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Phase relations, including the eutectic liquid composition in the Fe-C binary system, remain unclear under the core pressure range, which makes estimating the carbon budget in the Earth's core difficult. To explore this issue, we have conducted melting and subsolidus experiments on Fe-C alloys in a diamond-anvil cell up to 255 GPa. Textural and compositional characterizations of quenched samples show that carbon concentration in the eutectic liquid slightly decreases with increasing pressure and is about 3 wt.% at the inner core boundary (ICB) pressure. The solubility of carbon in solid Fe is found to be almost constant at ~1.0 wt.%. In situ X-ray diffraction data indicate that Fe forms eutectic melting with Fe3C to 203 GPa and with Fe7C3 at 255 GPa.

Previous studies on liquid Fe-C alloys suggested that the density of the outer core is explained by liquid Fe containing 1.8 to 4.2 wt.% C. If the liquid core includes <3 wt.% C as a single light element, hexagonal close-packed (hcp) Fe crystallizes at the ICB.

However, the carbon content in such solid Fe is ≤1 wt.%, less than that required to account for the inner core density deficit from pure iron. When the outer core includes ≥3 wt.% C, it forms Fe7C3 at the ICB, whose density is too small for the inner core.

Carbon is therefore not a primary light element in the core. Nevertheless, the outer core liquid can be Fe-C-Si, Fe-C-S, or Fe-C-H. Such core liquid crystallizes solid Fe with light elements including less than 1 wt.% C, which may explain the density and the sound velocities observed in the inner core.

Introduction

Carbon has been believed to be one of feasible light elements contained in planetary cores because of its high abundance in the solar system and strong affinity to molten iron [START_REF] Benz | The austenite solidus and revised iron-carbon diagram[END_REF][START_REF] Anders | Abundances of the elements: meteoritic and solar[END_REF][START_REF] Wood | Carbon in the core[END_REF]. Recent firstprinciples calculations predicted that the incorporation of a small amount of carbon in hcp Fe is compatible with the density and sound velocities observed in the Earth's inner core [START_REF] Li | The elastic properties of hcp-Fe alloys under the conditions of the Earth's inner core[END_REF].

In order to reveal the abundance of carbon in the core, it is important to understand the Fe-C phase diagram at high pressure, in particular at 330 GPa, which corresponds to the conditions at the ICB. [START_REF] Wood | Carbon in the core[END_REF] first thermodynamically calculated the phase relations in the Fe-C system up to 136 GPa and predicted that the Earth's core could contain ~4 wt.% C. [START_REF] Nakajima | Carbon in the core" revisited[END_REF] experimentally determined the melting phase relationships in the Fe-rich portion of the Fe-C system up to 29 GPa and demonstrated that Fe7C3 appears as a liquidus phase. Using an in situ X-radiographic imaging technique, [START_REF] Lord | Melting in the Fe-C system to 70 GPa[END_REF] found that carbon concentration in the eutectic liquid in the Fe-C binary system decreases substantially with increasing pressure to 70 GPa. The thermodynamic modeling by [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF] based on multi-anvil experiments up to 25 GPa predicted that the Fe-C eutectic liquid composition includes 2.2 wt.% C at 330 GPa. More recently Morard et al. (2017a) reported the change in carbon concentration in the eutectic liquid in the Fe-Fe3C binary up to 107 GPa and estimated it to be 2.6 wt.% C at the core-mantle boundary (CMB). However, they obtained liquid compositions from X-ray diffraction (XRD) patterns with the Rietveld method, which includes great uncertainty. So far, melting experiments on the Fe-C system have not been carried out under the core pressure range (>136 GPa). Moreover, the solubility of carbon in solid iron also remains unknown above 25 GPa [START_REF] Chabot | The Fe-C system at 5 GPa and implications for Earth's core[END_REF][START_REF] Walker | Nonstoichiometry and growth of some Fe carbides[END_REF][START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF].

