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Abstract

High-pressure melting experiments in the Fe-S—C ternary and Fe-S-Si—C quaternary systems have been conducted in the
range of 3.5-20 GPa and 920-1700 °C in the multi-anvil press. The mutual solubility, melting relations, and crystallization
sequences were systematically investigated with changes of pressure, temperature and bulk composition. Five starting mate-
rials of Fe(84.69 wt%)-C(4.35 wt%)-S(7.85 wt%), Fe(84.87 wt%)—C(2.08 wt%)-S(11.41 wt%), Fe(86.36 wt%)—C(0.96 wt%)—
S(10.31 wt%), Fe(85.71 wt%)—C(0.33 wt%)-S(11.86 wt%) and Fe(82.95 wt%)-C(0.66 wt%)-S(13.7 wt%)-Si(2.89 wt%) were
employed. For Fe(84.69 wt%)-C(4.35 wt%)-S(7.85 wt%), the first crystallized phase is Fe;C at 5 GPa and Fe,C; at 10—
20 GPa. For Fe(84.87 wt%)—C(2.08 wt%)—-S(11.41 wt%), Fe;C is the stable carbide at subsolidus temperature at 5-15 GPa.
For Fe(86.36 wt%)—C(0.96 wt%)-S(10.31 wt%) and Fe(85.71 wt%)—C(0.33 wt%)-S(11.86 wt%), the first crystallized phase is
metallic Fe instead of iron carbide at 5-10 GPa. The cotectic curves in Fe-S—C ternary system indicate only a small amount
of C is needed to form an iron carbide solid inner core with the presence of S. Experiments on Fe(82.95 wt%)—C(0.66 wt%)—
S(13.7 wt%)-Si(2.89 wt%) showed that a small amount of C does not significantly change the closure pressure of miscibility
gap compared with that in Fe-S-Si system. It is observed that S preferentially partitions into molten iron while a significant
amount of Si enters the solid phase with temperature decrease. Meanwhile, the C concentration in the liquid and solid iron
metal changes little with temperature variations. If S, C and Si partitioning behavior between molten iron and solid iron metal
with temperature remains the same under Earth’s present core pressure conditions, the solid inner core should be iron dom-
inated with dissolved Si. On the other hand, the liquid outer core will be S rich and Si poor. Moderate carbon will be evenly
present in both solid and liquid cores. Based on our melting data in a multi-component system, no layered liquid core should
exist in the Earth, Mars and Mercury.
© 2013 Published by Elsevier Ltd.

1. INTRODUCTION

The presence of light elements (~10 wt%) in the Earth’s

core is necessary to explain the density and velocity discrep-

- ancies between the seismic observations and the measured
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and Ahrens, 1994; Poirier, 1994; Anderson and Isaak, 2002;
Badro et al., 2007). High-pressure experimental results, in
conjunction with theoretical simulations and cosmochemi-
cal evidence, argue that it is difficult for any one of these ele-
ments to account for the core density deficit up to 10 wt% on
its own (Hillgren et al., 2000). Thus it was suggested that two
or more light elements might simultaneously be incorpo-
rated in the Earth’s core (Poirier, 1994; Hillgren et al.,
2000; Li and Fei, 2003).Sulfur is highly plausible with esti-
mated concentrations between 2 and 14 wt%, primarily be-
cause of both its cosmic abundance and high solubility in
the eutectic Fe melt at low pressure (Kuwbaschewski,
1982; Kato and Ringwood, 1989; Wood, 1993; McDon-
ough, 2003; Li and Fei, 2003). Carbon is also cosmochemi-
cally abundant (10 x Si, 20 x S) and present in iron
meteorites. It is likely present in differentiated cores such
as the Earth’s core under certain conditions (Stacey and Da-
vis, 2008; Dasgupta et al., 2013). Carbon is generally
thought to be too volatile at low pressures to be maintained
in the primitive Earth during the solar gas condensation
process. However, it has been demonstrated by Wood
(1993) that the carbon volatility is strongly pressure-depen-
dent, and once carbon is present in a high-temperature con-
densed phase it is extremely nonvolatile. Silicon has been
proposed as a possible light element in the core by many
geophysical and geochemical arguments (e.g., O’Neil,
1991; Georg et al., 1992; Ito et al., 1995; Wénke and Drei-
bus, 1997; Shahar et al., 2009). It is experimentally demon-
strated that silicon has significant solubility in liquid iron
(25 wt% Si at the eutectic at 21 GPa, Kuwayama and Hir-
ose, 2004) at conditions of high pressure and temperature
(Lacaze and Sundman, 1991). Moreover, a Si rich Earth
core could explain the super-chondritic Mg/Si in the Earth’s
mantle relative to chondritic meteorites, which is thought to
be a first-order proxy for the bulk composition of Earth. The
estimates for the concentration of Si in the core range from
2 wt% up to 14 wt% (O’Neil, 1991; Ito et al., 1995; Winke
and Dreibus, 1997). The relative high silicon concentration
(14 wt%) was estimated by depletion factor of Mg/Si be-
tween the Earth and Mars based on model proposed by
Winke and Dreibus (1997).

The composition and evolution of the iron-predominant
Earth’s core during cooling are strictly controlled by the
melting relations, subsolidus mineralogy and element parti-
tioning of the iron-light elements system. Therefore, it is
critical to understand the melting behavior of Fe alloying
with light elements at high pressure and temperature. Geo-
chemical evidences suggest 0.2—4 wt% carbon concentration
in the Earth’s bulk core (Wood 1993; McDonough and
Sun, 1995). Recently, high pressure carbon partition study
suggested that a 0.2-0.25 wt% carbon concentrated Earth’s
core (Dasgupta et al., 2013), assuming ~730 ppm carbon
was available during early Earth differentiation (McDon-
ough, 2003). There have been several experimental studies
on the melting behavior of the Fe-S-C ternary system up
to 6 GPa (Corgne et al., 2008; Dasgupta et al., 2009).
However, the carbon concentrations in previous synthetic
starting compositions, spanning from 3.2 wt% to carbon-
saturated conditions, may be much higher than the antici-
pated concentration in the Earth’s core. In this work we

extended high-pressure melting experiments in the
Fe-S-C system up to 20 GPa by using the multi-anvil press.
We also examined the effect of carbon on the Fe—FeS melt-
ing relations and crystallization sequences with carbon con-
centrations ranging from 0.3 to 4 wt%. Furthermore, based
on the Fe-S—C ternary melting relations, silicon was added
to extend the discussion on the mutual solubility of carbon,
sulfur and silicon and crystallization behavior in the
Fe-S—C-Si quaternary system. The results provide insights
into the composition and evolution of planetary cores.

