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Abstract The phase and melting relations of the C-sat-

urated C–Mg–Fe–Si–O system were investigated at high

pressure and temperature to understand the role of carbon

in the structure of the Earth, terrestrial planets, and carbon-

enriched extraterrestrial planets. The phase relations were

studied using two types of experiments at 4 GPa: analyses

of recovered samples and in situ X-ray diffractions. Our

experiments revealed that the composition of metallic iron

melts changes from a C-rich composition with up to about

5 wt.% C under oxidizing conditions (DIW = -1.7 to

-1.2, where DIW is the deviation of the oxygen fugacity

(fO2) from an iron-wüstite (IW) buffer) to a C-depleted

composition with 21 wt.% Si under reducing conditions

(DIW \ -3.3) at 4 GPa and 1,873 K. SiC grains also

coexisted with the Fe–Si melt under the most reducing

conditions. The solubility of C in liquid Fe increased with

increasing fO2, whereas the solubility of Si decreased with

increasing fO2. The carbon-bearing phases were graphite,

Fe3C, SiC, and Fe alloy melt (Fe–C or Fe–Si–C melts)

under the redox conditions applied at 4 GPa, but carbonate

was not observed under our experimental conditions. The

phase relations observed in this study can be applicable to

the Earth and other planets. In hypothetical reducing car-

bon planets (DIW \ -6.2), graphite/diamond and/or SiC

exist in the mantle, whereas the core would be an Fe–Si

alloy containing very small amount of C even in the car-

bon-enriched planets. The mutually exclusive nature of C

and Si may be important also for considering the light

elements of the Earth’s core.

Keywords Carbon-enriched planet � Oxygen fugacity �
Solubility � Core composition � Deep carbon cycle

Introduction

Knowledge of carbon abundance in the Earth is very

important for understanding the planet’s carbon budget,

including CO2 in the atmosphere and oceans. Furthermore,

the abundance and the forms of carbon in carbonaceous

chondrites (Keil 1968) and ureilites (Zolensky et al. 2010)

are essential to the understanding of how carbon can be

taken into a planetary body in its formation process. The

abundance of carbon in some of the stars with exoplanets,

such as the circumstellar gas around Beta Pictoris, has been

estimated to be 100 times higher than that in CI chondrites

(e.g., Roberge et al. 2006; Lagrange et al. 2009). Wood and

Hashimoto (1993) reported that condensates in the nebula

with the ratio of carbon to oxygen (C/O) in the nebula is

greater than unity are very different from those with C/O

below unity. In particular, carbides, such as Fe3C and SiC,

are reported to be stable phases in nebulae with C/O greater

than unity, and the carbon-enriched planets (‘‘carbon pla-

net’’) may be formed in such nebula (Seager et al. 2007).
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The interior of carbon planets is expected to be composed

of carbon compounds, such as carbides (Fe3C and SiC),

carbonates (MgCO3 and FeCO3), graphite, and diamond,

although carbon planets have not yet been observed

directly.

It has been argued by many authors that, in the case of

the Earth, the subduction of altered (carbonated) oceanic

crust together with marine sediments provides a large flux

of carbonates into the mantle (Molina and Poli 2000;

Kerrick and Connolly 2001; Dasgupta et al. 2004; Das-

gupta and Hirschmann 2010; Kiseeva et al. 2012). Mag-

nesite (MgCO3) is stable up to the pressure and

temperature conditions of the D00 layer; therefore, carbon

is likely to be transported to the core–mantle boundary

(Isshiki et al. 2004). On the other hand, if metallic iron is

saturated in the lower mantle because of a disproportionate

reaction of perovskite (Frost et al. 2004), carbon may be

stored in Fe alloy and/or Fe-carbide (Dasgupta and

Hirschmann 2010). Furthermore, it has been proposed that

carbon is one of the candidates for the light elements

needed to explain the Earth’s core density deficit (e.g.,

Wood 1993; Dasgupta et al. 2013).

Although there are many studies on carbon–iron and

carbon–silicate systems, experimental studies on the phase

relations in the system of carbon–silicate (or oxides)–iron

are still very limited (Siebert et al. 2005; Dasgupta et al.

2013) despite their importance in meteorite parent bodies

and planetary interiors. In this study, we performed high-

pressure experiments, based on chemical analyses of

recovered samples and in situ X-ray diffraction experi-

ments at 4 GPa, to investigate the phase relations in a

carbon-saturated C–Mg–Fe–Si–O system. Our results are

applied to the behavior of carbon in the interiors of ter-

restrial planets and hypothetical carbon planets.

