Fe7C3 (space group P63mc) (Figure S6-S7). In the FeSi + Fe7C3 stable mineralogical assemblage, iron carbide is the first phase to melt, leaving the B2 structured FeSi phase in coexistence with a liquid at high-temperatures and pressures above 30 GPa.

When the amount of silicon is increased in the starting material, as in the Fe-Si31C7 composition, the FeSi phase is stable in the cubic B2 structure instead of the DO3 structure, even at low pressure. Diffraction peaks corresponding to Fe7C3 are observed only above 110 GPa (Figure 1c and Figure S8-S11). The absence of iron carbides at low pressure for both Fe-Si31C7 and Fe-Si28C8 supports the idea of carbon being hosted in solution into the FeSi phase. The exsolution of iron carbides at higher pressure advocate for the FeSi phase reaching its carbon solubility limit, which accordingly decreases with increasing pressure.

Finally, the results on the Fe-Si24C19 sample (Figure 1d) highlight that increasing carbon content in the starting material leads to the stabilization of the carbon-rich carbide phase (Fe7C3) instead of Fe3C (Figure S12-S13) along with the FeSi phase. The FeSi + Fe7C3 mineralogical assemblage is observed in all investigated pressure and temperature conditions.

Melting temperatures were determined up to ~200 GPa for Fe-Si3C4, up to ~120 GPa for Fe-Si28C8, up to ~100 GPa for Fe-Si31C7 and up to ~160 GPa for Fe-Si24C19. In the considered pressure range Fe-Si3C4 melts at lower temperature then the other compositions, that have similar melting curves. The molar volumes measured for each stable phase were used to address the stoichiometry and the simultaneous incorporation of C and Si in the different phases. In particular, we note that the volumes of hcp Fe measured in the present study are relatively larger than the volumes of pure hcp Fe (Miozzi et al., 2020a) and hcp Fe (+ Si) (Edmund et al., 2019a), as shown in Miozzi et al. (2020b, Figure 2). This suggest the simultaneous presence of silicon and carbon in hcp Fe phase (i.e., hcp Fe (+Si, +C)), with silicon substituting into iron, and carbon occupying an interstitial position, which increases the dimension of the unit cell [START_REF] Pamato | Equation of State of hcp Fe-C-Si Alloys and the Effect of C Incorporation Mechanism on the Density of hcp Fe Alloys at 300 K[END_REF]. Similarly, the FeSi phase is known to be a non-stoichiometric compound, where the Si content can vary from ~25 to 50 at% Si [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF] in the B2 structure for pressures above ~30 GPa. The differences observed in the unit cell volume of the FeSi B2 phase observed for different starting materials (Figure 2a) can be explained by a different stoichiometry of the phase (Edmund et al., 2019b), or a variation in the cell dimension induced by C incorporation. As previously mentioned, the absence of carbides in the Fe-Si31C7 or Fe-Si28C8 samples implies a high solubility of C in the B2 structured FeSi phase.

Conversely, the consistency of the Eckstrom-Adcock carbide (Fe7C3) volumes with those available in the literature (Figure 2b) [START_REF] Nakajima | Thermoelastic property and high-pressure stability of Fe7C3: Implication for iron-carbide in the Earth's core[END_REF][START_REF] Chen | Magneto-elastic coupling in compressed Fe 7 C 3 supports carbon in Earth's inner core[END_REF] confirms the absence of Si substitution. A decrease in the unit cell volume is in fact expected when Si substitutes in Fe7C3 [START_REF] Das | First-principles prediction of Si-doped Fe carbide as one of the possible constituents of Earth's inner core[END_REF]. The XRD analyses were complemented with scanning electron microscopy (SEM) observations of transverse sections made across the heating spot in all recovered samples. This type of analyses is particularly useful to identify phases that might have gone unnoticed in the X-ray diffraction patterns, due to the overlap with peaks from other phases, because of weak scattering intensity of low Z materials or because present only in a very small fraction. For example, in the investigated samples the reflections of SiC or C (diamond) would have been difficult to identify due to the overlap with the numerous and more intense reflections from the iron carbides.