2. EXPERIMENTAL AND ANALYTICAL
PROCEDURES

High-pressure experiments were performed at 3.5-
20 GPa and 920-1700 °C in two Walker-type multi-anvil
presses (either 800-ton or 1500-ton press) installed at the
Geophysical Laboratory (Bertka and Fei, 1997; Fei et al.,
1997). The 10/5 and 8/3 assemblages (edge length of the
octahedron/truncated edge length of the WC anvil) were
used in the multi-anvil experiments. Sintered MgO and bor-
on nitride (BN) capsules were used as the sample containers
for Fe-S—C and Fe-S-C-Si starting materials, respectively.
The sample was heated by a cylindrical Re furnace. ZrO,
and LaCrOs; were used as the thermal insulator for the
10/5 and 8/3 assemblies, respectively. All the cell parts were
treated at 1000 °C for 12 h before they were assembled. In
some experiments, two samples separated by a layer of
MgO powder were simultaneously loaded. Temperatures
were determined using a W5%Re-W26%Re thermocouple
without any correction for the effect of pressure on the
emf. The temperature gradient over the length of the sam-
ple chamber (<500 um) was approximately 20 °C (Fei
et al., 2000). Oil pressure was calibrated using the phase
boundaries of pyroxene-majorite, coesite-stishovite and
olivine-wadsleyite (Bertka and Fei, 1997; Fei et al., 1997).

Starting materials were prepared as mechanical mixtures
of iron, graphite, FeSi and FeS (99.99% pure; Alfa Aesar
product). The mixtures were ground for 30 min in ethanol
using an agate mortar and pestle to ensure the homogeneity
and fine grain size. For the Fe-S—C samples, four starting
materials with different carbon and sulfur concentrations
were prepared: a, Fe(84.69 wt%)-C(4.35 wt%)—
S(7.85 wt%); b, Fe(84.87 wt%)—C(2.08 wt%)-S(11.41 wt%);
c, Fe(86.36 wt%)-C(0.96 wt%)-S(10.31 wt%); and d,
Fe(85.71 wt%)—-C(0.33 wt%)-S(11.86 wt%) (hereafter
termed as Fe84.69-C4.35-S7.85, Fe84.87-C2.08-S11.41,
Fe86.36-C0.96-S10.31 and Fe85.71-C0.33-S11.86, respec-
tively). For the Fe-S—C-Si sample, we prepared a starting
material with Fe(82.95 wt%)-C(0.66 wt%)-S(13.7 wt%)—
Si(2.89 wt%) (hereafter termed as Fe82.95-C0.66-S13.7—
Si2.89). It is hard to control the carbon concentration dur-
ing the sample preparation and iron loss to the capsule dur-
ing the run. The final bulk compositions were obtained by
analyzing the quenched homogenous melt without the pres-
ence of graphite/diamond from experimental runs (PL-245,
m-1022, m-1019 and m-1033, LO-706a and LO-704, LO-
706b, m-1161 and PR899). The uncertainties in the mea-
sured compositions of the starting materials are largely
due to the heterogeneity of the quenched texture.
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The sample was pressurized at room temperature to the
target pressure and then heated to the desired temperature
at a rate of 100 °C/min. Metallurgic ambient experiment
demonstrates that a heating duration of 4 h was sufficient
to approach chemical equilibrium for the Fe-S-C system
(Wang et al., 1991). Because pressure usually elevates the
melting temperature, we extended the heat duration to 6 h
to ensure thermodynamic equilibrium at high pressures.
The same duration of heating was applied for the Fe-S—
C-Si system runs. The samples were quenched by switching
off the power directly. It took less than 2s to cool down
from a temperature over 1000 °C to less than 200 °C. After
decompression, the samples were recovered, mounted in sil-
ver epoxy, and carefully mechanically polished. The pol-
ished samples were analyzed with a JEOL8900L electron
microprobe with operation conditions of 15kV and
20 nA. To avoid carbon-coating effect on the quantitative
analysis of carbon, the samples were not carbon-coated.
Carbon lines were drawn at the edge of the sample to the
sample holder to allow charge transfer during analysis.
The solid and liquid phases were analyzed using a spot
beam (with a diameter less than 3 pm) and area scanning
(20 pm x 20 um), respectively. Fe, S and Si were analyzed
by wavelength dispersive spectrometry employing analyti-
cal standards of NIST pure iron 2168, pyrite (FeS,) and
enstatite (MgSiOs3). The presence of oxygen in the samples
was detected by EDAX peak search, and oxygen was ana-
lyzed employing standard of MgO for run products in the
Fe-S-C system and MgSiO3 for run products in the Fe—
S-C-Si system. Spectrometer crystals were LiTH for Fe,
LDE2 for C, PETIJ for S, TAP for Si and LDE1 for O.
The textures of the quenched samples were examined by
back-scattered electron imaging. Polycrystalline X-ray dif-
fraction data were also used for phase identification.

It’s well known that carbon measurements encounter
many practical problems, in particular because the X-ray
emission of carbon is low and the absorption of C Ko radi-

ation is high in different matrices (Bastin and Heijligers,
1986; Pouchou, 1996; Goldstein et al., 1992). Some other
problems arise from inevitable cracking of residual organic
molecules, coming from vacuum grease and residual oil va-
pors of the diffusion pump oil in the microprobe chamber,
under the action of the electron beam and then progressive
buildup on the surface of sample during analysis cycle
(Wood, 1993; Robaut et al., 2006; Dasgupta and Walker,
2008). In this study, we established a calibration curve for
the C Ka line intensity at the maximum of the peak as a
function of carbon content using different standards. The
method is an efficient way to measure carbon content even
at low concentration (range 0—1 wt%) (Robaut et al., 2006).
The calibration curve for the C Ka line intensity was based
on NIST steels with 0.0, 0.215, and 0.969 wt% carbon and a
synthetic cohenite (Fe;C) (6.7 wt% carbon). In order to im-
prove measuring precision, C Ko peak position search was
performed by analyzing Fe;C on LDE2 for each probe cy-
cle. The carbon calibration lines were established for each
set of measurements. These calibration lines produce very
consistent intensity-carbon content relations (Fig. 1). As
an additional precaution, most samples were preceded
duplicate or triplicate analyses during different analysis cy-
cles to ensure self-consistency. During measurement process
we observed that NIST 337a (0.969 wt% C) and NIST 19 h
(0.215wt% C) are easily oxidized when exposed in air.
Therefore, standards and all samples were carefully re-pol-
ished and then ultrasonically cleaned in ethanol each time
just before loading into the microprobe chamber.