Experimental procedure

We performed experiments with several different starting

compositions using two types of capsule (MgO or graph-

ite), as described below. MgO capsules were used in

experiments to determine the influence of metal composi-

tion and oxygen fugacity (fO2). However, MgO capsules

react with Si and SiO2 in the sample to form olivine

(Gessmann et al. 2001). Graphite capsules were also used

to avoid a reaction of the capsule with Si or SiO2 and to

determine the stable oxide/silicate phases. The phase

relations were determined based on textural observations

and chemical analyses of the recovered samples from

quench experiments, as well as on in situ X-ray diffraction

experiments at high pressure and temperatures.

The starting materials were powdered mixtures of sev-

eral different ratios of oxides (MgO: periclase; SiO2:

quartz), silicates ((Mg1.8, Fe0.2)SiO4: San Carlos olivine),

carbonate (MgCO3: magnesite), iron (Fe), silicon (Si), and

graphite (C). Fe and Si were mixed in the form of the

oxides or elemental metals to produce a wide fO2 range.

The compositions and mixed phases of the starting mate-

rials used are summarized in Table 1. The starting mate-

rials used the reagents with mixing ratios of

Mg:Fe:Si:O:C = 1:1:1:x:3, with various values of the

oxygen content, x. The C/O ratio was always set to be in

the range from 0.94 to 3.0; this is greater than the ratio in

CI chondrites, which is 0.48 (Anders and Grevesse 1989).

Quenching experiments were carried out using a 3,000-

ton Kawai-type multi-anvil apparatus installed at Tohoku

University, Japan. Tungsten carbide cubes of 26 mm

length with 12 mm truncated edges were used as the sec-

ond-stage anvils. Two capsules were placed in a cylindrical

graphite heater. The temperature was measured using a

W3%Re–W25%Re thermocouple whose junction was

located near the capsule inside the heater. All the quench

experiments were performed at 4 GPa and 1,873 K for 5 h.

The details of the cell assembly and experiments are

described elsewhere (Hayashi et al. 2009). Recovered

samples were mounted in epoxy resin and polished for

chemical analyses.

Chemical analyses of the recovered samples from the

quench experiments were performed using a wavelength-

dispersive electron microprobe (JEOL, JXA-8800) instal-

led at Tohoku University. Elemental standards used for the

analyses of the silicate phases in the recovered samples

were forsterite (Mg2SiO4) for Si and Mg and fayalite

(Fe2SiO4) for Fe. For the metallic phases in the recovered

samples, the standards were pure iron for Fe, pure silicon

for Si, synthesized Fe3C for C, and hematite (Fe2O3) for O.

The samples and standards were first coated with carbon to

analyze the silicate/oxide phases. An accelerating voltage

and a beam current were applied at 15 kV and 15 nA,

respectively. After the analyses of the silicate/oxide phases,

the carbon coating layer was removed and the samples and

standards were coated with Al to analyze the metallic

phases. An accelerating voltage of 15 kV and a beam

current of 90 nA were used to analyze the metallic phases,

and the LDE1H crystal of the electron microprobe was

used to measure the carbon content in the metallic phases.

For quantitative analyses of heterogeneous quenched

metallic liquid, we used a defocused beam (*10 lm). Less

than 0.1 wt.% of carbon was detected in the pure iron

standard. This presence was derived from carbon contam-

ination from the epoxy resin, vacuum greases, or the

residual oil vapors of the diffusion of pump oil in the

microprobe chamber. No corrections were made for this

contribution, and the present detection limit for C in the

metallic phases was defined as 0.1 wt.%. The data obtained

were corrected using the ZAF routine.
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The oxygen fugacity of the sample was determined

based on the reaction between Fe in the sample and the

MgO capsule. We calculated fO2 assuming a non-ideal

solution in both silicate and metallic melt (e.g., Wade et al.