In the recovered samples, darker patches, made by a lighter material (with lower Z) are observed in the backscattered electrons (BSE) images collected with the SEM. This phase is also harder than the surrounding material, as inferred by the presence of pillars below the patches that are difficult to remove with FIB polishing. Elemental mapping showing high counts for C (bright and intense colours) and no counts for Si allows their unambiguous identification as diamonds and not SiC (Figure 3). Diamonds are observed in the transverse sections of Fe-Si31C7 and Fe-Si24C19 samples as subsolidus phases growing on the side of the heating spot (Figure 3). Accordingly, the subsolidus mineralogical assemblage for these two starting compositions should be considered FeSi + Fe7C3 + C.

Unfortunately, due to samples degradation during storage, the precise chemical composition of the other phases present in the recovered samples could not be quantitatively determined. In the Fe-Si31C7 system, the exsolution of carbides at high pressure (Figure 1c) provides the limit for the solubility of carbon and for the FeSiss stability field.

Above 110 GPa, the boundary of the FeSiss field should be on the left side of the point representing the Fe-Si31C7 starting composition (in green in Figure 4a), with the latter being incorporated into the FeSiss + Fe7C3 + diamonds stability field.

The FeSiss + Fe7C3 stable assemblage for Fe-Si28C8 (Figure 1b) defines the presence of a two-phase stability field between Fe7C3 and FeSiss. Furthermore, the occurrence of diamonds, in the recovered samples with Fe-Si24C19 and Fe-Si31C7 compositions (Figure 3), determines the existence of a three-phase field (i.e. FeSiss + Fe7C3 + C) toward the carbon vertex of the phase diagram.

The presence of the three-phase field (i.e. FeSiss + Fe7C3 + Fe3C) with FeSiss in equilibrium with the two carbides, the two-phase field with FeSiss + Fe3C and the boundary of the FeSiss + Fe7C3 + C field can be inferred.

Regarding melting relations, the low melting temperature (i.e., 2300 K at 50 GPa) observed in the runs performed on the Fe-Si3C4 starting composition suggests the existence of a minimum in the system, potentially a eutectic point. Estimates of the eutectic composition from analysis of melt-quenched Fe-Si3C4 samples were provided in a previous study (Miozzi et al., 2020b) and will not be further developed here.

The higher melting temperatures of the other starting compositions (i.e., 2500 K at 50 GPa) suggest the presence of a second reaction point, in analogy with the binary Fe-C system, where two peritectics are predicted for higher carbon contents [START_REF] Lord | Melting in the Fe-C system to 70 GPa[END_REF][START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF]. The position of these points in the ternary diagram should be shifted toward the Fe-C tie line. However, due to the difficulties encountered in determining the C concentration in DAC samples and the fast degradation of the recovered samples, we could not determine their exact chemical compositions. Two isothermal sections above the melting temperature are shown in Figure 4b and4c. The section in Figure 4b is representative of the portion above the eutectic (i.e., 2300 K) where a small amount of liquid is expected. The section in Figure 4c illustrates the relations at 2600 K which is above the second reaction point where melting is expected to be more pervasive.

Above 2300 K three different two-phase fields where the liquid is in equilibrium with FeSiss, Fess and Fe3C are expected, along with three three-phase fields in which the liquid is in equilibrium with two solids (Figure 4b). Increasing temperature, the two-phase fields grow at the expenses of the three-phase fields (Figure 4c).

The two reaction points provide a reference to define the liquidus surfaces for the Fe-rich portion of the Fe-Si-C ternary diagram at 50 GPa (Figure 5). 

Implications for planetary cores dynamics

Core dynamics deeply affect many global features of a planet (e.g., [START_REF] Shahar | What makes a planet habitable?[END_REF] and can be qualitatively assessed through the evaluation of core composition and structure. Tightly linked to core dynamics, and in particular to its convection, is the possible activation of a dynamo. Thermal and compositional driving force can sustain convection. Thermally driven convection is common at the early stages of a planet or for entirely liquid cores. In this case convection occurs when the outgoing thermal flux exceeds the heat flux that can be conducted along the adiabat. This process depends on the physical properties of the core forming liquid alloy and of the minerals at the core-mantle boundary, which can transport heat out from the cooling core. Compositional convection generally takes place when a buoyant chemical component is released during solidification of a denser inner core. This process depends on the relative slopes of the adiabat and the liquidus curve, as well as the density difference between the liquid and the crystallizing solid phase. Therefore, compositional convection hinges on the shape of the liquidus curve and the amount of light elements in the core that determine crystallization process [START_REF] Stevenson | Mars' core and magnetism[END_REF][START_REF] Williams | Bottom-up versus top-down solidification of the cores of small solar system bodies: Constraints on paradoxical cores[END_REF][START_REF] Breuer | Iron snow, crystal floats, and inner-core growth: modes of core solidification and implications for dynamos in terrestrial planets and moons[END_REF].

