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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 + FesS into a single phase of hep 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 being depleted in sulfur but enriched in
silicon compared to the liquid. This 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 boundary (ICB) pressure. Accordingly, the solid alloy crystallizing
from such 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, liquid Fe—Si—C nor Fe—Si—O does not crystallize a denser solid at the ICB.
These reinforce the conclusion that silicon is not an important light element in the core.

Keywords: Core, light element, silicon, sulfur, high pressure, melting
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INTRODUCTION

Sulfur has been studied as a possible light element in the core most extensively in
the past (see Figure 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 CsClI (B2)-type phase crystallizes. Similarly silicon has been also
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 investigated extensively

under high pressures (e.g., Fei et al. 2000; Morard et al. 2011; Fischer et al. 2013), little
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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 SiO, oxide,
leading to Si0, 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 density deficit is outside the liquidus
field of Fe at 330 GPa. Fe-Si—C and Fe-Si—O are also not likely. These suggest that

silicon is not an important light element in the core.

EXPERIMENTAL METHODS
High-pressure and -temperature (P-T) conditions were generated using laser-heated
DAC techniques (Table 1). Beveled 120 pm or flat 300 um culet diamond anvils were
used, depending on a target pressure. The Fe—Si—S starting materials were prepared by
an ultra-rapid quench method described in Morard et al. (2011) and Mori et al. (2017).
Chemical analyses using a field-emission-type electron probe microanalyzer
(FE-EPMA, JEOL JXA-8530F) showed that they contain 2.2-2.7 wt% Si and 2.0-2.1

wt% S with 0.2-0.4 wt% O (Table 2). The sample was pressed into a thin foil with a
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thickness of 10-20 um and placed into a hole drilled in a rhenium gasket with thermal
insulation layers of Al,O3; powder. After sample loading, a whole DAC was dried in a
vacuum oven at 423 K, at least for 1 hr and then flushed with argon gas when the oven
was opened. Subsequently the sample was compressed to high pressure in an argon
atmosphere in a glove box. Heating was conducted at the BL10XU of SPring-8 or the
Tokyo Tech, whose laser-heating systems are very similar to each other. The
experiments at the former were combined with in-situ X-ray diffraction (XRD)
measurements (Fig. 1a). Samples were heated from both sides with a couple of 100 W
single-mode Yb fiber lasers (SPI or IPG). In order to reduce a radial temperature
gradient, we employed beam shapers (New focus) that convert a beam with a Gaussian
intensity distribution to the one with a flat-top distribution. The laser-heated spot was
approximately 20 um across. Heating duration in the present experiments was limited to
3 to 25 sec. The time-series experiments at 120—127 GPa by Ozawa et al. (2016) on the
melting of Fe—Si alloy demonstrated that the result obtained with heating for 1 sec was
well reproduced by that with heating for 5 sec. Similarly the data obtained by Mori et al.
(2017) for melting an Fe—S alloy at 46 GPa by heating for 1 sec was very similar to that
found by heating for 120 sec. These indicate that the present heating duration was long
enough for the attainment of chemical equilibrium because the length scale is very short
for a DAC sample.

Temperature was measured by a spectro-radiometric method (Ohishi et al. 2008).
For experiments with in-situ XRD measurements (runs #1-5, 10, 11), its uncertainty

corresponds to the temporal and spatial variations in 6 um area from which XRD data
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were collected. For runs in which we examined the cross section of recovered samples
(runs #6-9), Table 1 shows both 1) the peak temperature in a measured radial profile,
and 2) the temperature at the liquid/solid boundary that corresponds to a crystallization
temperature. The latter was obtained by combining the temperature profile with a
texture of sample cross section (Fig. 1b) (Ozawa et al. 2016; Hirose et al. 2017). The
liquid/solid boundary should have been isothermal, and the sample cross sections given
in Figure | show that temperature gradient was not so strong along the heating
(compression) axis. The estimate of temperature at the liquid/solid boundary may
include +5 % error, except in run #7-2 in which the gradient was relatively large.