2012). A value of logfO2 (DIW), which corresponds to the

deviation of the oxygen fugacity from an iron-wüstite (IW)

buffer on a logarithmic scale, was estimated using the

following equation:

log f O2ðDIWÞ ¼ 2 log
aMw

FeO

amet
Fe

¼ 2 log
cMw

FeO � XMw
FeO

cmet
Fe � Xmet

Fe

; ð1Þ

where amet
Fe , cmet

Fe , and Xmet
Fe are the activity, activity

coefficient, and mole fraction of Fe in the metallic phase

of the recovered sample and aMw
FeO, cMw

FeO, and XMw
FeO are the

activity, activity coefficient, and mole fraction of FeO in

the MgO capsule in contact with the metal in the sample.

cmet
Fe was determined by the modified e-model (Wagner

1952; Ma 2001; Wade et al. 2012). cMw
FeO was determined

using the equation by Frost et al. (2010). In Run T1879, in

which MgO was not observed in the run product using a

graphite capsule, the value of DIW was estimated from the

value of XFeO of magnesiowüstite calculated from that of

olivine based on the exchange partition coefficient KOl/Mw,

which was defined as:

KOl=Mw ¼
XOl

FeO=XOl
MgO

XMw
FeO=XMw

MgO

; ð2Þ

where XN
M is the mole fraction of component ‘‘M’’ (MgO or

FeO) in phase ‘‘N’’ (olivine or magnesiowüstite) (Fei et al.

1991). The value of KOl/Mw in Run T1879 was estimated

from runs in which magnesiowüstite was observed in the

run product, and it was found to be 0.62 ± 0.04.

We performed in situ X-ray diffraction experiments to

determine the assemblage of stable silicates and metallic

phases at high pressure and temperature. These experi-

ments were carried out using a 1,500-ton Kawai-type

multi-anvil apparatus (‘‘SPEED-Mk.II’’) installed at the

BL04B1 beamline at the SPring-8 synchrotron radiation

facility in Japan. An energy-dispersive X-ray diffraction

method was used. A Ge solid-state detector connected to a

multichannel analyzer was used to acquire the X-ray data.

The energy–channel relationship of the multichannel ana-

lyzer was calibrated using the characteristic X-rays of Cu,

La, Mo, Ag, Ta, Pt, Au, and Pb. The diffraction angle was

fixed to 2h = 5.5�. The incident X-ray beam was colli-

mated to a narrow beam with dimensions of 0.1 mm in the

horizontal direction and 0.2 mm in the vertical direction.

The experiments were performed at 4 GPa up to 1,873 K.

The diffraction patterns of the samples were collected for

200–300 s for each 100–300 K temperature interval

between 300 and 1,873 K. It took 5–6 h to increase the

temperature up to 1,873 K. The cell assembly used in

the experiments was basically the same as that used in the

quench experiments. The sample was contained in a

graphite capsule. MgO was used in the central part of the

pressure medium for the X-ray path. The experimental

pressure was determined using the equation of state of

hexagonal boron nitride by measuring the lattice parame-

ters (Urakawa et al. 1993). Diffraction patterns were ana-

lyzed using the ‘‘X-ray Ana’’ software programmed by

H. Kaneko and the ‘‘PD Indexer’’ software programmed by

Y. Seto.

Results

Textural observations and chemical analyses

of the recovered samples

The observed phases and DIW values calculated from XFeO

and XFe in Eq. (1) for each starting material are summa-

rized in Table 2. The values of DIW ranged from -6.19 to

-1.18. The dendritic textures of the metallic phases

Table 1 Compositions of the

starting materials (in wt.%)

a T1859A, T1859B, T1860A,

T1860B, T1862, and T1879 are

quench experiments and

M882A, M882B, M884A, and

M884B are in situ X-ray

diffraction experiments
b The olivine used was San

Carlos olivine
c The atomic ratios of carbon to

oxygen in the starting

compositions

Run no.a T1859A

M882A

T1859B

M882B

T1860A

M884A

T1860B

T1879

M884B

T1862

Starting

mixture

Olivineb, quartz,

iron, graphite

Olivine, silicon,

iron, graphite

Periclase,

quartz, iron,

graphite

Periclase,

silicon, iron,

graphite

Magnesite,

silicon, iron,

graphite

Mg 12.5 13.5 12.6 15.2 12.6

Fe 28.7 31.1 29.0 34.8 29.0

Si 14.5 15.6 14.6 17.5 14.6

O 25.7 19.8 25.0 10.0 25.0

C 18.5 20.0 18.7 22.5 18.7

Total 100.0 100.0 100.0 100.0 100.0

C/Oc 0.96 1.35 1.00 3.00 1.00
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indicated that the phases melted below 1873 K at 4 GPa.