It is also important to verify the change in liquidus phase in the Fe-C system. It has been suggested that the liquidus field of Fe7C3 expands with respect to that of Fe3C and eutectic melting occurs between Fe and Fe7C3 above 120 GPa [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]. Furthermore, the recent experiments by [START_REF] Liu | Phase relations of Fe3C and Fe7C3 up to 185 GPa and 5200 K: implication for the stability of iron carbide in the Earth's core[END_REF] showed the decomposition of Fe3C into Fe + Fe7C3 above 145 GPa, but it contradicts the formation of Fe3C at >300 GPa and >5000 K reported by [START_REF] Tateno | The structure of iron in Earth's inner core[END_REF]. Fe7C3 has been regarded as a possible constituent in the inner core because it provides a good match for both compressional (VP) and shear velocities (VS) (or Poisson's ratio) of the inner core under relevant conditions [START_REF] Nakajima | Carbon in the core" revisited[END_REF][START_REF] Mookherjee | High-pressure behavior of iron carbide (Fe7C3) at inner core conditions[END_REF][START_REF] Chen | Hidden carbon in Earth's inner core revealed by shear softening in dense Fe7C3[END_REF][START_REF] Prescher | High Poisson's ratio of Earth's inner core explained by carbon alloying[END_REF]. The calculations by [START_REF] Li | Thermoelasticity of Fe7C3 under inner core conditions[END_REF], however, demonstrated that the density of Fe7C3 is too small for the inner core.

Recent progress in melting experiments in a diamond-anvil cell (DAC) combined with a focused ion beam (FIB) technique has enabled us to determine the eutectic liquid composition to the core pressure range [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] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF]Hirose et al., 2017). In this study, we have conducted both subsolidus and melting experiments on Fe-C alloys up to 255 GPa in order to determine the change in melting phase relations with increasing pressure, in particular 1) the stability of Fe7C3 at liquidus, 2) carbon concentration in eutectic liquid, and 3) the solubility of carbon in solid iron. Based on these results, we discuss the possible carbon content in the Earth's core and the mineralogy of the inner core.

Experimental methods

High-pressure and -temperature (P-T) conditions were generated in a laser-heated DAC using double-, single-beveled, and flat diamond anvils with 60, 90, 150, and 300 μm culet size. Starting materials were foils of Fe containing 1.9 wt.% C and 4.0 wt.% C, which are homogeneous mixtures of fine-grained Fe and Fe3C synthesized by an ultrarapid quenching method [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](Morard et al., , 2017a)). Rhenium gaskets were preindented to about 40 μm thickness before laser drilling or spark erosion of sample holes with 30-100 μm diameters. Sample pellets were loaded between two pieces of about 10 μm thick dry Al2O3, which served as a pressure-transmitting medium and a thermal insulator from the diamond anvils. After loading, the whole DAC was dried in a vacuum oven at 423 K for more than 12 hrs, and subsequently a sample chamber was flushed with dry argon and squeezed in an argon atmosphere.

After compression to a desired pressure, the sample was heated from both sides with a couple of 100-W single-mode Yb fiber lasers. We used beam-shaping optics, which converts a Gaussian beam to one with a flat energy distribution and thus reduces radial temperature gradient in the sample. A laser-heated spot was up to ~20 μm across.

One-dimensional temperature distributions on the surface of the sample were obtained using a spectro-radiometric method [START_REF] Ohishi | Highly intense monochromatic X-ray diffraction facility for high-pressure research at SPring-8[END_REF]. Heating duration was limited to about 5 s in order to avoid fluctuations in temperature, which would otherwise cause complex melting textures. The experimental temperature reported in this study is that at the solid/liquid boundary, which is obtained by combining the measured radial temperature distribution with the melting texture observed in a sample's cross section (Fig. 1) (see Ozawa et al., 2016 for details). We polished the sample using an FIB from both sides little by little (~1 μm for each step) in order to have a cross section at the center of a liquid pool. The sample was thinned to about 3 µm thickness at the end. The uncertainty in temperature is ±5 % according to [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF], which includes uncertainties in the width of the liquid pool as well as those derived from the facts that we calculated temperature from integrated light not only from the sample surface but also from the pressure medium and that spatial resolution of the temperature profile was 2 to 3 µm.