Pressures were measured after heating at 300 K, based on the unit-cell volume of
AlLOs corundum in runs #l-4 and #10-11 (Dewaele and Torrent 2013) or
post-perovskite phase in run #5 (Ono et al. 2006) and by the Raman shift of the culet of
a diamond anvil for runs #6—9 (Akahama and Kawamura 2006) (Table 1). The pressures
measured after heating were similar between those calculated from corundum and from
the Raman shift of a diamond anvil. Assuming thermal parameters same as those for
pure iron (Dewaele et al. 2006), a pressure increase upon heating was found to be
5.4(%0.1) % per 1000 K for hcp Fe-Si—S in runs #3 and #5, which was applied to
calculate thermal pressure contribution in all runs. The uncertainty in the present
pressure determination may be £10%.

Angle-dispersive XRD measurements were conducted at BLIOXU, SPring-8 using
an X-ray beam with an energy of ~30 keV (Ohishi et al. 2008). XRD patterns were

collected on a flat panel detector (Perkin Elmer) sequentially during heating with an
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exposure time of 1 sec. A monochromatic X-ray beam was focused and collimated to
approximately 6 um area (full-width of half maximum) on a sample position.
Two-dimensional XRD image was integrated over the Debye—Scherrer rings using the
IP Analyzer program (Seto et al. 2010), in order to produce a conventional
one-dimensional diffraction pattern as a function of two-theta angle.

Textural and chemical characterizations were carried out for samples recovered
from a DAC. A cross section of an exact laser-heated portion of a sample was prepared
parallel to a compression axis by an argon ion-milling technique using an Ion Slicer
(JEOL EM-09100 IS) (Tateno et al. 2009) or by a focused Ga ion beam (FIB) (FEI
Versa™ 3D DualBeam™). The sample cross section was then examined by a scanning
electron microscope (FE-SEM) and an energy dispersive X-ray spectrometry (EDS) in
the dual beam FIB system. For melting experiments, quantitative chemical analyses of
coexisting quenched liquid and solid were obtained by FE-EPMA with an acceleration
voltage of 10 kV and a beam current of 10 nA, except in run #7 in which EDS analyses

were employed (accelerating voltage of 15 kV) (Table 2).

RESULTS
Subsolidus phase relation
We first examined the subsolidus phase relation of Fe—2.7wt%Si—2.1wt%S alloy in
runs #1-5. In run #1, the sample was initially compressed to 41 GPa at room
temperature, and broad diffraction peaks were observed from the

hexagonal-close-packed (hcp) phase and a thermal insulator of corundum. The starting
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sample consists of a mixture of Fe—Si and FeS. The former is observed to be an hcp
phase under pressure. On the other hand, FeS was commonly found to become
amorphous on compression (Ozawa et al. 2013; Mori et al. 2017). When it was heated
to 1910 K at 43 GPa, the hcp diffractions became sharper and spotty, and additional
reflections appeared, all of which are attributed to the tetragonal Fe;S phase (Fei et al.
2000) (Fig. 2). Similar observation was obtained up to 67 GPa and 2310 K in run #2.
On the other hand, in run #3, when heating the sample to 2670 K at 96 GPa, the spotty
hcp peaks were solely observed without reflections from FesS (Fig. 2). Hcp was
confirmed as a single phase at 115-146 GPa and 2070-2470 K (runs #4 and #5) (Fig. 3a,
Table 1).

These indicate that the solubility of sulfur in an hcp Fe—Si alloy is enhanced with
increasing pressure, consistent with the observations for hep Fe in the Fe—Fe;S binary
system (Kamada et al. 2012; Mori et al. 2017). The hcp Fe—2.7wt%Si can accommodate
2.1 wt% S above ~80 GPa (Fig. 3a), which is comparable to the solubility of sulfur in

hep iron, ~3 wt% at this pressure range, in the Fe—Fes;S binary (Mori et al. 2017).