Backscattered electron images of the recovered samples

from the most oxidizing and reducing conditions are

shown in Figs. 1 and 2, respectively. We analyzed the

compositions of quenched liquid Fe in the area C in

Figs. 1a and 2a. We used a defocused beam, whose

diameter was 5–10 lm to analyze the bulk compositions of

quenched liquid Fe. In addition, we analyzed several

quenched Fe grains with a smaller grain size ([1 lm) in

the area B using a defocused beam of 1–5 lm. There was

no significant difference in composition between the

quenched metallic liquids in the area B and C. We showed

the results of analyses including those from the area B and

C in Table 2 The compositions of liquid Fe varied with the

oxygen fugacity conditions, as described below. In the case

of the experiments using the MgO capsule, only olivine

was observed as a silicate phase. By contrast, in the case of

the experiments using a graphite capsule, a few tiny SiC

grains were observed at the edge of the olivine grains. In

the samples recovered from relatively oxidizing conditions

(DIW = -1.71 to -1.18, Runs T1859A, T1860A, and

T1862), the observed liquid Fe alloy phases contained a

large amount of C, 4.1–5.2 wt.% without dissolving of Si,

whereas in the samples recovered from relatively reducing

conditions (DIW = -3.33 to -2.31, Runs T1859B and

T1860B), the observed liquid Fe alloy was an Fe–Si–C

composition (Si = 20.97–9.89 wt.%, C = 0.5–2.0 wt.%).

In the sample subjected to the most reducing conditions

(DIW = -6.19, Run T1879), the observed liquid Fe alloy

phase contained a large amount of Si (up to 19.38 wt.%)

without dissolving of C. A graphite phase was observed in

all the recovered samples, whereas carbonates (such as

magnesite, MgCO3, and siderite, FeCO3) were not

observed. They were not observed even in the sample

subjected to the most oxidizing conditions in this study

(DIW = -1.18), in which MgCO3 was present in the

starting material (Run T1862).

The value of Fe# (=100 9 FeO/(MgO ? FeO)) of

olivine changed from 5.58 to 0.70 with decreasing DIW

from -1.18 to -2.31, as shown in Table 2. Under further

reducing conditions, DIW \ -2.31, there was little change

in the value of Fe#, 0.70–0.96. The Fe# of olivine was

lower than that of San Carlos olivine (Fe# = 10) in Runs

T1859A and T1859B, in which San Carlos olivine was

used as a starting material. It seems that the FeO in olivine

was reduced to Fe during the experiment.

X-ray diffraction patterns

We confirmed the stable phases of the silicates and Fe alloy

before melting and determined the melting temperature of

the Fe alloy based on the in situ X-ray diffraction. The

diffraction results for different starting materials are listed

in Table 3. Figure 3a, b shows typical examples of the

X-ray diffraction patterns obtained at 4 GPa and at high

temperatures for the oxidizing starting assemblage M882A

(olivine ? iron ? quartz ? graphite) and the most reduc-

ing starting assemblage M884B (periclase ? iron ? sili-

con ? graphite), respectively. The observed phases are

summarized in Table 3. In Run M882A, the diffraction

peaks from Fe3C and orthopyroxene appeared at 1,073 and

1,373 K, respectively. The Fe3C peaks suddenly disap-

peared at 1,673 K, and a halo pattern appeared around the

position where the intense Fe3C peaks were observed,

suggesting that Fe3C was molten at this temperature. The

melting temperature of Fe3C would then be lower than that

reported by Lord et al. (2009), but is consistent with the

result of Nakajima et al. (2009). Olivine, orthopyroxene,

and graphite coexisted stably together with the liquid iron

phase above 1,673 K.

In the most reducing starting assemblage (Run M884B),

diffraction peaks attributed to Fe3C appeared at 1,073 K.

The Fe3C peaks disappeared, and peaks ascribed to eFeSi

(Wood et al. 1996) and bSiC appeared at 1,373 K. bSiC

has a cubic zinc-blende structure under the present exper-

imental conditions, which is consistent with the results of

Van Vechten (1973). At 1,673 K, the peaks from eFeSi

disappeared and a halo pattern appeared, suggesting that

the eFeSi phase had melted. This indicates that the eFeSi

and bSiC phases are stable at high temperatures above

1,373 K at 4 GPa under reducing conditions, whereas Fe3C

is stable under oxidizing conditions. This result is consis-

tent with the composition of the liquid iron in the quench

experiments as described above. Olivine and orthopyrox-

ene are stable as silicate phases above 1,373 K under the

oxidizing conditions, and magnesiowüstite is stable under

the most reducing condition. Graphite was stable under all

the experimental conditions.

