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The partitioning of light elements between liquid and solid at the inner core boundary (ICB) governs
compositional difference and density deficit between the outer and inner core. Observations of high S
and low Fe concentration on the surface of Mercury from MESSENGER mission indicate that Mercury
is formed under much more reduced conditions than other terrestrial planets, which may result in a
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Si and S-bearing metallic Fe core. In this study, we conducted high-pressure experiments to investigate
the partitioning behavior of Si and S between liquid and solid in the Fe-Si-S system at 15 and 21 GPa,
relevant to Mercury’s ICB conditions. Experimental results show that almost all S partitions into liquid.
The partitioning coefficient of Si (Ds;) between liquid and solid is strongly correlated with the S content
in liquid (Xlslqmd) as: log;o(Ds;) = 0.0445 + 5.9895 * logyo(1 — Xlslq"'d). Within our experimental range,
pressure has limited effect on the partitioning behavior of Si and S between liquid and solid. For Mercury
with an Fe-Si-S core, compositional difference between the inner and outer core is strongly dependent
on the S content of the core. The lower S content is in the core, the smaller compositional difference
and density deficit between the liquid outer core and solid inner core should be observed. For a core
with 1.5 wt% bulk S, a model ICB temperature would intersect with the melting curve at ~17 GPa,
corresponding to an inner core with a radius of ~1600 km.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Model composition calculations show the Earth and other ter-
restrial planets contain silicate mantle and iron (Fe) dominant
metallic cores (e.g., Morgan and Anders, 1980). Percolative core
formation and silicate-metal differentiation naturally lead to incor-
poration of light elements, such as sulfur (S), silicon (Si), carbon (C)
and oxygen (0), in the planetary core (Allégre et al., 1995; Kilburn
and Wood, 1997; Poirier, 1994). Further, planetary cooling leads
to solidification of any initially molten metallic core. The composi-
tional difference and density deficit between liquid outer core and
solid inner core must be governed by partitioning of light elements
between liquid and solid iron at the inner core boundary (ICB) (Fei,
2017). Any compositional models of planetary core must produce
consistent density and sound velocity profiles. In order to develop
a planetary core composition model that meets geophysical con-
straints, it is also important to establish partitioning behavior for
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core materials (Fe and candidate light elements) between solid and
liquid at high pressure and high temperature.

Mercury is the smallest, the closest to the Sun, and also the
densest planet in our solar system (Anderson et al., 1987). It has
been explored both by Earth-based telescope and by two NASA
spacecraft missions: Mariner 10 (1974-1975) (Anderson et al.,
1987) and MESSENGER (2008-2015) (Solomon and Byrne, 2019).
MESSENGER spacecraft provided the opportunity to explore the
Mercury’s interior structure, consisting of a crust (~50 km), man-
tle (~260 km), and a big core (~2030 km) with or without FeS
“anticrust” (100 km?) (Cartier et al, 2020; Margot et al,, 2012;
McKinnon, 2012; Smith et al., 2012; Zuber et al., 2012). The most
striking characteristic of the Mercury, besides its small size, is the
relatively large mass fraction of core (65% of total mass), which
contains a solid inner core and molten outer core (Charlier and
Namur, 2019; Margot et al., 2012; Smith et al,, 2010). Hauck et al.
(2013) calculated several million modes of the radial density struc-
ture of Mercury using Monto Carlo techniques and estimated the
top of the liquid Mercury’s core at a radius of 2020 £ 30 km and
the mean density of the Mercury’s core at 6980 + 280 kgm3.
Geochemical data from MESSENGER have revealed details of Mer-
cury’s surface composition. For example, Mercurian surface is en-
riched in S (~1-4 wt%) and C, and depleted in Fe, indicating that
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Mercury is formed under much more reduced conditions (fO; =
IW-4.5 ~ IW-7.3) than other planet (Malavergne et al., 2010; Mc-
Cubbin et al., 2012; Nittler and Weider, 2019; Zolotov et al., 2013).
The extremely reducing condition during accretion and differenti-
ation of Mercury have induced a large and partially molten core
(Hauck and Johnson, 2019) and a substantial amount of Si could
have be extracted and incorporated into the core-forming alloys
(Cartier and Wood, 2019; Malavergne et al., 2010; McCubbin et
al., 2012; Namur et al., 2016; Namur and Charlier, 2017; Nittler et
al., 2011). Therefore, S and Si are considered as the most plausi-
ble light constituents in Mercury’s core (Cartier and Wood, 2019;
Malavergne et al., 2010).