Melting temperature

The melting temperature of Fe—2.7wt%Si—2.1wt%S alloy was determined in-situ on
the basis of a diffuse signal in XRD images (Fig. 1a). In run #6, the hcp phase was
found, together with a thermal insulator of corundum, in the XRD pattern before heating.
We increased the temperature of this sample from 300 K directly to 2550 K (at the

hottest spot) at 52 GPa (Table 1). The XRD patterns collected sequentially every 1 sec
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exhibited diffuse scattering from the onset of laser heating, the clear evidence for
melting, together with the peaks from the face-centered cubic (fcc) phase. Such diffuse
signal was preserved even after quenching temperature to 300 K. Similar observations
were made at 20—28 GPa in runs #10-11.

In addition, the melting temperature was constrained by the temperature at the
liquid/solid boundary in runs #6—9 without X-ray observations (Table 1). Indeed, the
temperature at the boundary was found to be 2350 K in run #6, lower than the 2550 K at
the hottest part. Thus, the temperature at the liquid/solid interface better constrains the
melting temperature (Fig. 3a). The samples recovered from 96 GPa/2670 K (run #3)
exhibited no evidence for melting under the FIB/SEM.

The solidus curve of Fe + 2.2-2.7wt%Si + 2.0-2.1wt%S is shown in Figures 3a and
3b, in comparison with those of pure Fe and alloys in the latter. The change in a
subsolidus phase assemblage from hcp + FesS into hep single phase leads to a kink
around 80 GPa. Our data show that the solidus in the present Fe + 2.2-2.7wt%Si + 2.0—
2.1wt%S alloy is higher than that of the Fe—S binary because silicon is a compatible
element that partitions more into solid than in liquid in the Fe—Si—S system (see the next
section for liquid/solid partitioning). Similar effect was found for the incorporation of
nickel into the Fe-S system (Stewart et al. 2007). The recent DAC experiment by
Sakairi et al. (2017) also studied Fe—Si-S alloys (4 wt% Si + 812 wt% S) and reported
a solidus curve 400 K lower than ours at 60 GPa. A main source of the discrepancy
could be different melting diagnostics; while we employed 1) the presence/absence of

diffuse X-ray signal and/or 2) melting texture in recovered samples as melting criteria,
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Sakairi and others judged the onset of melting from the disappearance of reflection lines
from one solid phase in an XRD pattern. Indeed, the disappearance of XRD peaks is not
necessarily caused by melting in particular in angle-dispersive diffraction measurements.
Instead, a rapid crystal growth before melting could lead to the disappearance of
reflection lines within an observed 2-theta angle range, possibly providing apparent

lower melting temperature than ours.

Melting texture and the compositions of coexisting liquid and solid

We examined the cross sections of quenched molten samples from runs #6—7
performed at ~50 GPa and runs #8-9 at ~130 GPa close to the pressure at CMB (Table
1, Fig. 3a). The sample recovered from run #6, in which a diffuse XRD signal
characteristic of liquid was observed (Fig. 1a), exhibited a smooth and uniform area at
the center of a laser-heated spot (Fig. 1b). This portion represents a quenched liquid,
which is also evident from the entrainment of Al,O3 grains from a surrounding pressure
medium. Furthermore, such smooth texture without any crystalline phase is consistent
with the observed diffuse scattering halo preserved after quenching temperature. This is
likely due to a fast quenching speed, which allows us to determine the melt composition
correctly. Next to the liquid portion, we found a residual solid with a texture showing a
channeling contrast (Fig. 1b), which is due to the different intensity in backscattered
electron that reflects different crystal orientation. The boundary between coexisting
liquid and solid was hourglass-shaped, in accordance with isothermal surface typical for

a metallic sample (Campbell et al. 2007). Such melting texture is caused by a certain
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temperature gradient (Lesher and Walker 1988) and similar to those observed in
previous experiments on a variety of iron alloys (Ozawa et al. 2016; Mori et al. 2017;
Hirose et al. 2017). The sample was molten also in runs #7-9; melt pockets became
smaller with decreasing temperature at each pressure range (Fig. 1c). In all of these
experiments conducted above 47 GPa, the liquid was homogeneous, consistent with the
previous report by Sanloup and Fei (2004) that liquid miscibility gap closes above 15
GPa in the Fe—Si-—S system.

