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Recent theoretical calculations suggested that carbon and oxygen are important light
elements in the Earth’s inner and outer core, respectively. We performed melting
experiments on the Fe-C-O system and obtained ternary liquidus phase relations
at ∼50, ∼136, and ∼200 GPa based on textural and compositional characterisations
of recovered samples. Considering the previously reported Fe-C binary eutectic
liquid composition, these results are extrapolated to 330 GPa, which constrains C
and O concentrations in the liquid outer core that crystallises Fe at the inner core.
Theory has predicted a possible range of the solid inner core composition in
Fe-C-S-Si that explains seismological observations. The compositions of liquids
Fe-C-O-S-Si in equilibrium with such solid Fe-C-S-Si alloys are calculated with
the solid-liquid partition coefficient of C obtained in this study along with those
of S and Si in the literature. These liquid compositions, however, do not satisfy con-

straints from both outer core observations and the liquidus phase relations examined in this study, suggesting that the inner core
is not Fe-C-S-Si alloy but may include H as an important impurity element.
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Introduction

The ∼8 % density deficit and ∼4 % velocity excess of the Earth’s
outer core with respect to pure Fe (Kuwayama et al., 2020) are
attributed to the presence of light elements such as C, O, S,
Si, andH (e.g., Hirose et al., 2021). The recent ab initio simulations
by Li et al. (2018) showed a possible range of the solid inner com-
position in the Fe-C-S-Si system and argued that C is essential to
explain the density, and compressional and shear velocities,
observed in the inner core. It suggests that the outer core is also
rich in C when considering its low solid metal/liquid metal par-
tition coefficients obtained in the Fe-C system (Mashino et al.,
2019). Contrarily, O is known to be almost insoluble in solid
Fe (Alfè et al., 2002) and should thus be nearly absent in the inner
core. Instead, O can account for the density difference observed
across the inner core boundary (ICB) (Alfè et al., 2002;
Kuwayama et al., 2020) and is likely to be a major light element
in the outer core (Badro et al., 2014; Umemoto andHirose, 2020).
Both C andO could thus be important light elements in the core.
Morard et al. (2017) argued that both C and O largely diminish
the liquidus temperatures of Fe alloys, which is important for the
core-mantle boundary (CMB) temperature to be lower than the
melting temperature of the lowermost mantle.

Melting phase relations and eutectic liquid compositions
have been examined in Fe-rich portions of both the Fe-C
(Mashino et al., 2019) and Fe-O binary systems (Oka et al.,
2019), but those in the Fe-C-O ternary systems are not known
yet. When two or more light elements are present, interactions

between them affect phase relations and element partitioning in
ternary systems. The composition of the outer core liquid should
bewithin the liquidus field of Fe such that it crystallises the dense
inner core.

Here we performed melting experiments on the Fe-C-O
system at high pressure and temperature (P-T) in a laser heated
diamond-anvil cell (DAC) (see Supplementary Information S-1
for Methods) and determined the ternary liquidus phase rela-
tions and solid-liquid partitioning based on the textural and
chemical analyses of recovered samples at ∼50 (39–49) GPa,
∼136 (128–138) GPa, and ∼200 (190–211) GPa. These results
are then extrapolated to the ICB pressure of 330 GPa by employ-
ing earlier data on the Fe-C system (Mashino et al., 2019). The
range of the possible inner core composition in the Fe-C-S-Si
system has been recently proposed by Li et al. (2018). We exam-
ine the validity of such Fe-C-S-Si inner core and suggest that H
may be an additional important light element not only in the
outer core (Umemoto andHirose, 2020) but also in the inner core
(Wang et al., 2021).

Results

We performed five separate melting experiments on three sam-
ples with different C/O ratios at pressures around 50 GPa,
136 GPa, and 200 GPa (Table S-1). From the textural and com-
positional characterisations of sample cross sections, we deter-
mined liquid compositions and their liquidus phases (Figs. 1,
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S-1; Supplementary Information S-2). The Fe-C-O ternary dia-
grams were obtained at each pressure based on these present
data along with those reported in Mashino et al. (2019) and
Oka et al. (2019), both of which reported the EPMA analyses
of C and O concentrations in liquids along with their liquidus
phases.We employ the Fe-C binary eutectic composition at each
pressure from Mashino et al. (2019) considering uncertainty in
their determinations (see red pluses in Fig. 2).