We use our experimental results to explore the possible crystallization regimes of a planetary core with a composition comprised in the Fe-rich portion of the Fe-Si-C ternary system. Each of the three scenarios considered below are representative of a core crystallizing with a composition more enriched in one of the three elements and asses the likelihood of starting and maintaining a dynamo. The established phase relations (Figure 4 and Figure 5) display the stability of C-bearing B2 structured FeSi phase over a wide compositional range. B2 FeSi is also the stable phase above the solidus for the studied compositions with high content of light elements. Conversely, at a low light element content (Fe-Si3C4 starting composition), the hcp Fe phase, which has been observed to incorporate both silicon and carbon (i.e., hcp Fe (+ Si, + C)), is generally the stable phase above the solidus. When the solubility of carbon into hcp Fe and FeSi phase reaches its limit, Fe3C is the stable phase for a low light elements content, and Fe7C3 is the stable phase for the high light elements content. The agreement of carbide volumes with data from the literature (Figure 2b) rules out the possibility of Si to substitute in the iron carbides [START_REF] Das | First-principles prediction of Si-doped Fe carbide as one of the possible constituents of Earth's inner core[END_REF][START_REF] Zhu | Origin and consequences of non-stoichiometry in iron carbide Fe7C3[END_REF]. Chemical mapping (Figure 3) shows the presence of diamonds in subsolidus conditions in systems with a high C content.

Using the constructed phase diagram and the defined mineralogical assemblages as a reference, the Fe-rich portion of the Fe-Si-C diagram can be divided into three main areas, each one corresponding to a distinct crystallization scenario. Iron dominates the field between the A-D-B line and the iron vertex (Figure 5 and "Case a" in Figure 6); when increasing the light elements content, the D-E-F line separates an FeSi phase domain on the left side (Figure 5 and "Case b" in Figure 6) from an iron carbides domain on the right side (Figure 5 and "Case c" in Figure 6). In the crystallization scenarios presented in Figure 6, we assume monotonically increasing melting temperatures, crossing the adiabat at depths corresponding to the centre of the planet. In each scenario, three subsequent cooling stages are discussed. The following phenomenological description relies heavily on the properties of the binary systems, because partitioning data of light elements in the ternary Fe-Si-C system are available only for low pressures (i.e., 1 GPa) (e.g.

Vander [START_REF] Vander Kaaden | Constraints on the Abundances of Carbon and Silicon in Mercury's Core From Experiments in the Fe-Si-C System[END_REF].

In the Fe-rich vertex of the ternary diagram, the first phase to crystallize is hcp Fe (+Si, +C) ("Case a" in Figure 6). The light elements partitioning coefficients between solid and liquid lead to an enrichment in light element, especially C, in the liquid phase [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] 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]. The dense crystals are expected to sink and accumulate at the bottom, thus forming a solid inner core, in an overall similar manner to the crystallization of the Earth's inner core. Progressive solidification upon secular cooling will further depletes the liquid in iron, increasing its light elements content, with the consequence of producing a difference in composition between the average liquid core and the layer surrounding the solid core. This would eventually initiate a compositionally driven convection to homogenize the distribution of light elements [START_REF] Williams | Bottom-up versus top-down solidification of the cores of small solar system bodies: Constraints on paradoxical cores[END_REF][START_REF] Breuer | Iron snow, crystal floats, and inner-core growth: modes of core solidification and implications for dynamos in terrestrial planets and moons[END_REF], providing an important energy source to power a dynamo. This process would progress with cooling, until the adiabat crosses the melting curve at the eutectic temperature, which leads to the crystallization of a second phase that consumes the residual liquid.