The chemical compositions of coexisting liquid and residual solid in runs #6—9 and
their proportions in wt% based on mass balance are given in Table 2 and plotted in the
Fe—Si-S ternary diagram (Fig. 4a). Liquids are enriched in sulfur and depleted in silicon
compared to the starting composition in all the experiments (Fig. 1¢). Instead, residual
solids right next to the liquid are depleted in sulfur and enriched in silicon.

The XRD observations in run #6 indicate that liquid Fe—1.2wt%Si—8.1wt%S
coexisted with an fcc Fe-rich phase at 52 GPa. Considering the binary eutectic
compositions at 50 GPa, Fe—8wt%Si in Fe—FeSi (Ozawa et al. 2016) and Fe—13wt%S in
Fe—FesS (Mori et al., 2017), the liquidus field of the fcc Fe-rich phase covers all of three
liquid compositions (1.1-1.4 wt% Si and 8.1-11.2 wt% S) obtained in this pressure
range (Fig. 4a). On the other hand, solids found at 128129 GPa (runs #8—9) containing
2.5-2.8 wt% Si and 1.0-1.8 wt% S may be the CsCl (B2)-type phase, since silicon
concentration in the Fe—FeSi eutectic liquid decreases with increasing pressure and is
1.5 wt% Si at ~130 GPa (Ozawa et al. 2016). It means that the coexisting liquid

compositions (Fe + 0.7-1.6 wt% Si + 3.9-5.6 wt% S) are in the liquidus field of the
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CsCl-type phase (Fig. 4a).

DISCUSSION
Evolution of liquid in the Fe—Si-S ternary

Present melting experiments in the Fe—Si—S ternary system demonstrate that solid is
enriched in silicon and depleted in sulfur compared to coexisting liquid, leading to the
evolution of liquid toward Si-poor and S-rich upon crystallization (Fig. 4a). This can be
reasonably interpreted by the liquidus surface topology of iron (Fig. 4b). Simple linear
interpolation between pure Fe and the eutectic liquids gives the depression of the
liquidus temperatures to be -30 K/wt% by silicon and -100 K/wt% by sulfur according
to Morard et al. (2014). The more recent experiments performed by Mori et al. (2017)
reported about -160 K/wt% by sulfur addition at 130 GPa. Consequently, the liquidus
surface (temperature) of Si-rich side within the Fe liquidus field is higher than that of
the S-rich side, resulting in the liquid composition changing to Si-poor and S-rich along
the liquidus surface followed temperature downward the eutectic point.

At 50 GPa, binary eutectic points are located at 8 wt% silicon and 2750 K in Fe—
FeSi (Ozawa et al. 2016; Fischer et al. 2013) and at 13 wt% sulfur and 1900 K in Fe—
FesS, which are 250 K and 1100 K lower than the melting point of pure Fe (Anzellini et
al. 2013), respectively. With decreasing temperature from 2350 to 2070 K in the present
experiments (runs #6, #7-1, #7-2), sulfur concentration in liquid was enhanced from 8.1
to 11.2 wt%, while silicon abundance was nearly constant at ~1 wt% (Table 2). The

liquid composition obtained at 2070 K is plotted near the tie line between the Fe—Si and
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Fe-S binary eutectic compositions at this pressure range (Fig. 4a), suggesting that it is
close to the Fe—Si—S ternary eutectic composition. Indeed, the proportion of this liquid
is calculated to be as small as 9 wt%.