At ∼50 GPa, the Fe-C-O liquids containing only 0.4–
0.6 wt. %O coexisted with FeO, indicating that the liquidus field
of FeO extends to a low O portion (Fig. 2a). Moreover, the com-
positions of liquids coexisting with FeO ± Fe (runs #1 and #O7)
are close to that of the Fe-C binary eutectic liquid that coexists

with Feþ Fe3C (Mashino et al., 2019), suggesting that they
approximate the ternary eutectic composition at this pressure.
The Feþ FeO cotectic line and the C-free, Fe-FeO binary eutec-
tic composition are obtained by combining such ternary eutectic
composition with those of O-rich (8.8–10.3 wt. %) liquids coex-
isting with FeO ± Fe (runs #O3 and #O4).

At ∼136 GPa (Fig. 2b), we obtained the ternary eutectic
liquid which coexisted with Feþ FeOþ Fe3C (run #3; Fig. 1b,c).
The Feþ Fe3C cotectic line is drawn between the ternary eutectic
and the Fe-C binary eutectic compositions (Mashino et al., 2019)
and is consistent with the liquid composition obtained in run
#M3 coexisting with Fe. The Fe-FeO binary eutectic composition
was found at ∼50 GPa and ∼200 GPa from the positions of the
Feþ FeO cotectic line in the Fe-C-O ternary diagrams and is
estimated for ∼136 GPa by interpolation considering the pres-
sure effect works linearly, based on the previous observations
that the Fe-FeO eutectic composition increases approximately
in proportion to pressure above 50 GPa (Oka et al., 2019). The
Feþ FeO cotectic line obtained at this pressure is compatible
with the results of runs #4 and #O5. Also at ∼200 GPa
(Fig. 2c), we obtained an Fe-C-O liquid coexisting with
FeOþ Fe3C in run #5 in addition to those from runs #M4,
#M7, and #O6. This liquid should almost represent the ternary
eutectic liquid since its composition is plotted near the tie line
between those of the Fe-C eutectic liquid and the liquid coexist-
ing with Feþ FeO (run #O6).

(a)

(b)

(c)

Figure 1 Scanning ion microscope (SIM) images and the X-ray
elemental map of sample cross sections and corresponding tem-
perature profiles obtained in (a) run #1 at 46 GPa and (b, c) run
#3 at 128 GPa. The X-ray map (c) is combined for C (light blue),
O (red), and Al (white). In run #3, we found Fe3C and FeO in direct
contactwith liquid at 3170K and Fe at a slightly lower temperature
portion (3040 K), suggesting that the liquid obtained closely rep-
resents the ternary eutectic liquid at ∼3110 K.

(a) (b)

(c) (d)

Figure 2 Liquidus phase relations of the Fe-C-O ternary system in
weight percent at (a) ∼50 GPa, (b) ∼136 GPa, (c) ∼200 GPa, and
(d) ∼330 GPa. Liquids obtained in the present experiments (black)
are plotted along with those from Oka et al. (2019) (blue) and
Mashino et al. (2019) (red). Pluses indicate the Fe-C binary eutectic
composition at each pressure. Stars show the compositions of start-
ing materials and are connected by dotted lines to those of liquids
formed. Contamination by carbon explains the mass balance in
each run. The present results indicate higher O concentration in
the Fe-FeO eutectic liquid than earlier studies in which the pres-
ence of C in liquid was not quantitatively taken into account
(Morard et al., 2017; Oka et al., 2019). Since the inner core consists
of light element depleted solid Fe, the outer core composition
should be in the liquidus field of Fe at inner core pressures as
shown by the red area in (d) for 330 GPa.

