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abSTracT

Melting and subsolidus experiments were carried out on Fe–Si–S alloys (2.2–2.7 wt% Si + 2.0–2.1 
wt% S) up to 146 GPa in a laser-heated diamond-anvil cell (DAC). The melting and subsolidus phase 
relations were examined on the basis of in situ synchrotron X-ray diffraction measurements and ex situ 
textural and chemical characterizations of recovered samples. The subsolidus phase assemblage changed 
from Fe-rich hexagonal closed-packed (hcp) phase + Fe3S into a single phase of hcp Fe–Si–S alloy 
above 80 GPa at ~2500 K. The melting curve was obtained on the basis of the appearance of diffuse 
X-ray scattering and/or melting texture found in the cross section of a recovered sample. Microprobe 
analyses of quenched molten samples showed that liquid Fe–Si–S coexisted with Fe-alloy solid, which 
is depleted in sulfur but enriched in silicon compared to the liquid. This result indicates that the liquid 
evolves toward a Si-poor and S-rich composition upon crystallization. Our data further suggest that 
the ternary eutectic liquid composition is Si-deficient and close to the tie line between the eutectic 
points in the Fe–Si and Fe–S binary systems at each pressure. The composition of Fe–Si–S liquid that 
accounts for the outer core density is outside the liquidus field of solid Fe at the inner core bound-
ary (ICB) pressure. Accordingly, the solid alloy crystallizing from such an outer core liquid must be 
more enriched in silicon/sulfur than the coexisting liquid and thus cannot form the denser inner core 
required from seismic observations. Furthermore, neither liquid Fe–Si–C nor Fe–Si–O can crystallize 
a dense solid at the ICB.

These results reinforce the conclusion that silicon is not an important light element in the core.
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inTroducTion

Sulfur has been very extensively studied as a possible light 
element in the core (see Fig. 1 in Hirose et al. 2013). Earlier 
experimental works on the Fe–S binary system showed that 
the eutectic composition moves toward the Fe-rich side with 
increasing pressure (Brett and Bell 1969; Stewart et al. 2007; 
Morard et al. 2008a; Kamada et al. 2012). The most recent work 
by Mori et al. (2017) reported the eutectic liquid with ~6 wt% S 
at 254 GPa, less than required (9–14 wt% S) to account for the 
core density deficit (Sata et al. 2010; Huang et al. 2013; Badro 
et al. 2014; Umemoto et al. 2014), suggesting that sulfur cannot 
be a single light component because otherwise the less dense, 
S-rich CsCl (B2)-type phase crystallizes. Similarly silicon has 
also been repeatedly proposed to be present in the core, although 
its concentration in the inner core deduced from comparison 
between global seismic observations and high-pressure mineral 
physics experiments ranges from 1–2 wt% Si (Antonangeli et 
al. 2010) to 4.5–8 wt% Si as a major light element (Fischer et 
al. 2014; Tateno et al. 2015). Recent experiments demonstrated 

that the eutectic liquid in the Fe–Si binary includes only <2 wt% 
Si under core pressures (Ozawa et al. 2016), which is again less 
than the 6–12 wt% Si that explains the outer core density deficit 
(Sata et al. 2010; Badro et al. 2014). It excludes the possibility 
that silicon is a single light element in the core.

While both the Fe–S and Fe–Si binary systems have been in-
vestigated extensively under high pressures (e.g., Fei et al. 2000; 
Morard et al. 2011; Fischer et al. 2013), little is known about 
the Fe–Si–S ternary system (Sanloup and Fei 2004; Morard et 
al. 2008b; Sakairi et al. 2017). The liquid density measurements 
by Morard et al. (2013) proposed the outer core with 2 wt% Si 
and 6 wt% S. It is important to investigate phase equilibria in 
ternary systems, which can be very different from those of binary 
systems; for example, the Fe–Si–O ternary system exhibits very 
large liquidus field of SiO2 oxide, leading to SiO2 crystallization 
from liquid Fe–Si–O (>2 wt% Si + >2 wt% O) prior to Fe or 
Fe–Si metals (Hirose et al. 2017). In this study, we performed 
melting and subsolidus experiments on Fe–Si–S alloys and 
found that the partitioning of silicon between coexisting liquid 
and solid is different from that observed in the Fe–Si binary. We 
discuss that the outer core is not liquid Fe–Si–S because liquid 
iron, including silicon and sulfur high enough to explain the core 