With increasing pressure to ~130 GPa (runs #8-9), nearly corresponding to the
pressure of the topmost core, liquid compositions became poor in sulfur in accordance
with the decrease in sulfur concentration in the Fe—S binary eutectic liquid (Mori et al.
2017). The coexisting solid phases included more silicon and less sulfur (2.5-2.8 wt%
Si and 1.0-1.8 wt% S) than liquids (0.7-1.6 wt% Si and 3.9-5.6 wt% S) (Table 2). The
crystallization of such solid evolves liquid into a Si-poor and S-rich composition upon
cooling (Fig. 4a), consistent with the higher liquidus temperature in the Fe—Si side than
in the Fe-S side as discussed above (Fig. 4b). The liquid obtained at 3410 K included
5.6 wt% S and 0.7 wt% Si, less sulfur and similar silicon contents than those found in a
series of experiments at ~50 GPa. This liquid composition is again located near the tie
line between the Fe—Si and Fe—S binary eutectic compositions at 130 GPa and might
therefore be close to the ternary eutectic composition (Fig. 4a). The liquid proportion

of this experiment was 8 wt%.

Fe-Si-S liquid in the core?

The silicon concentration in the eutectic liquid in the Fe—Si binary system decreases
with increasing pressure (Ozawa et al. 2016) and is likely to be 1 wt% Si or less at 330
GPa. The recent experiments performed by Mori et al. (2017) also demonstrated that the

eutectic liquid in the Fe—S binary becomes depleted in sulfur to 5.7 wt% with increasing
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pressure to 254 GPa. The possible ternary eutectic point at 330 GPa is likely to be
S-rich and close to the tie line between the binary eutectic compositions (Fig. 4a),
considering those at 50 GPa and 130 GPa that were constrained in the present
experiments.

The density jump of ~4.5% across the ICB (Shearer and Masters 1990; Masters and
Gubbins 2003) is greater than the density change on melting of iron (~1%) (Brown and
McQueen 1986; Komabayashi and Fei 2010; Ichikawa et al. 2014), suggesting that the
solid inner core is depleted in light element compared to the liquid outer core. The static
compression experiments and ab initio calculations have argued that the density at the
outer core side of the ICB is explained by the presence of 6-12 wt% Si or 9-14 wt% S
assuming a sole light element in liquid iron (Sata et al. 2010; Badro et al. 2014;
Umemoto et al. 2014) (Fig. 5a). Similarly, the inner core composition was estimated to
be 4.2-6.0 wt% Si or 5.7-6.6 wt% S, which matches the observed density at the ICB
(Sata et al. 2010; Sakai et al. 2012; Tateno et al. 2015).

These previous estimates of a possible range of silicon and sulfur contents in the
liquid core are certainly more enriched in silicon/sulfur than the Fe—Si-S ternary
eutectic liquid at 330 GPa (Fig. 5a) and outside the liquidus field of iron. If this is the
case, a solid alloy crystallizing from such core liquid must be more enriched in Si/S
than the liquid and have CsCl (B2)-type crystal structure. Since the inner core solid
must be depleted in Si/S as shown in Figure 5a, our ternary phase diagram precludes the

presence of Fe—Si—S liquid in the outer core.
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IMPLICATIONS

We also consider the possibility of other Fe—Si—X liquids in the outer core. The
likely liquidus phase relations in the Fe—Si—C ternary system is illustrated in Figure 5b.
Sata et al. (2010) estimated 9.2 wt% C in the outer core to explain the density deficit
from pure iron at the ICB. The ab initio calculations by Badro et al. (2014) argued that
4.2 wt% C is required to account for the liquid core density at the ICB. The possible Fe—
Si—C liquid in the outer core may be on the join between Fe + 6-12 wt% Si (as
discussed above) and Fe + 4.2-9.2 wt% C. On the other hand, thermodynamic
calculations have suggested that the eutectic liquid in the Fe—C binary becomes depleted
in carbon with increasing pressure (Wood 1993) and may include only about 2 wt% C at
330 GPa (Fei and Brosh 2014). It is likely that the Fe—Si—C ternary eutectic point is
located close to the tie line between the eutectic points in the Fe—Si and Fe—C systems
as found in the Fe—Si-S ternary system in this study. Therefore, the possible Fe—Si—C
liquid compositions are again outside the liquidus field of iron.