Compared with the results of the quench experiments,

apparent differences were recognized in the silicate pha-

ses. The results based on in situ X-ray diffraction

experiments using graphite capsules revealed that the

stable oxide and silicate phases were magnesiowüstite in

the relatively reducing conditions, and olivine and

pyroxene in the relatively oxidizing conditions at 4 GPa.

By contrast, olivine was the only silicate phase observed

in quench experiments, in which MgO capsules were used

(Table 2). The fact that olivine was found adjacent to the

MgO capsule indicates that additional olivine was formed

as a result of a reaction between the Si or SiO2 in the

sample and the MgO capsule. In the case of metallic

phases, observed phases in the in situ X-ray experiments

were consistent with those in the quench experiments, that

is, Fe–Si alloy was formed at high temperature and

melted under the reducing conditions, whereas Fe3C was

observed under the oxidizing conditions.
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Discussion

The influence of fO2 and Si on the solubility

of C in liquid Fe

The present results indicate an inverse correlation between

the solubilities of C and Si in liquid Fe (Fig. 4a). The inset

of Fig. 4a shows the amount of C and Si in liquid Fe as a

function of DIW. This figure shows that the solubility of Si

in liquid Fe increases with decreasing oxygen fugacity. The

partition coefficient (D) of Si between metallic and silicate

melts is expressed as follows:

log Dmetal
silicateðSiÞ ¼ Xmetal

Si

Xsilicate
SiO2

" #
; ð3Þ

where D is the partition coefficient for Si and XN
M is the

mole fraction of component ‘‘M’’ (Si or SiO2) in phase

‘‘N’’ (metal or silicate). The relationship between the

partition coefficient and the oxygen fugacity can be

Table 2 Summary of the quench experiments: phase assemblages of the starting materials, sample capsule, compositions of the phases in the run

products recovered from the quench experiments, and the oxygen fugacity conditions (see main text)

Run no. T1859A T1859B T1860A T1860B T1862 T1879

C/O 0.96 1.35 1.00 3.00 1.00 3.00

Capsule MgO MgO MgO MgO MgO Graphite

Starting

composition

Olivine, Fe, SiO2,

graphite

Olivine, Fe, Si,

graphite

MgO, Fe, SiO2,

graphite

MgO, Fe,

Si, graphite

MgCO3, Fe,

Si, graphite

MgO, Fe,

Si, graphite

Observed

phases

Liquid iron,

olivine, graphite

Liquid iron,

olivine, graphite

Liquid iron,

olivine, graphite

Liquid iron,

olivine, graphite

Liquid iron,

olivine, graphite

Liquid iron, olivine,

graphite, SiC

Liquid iron (wt.%)

Fe 93.09 (0.52)a 88.18 (0.23) 92.23 (0.41) 77.85 (0.74) 94.57 (0.32) 80.62 (0.48)

Si – 9.89 (0.41) – 20.97 (0.66) – 19.38 (0.27)

C 4.1 (0.3) 2.0 (0.2) 4.7 (0.3) 0.5 (0.5) 5.2 (0.2) –

O 0.24 (0.03) 0.22 (0.03) 0.24 (0.02) 0.25 (0.03) 0.20 (0.03) 0.39 (0.08)

Total 97.4 100.3 97.1 99.6 100.0 100.83

nb 11 11 11 10 11 8

Olivine (wt.%)

SiO2 41.79 (0.46) 42.07 (0.76) 42.28 (0.34) 42.93 (0.45) 41.15 (0.57) 43.26 (0.68)

MgO 53.60 (0.85) 56.70 (0.50) 53.85 (0.30) 55.98 (0.54) 52.21 (0.87) 56.65 (0.93)

FeO 2.91 (0.45) 0.71 (0.33) 3.25 (0.36) 0.97 (0.22) 5.50 (0.89) 0.76 (0.36)

Total 98.30 99.49 99.38 99.89 98.87 100.67

nb 5 4 7 5 5 5

Fe# 2.96 (0.49) 0.70 (0.32) 3.28 (0.38) 0.96 (0.22) 5.58 (0.99) 0.74 (0.35)

SiC (wt.%)

Fe – – – – – 2.11 (0.53)

Si – – – – – 56.03 (2.82)

C – – – – – 43.46 (3.23)

Total – – – – – 101.61

nb – – – – – 2

Magnesiowüstite (wt.%)