Pressure at room temperature was obtained based on the Raman shift of a diamond anvil (Akahama and Kawamura, 2004). It was then corrected for a contribution of thermal pressure. According to [START_REF] Andrault | Thermal pressure in the laser-heated diamond-anvil cell: an X-ray diffraction study[END_REF], when purely isochoric heating is made, the thermal pressure is written as ΔP = αKTT, in which α is thermal expansivity and KT is isothermal bulk modulus. Assuming the thermal parameters for liquid Fe-C same as those for pure iron, we employ αKT = 9 MPa/K [START_REF] Ichikawa | The P-V-T equation of state and thermodynamic properties of liquid iron[END_REF] for runs performed above 83 GPa. [START_REF] Andrault | Thermal pressure in the laser-heated diamond-anvil cell: an X-ray diffraction study[END_REF] demonstrated that 90% of such isochoric thermal pressure contributes to an experimental pressure increase at the core pressure range. For runs #1, #2, and #5 conducted at relatively low pressures, the lower αKT value of 4 MPa/K and 60% of the theoretical value were applied [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] Andrault | Thermal pressure in the laser-heated diamond-anvil cell: an X-ray diffraction study[END_REF]. The overall errors in pressure should be less than ±10 % in the present experiments including the uncertainty in thermal pressure estimate, as argued in [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF]. Indeed, we found 191 GPa at 2300 K in run #7 based on the volume and equation of state (EoS) of Fe3C [START_REF] Sata | Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF], which is consistent with 194 GPa calculated with the thermal pressure correction.

Synchrotron XRD measurements were carried out in situ at high P-T in runs #7 and #8 at BL10XU, SPring-8 [START_REF] Ohishi | Highly intense monochromatic X-ray diffraction facility for high-pressure research at SPring-8[END_REF] using an X-ray beam with an energy of ∼30 keV. Angle-dispersive XRD spectra were collected on a flat panel detector (Perkin Elmer) with typical exposure time of 200 ms. A monochromatic incident X-ray beam was collimated to 2 μm (FWHM). Visible fluorescent light induced by X-rays in a diamond was used to precisely align the laser-heated spot with the X-ray beam. Twodimensional XRD images were integrated to produce a conventional one-dimensional diffraction profile using the IPAnalyzer software [START_REF] Seto | Development of a software suite on X-ray diffraction experiments[END_REF].

Recovered samples from our DAC experiments were cross-sectioned using a Ga + focused ion beam (FIB) instrument (FEI VersaTM3D DualBeamTM). During FIB sectioning, sample was monitored by scanning electron microscopy using backscattered electrons to precisely section the center of a heated spot. The sample cross sections were then examined by a field-emission-type scanning electron microscope (FE-SEM) and energy dispersive X-ray spectrometry (EDS) with a silicon drift detector.

The section was then mounted on a Cu grid and further thinned to approximately 3 μm thickness for further analysis with a field-emission-type electron probe microanalyzer (FE-EPMA, JXA-8530F, JEOL) in order to determine chemical compositions. Since Fe-C samples are good electric conductors, no coating material was necessary for EPMA analysis with an accelerating voltage of 10 kV and a beam current of 15 nA. A focused electron beam for spot analyses was less than 50 nm in size. We used both Fe3C and Fe7C3 as standards that were synthesized at 5 GPa/1473 K and applied the ZAF correction [START_REF] Nakajima | Carbon in the core" revisited[END_REF]. Corundum (for Al and O) and pure iron (for Fe) were also used for standards. The X-ray counting time for peak/background was 20s/10s. LDE2 (C), TAP (Al), LIFH (Fe), and LDE1H (O) were analyzing crystals.

Very minor amounts of aluminum and oxygen were found when analyzing the sample, most likely due to a signal from a neighboring/underlying Al2O3 insulation layer. We estimated the carbon concentrations in quenched liquid and solid metals after subtracting Al2O3 from raw analyses. In addition, we analyzed two samples (runs #2 & #6) by EPMA with a liquid nitrogen cold finger (JXA-8530FPlus HyperProbe Electron Probe Microanalyzer) at both 10 kV and 15 kV accelerating voltage (Table S1). The results demonstrate that the carbon contents obtained with and without the cold finger are similar to each other. We repeated the analyses of the Fe3C standard twenty times and found that the carbon concentration changed only by ±0.1766 atm%. While chemical compositions were calculated by using both the 'standard' ZAF correction and the phi-rho-z type procedure, the results are consistent with each other (see Table S1).