Regarding liquid Fe-Si—O, the simultaneous solubility of silicon and oxygen in
molten iron is limited under the present-day core temperature. Hirose et al. (2017)
argued that the current outer core has been subjected to SiO, crystallization and is now
depleted in either Si (< 0.7 wt.%) or O (< 1.0 wt.%) if the CMB temperature is at 4000
K.

The ab initio calculations by Umemoto and Hirose (2015) demonstrated that the
density and compressional velocity of liquid Fe + 1.0 wt% H match seismological

observations. The eutectic liquid composition in the Fe—H binary is supposed to be
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enriched in hydrogen more than FeH (Fe + 1.8 wt% H) at 15 GPa (Shibazaki et al.
2014). The multi-anvil experiments performed below 20 GPa by Sakamaki et al. (2009)
reported that the melting temperature of FeH is substantially lower than those of Fe and
other Fe alloys at that pressure range. The melting phase relations in Fe—H alloys have
been proposed at ~100 GPa (Fukai 1992), and if they remain similar with increasing
pressure to 330 GPa, a possible range of Fe—Si—H core liquid compositions are partly
within the liquidus field of Fe (Fig. 5c¢). The hydrogen-rich Fe—Si—H liquids might be
therefore compatible with the density jump across the ICB.

These suggest that the outer core is composed neither of Fe—Si—S, Fe—Si—C, nor Fe—
Si—O ternary liquids. Although hydrogen-rich Fe-Si—H liquid is not excluded, it is

likely that silicon is not an important light element in the core.
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Figure captions

FIGURE. 1. (a) Two-dimensional XRD image in run #6 collected before heating,
during heating, and after quenching temperature. Melting of a sample was evident from
diffuse scattering halo coexisting with fcc Fe. (b) (upper) Back-scattered electron image
of the sample recovered from run #6 same as (a). A homogeneous liquid at the center
coexisted with solid showing a clear channeling contrast. (lower) Corresponding
temperature profile at the surface of the sample, showing the temperature at the
liquid/solid boundary was 2350 K. (¢) X-ray maps showing the sulfur and silicon

concentrations in the sample recovered from run #7-2.

FIGURE. 2. XRD patterns showing the coexistence of hcp Fe and Fe;S (S) at 43 GPa
(lower panel) and the hcp single-phase at 96 GPa. C, Al,Os; corundum (thermal

insulator); Re, rhenium (gasket).

FIGURE. 3. (a) Phase diagram of Fe-Si-S alloy (2.2-2.7 wt% Si + 2.0-2.1 wt% S).
Inverse triangles, above solidus (closed symbols, melting confirmed by texture);
triangles, subsolidus. Melting curve of Fe + 4 wt% Si + 8-12 wt% S is also shown
(Sakairi et al. 2017). (b) Eutectic melting curves for Fe-9wt%Si (Fischer et al., 2013),
pure Fe (Anzellini et al. 2013), Fe—5wt%Ni—15wt%Si (Morard et al. 2011), and the Fe—

Fe;S binary system (Mori et al. 2017) compared with that of the Fe—Si—S alloy given in

(a).

24

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6299

FIGURE. 4. (a) Liquidus phase relations in the Fe—Si—S ternary system at 50 GPa
(purple), 130 GPa (green), and 330 GPa (red). Coexisting liquid and solid compositions
obtained in the present experiments are shown by filled and open triangles, respectively.
Solid circles denote the binary eutectic compositions in the Fe—FeSi (Ozawa et al. 2016)
and Fe—Fe;S systems (Mori et al. 2017). (b) Topology of the liquidus surface in the Fe—
FeSi—Fe;S ternary system. Note the higher liquidus temperature for a Si-rich

composition.