Geochemical Perspectives Letters Letter

Geochem. Persp. Let. (2022) 22, 1–4 | https://doi.org/10.7185/geochemlet.2218 2

https://www.geochemicalperspectivesletters.org/article2218/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2218/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2218


These results well constrain the Fe-C-O ternary liquidus
phase diagram at ∼50 GPa, ∼136 GPa, and ∼200 GPa
(Fig. 2a–c). The ternary eutectic temperature is found to be about
2460 ± 110K at∼50GPa (run #1), 3110 ± 150K at∼136GPa (run
#3), and 3660 ±240K at∼200GPa (run #5), and they are extrapo-
lated to ∼4100 K at the ICB pressure (Fig. S-2). Figure 2d shows
the liquidus phase relations at 330 GPa, in which we employed
the C concentration in the Fe-C binary eutectic liquid (Mashino
et al., 2019) and extrapolated the ternary eutectic liquid compo-
sition and the O content (∼18 wt. %) in the Fe-O eutectic liquid
by considering the linear pressure effect above 50 GPa where
mixing between the Fe-rich metallic liquid and FeO-rich ionic
liquid becomes ideal (Oka et al., 2019). It is noted that the ternary
eutectic composition is located close to the tie line connecting the
Fe-Fe3C and Fe-FeO binary eutectic compositions at each pres-
sure. In other words, the liquidus field of Fe, a compositional
range of liquids that first crystallise Fe rather than light
element-rich phases of Fe3C (or Fe7C3 above 203–255 GPa
according to Mashino et al., 2019) and FeO, can be estimated
by interpolation between the Fe-C and Fe-O eutectic liquid
compositions.

Discussion

Fe-C-O or Fe-C-O-S-Si outer core? If the outer core is an Fe-C-O
liquid, it crystallises the Fe-C inner core because a negligible
amount of O can be included in solid Fe (Alfè et al., 2002; Yokoo
et al., 2019). C alone cannot account for the observed density and
velocities (Li et al., 2018). It is likely that 1.7 wt. % S is present in
the outer core according to cosmochemical and geochemical
studies (Dreibus and Palme, 1996). When we apply the solid
Fe/liquid partition coefficient of sulfur, DS= 0.8 (by weight) at
330 GPa determined by both theory (Alfè et al., 2002) and experi-
ment (Yokoo et al., 2019), the inner core may include 1.4 wt. % S
in addition to C. The recent ab initio calculations gave possible C
concentrations in solid Fe-C-1.4 wt. % S alloys that explain the
inner core density, compressional and shear velocities (the
Fortran code provided in Li et al., 2018); 1.5–2.3, 1.0–1.6, and
0.7–1.1 wt. % C for T360GPa= 5500, 6000, and 6500 K, respec-
tively. We can calculate the C contents in Fe-C-O-1.7 wt. % S
liquids that are in equilibrium with such Fe-C-1.4 wt. % S solids
at the ICB with DC that depends on the amount of O (Fig. 3;

Supplementary Information S-3). Regardless of the O content,
such liquid compositions are, however, far outside the liquidus
field of Fe in the Fe-C-O-1.7 wt. % S system at inner core condi-
tions (Fig. S-3), which is estimated considering 5 wt. % S in the
Fe-S binary eutectic liquid at 330 GPa (Mori et al., 2017) (see
Supplementary Information S-4). The Fe-C-1.4 wt. % S inner
core (and Fe-C-O-1.7 wt. % S outer core) is therefore not
feasible.