For a high silicon concentration in the initial liquid ("Case b" in Figure 6), a B2 structured FeSi phase, potentially hosting carbon in its structure, is the crystallizing phase. The similarities in the structure between B2 FeSi and liquid FeSi lead Si partitioning coefficient between solid and liquid close to unity [START_REF] Morard | Properties of iron alloys under the Earth's core conditions[END_REF]. This is also consistent with the narrow crystallizing loop in the Si rich side of the binary Fe-Si diagram [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF]. The reduced density contrast between solid and liquid might lead to a different evolutionary path for the core, when compared to the case of Fe-enriched liquids. The moderate density contrast between the formed crystal and the remaining liquid may not provide a sufficient buoyancy force, and crystals would remain in suspension in the liquid, creating a mushy zone. In the binary system, the Si content in the B2 structured FeSi phase increases with decreasing pressure [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF]. If the same behaviour also holds in the ternary system, the silicon content in the solid increases along the cooling path and affects the density of the forming crystals. The dynamical implications of this crystallization scenario are less predictable than the previous one and the evolution of such a system cannot be adequately constrained on the base of our current knowledge.

Crystallization in the Fe-C side of the Fe-Si-C system defines a third different scenario ("Case C" in Figure 6). Iron carbide would be the first phase to form at the center of the planet. Iron carbides grains are enriched in carbon and likely less dense than the coexisting liquid [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] 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]. The positive buoyancy would make the solid material rising upwards, toward the core-mantle boundary where the temperature would likely be still above the liquidus. Crystals would then melt again, enriching the liquid in light elements with respect to the depleted liquid at the bottom. This cycle of crystallization at the bottom, rise at the core-mantle boundary due to the lower density of the grains, and re-melting at the core mantle boundary would proceed until the liquidus is crossed over the entire depth range, and iron carbides start solidifying at the boundary. Here, the lower density would keep the crystals floating and accumulating on top of the core. The thickness of this top layer would increase with cooling, until the eutectic temperature is reached, and a second phase starts crystallizing. During the whole process, the density difference between the bottom and the top liquid, respectively depleted and enriched in light elements, can set the conditions for compositional convection to happen. This process is generally referred to as top-down crystallization and it has been proposed as one of the possible crystallization mechanisms in the core of Mercury, Mars and Ganymede [START_REF] Hauck | Sulfur's impact on core evolution and magnetic field generation on Ganymede[END_REF][START_REF] Stewart | Mars: A New Core-Crystallization Regime[END_REF][START_REF] Williams | Bottom-up versus top-down solidification of the cores of small solar system bodies: Constraints on paradoxical cores[END_REF][START_REF] Davies | Iron snow in the Martian core? Earth Planet[END_REF].

Finally, if the composition of the initial liquid has enough carbon to lie in the stability field of diamond, diamond would be the first phase to crystallize [START_REF] Turkevich | Thermodynamic calculation of the phase diagram of the Si-C system up to 8 GPa[END_REF], due to the higher melting temperature. Diamonds would accumulate at the top of the core. Such a scenario of diamonds crystallization in the early, hot stage of a planet could therefore power an early dynamo. This mechanism is comparable to what has been suggested for the Earth's core with the early nucleation of SiO2 or MgSiO3 (O'Rourke and [START_REF] O'rourke | Powering Earth's dynamo with magnesium precipitation from the core[END_REF][START_REF] Badro | An early geodynamo driven by exsolution of mantle components from Earth's core[END_REF][START_REF] Hirose | Crystallization of silicon dioxide and compositional evolution of the Earth's core[END_REF]. Depending on the properties and evolutionary stage of the planet, different outcomes would be possible. In a large carbon-enriched exoplanet, diamonds would either float at the core-mantle boundary or mingle with the mantle and potentially participate to its dynamics. With the latter, because the viscosity and thermal conductivity of diamond are three orders of magnitude larger than that of silicates, diamonds would contribute to slow mantle convection [START_REF] Unterborn | the Role of Carbon in Extrasolar Planetary Geodynamics and Habitability[END_REF]. In a small planet, diamonds can transform into graphite if the boundary is shallow enough, potentially forming a graphite floating crust if the planet is still in the magma ocean stage [START_REF] Charlier | The origin and differentiation of planet mercury[END_REF]. If the presence of a carbon rich crust on Mercury was confirmed, the above discussed scenario would represent a plausible pathway for its formation. Mercury's core is considered to host S, Si and C as major light elements [START_REF] Chabot | Experimental constraints on Mercury's core composition[END_REF][START_REF] Genova | Geodetic Evidence That Mercury Has A Solid Inner Core[END_REF][START_REF] Steenstra | Geochemical constraints on core-mantle differentiation in Mercury and the aubrite parent body[END_REF][START_REF] Vander Kaaden | Constraints on the Abundances of Carbon and Silicon in Mercury's Core From Experiments in the Fe-Si-C System[END_REF][START_REF] Knibbe | Mercury's Interior Structure Constrained by Density and P-Wave Velocity Measurements of Liquid Fe-Si-C Alloys[END_REF]. Considering the high incompatibility of sulphur in solid iron when silicon is present (e.g. [START_REF] Chabot | Experimental constraints on Mercury's core composition[END_REF], a Fe-Si phase would be the first phase to crystallize to form an inner core. Depending on the actual Si content, the crystallizing phase has an fcc, bcc, or B2 structure (Edmund et al. 2021). If the carbon content of the Fe-Si cubic alloy, is comparable with the carbon content of the B2 structured FeSi phase observed in the present study, the accreting inner core would contain carbon along with Fe and Si, and it is possible to use the present results to make a first estimate of their quantity.