To ensure the quality of data, we discarded those sam-
ples, which were heated manually by applying the cali-
brated temperature-power curve or for which heating
duration was less than 6 h. We also discarded samples con-
taminated by Re and W elements from the thermocouple
wire. As an interesting observation, W preferentially parti-
tions into the Fe—C dendrites upon quenching rather than
the Fe-S melt.
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Fig. 1. Calibration curves of carbon concentration obtained at 15 keV and 20 nA with pure iron, two NIST steels (0.969 and 0.215 wt%
carbon) and a synthetic cohenite (FesC) (6.7 wt% carbon) in three different probe sessions. The carbon content of the measured sample is
simply calculated from the regression curve coefficients 4 and B (intensity = 4 x wt% + B) with a(4) = 0.02, ¢(B) = 0.04.
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Table 1

Experimental conditions, phase observations and phase compositions for Fe-C-S system determined by electron probe microanalysis (wt%).

Run # P (GPa) T (°C) Phase Fe C S (0] Total

(a) Starting composition Fe84.69—C4.35-S7.85

m-1006° 3.6 920 Fe 99.23 (31)f 0.82 (9) 0.56 (20) 0.48 (18) 101.10 (17
Fe;C 92.47(186) 6.79(21) 0.04(03) 2.82(225) 102.12(49)
FeS 62.38 0 34.88 3.23 100.48

m-1010 3.5 1500 FesC 93.02(23) 6.70(13) 0.01(1) 0.08(4) 99.81(32)
Melt 86.92(81) 2.96(34) 8.39(109) 0.52(16) 98.80(24)
Graphite®

m-1012 3.5 1600 Fe—C melt 85.79 (32) 5.67(33) 4.71(36) 3.124(25) 99.29(48)
Fe-S melt 64.69 (84) 1.36(51) 31.24(63) 2.423(29) 99.71(54)
Graphite®

m-997 5 1200 Fe 97.32(153) 1.22(14) 0.34(54) 0.94(59) 99.82(56)
Fe;C 93.11(23) 6.87(12) 0.03(8) 0.1(3) 100.10(23)
FeS 60.61(71) 1.28(41) 32.83(220) 3.23(168) 98.82(35)

m-1002 5 1350 Fe;C 93.10(34) 6.44(30) 0.01(1) 0.14(13) 99.70(44)
Melt 76.69(21) 0.18(2) 20.93(4) 0.49(8) 98.29(24)

m-998 5 1500 Melt 89.70(50) 3.02(22) 6.17(62) 0.53(11) 99.42(25)
Graphite®

PL-253 10 1025 Fe,C; 91.26(30) 8.47(58) 0.15(32) 0.44(21) 100.32(32)
FeS 62.90(12) 0 36.26(14) 0.21(23) 99.30(19)
Fe'

m-1097 10 1100 Fe,Cs 91.16(21) 7.94(62) 0.14(17) 0.37(19) 99.62(64)
FeS 63.48 0.12 33.92 0.51 98.04
Feh

m-1101 10 1200 Fe;C; 91.37(17) 8.43(8) 0.04(1) 0.05(3) 99.89(19)
Fe'
Melt 76.99(84) 0.24(11) 20.73(78) 0.48(13) 98.44(20)

m-1014 10 1500 Fe,Cs 91.77(79) 8.44(21) 0.03(1) 0.05(2) 100.28(38)
Melt 84.87(79) 2.69(22) 11.46(32) 0.48(10) 99.50(51)

m-1018 10 1600 Fe;,Cs 91.46(12) 8.21(11) 0.03(1) 0.18(9) 99.87(20)
Melt 85.96(132) 2.53(104) 10.65(227) 0.28(6) 99.42(23)

m-1040 10 1700 Melt 86.63(97) 3.16(65) 8.37(54) 0.75(8) 98.90(28)
Graphite"

LO-707 15 1050 Fe 94.23 4.19 0.95 2.66 102.02
Fe,C; 92.97(40) 7.04(42) 0.15(19) 0.18(12) 100.33(29)
FesS, 69.56(67) 0.47(28) 28.26(75) 1.38(115) 99.66(29)

LO-705a 15 1150 Fe,C; 91.71(34) 8.22(26) 0.08(4) 0.20(11) 100.20(54)
Melt 83.62(85) 1.49(10) 14.36(91) 0.42(6) 99.89(32)

LO-701a 15 1250 Fe,C; 92.17(21) 8.14(22) 0.06(1) 0.13(4) 100.50(37)
Melt 85.45(174) 2.47(74) 11.78(168) 0.59(21) 100.30(36)

LO-708a 15 1450 Fe;Cs 91.55(1) 8.22(31) 0.05(1) 0.05(2) 99.87(36)
Melt 85.38(193) 2.33(82) 11.00(274) 0.30(8) 99.00(27)

LO-709 15 1550 Melt 88.20(9) 2.67(7) 9.38(17) 0.23(6) 100.48(5)
Graphite”

PL-249 20 1100 Fe,C; 90.43(49) 9.39(62) 0.10(2) 0.34(10) 100.26(39)
FesS, 70.58(39) 0.89(10) 27.48(15) 0.79(5) 99.73(31)
Fe'

PL-440 20 1175 Fe;C; 94.14(29) 7.43(63) 0.04(0) 0.10(4) 101.71(44)
Fe'
Melt 79.20(34) 0.00(19) 20.10(25) 0.33(7) 99.62(23)

PL-252 20 1250 Fe;Cs 91.92(37) 8.41(50) 0.09(1) 0.39(19) 100.81(61)
Fe'
Melt 80.16(94) 0.41(12) 18.59(53) 0.59(29) 99.76(47)

PL-246 20 1400 Fe;,Cs 91.79(55) 8.39(37) 0.08(1) 0.40(16) 100.66(68)
Melt 83.25(202) 1.86(28) 13.55(175) 1.39(35) 100.04(54)

PL-254 20 1475 Fe;C; 90.92(27) 8.67(30) 0.08(1) 0.22(1) 99.88(15)
Melt 84.70(74) 1.95(44) 11.50(88) 0.74(13) 98.89(28)

PL-256 20 1500 Melt 89.22(105) 3.61(35) 6.11(129) 0.58(11) 99.53(31)
Graphite®

PL-245 20 1550 Melt 84.69(22) 4.35(6) 7.84(38) 2.06(13) 98.95(38)

(continued on next page)
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Table 1 (continued)