Next we additionally consider the presence of Si. The
range of solid Fe-C-Si-1.4 wt. % S compositions that satisfy
the observed inner core density and velocities has been also cal-
culated by Li et al. (2018) at T360GPa = 5500, 6000, and 6500 K.
The C and Si abundances in Fe-C-O-Si-1.7 wt. % S liquids
which coexist with such Fe-C-Si-1.4 wt. % S solids at the ICB
are calculated by employing DC and DSi (= 1.0) (Alfè et al.,
2002). In addition, the remaining O content is obtained for
the liquids Fe-C-O-Si-1.7 wt. % S to account for the outer den-
sity and velocity (Umemoto and Hirose, 2020) when TICB=
5320 K, 5800 K, and 6280 K that correspond respectively to
5500 K, 6000 K, and 6500 K at 360 GPa employed in Li et al.
(2018) assuming adiabatic temperature profile and Grüneisen
parameter γ= 1.5. On the other hand, we extend the estimate
of the liquidus field of Fe to the Si-bearing system considering
8 wt. % Si in the Fe-Si binary eutectic liquid at 330 GPa
(Hasegawa et al., 2021) (see Supplementary Information S-4).
Nevertheless, the range of liquid compositions based on con-
straints from seismological observations of both the inner and
outer core again do not overlap with the liquidus field of Fe in
the Fe-C-O-Si-1.7 wt. % S system (Fig. 4).

Hydrogen in the core? None of the alloys in the Fe-C-O-
S-Si system satisfy the liquidus phase constraint on core compo-
sition examined in this study in addition to the seismological
constraints. This is primarily because high concentrations of C
are required in the inner core when H is not considered (Li et al.,

Figure 3 The solid Fe/liquid partition coefficient of C, DC plotted
as a functionofO concentration in liquid, calculated byweight per-
cent. Solid and open circles indicate data obtained in this study and
Mashino et al. (2019), respectively. The regression line is based on
maximum likelihood estimation with weighting based on the
inverse of uncertainty in each data;DC=−0.003(7)× [O]liqþ 0.18(2).
The shaded band indicates ±1σ uncertainty.

(a) (b)

(c)

Figure 4 Compositional range of liquids (green) that are in equi-
librium with the Fe-C-Si-1.4 wt. % S solids for the inner core pro-
posed by Li et al. (2018). Green and dark green areas indicate
compositions estimated using DC with and without ±1σ uncer-
tainty, respectively. T360 GPa= 5500 K (a), 6000 K (b), and 6500 K
(c). The O contents are calculated to account for the outer density
and velocity at corresponding TICB= 5320 K, 5800 K, and 6280 K
(Umemoto and Hirose, 2020). The red area shows the liquidus field
of Fe in the Fe-C-O-Si-1.7 wt. % S system. There are no Fe-C-O-Si-
1.7 wt. % S liquids that satisfy both the seismological (green)
and liquidus phase (red) constraints.
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2018), which leads to too much C in the outer core due to the low
DC (= 0.1 to 0.2) (Fig. 3). It is likely that the inner core solid contains
only a minor amount of C and may instead include a substantial
amount of H. Indeed, the more recent ab initio simulations by
Wang et al. (2021) demonstrated that solid Fe-Si-H alloys can
explain the seismological observations of the inner core. The
inclusion of H in the inner core requires its presence in the outer
core as well. Indeed, it has been already supported by ab initio cal-
culations of the density and compressional velocity of H-bearing
liquid Fe alloys (Umemoto and Hirose, 2020) and by the high
metal/silicate partition coefficient of H under high P-T conditions
of core segregation (Li et al., 2020; Tagawa et al., 2021).

In future studies, it is important to elucidate liquidus tem-
peratures of Fe alloys not only at the eutectic point but also for
the entire liquidus field of Fe. With a narrow range of possible
TICB, we will then be able to tightly constrain the compositions
of liquids that crystallise Fe at the inner core. Conversely, the
liquidus temperatures of a possible range of the outer core com-
position can constrain TICB, which remains highly controversial
(Hirose et al., 2021).
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S-1. Experimental Methods 
 
High-pressure and high-temperature (P-T) conditions were generated in a laser-heated DAC with flat 300 µm, 
bevelled 120 µm or 90 µm culet anvils. Starting materials were foils of Fe-3.3 (2) wt. % C-3.2 (1) wt. % O 
and Fe-3.1 (3) wt. % C-17.7 (16) wt. % O in addition to Fe-13.0 wt. % O previously used in Oka et al. (2019), 
all of which were prepared by a deposition technique (Yokoo et al., 2019) (Table S-1). Such foils were each 
loaded, together with Al2O3 pressure medium, into a hole at the centre of a rhenium gasket that was pre-
indented to 30–40 µm thickness. After loading, a whole DAC was dried in a vacuum oven at 393 K for more 
than 15 hr to eliminate moisture on the sample and the pressure medium. They were then flushed with Ar gas 
and compressed to high pressure in that atmosphere. 