Results

Carbon contents in eutectic liquid and coexisting solid iron

We have conducted eight separate DAC runs for melting experiments in a pressure range from 23 GPa to 255 GPa (Table 1). Figs. 1 and 2 show typical melting textures on recovered samples. There is a chemically homogeneous part at the center of a laserheating spot, which is non-stoichiometric in composition and should represent a quenched liquid. The liquidus phase (solid phase in contact with liquid) is found at both sides of the liquid. The outermost low-temperature area remained subsolidus. We observed iron carbide (Fe3C or Fe7C3) or metallic iron (or both) as liquidus phase(s). In runs #2, #4, #5, and #8, both iron carbide and iron were present, suggesting that the quenched liquid in these runs may represent a eutectic liquid in the Fe-C binary system.

Carbon diffusivity in liquid iron was estimated to be about 10 -8 m 2 /s under the present P-T conditions [START_REF] Helffrich | Outer core compositional layering and constraints on core liquid transport properties[END_REF], indicating that 1 s is long enough for carbon to diffuse in the present liquid pool that was less than 20 µm across (Figs. 1 and2). Since melting/crystallization at the liquid/solid boundary occurs almost instantaneously, chemical homogeneity in the liquid assures that chemical equilibrium was attained in the present heating duration of about 5 s. The Fe-C liquids obtained in the core pressure range included about 1 wt.% oxygen in addition to carbon (Table 1), which might have affected phase relations in the Fe-C binary system.

We determined the carbon concentration in quenched liquid up to 255 GPa, the conditions corresponding to the middle of the outer core, more than twice the pressure compared to previous experimental studies (e.g., [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]Morard et al., 2017a). Fig. 3 demonstrates the carbon concentrations in liquids as a function of pressure, which constrains the change in eutectic liquid composition, considering that they indicate the lower and upper bounds for the carbon content in eutectic liquid at each pressure when coexisting with iron and iron carbides, respectively. These data show a small reduction in carbon content in the eutectic liquid with increasing pressure above 23 GPa. Our results are not consistent with the continuous reduction that was thermodynamically predicted by [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF] and experimentally reported by [START_REF] Lord | Melting in the Fe-C system to 70 GPa[END_REF] (Fig. 3). The difference from [START_REF] Lord | Melting in the Fe-C system to 70 GPa[END_REF] may be attributed to the difference in analytical method: Lord and others employed an X-radiographic imaging technique for chemical analysis, while we based our measurements on electron microprobe analyses.

We also obtained the carbon concentrations in solid iron coexisting with Fe-C liquid as a function of pressure (Fig. 4). Liquid Fe-C coexists with face-centered cubic (fcc) iron at relatively low pressure range, in which carbon atoms occupy the octahedral interstitial sites [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF]. Previous studies reported that the maximum solubility of carbon in fcc-Fe is <2.1 wt.% at 1 bar and predicted that it decreases at higher pressures [START_REF] Walker | Nonstoichiometry and growth of some Fe carbides[END_REF][START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF]. Our results show about 1.0 wt.% in fcc-Fe from 23 to 54 GPa, in good agreement with such predictions. Above 138 GPa in the present experiments, hcp Fe should have crystallized from Fe-C liquid and again included 1.0 wt.% or less C. The effect of pressure on the solubility of carbon in hcp Fe was not observed.

Eutectic temperature in the Fe-C system

The temperature at the solid/liquid boundary gives the upper bound for eutectic temperature. These temperatures are plotted as a function of pressure in Fig. 5a, which constrains the eutectic melting curve to mid-outer core pressures. We fit the Simon-Glatzel equation to the data [START_REF] Simon | Remarks on fusion pressure curve[END_REF]:

𝑇𝑇 𝑚𝑚 = 𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 � 𝑃𝑃-𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎 + 1� 1 𝑐𝑐 ⁄ (1)
where Tm is eutectic temperature, and both a and c are fitting parameters. Tmref = 1513 K at Pref = 5 GPa is employed as a reference eutectic temperature from previous data obtained using a large-volume press [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF] (2017a) within experimental uncertainties. Fig. 5b compares the eutectic melting curves of iron alloys. Under the core pressure range, the Fe-C system exhibits a eutectic temperature lower than those of Fe [START_REF] Anzellini | Melting of iron at earth's inner core boundary based on fast X-ray diffraction[END_REF], Fe-FeSi [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF], and Fe-FeO (Morard et al., 2017a). And, the Fe-C eutectic melting temperature is higher than that in Fe-Fe3S below ~250 GPa, but is lower at higher pressures including the ICB pressure [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF].