High-pressure experimental technique is a powerful tool to
study chemical and physical properties of planetary interior (Mao
and Hemley, 2007). Large amounts of high-pressure experiments
on the phase relation, equation-of-state, and sound velocities of
relevant phases in Fe-S or Fe-Si binary system, under or approach-
ing Earth’s core conditions, have been extensively investigated (Li
and Fei, 2014). Based on existing experimental partitioning data in
the Fe-S systems, the S shows very large partition coefficient be-
tween liquid and solid of Fe alloy, which could result in large com-
positional difference and density deficit at planetary ICB (Buono
and Walker, 2011; Chen et al., 2008; Fei et al., 2000, 1997). While
in the Fe-Si binary system, phase relations at various pressure con-
ditions showed Si has high solubility in iron and solubility of Si
in solid iron increases with increasing pressure and temperature
(Fischer et al., 2013). Meanwhile, partitioning coefficient of Si be-
tween liquid and solid below the eutectic composition is similar at
~1 up to 145 GPa, indicating limited compositional difference (less
than 2 wt%) and density deficit between inner and outer planetary
core if Si is the predominant light element in the core (Fischer et
al., 2013; Kuwayama and Hirose, 2004; Lin et al., 2002; Meco and
Napolitano, 2005; Tateno et al.,, 2015). In spite of the importance
of the effect of both S and Si on the physical properties of iron al-
loy, there is no study on the partitioning behavior of Si and S in
the Fe-S-Si ternary system at Mercury’s ICB conditions, although
there were numbers of experimental studies aimed at understand-
ing the behavior of elements under the strongly reduced condition
of planetary interior in Fe-Si-S system at either lower pressure
or much higher pressure than Mercury’s ICB (Chabot et al., 2014;
Kilburn and Wood, 1997; Morard et al., 2008; Morard and Kat-
sura, 2010; Namur et al., 2016; Sanloup and Fei, 2004; Tateno et
al., 2018). Ternary system experiments suggested that the interac-
tion behaviors of light elements in the core system may be more
complicated than ever thought before. A Fe-S and Fe-Si immisci-
bility liquid gap was observed at low pressure and it continuously
shrinks with increasing pressure (Morard and Katsura, 2010; San-
loup and Fei, 2004), which implying that large portion of ternary
Mercury’s core is miscible and a potential composition valid for
Mercury’s core. On the other hand, chemical compositions of Fe-
Si-S starting material for previous experiments are always higher
than the eutectic composition, which is not consistent with real
core situation with less light elements in outer liquid core than
solid inner core.

In this study, we constrained high-pressure and high-tempera-
ture phase relations in the Fe-Si-S ternary system with S and Si
concentration below eutectic composition at 15 and 21 GPa, rel-
evant to Mercury’s ICB conditions. The partitioning behaviors of
Si and S between liquid and solid in the Fe-Si-S system at high
pressure were also determined. Based on experimental results, we
discussed distribution of Si and S, compositional difference and
density deficit at the Mercury’s ICB.
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2. Experimental and analytical methods
2.1. Experimental procedure

All experiments were carried out in a 1500-ton multi-anvil de-
vice at the Geophysical Laboratory, Carnegie Institution for Sci-
ence. The starting material was obtained by mixing Fe (99.9%
purity, Alfa Aesar product), FeS (99.99% purity, Alfa Aesar prod-
uct), and Fe-17wt.%Si (pre-alloy, Goodfellow product) powders. The
chemical composition of the starting material is close to Fe ~
6wWt.%S ~ 4wt.%Si, which is below the eutectic composition in the
Fe-Si-S system. The finely grounded starting material was loaded in
an MgO capsule for each experiment (Fig. S-1). The 8/3 assembly,
consisting of an MgO octahedron with a LaCrO3 thermal insulator
sleeve and a Re heater, was used for all experiments (Fig. S-1). The
pressure was well calibrated using fixed phase transition points in
CaGeOs3, SiO,, and Mg,SiO4 (Bertka and Fei, 1997). The tempera-
ture was measured using a Type-C thermocouple, inserted axially
to the top of the MgO capsule (Fig. S-1). The temperature gradi-
ent is less than 20 °C within the sample length (<~0.5 mm). Both
pressure and temperature were automatically controlled through
a computer program. The sample was first pressurized to desired
pressure, then heated at a rate of 100°C/min and held at a con-
stant temperature for equilibrium (Table 1). Each experiment was
quenched by shutting off the power, followed by automatic depres-
surization to ambient pressure at a rate of 1 GPa/hour.