The sample was heated at high pressure from both sides with a couple of 100 W single-mode Yb fibre 
lasers. We employed a beam shaper to have a flat energy distribution of a laser beam in order to diminish a 
radial temperature gradient on metal samples. The laser-heated spot size was 20–30 µm across. Heating 
duration was limited to 3 s to avoid complex textures which can be caused by temperature fluctuations. It 
should be long enough to reach chemical equilibrium between liquid and coexisting solids because 
melting/crystallisation occurs almost instantaneously and both C and O diffuse over a 5–35 µm size liquid 
pool (Fig. S-1) only in ~0.1 s under the present experimental P-T conditions (Helffrich, 2014). Indeed, both 
quenched liquid and coexisting solid are homogeneous in composition (Table S-1). Previous time-series 
experiments on Fe-S alloys showed that the compositions of coexisting liquid and solid did not change after 
1 s (Mori et al., 2017). The temperature distribution on the sample surface was measured by a spectro-
radiometric method (Hirao et al., 2020). We obtained the temperature of the liquid/solid boundary (Table S-
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1), based on a combination of the 1-D temperature profile and the melting texture found in a sample cross 
section, considering identical temperature for the liquid/solid boundary on the right- and left-hand sides (Fig. 
1a, b). Its uncertainty may correspond to variations in ~7 µm area at the liquid/solid boundary, which is close 
to ±5 % errors. Even with such temperature errors, however, the liquidus temperature of the Fe-C-O liquid in 
run #5, close in composition to the ternary eutectic liquid, is found to be higher than the Fe-C binary eutectic 
temperature (Mashino et al., 2019), suggesting larger temperature uncertainty in this study or in Mashino et 
al. (2019). Pressure was determined after heating at room temperature from the Raman shift of a diamond 
anvil (Akahama and Kawamura, 2004). Thermal pressure contribution was added following the manner 
described in Yokoo et al. (2019). The overall pressure uncertainty may be ±10 % (Mori et al., 2017). 

Textural and chemical characterisations were made on recovered samples. A cross section at the centre 
of a laser-heated spot was prepared parallel to the compression axis by employing a focused Ga ion beam, 
FIB (FEI, Versa 3D DualBeam). During milling, sample texture was monitored by a field-emission (FE)-type 
scanning electron microscope (SEM) image and X-ray elemental maps collected by an energy dispersive X-
ray spectrometry (EDS) system (Fig. S-1). Subsequently the chemical compositions of coexisting liquid and 
solid(s) were determined with an FE-type electron probe microanalyser (EPMA; JEOL, JXA-8530F) with 
acceleration voltage of 12 kV, beam current of 15 nA, and focused electron beam size (<100 nm in diameter). 
The cold finger was not used because we obtained similar C contents with and without the cold finger in our 
previous study (Mashino et al., 2019). We used Fe, Fe-0.84 wt. % C, Fe3C, and Al2O3 as standards, and LIF 
(Fe), LDE2 (C), LDE1H (O), and TAP (Al) as analysing crystals, and the ZAF correction. C concentration 
was quantified from a calibration curve obtained by a C-free copper mesh, Fe-0.84 wt. % C (JSS066-6, the 
Japan Iron and Steel Federation), and Fe3C. We found minor amounts of Al in the EPMA analyses of liquid 
and solid metals, which most likely derived from neighbouring/underlying Al2O3 pressure medium (Tables S-
2 and S-3). Al and the corresponding amount of O were thus omitted from raw data, and the resulting analytical 
total was normalised to the original value. We have additionally analysed the edge of quenched liquid Fe next 
to the Al2O3 pressure medium in the run #1 sample; the analyses included 3.7–8.3 wt. % Al and 3.9–7.9 wt. % 
O, depending on the distance from the pressure medium. When subtracting Al and corresponding O and 
normalising the analytical total, these analyses are in good agreement with those obtained far from the Al2O3 
layer. 