Liquidus field of Fe7C3

In runs #7 and #8 using the Fe-4.0 wt.%C starting material, the sample was initially compressed at room temperature to 176 GPa and 226 GPa, respectively (Fig. 6). Broad XRD peaks from hcp Fe and Fe3C were observed before heating in both runs.

The peaks from both phases became sharper and spotty upon heating to 2300 K in run #7, in which more than 10 peaks were indexed to Fe3C cementite [START_REF] Sata | Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF], and only Fe3C phase was observed from the sample in the XRD pattern during melting at 203 GPa and 3350 K. In addition, we confirmed with an FE-EPMA that the quenched liquid was surrounded by Fe3C in the recovered sample (Fig. 7a). These indicate that Fe forms eutectic melting with Fe3C at 203 GPa.

In the case of run #8, the diffraction peaks from hcp Fe and Fe3C became sharper and spotty upon heating. We then observed the appearance of the peaks that are assigned to Fe7C3 (orthorhombic, Pbca) [START_REF] Prescher | High Poisson's ratio of Earth's inner core explained by carbon alloying[END_REF] after we melted the sample by increasing temperature to 3570 K at 255 GPa. After quenching this sample, we confirmed with the FE-EPMA that the liquid was in contact with both Fe and Fe7C3, whereas the subsolidus part was composed of Fe and Fe3C (Fig. 7b). These show that eutectic melting occurs between Fe and Fe7C3 at 255 GPa. This observation is not consistent with [START_REF] Liu | Phase relations of Fe3C and Fe7C3 up to 185 GPa and 5200 K: implication for the stability of iron carbide in the Earth's core[END_REF], who argued that Fe3C dissociates into Fe + Fe7C3 at subsolidus above 145 GPa when using Fe3C as a sample. Liu and others based their conclusions purely on the change in XRD patterns, and they may have collected them above eutectic temperature.

Discussion

Phase diagram of Fe-C system at ICB

The eutectic liquid composition (Fig. 3) and eutectic melting curve obtained in this study (Fig. 5) indicate that eutectic melting occurs in Fe-Fe3C at Fe + 3.5 wt.% C at 135 GPa and 3000 K. And, these data determined up to 255 GPa suggest that the eutectic liquid includes about 3 wt.% C at 330 GPa and 3750 K.

We model the liquidus curve for the Fe-rich side of the eutectic to 330 GPa (Fig. 8). Considering an ideal solution, a molar ratio of Fe in liquid at T is given by:

𝜒𝜒 Fe liq = exp � 𝐺𝐺 ̅ Fe sol 0 -𝐺𝐺 ̅ Fe liq 0 𝑅𝑅𝑅𝑅 � = exp �-∫ 𝐻𝐻 � Fe sol 0 -𝐻𝐻 � Fe liq 0 𝑅𝑅𝑅𝑅 2 𝑑𝑑𝑇𝑇 𝑅𝑅 𝑅𝑅 𝑚𝑚 Fe � (2)
where 𝐺𝐺 ̅ Fe 𝑖𝑖 0 and 𝐻𝐻 � Fe 𝑖𝑖 0 are standard Gibbs free energy and the enthalpy of phase i, respectively, 𝑇𝑇 𝑚𝑚 Fe is the melting temperature of pure Fe, and R is gas constant. When we assume that an enthalpy change upon fusion, 𝐻𝐻 � Fe liq 0 -𝐻𝐻 � Fe sol 0

, is independent from temperature, Eq. ( 2) is written as:

𝜒𝜒 Fe liq = exp �� 𝐻𝐻 � Fe liq 0 -𝐻𝐻 � Fe sol 0 𝑅𝑅𝑅𝑅 𝑚𝑚 Fe � × �1 - 𝑅𝑅 𝑚𝑚 Fe 𝑅𝑅 �� = exp �𝐴𝐴 × �1 - 𝑅𝑅 𝑚𝑚 Fe 𝑅𝑅 �� (3) 
Here A is constant and calculated from 𝑇𝑇 𝑚𝑚 Fe [START_REF] Anzellini | Melting of iron at earth's inner core boundary based on fast X-ray diffraction[END_REF], eutectic temperature, and eutectic composition (Figs. 3 and5) at a given pressure (see also [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF].

Fe-C core liquid?

