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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.
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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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