S-2. Melting Textures in Sample Cross Sections 
 
On a cross section of each sample recovered from a DAC, there was a chemically homogeneous area at the 
centre of a laser-heated spot, the hottest portion (Fig. 1). This area should represent a quenched liquid; a molten 
state of this portion is supported by its (C,O)-bearing non-stoichiometric composition and the presence of 
Al2O3 grains inside a liquid pool. A single-phase solid layer of Fe, FeO, Fe3C, and/or C crystallised at the 
outer low-temperature side of the liquid area. Also, a subsolidus portion was found outside the liquidus phase 
layer. 

A liquid pool was surround by one or more single-phase solid layers in each experiment, which represent 
the liquidus phase(s) (Table S-1). In run #3 performed at 128 GPa, we found the Fe, FeO, and Fe3C layers 
next to a liquid. The liquid was in direct contact with Fe3C and FeO, and the Fe layer was present 1.5 µm 
outside the liquid pool (Fig. 1b, c), where temperature was lower by 130 K than at the liquid/Fe3C+FeO 
boundary. The composition of this liquid closely coexisted with three solid phases and should thus be close to 
that of the ternary eutectic liquid (Fig. 2b). 
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S-3. Solid-Liquid Partitioning of Carbon 
 
We obtained DC (defined as [C]solid/[C]liquid by weight) between solid Fe and liquid Fe-C-O in runs #O4, #O6 
and #O7. These experiments were originally reported in Oka et al. (2019), and we determined C concentrations 
in solid Fe in this study (Table S-1). These new partitioning data, together with those obtained in Mashino et 
al. (2019), are plotted in Figure 3 as a function of O concentration in liquid Fe, indicating that DC ranges from 
~0.1 to ~0.2 and does not clearly depend on P and T. Considering the effect of the O abundance, [O]liq in 
wt. %, we obtain DC = −0.003(7) × [O]liq + 0.18(2) when applying a maximum likelihood estimation method 
with weighting each data based on the inverse of its uncertainty. These results show the presence of O changes 
the solid-Fe/liquid partitioning of C to a small extent. 

S-4. Liquidus Field of Fe in the Fe-C-O±Si-1.7 wt. % S System 
 
As described in the Results section, the liquidus field of Fe in the Fe-C-O can be approximated by linear 
interpolation between the Fe-C and Fe-O binary eutectic liquids. Similar observations have been made in the 
Fe-S-Si and Fe-S-O liquidus phase diagrams (Tateno et al., 2018; Yokoo et al., 2019). Also, the Fe-Si-C 
eutectic liquid composition deviates little from such interpolation (Hasegawa et al., 2021). We extend this 
approximation to the Fe-C-O-S and Fe-C-O-S-Si systems (Hirose et al., 2021), considering 5 wt. % S and 8 
wt. % Si in the Fe-S and Fe-Si binary eutectic liquids at the ICB pressure, respectively (Mori et al., 2017; 
Hasegawa et al., 2021). The obtained liquidus field of Fe in the Fe-C-O-1.7 wt. % S and Fe-C-O-Si-1.7 wt. % 
S systems are illustrated respectively in Figures S-3 and 4. 
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Supplementary Tables 
 
Table S-1 Experimental conditions and results. 

Run Starting material 
(by weight) P (GPa) T (K) Liquidus Phase 

C 
(wt. %) 
in liquid 

O 
(wt. %) 
in liquid 

C 
(wt. %) in 
solid Fe 

#1 Fe-3.3 wt. % C- 
3.2 wt. % O 46 (5) 2460 (110) FeO 3.9 (3) 0.6 (2) - 

#2 Fe-3.1 wt. % C-
17.7 wt. % O 49 (5) 2800 (130) FeO + C 7.4 (3) 0.5 (2) - 

#3 Fe-3.3 wt. % C- 
3.2 wt. % O 128 (13) 3110 (150) Fe + FeO + Fe3C 3.4 (3) 3.4 (2) ND 