SiO2 0.01 (0.01) 0.03 (0.06) 0.01 (0.03) 0.06 (0.04) 0.02 (0.01) –

MgO 90.17 (1.65) 97.85 (0.63) 90.11 (3.40) 97.40 (0.80) 85.94 (4.00) –

FeO 8.38 (1.19) 0.31 (0.07) 8.91 (3.82) 0.42 (0.11) 13.91 (4.46) –

Total 98.56 98.19 99.04 97.87 99.86 –

nb 7 5 5 3 5 –

DIW -1.71 (0.14) -2.31 (0.21) -1.59 (0.39) -3.33 (0.26) -1.18 (0.29) -6.19 (0.47)

All the experiments were conducted at 4 GPa and 1,873 K
a The numbers in parenthesis denote the standard deviation
b The number of analytical points
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expressed as follows (e.g., Corgne et al. 2008a; Mann et al.

2009):

log Dmetal
silicateðSiÞ ¼ �DIWþ const: ð4Þ

The equation indicates that Dmetal
silicate(Si) increases with

decreasing DIW, leading to an increase in Xmetal
Si . This

tendency is consistent with the present experimental results

(Fig. 4a, inset). On the other hand, the amount of C in

liquid Fe increased with increasing DIW. The tendency

observed in this study is consistent with that at 1 atm at

1,873 K (Chipman et al. 1954) and at 1,813 K (Ohtani

1955), as shown in Fig. 4a. Thus, the C solubility depends

Fig. 1 Backscattered electron images of the recovered sample T1862

(starting composition = MgCO3 ? Fe ? Si ? graphite) at 4 GPa

and 1,873 K and DIW = -1.18. a The entire sample. b High-

magnification image of the area B in (a); olivine (Ol), graphite (Gra),

and Fe–C quenched melt are observed. c Close-up image of the area C

in (a); a dendritic texture is observed in Fe–C quenched melt

Fig. 2 Backscattered electron images of the recovered sample

T1860B (starting composition = MgO ? Fe ? Si ? graphite) at

4 GPa and 1,873 K and DIW = -3.33. a The entire sample.

b High-magnification image of the area B in (a); olivine (Ol),

graphite (Gra), and Fe–Si–C quenched melt are observed. c Close-up

image of the area C in (a); a dendritic texture is observed in Fe–Si–C

quenched melt
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on the Si content in the metal and apparently also on fO2 in

the present Fe–C–Si–O system.

We compared the effect of light elements with the sol-

ubility of C, as shown in Fig. 4b. As shown in this figure, Si

reduces the C solubility in liquid Fe more effectively than

sulfur. In their studies of the Fe–C–S system, Corgne et al.

(2008b) and Dasgupta et al. (2009) reported immiscibility

between the C-rich molten Fe alloy and S-rich molten Fe

alloy up to around 6 GPa. However, such immiscibility was

not observed in the present Fe–Si–C system.

The C solubility in liquid Fe found in this study is

plotted as a function of temperature and pressure together

with the previous results in Fig. 5a, b. Although Siebert

et al. (2011) calculated that C solubility has pressure

dependence, the largest C solubility in this study at 4 GPa

was identical to the values at 1 atm (Chipman 1972) and at

2 GPa (Dasgupta and Walker 2008). However, the C sol-

ubility at 5 GPa reported by Nakajima et al. (2009) is

greater than that of other studies including ours (Fig. 5a).

This difference in the C solubility between the results of

Table 3 Changes in observed phase assemblages in the in situ X-ray diffraction experiments at 4 GPa with increasing temperature

Run no. 300 K 1,073 K 1,373 K 1,673 K 1,873 K

M882A Ol, aFe, Qza, Gra Ol, Fe3C, Coe, Gra Ol, Px, Fe3C, Gra Ol, Px, Gra, liquid Ol, Px, Gra, liquid

M882B Ol, aFe, Si, Gra Ol, Fe3C, Si, Gra Ol, Px, Fe3C, Gra Ol, Px, Gra, liquid Ol, Px, Gra, liquid

M884A MgO, aFe, Qz, Gra Ol, MgO, Fe3C, Coe, Gra Ol, Px, Fe3C, Gra Ol, Px, Gra, liquid Ol, Px, Gra, liquid

M884B MgO, aFe, Si, Gra MgO, Fe3C, Si, Gra MgO, eFeSi, bSiC, Gra MgO, bSiC, Gra, liquid MgO, bSiC, Gra, liquid