Run # P (GPa) T (°C) Phase Fe C S (0] Total
(b) Fe84.87-C2.08—-S11.41
m-1023 5 1100 Fe 98.58(65) 0.87(13) 0.31(57) 0.45(12) 100.21(34)
Fe;C 92.69(43) 7.17(36) 0.12(12) 0.44(40) 100.43(29)
FeS 62.47(27) 0.04(4) 36.02(2) 0.20(20) 98.73(19)
m-1024 5 1200 Fe 98.56(22) 1.21(15) 0.03(1) 0.10(1) 99.90(18)
Fe;C 93.34(30) 6.41(13) 0.01(1) 0.06(1) 99.82(31)
Melt 81.83(130) 0.61(31) 15.99(134) 0.49(6) 98.92(18)
m-1022 5 1400 Melt 84.73(149) 2.13(7) 11.60(110) 0.54(28) 99.00(23)
m-1019 5 1600 Melt 85.87(148) 2.07(31) 10.35(156) 0.55(6) 98.84(32)
m-1029 10 1200 Fe 98.62(153) 0.67(14) 0.59(133) 0.53(16) 100.41(20)
Fe;C 92.16 6.73 1.12 0.11 100.12
FeS 62.99(56) 0.04(18) 36.22(77) 0.08(4) 99.32(23
m-1036 10 1350 Fe;C 93.07(19) 6.63(11) 0.02(1) 0.13(3) 99.85(28)
Melt 84.09(44) 1.18(46) 13.07(101) 0.71(12) 99.06(7)
m-1033 10 1400 Melt 84.02(32) 2.03(15) 12.26(38) 0.64(15) 98.31(18)
LO-705b 15 1150 Fe 98.42(122) 1.69(36) 0.05(1) 0.35(40) 100.52(46)
Fe;C 93.17(16) 6.51(34) 0.14(17) 0.19(4) 100.00(23)
Melt 82.95(121) 0.47(15) 15.73(133) 0.42(10) 99.58(29)
LO-701b 15 1250 Fe;C 93.30(35) 6.57(16) 0.04(0) 0.25(34) 100.15(26)
Melt 78.70(154) 0.13(4) 19.09(85) 1.09(76) 99.01(17)
Fe!
LO-700 15 1350 Fe;C 93.61(38) 6.79(30) 0.03(2) 0.16(14) 100.58(24)
Melt 85.63(66) 2.00(16) 11.81(69) 0.62(7) 100.06(16)
LO-708b 15 1450 Melt 89.34(60) 3.04(40) 7.31(71) 0.31(7) 100.00(14)
Graphite®
(c) Fe86.36—C0.96-S10.31
m-1093a 5 1100 Fe 98.85(34) 1.27(12) 0.02(1) 0.14(2) 100.29(40)
FeS 63.27(107) 0.59(37) 35.81(157) 0.34(24) 100.01(16)
Fe;C 92.99(37) 7.32(22) 0.01(0) 0.14(1) 100.47(39)
m-1089a 5 1300 Fe 99.00(10) 0.61(3) 0.05(1) 0.13(2) 99.80(10)
Melt 85.96(108) 0.85(1) 11.75(92) 0.44(11) 99.00(23)
LO-703a 10 1000 Fe 99.17(66) 0.58(11) 0.27(26) 0.29(18) 100.31(23)
FeS 62.84(130) 0.05(12) 35.69(88) 0.47(17) 99.04(104)
Fe;C 92.25(115) 6.89(18) 0.60(77) 0.46(23) 100.20(73)
LO-706a 10 1200 Melt 87.30(97) 1.00(9) 9.59(85) 0.78(9) 98.67(31)
LO-704 10 1300 Melt 87.23(148) 1.33(59) 9.61(11) 0.52(39) 98.68(39)
(d) Fe85.71-C0.33—S11.86
m-1093b 5 1100 Fe 98.46(76) 0.28(16) 0.98(7) 0.46(7) 100.18(23)
FeS 62.49(22) 0.91(104) 36.61(19) 0.19(7) 100.20(70)
m-1088 5 1200 Fe 98.69(20) 1.29(25) 0.03(1) 0.16(2) 100.17(32)
Melt 81.14(83) 0.73(13) 16.93(75) 0.63(6) 99.42(5)
m-1095 5 1225 Fe 93.01 1.41 3.31 1.86 99.57
Melt 84.72(79) 0.52(23) 13.38(67) 1.00(13) 99.62(21)
m-1089b 5 1300 Fe 98.68(85) 0.45(13) 0.27(51) 0.26(22) 99.65(37)
Melt 88.47(92) 0.62(8) 9.38(90) 0.41(6) 98.88(20)
LO-703b 10 1000 Fe 99.10(15) 0.41(7) 0.33(18) 0.65(8) 100.48(3)
FeS 62.47(15) 0 36.17(22) 0.16(5) 98.74(20)
LO-706b 10 1200 Melt 85.71(78) 0.33(17) 11.86(63) 1.11(22) 99.02(22)

In some runs, two different samples were loaded in separate capsules for one run. a and b were labeled after run number to distinguish different
samples.

¢ m-1006 was performed by 18/11 assembly using graphite heater.

.99.23(31) should be read as 99.23 + 0.31. In some cases standard deviations are absent due to the unavailability of appropriate area for
electron probe microanalysis.

& Either graphite or diamond is observed.

b Either graphite or diamond is required by mass balance.

! Missing Fe reacted with MgO capsule.
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3. RESULTS

A series of experiments were conducted between 3.5 and
20 GPa and at temperatures up to 1700 °C, by using five
different starting compositions. Melting relationships were
interpreted based on the quenched textures described by
Fei et al. (1997): intergrowth of different solid phases with
clear grain boundaries shows subsolidus reaction while den-
dritic texture is indicative of melting. Immiscible liquids can
be identified by the appearance of droplets dispersed in a li-
quid matrix. Due to the reaction of the MgO capsule and
the Fe in the starting material, a reaction boundary of
(Mg,Fe)O formed surrounding the sample in the Fe-S-C
system. The observed phase assemblages and the chemical
compositions are summarized in Tables 1 and 2.