#4 Fe-13.0 wt. % O 130 (13) 3100 (160) FeO 3.3 (3) 5.1 (11) - 

#5 Fe-3.3 wt. % C- 
3.2 wt. % O 190 (19) 3660 (240) FeO + Fe3C 1.9 (2) 8.3 (3) - 

#O3 Fe-13.0 wt. % O 44 (4) 2860 (140) FeO 1.3 (1) 8.8 (4) - 
#O4 Fe-13.0 wt. % O 48 (5) 2580 (130) Fe + FeO 1.4 (1) 10.3 (6) 0.3 (2) 
#O5 Fe-4.1 wt. % O 132 (13) 3050 (150) Fe 0.8 (0) 9.8 (1) ND 
#O6 Fe-13.0 wt. % O 204 (20) 3500 (350) Fe + FeO 1.1 (0) 13.3 (0) 0.1 (1) 
#O7 Fe-4.1 wt. % O 39 (4) 2260 (110) Fe + FeO 3.1 (1) 0.4 (0) 0.4 (1) 
#M3 Fe-1.9 wt. % C 138 (14) 2900 (150) Fe 4.0 (2) 1.7 (2) 0.7 (5) 
#M4 Fe-1.9 wt. % C 211 (21) 3230 (160) Fe + Fe3C 4.2 (2) 1.0 (3) 0.6 (0) 
#M7 Fe-4.0 wt. % C 203 (20) 3350 (170) Fe3C 3.9 (1) 1.2 (2) - 

Runs #O3–#O7 were carried out in Oka et al. (2019), and C concentrations in solid Fe are newly reported in 
this study. Runs #M3, #M4, and #M7 are from Mashino et al. (2019). ‘ND’ = not determined. Numbers in 
parentheses indicate uncertainties on the last reported digits.  
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Table S-2 Raw EPMA analyses of quenched liquids obtained in runs #1–#5. 

Run number Fe 
(wt. %) 

C 
(wt. %) 

O 
(wt. %) 

Al 
(wt. %) 

Total 
(wt. %) 

#1 
 
 
 
 
 
 
 

#2 
 
 
 
 
 

#3 
 
 
 
 

#4 
 
 
 
 
 
 
 
 
 
 
 

#5 
 
 
 
 

1 
2 
3 
4 
5 
6 
7 
 
1 
2 
3 
4 
5 
 
1 
2 
3 
4 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
1 
2 
3 
4 
5 

95.970 
95.907 
94.889 
95.137 
94.856 
96.389 
94.823 

 
90.521 
90.722 
90.249 
90.034 
90.552 

 
90.646 
91.075 
89.956 
89.225 

 
87.972 
88.530 
87.683 
86.565 
87.144 
89.165 
88.617 
90.303 
90.682 
91.489 
87.553 

 
87.393 
87.215 
86.961 
86.029 
86.782 

3.655 
4.002 
3.567 
4.050 
3.884 
3.922 
4.026 

 
7.186 
7.309 
7.170 
7.411 
7.720 

 
3.242 
3.289 
3.508 
3.578 

 
3.046 
2.977 
3.054 
2.967 
3.111 
3.025 
3.403 
3.273 
3.465 
3.521 
3.529 

 
1.815 
1.721 
2.048 
1.870 
1.837 

0.577 
0.526 
0.452 
0.684 
0.693 
0.548 
0.488 

 
0.370 
0.369 
0.742 
0.566 
0.448 

 
3.709 
3.683 
3.435 
3.546 

 
6.168 
6.356 
6.152 
8.578 
6.211 
5.959 
6.599 
4.616 
3.934 
3.651 
3.854 

 
8.216 
8.605 
8.561 
8.106 
8.158 

0.018 
0.003 
0.024 
0.005 
0.016 
0.026 
0.001 

 
0.027 
0.063 
0.059 
0.031 
0.039 

 
0.217 
0.346 
0.170 
0.315 

 
0.110 
0.122 
0.136 
3.715 
0.634 
0.197 
2.388 
0.321 
0.179 
0.153 
0.137 

 
0.028 
0.027 
0.021 
0.056 
0.052 

100.220 
100.438 
98.932 
99.876 
99.449 
100.885 
99.338 

 
98.104 
98.463 
98.220 
98.042 
98.759 

 
97.814 
98.393 
97.069 
96.664 

 
97.296 
97.985 
97.025 
101.825 
97.100 
98.346 
101.007 
98.513 
98.260 
98.814 
95.073 