Melting phase relations in the Fe-C system constrain the carbon budget in the Earth's core and the mineralogy of the solid inner core. The maximum carbon content in the outer core has been estimated from the core density deficit. Recent experimental and computational studies on the density of liquid Fe-C alloys indicate 1.8 to 4.2 wt.% C in the liquid core at the ICB [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF]: Nakajima et al., 2015;Morard et al., 2017b), although earlier estimates based on the EoS of solid Fe3C suggested higher carbon concentration (7.7-9.2 wt.% C) [START_REF] Sata | Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF]. Since the eutectic point is located at about 3 wt.% C at 330 GPa (Fig. 8), if the Fe-C outer core includes less than 3 wt.% C, it crystallizes hcp Fe with ≤1 wt.% C at the ICB (Fig. 4). In this case, however, the difference in carbon concentration between the liquid and solid core is too small to explain the density jump (4.5 to 6.5%) across the ICB [START_REF] Shearer | The density and shear velocity contrasts at the inner core boundary[END_REF][START_REF] Masters | On the resolution of density within the Earth[END_REF]. Moreover, assuming a linear density change between pure Fe [START_REF] Sakamaki | Constraints on Earths inner core composition inferred from measurements of the sound velocity of hcp-iron in extreme conditions[END_REF], Fe3C [START_REF] Sata | Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF], and Fe7C3 [START_REF] Prescher | High Poisson's ratio of Earth's inner core explained by carbon alloying[END_REF], hcp Fe with 1.0 wt.% C is found to be only 1.3% lighter than pure iron, which is not enough to account for the inner core density deficit of 4-6% [START_REF] Brown | Phase transitions, Grüneisen parameter, and elasticity for shocked iron between 77 GPa and 400 GPa[END_REF][START_REF] Shearer | The density and shear velocity contrasts at the inner core boundary[END_REF][START_REF] Masters | On the resolution of density within the Earth[END_REF][START_REF] Dewaele | Quasihydrostatic equation of state of iron above 2 Mbar[END_REF][START_REF] Komabayashi | Internally consistent thermodynamic database for iron to the Earth's core conditions[END_REF]. This is supported by the recent calculations by [START_REF] Li | The elastic properties of hcp-Fe alloys under the conditions of the Earth's inner core[END_REF]. Less than 3 wt.% C as a single light element in the core is therefore unlikely.

Next we consider the case that the liquid core contains more than 3 wt.% C as the sole light component, from which Fe7C3 crystallizes at the ICB (Fig. 8). It has been suggested that both VP and VS-in particular the slow VS (high Poisson's ratio)-of the inner core could be reconciled with non-magnetic Fe7C3 [START_REF] Mookherjee | High-pressure behavior of iron carbide (Fe7C3) at inner core conditions[END_REF][START_REF] Chen | Hidden carbon in Earth's inner core revealed by shear softening in dense Fe7C3[END_REF][START_REF] Prescher | High Poisson's ratio of Earth's inner core explained by carbon alloying[END_REF]. If the inner core is composed of solid Fe7C3, the liquid outer core should include 5.4-6.7 wt.% C according to [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF] or 5.2-6.0 wt.% C based on [START_REF] Nakajima | Carbon-depleted outer core revealed by sound velocity measurements of liquid iron-carbon alloy[END_REF], considering that the outer core should be 4.5-6.5% less dense than solid Fe7C3 [START_REF] Chen | Hidden carbon in Earth's inner core revealed by shear softening in dense Fe7C3[END_REF]. More than 5 wt.% C in liquid iron, however, leads to a bulk sound velocity and a density much higher and lower than those observed for the outer core, respectively [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF][START_REF] Nakajima | Carbon-depleted outer core revealed by sound velocity measurements of liquid iron-carbon alloy[END_REF]Morard et al., 2017b) and is thus unlikely. The computational study by [START_REF] Li | Thermoelasticity of Fe7C3 under inner core conditions[END_REF] also showed that the density of Fe7C3 is too low to be a major constituent of the inner core.

These suggest that carbon cannot be a predominant light element in the outer core.

It is indeed consistent with [START_REF] Wood | Carbon in the core : its influence on the properties of core and mantle[END_REF], who proposed that the maximum carbon content in the core is 1.0 wt.%, which was deduced from the carbon isotopic signature in silicate Earth and the silicate-metal fractionation factors. It has also been argued that the outer core velocity is explained by the incorporation of a small amount of carbon that is not enough to account for its density deficit from pure iron [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF][START_REF] Nakajima | Carbon-depleted outer core revealed by sound velocity measurements of liquid iron-carbon alloy[END_REF].