3.1. Phase relations in composition Fe84.69-C4.35-S7.85

Fig. 2a shows the typical immiscible phenomenon of two
melts at 3.5 GPa and 1600 °C, characterized by dispersing of
the Fe-S droplets with diameter less than 10 pm into the Fe—
C melt matrix. This observation is consistent with existing
experimental results (Wang et al.,, 1991; Wood, 1993;
Corgne et al., 2008; Dasgupta et al., 2009). Considering
the initial compositions with similar S/C ratio were used
in studies of Corgne et al. (2008) (3.2-3.8 wt% C, 6.09—
7.22 wt% S) and Dasgupta et al. (2009) (5 wt% C-5 wt%
S) compared with ours (4.35 wt% C-7.85 wt% S), the carbon
contents of the immiscible melts (1.36 wt% in the Fe-S melt
and 5.67 wt% in the Fe—C melt) are generally in good agree-
ment with the reported values of Corgne et al. (2008) and
Dasgupta et al. (2009). However, the S content in the
Fe-C (4.7 wt%) melt is higher than the result (~2.5 wt%)
of Corgne et al. (2008). The differences may reflect the effect
of temperature. At the top end of the sample chamber
graphite crystals were observed, coexisting with the Fe-C
melt. Nakajima et al. (2009) observed two different graphite
textures (platen, and petaline and acicular) in their
quenched Fe-C sample at 5 GPa and 1400 °C. With a
time-dependent study at specified pressure and temperature,
they interpreted that platen graphite was a stable phase
coexisting with molten iron prior to quenching whereas

Table 2

the petaline and acicular graphite were precipitation from
melt during quenching. Based on the texture observation
and mass balance consideration, we suggest that the graph-
ite crystal in our experiment is an equilibrium phase.

Only one melt with the dendritic texture was observed at
5 GPa and 1500 °C, indicating the complete closure of the
miscibility gap of two melts (Fig. 2b). Therefore, the closure
pressure for miscibility gap is constrained at ~4.9 GPa with
composition of 3.2-5 wt% C and 5-7.22 wt% S considering
reported closure pressures of Corgne et al. (2008) (4.8—
6.2 GPa) and Dasgupta et al. (2009) (4-6 GPa).The experi-
mental temperatures in these three studies ranged from
1400 to 2200 °C; similar closure pressures of the miscibility
gap at very different temperatures might suggest that tem-
perature has a very limited effect, potentially in conflict with
the suggestion of lower closure pressure at higher tempera-
ture (Wood, 1993). Quench texture was clearly observed as
small vesicles in the melt matrix (Fig. 2b). These vesicles
might be caused by the escape of the dissolved oxygen in
the melts or the volume extraction of liquid upon quench-
ing. At 5 GPa, upon cooling to 1350 °C Fe;C crystallizes
first, coexisting with the Fe-S melts (Fig. 2c). The abun-
dance of S and C in the Fe-S melts is 20.93 and
0.18 wt%, respectively. At the lowest experimental temper-
ature (1200 °C), Fe;C intergrowths with FeS and Fe, repre-
senting the subsolidus phase assemblage (Fig. 2d). This
solidus temperature, placed between 1200 and 1350 °C, is
higher than the eutectic temperature in the Fe-FeS binary
system, but lower than that in the Fe-C binary system at
the same pressure (Fei et al., 1997, 2007; Lord et al.,
2009; Buono and Walker, 2011).

We observed another iron carbide phase (Fe,Cs) at
10 GPa and higher pressures. The carbon content in this
starting composition is sufficiently high so that Fe,Cs be-
comes the dominant iron carbide in our experiments. The
appearance of Fe;C; is also consistent with observation
of breaking down of Fe;C into Fe;C; and melt at 6 GPa
(Dasgupta et al., 2009). With increasing pressure, the sub-
solidus phase assemblages change from Fe-Fe;C-FeS at
5GPa to Fe-Fe,Cs;-FeS at 10 GPa and then to Fe-
Fe;Cs—FesS, at 15GPa (Table 1). The formations of
Fe;C; and FesS, at higher pressures are consistent with

Experimental conditions, phase observations and phase compositions for Fe-C-S-Si system determined by electron probe microanalysis

(Wto 0).

Run # P (GPa) T (°C) Phase Fe C S Si (0] Total
Starting composition Fe82.95-C0.66—S13.7-Si2.89
m-1154 5 1300 Fe-Si solid 87.39(46) 0.14(7) 0.02(1) 12.42(41) 0.28(14) 100.25(52)
Melt 78.22(79) 0.67(20) 18.14(91) 2.24(17) 0.32(8) 99.59(33)
PR901 5 1350 Fe-S melt 78(1.57) 0.06(14) 18.46(2.33) 3.13(78) 0.65(22) 100.30(11)
Fe-Si melt 82.51(97) 0.21(19) 12.10(1.39) 4.88(22) 0.41(16) 100.11(8)
PR8&99 5 1400 Melt 82.64(71) 0.32(22) 12.92(1.08) 3.87(18) 0.50(38) 100.25(43)
m-1162 10 1200 Fe-Si solid’
Melt 83.30(1.55) 0.22(4) 13.64(1.92) 2.85(49) 0.22(13) 100.22(16)
m-1164 10 1275 Fe-Si solid 89.68(29) 0.07(14) 0.06(1) 10.65(22) 0.23(11) 100.69(22)
Melt 86.91(1.5) 0.21(16) 7.97(1.7) 5.40(65) 0.11(2) 100.60(23)
m-1161 10 1350 Melt 83.26(1.59) 1.00(59) 14.47(1.88) 1.90(54) 0.21(6) 100.85(81)

J Composition not determined due to the unavailability of appropriate area for electron probe microanalysis and EDX is used to identify

the major compositions qualitatively.
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Fig. 2. Scanning electron microscope composition images of the quenched samples at different P and 7 conditions. (a) Sample m-1012 shows
two immiscible liquids (S-rich and C-rich melts) at 3.5 GPa and 1600 °C. Fe-S drops (bright spheres) with diameter less than 10 pm disperse
into C-rich iron liquid. A layer of (Mg, Fe)O was observed between the melt and the MgO capsule. Graphite (black) was also observed at the
edge of sample chamber as stable phase. (b) m-998 shows one homogenous melt with dendritic texture at 5 GPa and 1500 °C, which indicates
complete closure of miscibility gap. Many small vesicles (black dots in the enlarged image) were observed in the quenched melt. These vesicles
may result from the escape of the dissolved oxygen in the melts during temperature quenching. (c) m-1002 shows solid Fe;C coexists with Fe-S
melt at 5 GPa and 1350 °C. (d) m-997 shows subsolidus phase assemblage (Fe;C, FeS, and pure Fe) at 1200 °C and 5 GPa.

their being the dominated iron-carbide and iron-sulfide
phase in the Fe—C and Fe-FeS binary systems, respectively
(Shterenberg et al., 1975; Wood, 1993; Fei et al., 1997). Par-
tial melting at 10 GPa starts at a temperature between 1100
and 1200 °C (Table 1). On the other hand, the liquidus tem-
perature is significantly high (1700 °C) at 10 GPa (m-1040),
with graphite/diamond as the liquidus phase. As pressure
increases, partial melting starts between 1050 and 1150 °C
at 15 GPa, and 1100 and 1175 °C at 20 GPa. This observa-
tion is consistent with the experimental result that the soli-
dus temperature decreases slightly with pressure increasing
in Fe-S system (Fei et al., 1997).