FIGURE. 5.

Possible liquidus phase relations in the Fe—Si—X ternary systems at 330 GPa. A gray
region shows a likely range for the outer and inner core compositions that explains the
seismically deduced density at the ICB (see text for details). Red circles indicate the
eutectic liquid compositions in the binary system, which are taken from the literatures
(Fet and Brosh, 2014; Shibazaki et al. 2014; Ozawa et al. 2016; Mori et al. 2017. The
Fe—Si—H outer core liquid might evolve toward a silicon/hydrogen-rich composition by

crystallizing iron-rich solid at the inner core.
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TABLE 1. Experimental conditions and phases observed.

run # Pressure (GPa) Temperature (K) Duration (sec) Obser
after heatin on heatin Lig/sol .
ALO, Ran%an £ Peak boucrll dary in situ
Subsolidus experiment
1 40 41 43 (4) 1910 (80) 25 hep + Fe;S
2 60 n.m. 67 (7) 2310 (100) 15 hcp + Fe;S
3 85 83 96 (10) 2670 (110) 15 hcp
4 103 n.m. 115 (12) 2470 (150) 20 hcp
5 133 n.m. 146 (15) 2070 (170) 20 hcp
Melting experiment
6 50 47 52 (5) 2550 (50) 2350 (120) 20 fce + liquid
7-1 43 47 (5) 2250 2150 (120) 5
7-2 43 47 (5) 2320 2070 (160) 5
8 110 128 (13) 3630 3410 (170) 3
9 110 129 (13) 4510 3570 (180) 3
10 18 24 20 (2) 1750 (180) 15 fec + liquid
11 25 24 28 (3) 2440 (170) 25 fec + liquid

Note: Number in parentheses denote uncertainty in the last digit. n.m.; not measured
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vation

ex situ

solid +liquid
solid +liquid
solid +liquid
solid +liquid
solid +liquid
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TABLE 2. Chemical compositions of quenched liquid and coexisting solid (wt%).

Run# Starting #6 #7-1 #7-2

material-1
P (GPa) 52 47 47
T (K)* 2350 2150 2070

EPMA EPMA EDS EDS

Liquid Solid Liquid Solid Liquid Solid

Fe 92.5(0.5) 84.6(0.4) 91.5(0.5) 89.6(0.1) 959 (0.3) 87.4(0.2) 954 (0.2)
Si 2.7 (0.1) 1.2 (0.1) 3.3(0.1) 1.1 (0.1) 3.1(0.3) 1.4 (0.1) 3.4(0.3)
S 2.1 (0.2) 8.1(0.2) 1.0(0.1) 93(0.2) 1.0(0.1) 11.2(0.2) 1.3(0.1)
O 0.4 (0.1)
Total 97.7 (0.6) 93.9 (0.4) 95.8 (0.5) 100 100 100 100
Proportion® 17 83 14 86 9 91

Note: Numbers in parentheses indicate 16 (20 for Starting material-1) uncertainties of multiple meast
* Temperatures at the liquid/solid boundary.

® EPMA analyses of liquid and residual solid were contaminated by pressure medium and normalized
¢ Phase proportions (wt%) were calculated by mass balance.
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Starting b
material-2 #8 #
128 129
3410 3570
EPMA EPMA EPMA
Liquid Solid Liquid Solid

91.7 (0.5) 93.8(0.1) 95.7(0.1) 94.1 (0.1) 94.3 (1.8)
22 (0.1) 0.7(02) 25(0.1) 1.6 (0.0) 2.8(0.2)

20 (0.1) 56(02) 1.8(0.1) 3.9(0.1) 1.0(0.1)
0.2 (0.0)

96.1 100 100 99.9 98.4
8 92 35 65

irements for liquid/solid and starting materials.

to 100% without Al and O.
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