At pressures consistent with Mercury's core (i.e. up to 40 GPa, [START_REF] Rivoldini | The interior structure of Mercury and its core sulfur content[END_REF] the Fe-Si31C7 and Fe-Si28C8 compositions, provide a reference for the solubility of carbon in the B2 structured FeSi phase. As a matter of fact, carbon is in solution in B2 structured FeSi at 40 GPa for the Fe-Si31C7 starting composition and it is instead present as Fe7C3 for Fe-Si28C8. Accordingly, using the starting compositions as a reference is it possible to determine that for Si contents between 27.8 and 31.3 at % in the ternary alloy (i.e. 17.5 -20 wt% Si), 7.3 to 7.8 at % of carbon (i.e. 2 -2.10 wt% C) can solute in the structure of the iron silicide.

If the carbon content overcomes the solubility limit in the FeSi phase, carbon-bearing phases such as iron carbides or diamonds would coexist with iron monosilicide and possibly float and accumulate at the coremantle boundary. Carbides would then melt again due to their lower melting temperature, and diamonds would still be stable as a solid phase. Mercury's CMB is considered to be at a pressure between 5 and 6 GPa [START_REF] Hauck | Mercury's Internal Structure[END_REF], close to the pressure corresponding to the diamond/graphite transition. As a consequence, diamonds accumulating at the CMB could potentially transform into graphite and float toward the crust due to their higher buoyancy than the surrounding materials.

Despite the proximity of Mercury to the Sun and a C/O ratio of the Solar System far from unity (0.55; [START_REF] Asplund | The Chemical Composition of the Sun[END_REF], the potential existence of volatiles-rich assemblages on Mercury, in comparison with the Earth and other terrestrial planets in the Solar System, emphasizes how planets in the same system can experience extremely different formation and accretion processes. If it is possible to have a strongly reduced planet in our Solar System, then moderately to highly reduced planets in other exoplanetary environments, orbiting around stars with a C/O ratio closer to unity, are likely to exist and need to be considered when interpreting observational data.

Conclusions

We determined the phase diagram of the ternary Fe-Si-C system up to 200 GPa and 4000 K, with specific focus on subsolidus and melting phase relations. C-bearing FeSi, iron carbides and diamond dominate a large portion of the phase diagram, whereas hcp Fe (+Si, +C) represents only a small portion of the Fe-rich endmember. The compositional changes in the Si-enriched side were characterized in detail. Our results and estimates of density contrast between crystals and liquids are used to propose several distinct crystallization paths. These scenarios depend on the light element concentration in the core forming liquid, and consist of bottom-up crystallization in the Fe-rich corner and top-down crystallization on the C-rich side. In the first case, compositional-driven convection is likely to occur, while in the second case, the possible exsolution of diamonds could provide strong buoyancy energy to drive a dynamo. Our conclusions are in agreement with crystallization mechanisms recently proposed for Mercury. Beyond the Solar System, The Fe-Si-C system at extreme P-T conditions: a possible core crystallization pathway for reduced planets. 