We investigated the carbon and sulfur contents in the
melts, which coexist with Fe;C; at different temperatures.
The abundances of carbon increase slightly with increasing
temperature at a given pressure (Fig. 3). This indicates the
steep slope of liquidus temperature of Fe;C; + (S rich) Li-
quid in X (composition) — 7 space. On the contrary, sulfur
concentrations decrease significantly with increasing tem-
peratures. The sulfur is strongly concentrated in the liquid.
Therefore, sulfur content in the melts is primarily con-
trolled by the volume proportion of the melt, so that it de-
creases with increasing temperature. On the other hand, the
carbon content in the melts is mainly controlled by carbon
partitioning between melt and solid, and slightly increases

with increasing temperature at a given pressure. As shown
in Fig. 3, our data are broadly consistent with the reported
6 GPa result from Dasgupta et al. (2009). The influence of
pressure on the melt composition appears less systematic
possibly because of the significant change of the eutectic
composition as a function of pressure.

3.2. Phase relations in composition Fe84.87-C2.08-S11.41

With decreasing carbon content in the starting material,
Fe;C; is not stable any more. For the investigated pressure
interval, the subsolidus phase assemblage is Fe-Fe;C-FeS,
and FeS remains as the first phase to melt (m-1024 at
5 GPa, m-1036 at 10 GPa and LO-705b at 15 GPa). The
solidus temperatures at 5 and 10 GPa show little change
(1200 + 50 °C; Table 1), as do the liquidus temperatures
(1350 + 50 °C). Metallic iron was observed in m-1024 and
LO-705b and it coexists with FesC at the bottom of the
sample chamber (Fig. 4a).

In comparison, both compositions Fe84.87-C2.08-
S11.41 and Fe84.69-C4.35-S7.85 have similar solidus tem-
perature at 5, 10 and 15 GPa respectively (~1200 °C at 5
and 10 GPa, ~1150 °C at 15 GPa), reflecting the fact that
the S-bearing solid phase (either FeS or FesS,) is the first
phase to melt. The liquidus temperatures are somewhat dif-
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Fig. 3. Solubility of S and C in Fe—S melt which coexists with solid Fe;C; as a function of temperature for composition Fe84.69-C4.35-S7.85.
Open squares, circles and triangles represent the S contents in the melts at 10, 15 and 20 GPa, respectively. And the solid symbols represent the
C contents in the melts at the corresponding pressures. The halffilled symbols are the S and C solubility at 6 GPa from Dasgupta et al. (2009).

The dotted lines are for visual guide only.

15.0kV X230 WD 11.1mm 100um

Fig. 4. Scanning electron microscope composition images of the quenched samples. (a) LO-705b (15 GPa and 1150 °C) shows coexistence of
iron and Fe;C at the cool end of the sample chamber, whereas Fe;C coexists with Fe-S melt at the hot end, indicating the experimental
temperature is close to the solidus. (b) m-1089a shows C-bearing metallic iron coexists with Fe-S melt at 10 GPa and 1300 °C. (c¢) m-1093b
shows subsolidus phase assemblage of iron and FeS at 5 GPa and 1100 °C for Fe85.71-C0.33-S11.86. (d) m-1093a shows subsolidus phase
assemblage of Fe-—Fe;C—FeS at 5 GPa and 1100 °C for Fe86.36-C0.96-S10.31.

ferent: that for Fe84.69-C4.35-S7.85 (1350-1500°C at
5 GPa, 1600-1700 °C at 10 GPa, 1450-1550 °C at 15 GPa)
is about 100 °C higher than that for Fe84.87-C2.08-
S11.41 (1200-1400 °C at 5 GPa, 1350-1400 °C at 10 GPa,
1350-1450 °C at 15 GPa) at given pressure. This is consis-

tent with the experimental result that the melting point of
Fe;C; is higher than that of Fe;C (Lord et al., 2009).

The experimental results with composition Fe84.87—
C2.08-S11.41 can be compared to those in the system
Fe-C. For the Fe-C binary system at 10 GPa, Fe is the
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Fig. 5. Schematic 7-X diagram in the Fe-S-C system. The sulfur and iron contents (m-1088, m-1095 and m-1089b) of the melts are
renormalized to 100%. The melting relations at 1 bar and 10 GPa are from Fei et al. (1997). And the 6 GPa and hypothetical 5 GPa melting
curve are from Buono and Walker (2011) and Chudinovskikh and Boehler (2007), respectively. Thin curves are for the Fe-S system while

thick curves for the Fe-S—C system.

liquidus phase with carbon concentrations up to 4.2 wt%
in the melt (Lord et al., 2009); in contrast, Fe;C crystal-
lizes first in the Fe-S—C system with carbon concentration
as low as 1.18 wt% (m-1036; 10 GPa). The change of the
liquidus phase under the same pressure from Fe in the
Fe—C binary system to Fe;C in the Fe-S—C at similar car-
bon concentrations suggests that the eutectic composition
is significantly modified with the addition of S into the
system.

3.3. Phase relations in compositions Fe86.36—C0.96-S10.31
and Fe85.71-C0.33-S11.86

By further reducing the carbon content in the starting
material, it is expected that the liquidus phase should change
from iron carbide to metallic iron. Figure 4b shows that at
5 GPa metallic iron is indeed the liquidus phase for both
Fe86.36-C0.96-S10.31 and Fe85.71-C0.33-S11.86. This is
fundamentally important as it indicates compositions of
Fe86.36-C0.96-S10.31 and Fe85.71-C0.33-S11.86 lie on
the other side of the eutectic point compared with the C-rich
compositions (Fe84.69-C4.35-S7.85 and Fe84.87-C2.08-
S11.41) when projecting them on the Fe-C phase diagram
at given pressure. In addition, with low carbon concentra-
tion in the bulk composition (e.g. Fe85.71-C0.33-S11.86),
all carbon is dissolved in metallic iron, forming the subsoli-
dus phase assemblage Fe + FeS (Fig. 4c). With increasing
carbon concentration (e.g., Fe86.36-C0.96-S10.31), excess
carbon becomes available to form iron carbide, and the sub-
solidus phase assemblage becomes Fe + FeS + Fe;C
(Fig. 4d) or Fe+ FeS + Fe;C; (Table 1). Even thought
there is ~50 °C difference in Fe-S solidus temperatures re-
ported by Chudinovskikh and Boehler (2007) and Buono
and Walker (2011), the effect of a small amount of carbon
on the solidus of the system Fe + S still seems rather signif-
icant (Fig. 5): at 5 GPa, the addition of 0.33 wt% C into the
system elevates the solidus by approximately 150 °C. It
seems the eutectic composition in the normalized Fe-S-C

system is quite comparable with that in Fe-S system taking
into the account of the measurement error.