 
97.452 
97.568 
97.591 
96.061 
96.829 
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Table S-3 Raw EPMA analyses of solid Fe coexisting with liquids in runs #O4, #O6, and #O7. 

Run number Fe 
(wt. %) 

C 
(wt. %) 

O 
(wt. %) 

Al 
(wt. %) 

Total 
(wt. %) 

#O4 
 
 
 
 
 

#O6 
 
 
 

#O7 
 
 
 

1 
2 
3 
4 
5 
 
1 
2 
3 
 
1 
2 
3 
4 

97.588 
97.925 
96.928 
97.605 
98.462 

 
96.264 
96.215 
94.383 

 
98.073 
97.855 
98.014 
98.442 

0.367 
0.276 
0.290 
0.343 
0.194 

 
0.073 
0.092 
0.106 

 
0.380 
0.391 
0.388 
0.341 

0.350 
0.127 
0.120 
0.057 
0.142 

 
0.521 
2.081 
4.161 

 
0.203 
0.200 
0.246 
0.274 

0.958 
0.054 
0.034 
0.033 
0.026 

 
0.219 
1.928 
3.983 

 
0.077 
0.078 
0.091 
0.079 

99.263 
98.382 
97.372 
98.038 
98.824 

 
97.077 
100.316 
102.633 

 
98.733 
98.524 
98.739 
99.136 

All runs were performed in Oka et al. (2019), and C concentrations in solid Fe are newly reported in this study.
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Supplementary Figures 
 

Figure S-1 Scanning ion microscope (SIM) images and the X-ray elemental maps of sample cross sections 
for all runs conducted in this study. The X-ray map is combined for C (light blue), O (red), and Al (white). 
Each sample had a 5–35 µm melt pool which is small enough for C and O concentrations to become 
homogeneous by diffusion, and therefore chemical equilibrium should have been attained during heating for 
3 s (Helffrich, 2014; Mori et al., 2017). 
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Figure S-2 Eutectic melting curve of the Fe-C-O system, fitted by Simon-Glatzel equation Tm = T0[(Pmelt − 
P0)/a + 1]1/c. c is set to be 3.8 from previous study on the Fe-C and Fe-O systems (Morard et al., 2017). Data 
plotted at 46, 128 and 190 GPa are from run #1, #3 and #5, respectively. The Fe-C-O ternary eutectic 
composition and temperature at ~50 GPa was found to be close to those of the Fe-C binary system. It is most 
likely true at 1 bar as well when considering the pressure evolution of the ternary eutectic point (Fig. 2d). 
We therefore adopt T0 = 1400 K at P0 = 0 GPa. Fitting the equation to the data gave a = 5.7. The Fe-C-O 
eutectic temperature at the ICB pressure is obtained to be about 4100 K. 
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Figure S-3 Compositions of the Fe-C-O-1.7 wt. % S liquids (green) in equilibrium with the possible Fe-C-
1.4 wt. % S inner core proposed by Li et al. (2018), in comparison with the liquidus field of Fe in the Fe-C-
O-1.7 wt. % S system (red). T360GPa = 5500 K (a), 6000 K (b), and 6500 K (c), which corresponds to TICB = 
5320 K (a), 5800 K (b), and 6280 K (c), respectively, assuming adiabatic temperature profiles and constant 
Grüneisen parameter of 1.5. The compositional range of Fe-C-S solids that are compatible with 
seismological observations of the inner core suggests too much C in the outer core to crystallise Fe at the 
inner core. 
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