Fe-C-X core liquid?

Furthermore, we consider the Fe-C-X (X = Si, S, O, or H) ternary systems to seek possible ranges of outer core composition, from which hcp Fe crystallizes (Figs. 9a-d).

The eutectic liquid composition in each Fe-X binary system has been estimated to be Fe with 3 wt.% C (this study), 1.5 wt.% Si [START_REF] Ozawa | High-pressure melting experiments on Fe-Si alloys and implications for silicon as a light element in the core[END_REF], 5 wt.% S [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF], and >10 wt.% O (Morard et al., 2017a) at 330 GPa. The hydrogen concentration in the Fe-H eutectic liquid is unclear, but it would be around 1 wt.% H according to [START_REF] Fukai | Some properties of the Fe-H system at high pressures and temperatures, and their implications for the Earth's core[END_REF] and [START_REF] Shibazaki | High-pressure and high-temperature phase diagram for Fe0.9Ni0.1-H alloy[END_REF]. The ternary eutectic points in these systems are not exactly known, but the recent melting experiments performed by [START_REF] Tateno | Melting experiments on Fe-Si-S alloys to core pressures: silicon in the core?[END_REF] have demonstrated that the Fe-Si-S ternary eutectic point is located 1) near the tie line between the Fe-FeSi and Fe-Fe3S binary eutectic points and 2) close to the Fe-Fe3S binary join because the eutectic temperature in Fe-Fe3S is much lower than that in Fe-FeSi. The present data show that the eutectic temperature in the Fe-C binary system is low compared to those in other systems (Fe-Si, Fe-S, and Fe-O) at 330 GPa (Fig. 5).

On the basis of these observations, Figs. 9a-d illustrate the liquidus phase relations (showing a compositional range from which a specific solid phase first crystallizes) in the Fe-C-X ternary systems at the ICB, with each ternary eutectic point located relatively close to the Fe-C binary eutectic point except for the Fe-C-H system.

Previous experiments and calculations have estimated the maximum amount of each light element in the liquid core to explain the outer core density deficit. Estimates based on liquid iron alloys show 4.6-6.4 wt.% Si [START_REF] Morard | The Earth's core composition from high pressure density measurements of liquid iron alloys[END_REF][START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF], 5.8-14.0 wt.% S [START_REF] Morard | The Earth's core composition from high pressure density measurements of liquid iron alloys[END_REF][START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF][START_REF] Umemoto | Liquid iron-sulfur alloys at outer core conditions by firstprinciples calculations[END_REF][START_REF] Kawaguchi | Sound velocity of liquid Fe-Ni-S at high pressure[END_REF], 5.5 wt.% O [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF], and 1.0 wt.% H (Umemoto and Hirose, 2015) at the ICB, which are again less than those obtained by the earlier study on the EoSs of solid FeSi, FeS, and Fe0.95O [START_REF] Sata | Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures and implication for light element in the Earth's core[END_REF]. These give the possible compositional range of Fe-C-X ternary outer core liquid in Figs. 9a-d (green area).

We find that hcp Fe crystallizes from possible liquid core compositions in all of the Fe-C-Si, Fe-C-S, Fe-C-O, and Fe-C-H systems. The recent calculations by [START_REF] Li | The elastic properties of hcp-Fe alloys under the conditions of the Earth's inner core[END_REF] proposed that all of the density, VP, and VS of the solid inner core are explained by hcp Fe30C1Si1 (Fe + 0.7 wt.% C + 1.6 wt.% Si). Such inner core composition is feasible, considering that the maximum solubilities of silicon and sulfur in hcp Fe when coexisting with liquid alloys are ≤1.5 wt.% Si and 4 wt.% S at the ICB, respectively [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] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF]. Hcp Fe + 1 wt.% C + 4.0 wt.% S also could account for the inner core density [START_REF] Sakai | Compression of Fe88.1Ni9.1S2.8 alloy up to the pressure of Earth's inner core[END_REF]. Hydrogen is known to be soluble in solid Fe [START_REF] Fukai | Some properties of the Fe-H system at high pressures and temperatures, and their implications for the Earth's core[END_REF][START_REF] Shibazaki | Sound velocity measurements in dhcp-FeH up to 70 GPa with inelastic X-ray scattering: implications for the composition of the Earth's core[END_REF][START_REF] Terasaki | Stability of Fe-Ni hydride after the reaction between Fe-Ni alloy and hydrous phase (δ-AlOOH) up to 1.2Mbar: possibility of H contribution to the core density deficit[END_REF], suggesting that the hcp Fe-C-H inner core is also feasible. On the other hand, solid Fe crystallizing from liquid Fe-C-O contains ≤1 wt.% carbon and a negligible amount of oxygen [START_REF] Ozawa | Phase transition boundary between B1 and B8 structures of FeO up to 210 GPa[END_REF], which does not account for the inner core density deficit [START_REF] Li | The elastic properties of hcp-Fe alloys under the conditions of the Earth's inner core[END_REF].