Gra graphite, Ol olivine, Px pyroxene, Qz quartz, Coe coesite, MgO periclase, aFe bcc-iron, Si diamond cubic structure silicon, Fe3C cementite,

eFeSi B20 structured FeSi, and bSiC cubic zinc-blende structure silicon carbide
a Quartz was assumed to be a metastable phase at 4 GPa and 1,073 K

Fig. 3 In situ X-ray diffraction patterns of the runs conducted at

4 GPa and 300, 1,073, 1,373, 1,673, and 1,873 K using a mixture of

a olivine, quartz, iron, and graphite as the starting material (M882A),

and b periclase, silicon, iron, and graphite as the starting material

(M884B). Abbreviations: Gra graphite, Ol olivine, Px pyroxene, Qz

quartz, Coe coesite, MgO periclase, aFe bcc-iron, Si diamond cubic

structure silicon, Fe3C cementite, eFeSi B20 structured FeSi, bSiC

cubic zinc-blende structure silicon carbide
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Nakajima et al. (2009) and the others could be explained as

follows. Nakajima et al. (2009) reported that the C solu-

bility was measured including any graphite crystals coex-

isting with liquid Fe in the quenched samples. If not all of

the graphite crystals in the quenched samples are the

quench crystals formed from melt during quenching, then

the C solubility is clearly overestimated. On the other hand,

Dasgupta and Walker (2008) did not include the graphite

crystals coexisting with liquid Fe and we did not observe

these crystals in recovered samples. When graphite crystals

coexisting with liquid Fe are removed from the measure-

ment, the C solubility (=5.7 wt.% C in liquid Fe at 5 GPa

and 1,873 K) is similar to the results of Chipman (1972),

Wood (1993), Dasgupta and Walker (2008), and that under

the most oxidizing condition in this study. The C solubility

might be in the range of 5–6 wt.% under 1 atm–5 GPa at

1,873 K (Fig. 5b). We also plotted the recent results by

Dasgupta et al. (2013) in Fig. 5a, b. They reported that the

C solubility increased up to 6.83 wt.% when 4.80 wt.% Ni

is contained in the liquid metal phase. Therefore, Fig. 5a, b

suggests that the effects of pressure and temperature on the

C solubility are very weak, although the C solubility

strongly depends on the Ni solubility and the oxygen

fugacity.

Predictions regarding the interior of carbon planets

The present results may be applicable to the interiors of

carbon planets and the parent bodies of ureilites with dif-

ferent C/O ratios and fO2 conditions. We propose modeled

interiors of a carbon-enriched extraterrestrial planet under

each of relatively oxidizing and reducing conditions. The

crust and mantle are considered to be composed of

graphite/diamond and silicate minerals, and the composi-

tion of the core is likely to be either Fe–C or Fe–Si–C

alloys under the fO2 conditions of DIW = -3.33 to -1.18.

Conversely, in more reducing hypothetical planets

(DIW \ -6.19), the mantle is possibly composed of

graphite/diamond, SiC, and MgO, whereas the core would

be an Fe–Si alloy containing a very small amount of C. It is

noted that the core would contain a very small amount of

carbon under these extremely reducing conditions, even in

the carbon-enriched planets. In this argument, we ignored

the phase changes associated with pressure. Because the

internal pressure of the hypothetical carbon planets could

be extremely high, the present results would be applicable

only to the crust and uppermost mantle of the planets or to

the core-formation process if this occurred at relatively

shallow levels. Experimental studies at higher pressures are

Fig. 4 a The solubility of C in liquid Fe is plotted against the

solubility of Si in liquid Fe. Open triangles show the solubilities of C

and Si at 1 atm and 1,873 K reported by Chipman et al. (1954). Open

squares indicate the solubilities of C and Si at 1 atm and 1,813 K

reported by Ohtani (1955). Gray circles denote the present results at

4 GPa and 1,873 K. The numbers represent the oxygen fugacity

conditions relative to the IW buffer (DIW) in this study. Inset: The

contents of C and Si in liquid Fe as a function of the oxygen fugacity

(DIW) at 4 GPa and 1,873 K. Circles and triangles show the C and Si

contents, respectively. *A graphite capsule was used in this exper-

iment. SiC is observed to coexist with quenched liquid Fe alloy in the

recovered sample. b Comparison with the C solubility in liquid Fe in

the Fe–Si–C system and the Fe–S–C system. Open diamonds and

inverted triangles are the solubilities of C and S reported by Corgne

et al. (2008b) and Dasgupta et al. (2009), respectively. Solid circles

show the solubilities of C and Si in this study. We observed that Si

reduces the C solubility in liquid Fe more effectively than S
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needed to clarify the processes in the deeper parts of

planetary interiors.