3.4. Phase relations in compositions Fe87.81-C0.99-S14.62-
Si6.57

To obtain a more realistic Earth core composition, sili-
con was added to the Fe-S—C ternary system to extend fur-
ther discussion on the mutual solubility and crystallization
behavior in the Fe-S—C-Si quaternary system.

At 5 GPa, a solid Fe (+12.42 wt% Si) coexisting with S
rich liquid was observed at 1300 °C. As an interesting
observation, a silicon rich droplet was observed in the S
rich liquid (Fig. 6a). The composition is 87.81 wt% (Fe)—
0.99 wt% (C)-4.62 wt% (S)-6.57 wt% (S1)-0.42 wt% (O),
which is significantly different with the that of coexisting li-
quid. However, no such similar droplet was found else-
where in this sample. With increasing temperature (to
1350 °C), two immiscible liquids, S-rich melt and Si-rich
melt, were preserved in the quenched melt (Fig. 6b). The
observed Fe-S and Fe-Si immiscible liquids texture is dif-
ferent from that in Fig. 2a: the Si rich melt formed open cir-
cle emulsions rather than the generally described
characteristic egg-like texture (Sanloup and Fei 2004; Mor-
ard and Katsura, 2010). This may due to the high iron con-
tent in Si rich melt suggested by Morard and Katsura
(2010). SiO, grains formed due to the oxidation of the start-
ing materials, which lowers the Si content in the bulk start-
ing composition. With further increasing temperature, the
miscibility gap closed at 1400 °C (PR-899).

At 10 GPa, only one homogenous dendritic texture was
observed at 1350 °C (m-1161), indicating the closure of the
miscibility gap. Therefore, the closure pressure for miscibility
gap between Fe-Si and Fe-S melts in Fe-S-Si-C quaternary
system is constrained between 5 and 10 GPa. The pressure at
which miscible gap occurred and closed in this study achieves
a good agreement with observation in Fe-Si-S system (Mor-
ard and Katsura, 2010). Therefore, adding a small amount of
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Fig. 6. Scanning electron microscope composition images of the
quenched products. (a) m-1154 shows solid Fe coexisting with S
rich liquid. A silicon rich droplet observed in the S rich liquid is
shown in an enlarged image. (b) PR-901 shows immiscible quench
texture of Si-rich droplets in S-rich matrix. Blacks are SiO, grains.
(c) PR 899 shows one homogenous melt with dendritic texture at
5 GPa and 1400 °C, which indicates complete closure of miscibility
gap.

carbon into Fe-Si-S ternary system does not significant
change the closure pressure of immiscible liquids.

The liquidus temperatures at 10 GPa in the Fe-S—C-Si
quaternary system are constrained between 1275 and
1350 °C (m-1164, m-1161). This is much lower than the lig-
uidus temperatures for Fe-0.8 wt% C (1777 °C) in the Fe-C
binary system at the same pressure. Therefore, Fe-multiple
light elements experiments show significant modification of
the melting temperature of the iron alloys.

4. DISCUSSIONS
4.1. Phase relations in Fe-S—C ternary system

By applying the topological principles described by
Schreinemakers (Schreinemarkers, 1915-1925; Zen, 1966),
we constructed a schematic P-T projection between 5 and
20 GPa, 1025-1300 °C for part of the Fe-S-C system
(Figs. 7 and 8). For certain bulk compositions, there are
at least two invariant points in this P-T range, and five un-
ique phases for each invariant point (Fig. 8): Fe;Cs;, FesC,
Fe, FeS and melt for invariant point I, and FeS, FesS,, Fe,
Fe;C; and melt for invariant point II. Compositional
degeneracy occurs at both invariant points because of the
compositional collinearity:

3Fe;C = Fe,;C; + 2Fe and 2FeS + Fe = Fe;S,.

The coincidence rule dictates that five curves should
radiate from each invariant point, but only four distinct
slopes should occur due to the compositional degeneracy.
For invariant point I, the four reactions are:

(Fe;C3) Fe;C + FeS + Fe — melt,
(Fe) Fe;C; + melt — Fe;C + FeS,
(FeS,melt) Fe;C; + Fe — Fe;C,

(Fe;C) Fe;Cs + Fe + FeS — melt.

For invariant point II, the four reactions are:

(FeS) Fes;S, + Fe;Cs + Fe — melt,
(Fe) FesS; + Fe;C; — FeS + melt,
(Fe;Cs, melt) FeS + Fe — Fe;S,,

(FesS,;) FeS + Fe + Fe;C; — melt.

None of the reactions have been systematically investi-
gated experimentally. So the position of invariant points
and all reactions slopes are rough estimates based on lim-
ited experimental data. Compared with other reactions,
the reactions (FeS, melt) around the invariant point I and
(Fe;C;, melt) around the invariant point II have been rela-
tively better constrained because of the data from this study
(m-997, m-1097, m-1029, LO-707) and some experimental
constraints from the materials science literature (Tsuzuki
et al., 1984).

4.2. Fe-S—C planetary core

There remains a continuing interest in the liquid misci-
bility gap exhibited in many Fe-alloy ternary systems both
for industry applications and fundamental geophysical
implications (Wang et al., 1991; Raghavan, 1998; Sanloup
and Fei, 2004; Corgne et al., 2008; Dasgupta et al., 2009;
Tsuno and Ohtani, 2009; Morard and Katsura, 2010).
The melting experiments in this study, combined with exist-
ing data, show that the miscibility gap between Fe-S and
Fe—C liquids closes at 4.9 GPa with composition of Fe—
C(4.35-5 wt%)-S(5-7.85 wt%). The existence of a miscibility
gap in Fe-S-C ternary system can be understood in terms
of bond energy considerations (Sahajwalla and Khanna,
2003). The Fe-S bond is strongly attractive and ionic in
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Fig. 7. Compositional topology of the five phases around the invariant point I (a) and II (b). All phases are labeled on the ternary diagrams.

nature. When a C atom tends to dissolve into a Fe atom
that has a S atom in its neighborhood, the C atom will find
it difficult to replace attractive C—C and Fe-S bonds with
repulsive Fe-C and C-S bonds. Eventually the Fe-S melts
choose an energetically favorable way to separate from
the Fe-C melts.