  Figure 1: a-d) Pressure -temperature phase diagrams for the different Fe-Si-C compositions. Polygons represent solid phases (or a solid in equilibrium with the liquid if above the eutectic temperature). Circles correspond to the conditions of the complete melting. The colour code indicates the presence of one/two solid phases, and a solid phase + the liquid when half-symbol is red. The melting curves for each composition (red dashed lines) are compared with Fe-Si (green lines, Fischer et al., 2013) and Fe-C (blue lines, Morard et al., 2017) melting curves respectively.
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 2 Figure2: Pressure evolution of the volumes collected at ambient temperature in the present study, compared with those from literature[START_REF] Nakajima | Thermoelastic property and high-pressure stability of Fe7C3: Implication for iron-carbide in the Earth's core[END_REF][START_REF] Chen | Magneto-elastic coupling in compressed Fe 7 C 3 supports carbon in Earth's inner core[END_REF] Edmund et al., 2019b). a) B2-structured FeSi; b) Eckstrom-Adcock carbide (Fe7C3).

  Figure 3: Transverse sections of two laser heated samples. Left the images taken with the backscattered electrons (ESB) detector. Right side (coloured images): chemical maps showing carbon, silicon and iron distribution. The portions show the occurrence of diamonds, corresponding to the darker patches in the ESB image.

Figure 4 :

 4 Figure 4: Isothermal and isobaric sections of the Fe-rich side in the Fe-Si-C system for three different temperatures.

  Two eutectic valleys represent the downslopes connecting the two binary eutectics of the Fe-Si and Fe-C systems with the ternary eutectic (i.e. the lines A-D and B-D respectively). A third valley (E-D) connects the ternary eutectic (D) with the second reaction point (E), located on the 2500 K isotherm. Following the binary Fe-C diagram a third invariant point (F) has been added in the ternary phase diagram. This point is expected to be at lower temperature with respect to its binary equivalent (i.e., G , the peritectic point in the Fe-C system located at 3232 K,[START_REF] Lord | Melting in the Fe-C system to 70 GPa[END_REF], shifted toward the Fe-C tie line and connected by a valley (F-E) to the second invariant point (E). However, because the temperature and composition were not determined in the present study the location of point F in Figure5remains arbitrary.
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 5 Figure 5: Construction of the ternary Fe-Si-C system with the temperature projected on the vertical axis at a fixed pressure of 50 GPa. a) Image to scale, with the binary Fe-Si from Fischer et al. (2013) and Fe-C phase diagram from Mashino et al. (2019) and Lord et al. (2009) on the two sides. The temperatures corresponding to the isothermal sections in Figure 4 are indicated; b) Image not to scale. The different colours are used to enhance the liquidus surfaces and the observed valleys connecting the ternary eutectic (D) with the two binary eutectic points (A, B) and the second invariant point (E).

Figure 6 :

 6 Figure 6: Crystallization scenarios in the Fe-Si-C system at three different times during cooling (corresponding to different intersections of the adiabat and melting curve). a) Bottom-up crystallization. The formed crystals sink toward the bottom, leaving a liquid enriched in light elements thus driving compositional convection; b) Global mush crystallization scenario. Crystals of the FeSi phase are left in suspension due to the small density difference with the remaining liquid; c) Top-down crystallization. Less dense iron carbides crystals rise upward and equilibrate at the top of the core.

F1Figure S3 :

 S3 Figure S1: left) Diffraction patterns collected at multiple pressures and temperatures showing the existence of only hcp Fe (+Si, +C) with KCl. Intensity, in arbitrary units, is plotted vs 2q. b) pressure and temperature phase diagram for the Fe-Si3C4 sample red arrows point toward the points corresponding to the diffraction patterns in Figure S1a.
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 S4 Figure S4: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings
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 S6 Figure S6: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S7 Figure S7: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S8 Figure S8: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S9 Figure S9: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S10 Figure S10: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S11 Figure S11: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units, is plotted vs. d-spacings.
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 S12 Figure S12: Diffraction patterns collected at multiple pressures and temperatures. Intensity, in arbitrary units is plotted vs. d-spacings

  

  

our results also provide new insights into the possible composition and properties of reduced exoplanets, thus making a further step in the exploration of planetary diversity.
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