Therefore, while carbon is not a predominant light element in the core, the outer core liquid can be Fe-C-Si, Fe-C-S, or Fe-C-H.

Conclusion

We have conducted melting experiments on the Fe-C binary system up to 255 GPa by using a laser-heated DAC. The carbon concentration in eutectic liquid and the solubility of carbon in solid iron were determined based on textual and chemical characterizations for samples recovered from the DAC. Results show that 1) the carbon content in eutectic liquid slightly decreases with increasing pressure from 4.3 wt.% C at ambient pressure to 3.6 wt.% C at 255 GPa, 2) eutectic melting occurs between Fe and Fe3C to 203 GPa and between Fe and Fe7C3 at 255 GPa, and 3) the maximum solubility of carbon in solid iron is almost constant (≤1 wt.%) up to 255 GPa. The eutectic liquid in the Fe-C binary system includes about 3 wt.% C at 330 GPa.

If carbon is the sole light element in the core and the outer core includes <3 wt.% C, hcp Fe crystallizes at the ICB but includes only less than 1 wt.% C, which does not explain the inner core density deficit. If the liquid core contains more than 3 wt.% C, it forms Fe7C3 at the ICB, whose density is too low for the inner core. These indicate that carbon is not a primary light element in the core. On the other hand, the outer core can be liquid Fe-C-Si, Fe-C-S, or Fe-C-H. It crystallizes hcp Fe including light elements with less than 1 wt.% C, which may explain the density and the sound velocities observed in the inner core. previous studies [START_REF] Chabot | The Fe-C system at 5 GPa and implications for Earth's core[END_REF][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]Morard et al., 2017a). Green curve shows the change in eutectic liquid composition with increasing pressure. [START_REF] Walker | Nonstoichiometry and growth of some Fe carbides[END_REF][START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF]. Purple dashed curve shows the melting temperature of pure Fe [START_REF] Anzellini | Melting of iron at earth's inner core boundary based on fast X-ray diffraction[END_REF].

Figure captions

(b) Eutectic melting curve of the Fe-C system obtained in this study compared with those of the Fe-Fe3S [START_REF] Mori | Melting experiments on Fe-Fe3S system to 254 GPa[END_REF], Fe-FeO (Morard et al., 2017a), and Fe-FeSi [START_REF] Fischer | Phase relations in the Fe-FeSi system at high pressures and temperatures[END_REF] binary systems. Morard et al., 2017a), and Fe-H binary systems [START_REF] Fukai | Some properties of the Fe-H system at high pressures and temperatures, and their implications for the Earth's core[END_REF]. Green regions show the range of possible composition of the outer core that explains its density based on studies on liquid iron alloys [START_REF] Morard | The Earth's core composition from high pressure density measurements of liquid iron alloys[END_REF][START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF][START_REF] Umemoto | Liquid iron-sulfur alloys at outer core conditions by firstprinciples calculations[END_REF][START_REF] Umemoto | Liquid iron-hydrogen alloys at outer core conditions by first-principles calculations[END_REF][START_REF] Nakajima | Carbon-depleted outer core revealed by sound velocity measurements of liquid iron-carbon alloy[END_REF][START_REF] Kawaguchi | Sound velocity of liquid Fe-Ni-S at high pressure[END_REF]. 

  Fig.5ais consistent with those of previous studies by[START_REF] Liu | Phase relations of Fe3C and Fe7C3 up to 185 GPa and 5200 K: implication for the stability of iron carbide in the Earth's core[END_REF] andMorard et al. 
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