The closure of the miscibility gap in the Fe-S—C system
at high pressure is related to structural similarity evolution
of the immiscible melts upon increasing pressure (Sanloup
and Fei, 2004; Corgne et al., 2008; Morard et al., 2008;
Tsuno and Ohtani, 2009; Dasgupta et al., 2009). It has been
documented that there is no phase transformation in Fe;C
up to 30 GPa (Li et al., 2002), and hence structural change
of the Fe-S component may play an important role in clos-
ing the miscibility gap (Morard et al., 2007). There is an
electronic transition in FeS at about 5 GPa, leading to
abrupt change in the c/a ratio and shortening Fe-Fe bond
distance (Fei et al., 1995).

Because of the low eutectic melting temperature in the
Fe-FeS binary system (Fei et al., 1997, 2000), S can be
readily incorporated into the iron melt phase during the
planetary accretion and differentiation process. Our new
data in the Fe-S-C system indicate the liquidus tempera-
ture decreases significantly compared with that in the Fe—
S binary system by adding a very small amount of carbon
into the Fe-S system (Fig. 5). Therefore, Fe-S—C melt

drops could easily transport to the core with the presence
of carbon in the primitive Earth.

In addition to changing the liquidus temperature of the
system, carbon also affects the solidus temperature signifi-
cantly. The solidus temperature is elevated to 1100-1200 °C
with the small additional amount of carbon, which is 150—
250 °C higher than that in the Fe-S binary system at 5 GPa.

The composition and evolution of the iron-predominant
planetary core during cooling are strictly controlled by the
melting relations in the iron-light elements system. The
crystallization sequence is crucial for understanding the
compositional evolution of planetary cores. The cotectic
boundaries between different subsolidus formations are
shown in Fig. 9. At 10 GPa, the cotectic boundary between
Fe;C and Fe,C; is obtained in the Fe-C-S system (Fig. 9).
The carbon content at the eutectic point in the Fe—C binary
system is about 3.8 wt%. The formation of an iron carbide
solid inner core is dependent on the bulk carbon concentra-
tion in the core. Our results show that only a small amount
of C is needed to form an iron carbide (Fe;C or Fe,;Cs) so-
lid inner core with the presence of S.

Mercury is the only terrestrial planet other than the
Earth with a perceptible dipole magnetic field, which could
indicate the presence of a partially molten iron surrounding
a solid inner core. Mercury’s composition is characterized
by two specific features: a high density and a low surface
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Fig. 8. Phase relation topology in the pressure range of 3.5-20 GPa and temperatures of 1000—-1300 °C for the system Fe-S—C ternary system,
showing sets of univariant reactions emanating from two invariant points I and II. Solid curves are the univariant lines and the corresponding
reactions productions are marked along them. The phase in parentheses is the non-existent phase in the given reaction. Diamond, circle, and
square represent subsolidus phases as indicated in the legend. The small ternary diagrams illustrate phase compatibility in different phase zone
as illustrated in Fig. 7. The position and slope of the reaction boundaries are bracketed by our data.

FeO content (Verhoeven et al., 2009; Malavergne et al.,
2010). These two features are shown to be consistent with
very low oxygen fugacity during core segregation. The
low oxygen fugacity is characteristic of high-iron enstatite
(EH) and Bencubbinite (CB) chondrites, raising the possi-
bility that such materials may be the important building
blocks of Mercury (Wasson, 1988; Sprague et al., 1995).
The C and S abundance in EH and CB chondrites are plot-
ted in Fig. 9. Our experiments suggest that metallic iron
with a small amount of dissolved carbon would be the ma-
jor inner core component if EH and CB chondrites repre-
sent the composition of Mercury.

4.3. Fe-S—C-Si planetary core

Since there is no compelling reason to exclude the coex-
istence of multiple light elements in the Earth’s core, our
high pressure experiments in the Fe-S—C-Si quaternary sys-
tem provide a first trial to explore the mutual solubility and
crystallization behavior of a more realistic planetary core
composition.

In our studied pressure range, the observed liquidus
temperatures in the Fe-S—C-Si system are much lower than
in the melting temperatures of pure iron. As discussed be-
fore, the miscibility gap closure has important implications
for planetary differentiation and compositional stratifica-
tion of a planetary core. By comparing with miscibility evo-
lution in Fe-S-Si system reported by Morard and Katsura
(2010), our experimental results show that additional a
small amount of C does not play a significantly role in con-
trolling the occurrence and closure of the miscibility gap in
the Fe-S—C-Si system at high pressure. Therefore, no com-

Fig. 9. The cotectic curves coexisting with solid Fe and Fe;C
(dotted line), Fe;C and Fe;Cj; (solid line) in the Fe-S—C ternary
phase diagram. Open squares and circles represent experimental
data in the first crystallization zones of Fe;C and Fe;C;, respec-
tively. Open pentagram and solid triangle represent cotectic point
in Fe—C binary system at 10 GPa obtained by (Fei et al., 2007) and
Nakajima et al., 2009. Fe;C and Fe,C; are also labeled on Fe-C
side as solid diamond and circle. The potential compositions of the
Earth’s core (solid orange circle) (Ahrens and Jeanloz, 1987Li and
Fei, 2003;), the C and S abundance in EH (green cross) and CB
(purple cross) chondrites which are the possible building blocks of
the Mercury are also indicated. (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)

positional stratification is expected for a Fe-S—C-Si Earth’s
core, although it may occur during early melting events.
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Possible light elements such as S, Si, O, C, and H, alloy-
ing with Fe are argued to be the constituents of the terres-
trial planetary cores, such as Mercury, Venus and Mars,
based on model composition calculations, high pressure
melting experiments, and space mission observations
(Harder and Schubert, 2001; Breuer et al., 2007; Solomon
et al., 2007; Stewart and Schmidt, 2007; Rivoldini et al.,
2009; Morgan and Anders, 2010; Fei and Bertka, 2013).
Based on our Fe-S-C-Si melting data, no layered liquid
core should exist in the Mars, because of its high core pres-
sure. The CMB pressure of Mercury is estimated to be
~7 GPa. Assuming its core is mainly composed of Fe-S—
Si with small amount of carbon, a layered liquid outer core
is unlikely to be expected either.

Sulfur preferentially partitions into molten iron while
significant amount of Si enters the solid phase with temper-
ature decrease. Meanwhile, the C concentration in the li-
quid and solid iron metal changes little with temperature
variations. If S, C and Si partitioning behavior between
molten and solid iron metal with temperature remains the
same under Earth’s present core pressure conditions, most
silicon would be incorporated into the solid inner core.
On the other hand, the liquid outer core will be S rich
and Si poor. Moderate carbon will be evenly present in
both solid and liquid cores.
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