Implications for carbon in the Earth’s core

and heterogeneity of the Earth’s mantle

The present experiments clearly documented that solubility

of C in liquid Fe depends on the oxygen fugacity, that is,

carbon can dissolve only under oxidizing conditions and

carbon does not enter into the core if the oxygen fugacity is

as low as around six log units less than the IW buffer.

Furthermore, the amount of C is greatly affected by the Si

content in liquid Fe, that is, carbon and silicon are mutually

exclusive in liquid iron, as shown in Fig. 4a. The metallic

phases coexist with olivine and pyroxene and are oversat-

urated in silica in the Earth’s mantle, whereas metallic

melts coexist with olivine and periclase, which shows

undersaturation in silica in our experiments. The difference

in silica activity in silicate could potentially affect the

solubility of Si in liquid Fe. Therefore, the solubility of Si

in liquid Fe could be higher, and the C content could be

lower in the real Earth’s mantle and in core-separation

processes compared with the present experiments under the

same fO2 conditions. Because the solubility of C in liquid

Fe has very weak pressure and temperature dependencies,

as shown in Fig. 5a, b, the present results could be applied

to wide pressure and temperature ranges in various plane-

tary cores. The mutually exclusive nature of carbon and

silicon may be important for considering the light elements

of the core. Further experiments at pressures relevant to the

Earth’s core are required.

In the Earth’s interior, SiC grains have been reported in

some ophiolites and the coexistence of Si and Fe–Si alloy

has been reported as inclusions in SiC grains (Trumbull

et al., 2009). The fO2 range in the Earth’s upper mantle is

considered to be about 4 log units above the IW buffer

(Frost and McCammon 2008). Under these fO2 conditions,

carbon can be stored as graphite/diamond, as carbide or

dissolved into metallic iron, as discussed by Dasgupta and

Hirschmann (2010). Furthermore, the Si–SiO2 buffer is

about 10 log units below the IW buffer at 20 GPa and

1,873 K (Malavergne et al. 2004). Therefore, the upper

mantle is too oxidizing to form Si and SiC. Trumbull et al.

(2009) proposed a localized highly reducing environment,

created by the release of H2 during serpentinization (Dick

1974) or by local and transient reducing conditions

Fig. 5 Comparison of the C solubility in liquid Fe as a function of

a temperature and b pressure. Solid triangles, inverted triangles, and

squares show the results at 1 atm by Chipman (1972), at 3–5 GPa by

Wood (1993) and at 2 GPa by Dasgupta and Walker (2008),

respectively. Open diamonds show the C solubility at 5 GPa reported

by Nakajima et al. (2009). Solid diamonds show the results of

Nakajima et al. (2009) without coexisting graphite crystals. Sideways

open triangles show the results of the Fe–Ni–C system at 3 GPa by

Dasgupta et al. (2013), and we denote the Ni contents in their

measurements. Solid circles show the present C solubility in liquid Fe

composed of Fe–C. The numbers represent the oxygen fugacity

conditions (DIW) of this study. a Dashed lines show the guides for

Dasgupta and Walker (2008) (2 GPa), and Wood (1993) and

Nakajima et al. (2009) without coexisting graphite crystals

(3–5 GPa). The C solubility in these studies has very weak

temperature dependence. b The amounts of C at various pressures

and at 1,873 K from the present and previous works are plotted. The

C solubility may have weak pressure dependence, but it has strong

dependence on both oxygen fugacity and Ni content
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resulting from production of H when diamond grows from

a methane-dominated fluid, producing outcomes such as

the reduction of FeO-bearing silicates, to form metallic

iron. Although the amount of carbon in the Earth differs

from that in this study, the coexistence of SiC and Fe–Si as

inclusions in SiC grains (Trumbull et al. 2009) is consistent

with the present results under the most reducing conditions.

The value of fO2 in the present results was about 6.2 log

units below the IW buffer, which is enough of a reducing

condition to form SiC grains. Although there are no pre-

vious data on the difference between the IW buffer and the

Si–SiO2 buffer at 4 GPa, it is assumed that the Si–SiO2

buffer is lower than around DIW = -6.2 because Si metal

is needed to form SiC. The existence of SiC in the Earth’s

mantle indicates heterogeneity in fO2 and highly localized

reducing environments with DIW \ -6.2.
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