Experiments were performed at pressures of 15 and 21 GPa and
temperatures ranging from 800°C to 1600°C (Table 1). Although
the equilibrium can be achieved within a couple of minutes in a
liquid state for Fe-alloys (Kato and Ringwood, 1989), to well deter-
mine phase relationship and partitioning behavior in equilibrium,
we carried out all experiments in tens of hours (Table 1). After
experiments, recovered samples were mounted in epoxy resin, and
polished with aluminum oxide powder (<1 pum) for measurements.
The backscatter electron (BSE) images and chemical composition
analysis for run products were obtained with a JEOL JXA-8530F
Field Emission electron probe using standards (e.g. Fe metal, FeS,
Fe304, and pyrope), a beam current of 30 nA and a 15-kV voltage
with conventional ZAF data reduction techniques. Melt composi-
tions were obtained by defocused 20 ym x 20 pm probe beam.
The Mg (<0.1 wt%) and O (<0.8 wt%) contents in the Fe-alloy and
melt were fairly low, indicating limited Mg and O from capsule
was dissolved in samples (Table 2).

3. Results and discussion
3.1. High-pressure phase relations

At given pressure, a series of temperature-variable experiments
were carried out to determine the phase relation in space of tem-
perature (T) and composition (X). Melting texture was used to
determine appearance of melting. The chemical compositions of
liquid phases coexisting with solid phase at different temperatures
were used to define the liquidus. At 15 GPa and 800 °C (LO1426),
two solid phases (Fe-Si alloy and Fe3S;) were observed in run
products, indicating that the temperature is below the solidus,
and two solid phases are sub-solidus phases (Fig. S-2). At 900°C
(LO1455), melt was coexisted with two solid phases (Fig. 1a), in-
dicating that the temperature is very closed to the solidus. The
zonation of melt with two solid phases in LO1455 might be a con-
sequence of the modest temperature gradient across the sample
chamber (Fig. 1a). Considering melt phase in this run directly con-
tacts with Fe-S solid instead of Fe-Si alloy (Fig. 1a), we expect the
melt composition should represent the liquidus on the right side
of eutectic point (Fig. 2a). The enriched S composition is likely re-
sulted from the initial separation of the two sub-solidus phases,
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Fig. 1. Representative backscatter electron (BSE) images of run products at different pressure. (a, c, e) Experimental runs at 15 GPa from low to high temperature. (b, d, f)

Experimental runs at 21 GPa from low to high temperature.

concentrated the Fe-Si alloy in one part of the capsule. At tem-
peratures ranging from 1000 to 1400 °C (LO1441, LO1419, LO1427,
LO1431, and LO1437), only one solid phase (Fe-Si alloy) is ob-
served in equilibrium with melt (Table 1; Fig. S-2), indicating T-X
conditions of these experiments are located between solidus and
liquidus (e.g. Fig. 1c). At temperature above 1500 °C (LO1442), the
sample was completely molten, indicating the temperature above
liquidus at 15 GPa (Fig. 1e). At 21 GPa, similar phase transforma-
tions were observed from low to high temperature (Fig. 1b, d, and
f; Fig. S-3), except that both solidus and liquidus are a slightly
higher than those at 15 GPa. At 800°C (LO1438) and 900°C
(LO1465), two sub-solidus phases (Fe-Si alloy and Fe-S solid) are
observed (e.g. Fig. 1b; Fig. S-3). It is noted that the Fe content of
the Fe-S solid is more consistent with Fe,(S,Si) instead of FesS.
From 1000 to 1600 °C (LO1428, LO1417, LO1414, LO1410, LO1404,
and LO1402), melt is in equilibrium with one solid phase (Fe-Si al-

loy) (Fig. 1d and f; Table 1); Fig. S-3), indicating these experimental
temperatures are between solidus and liquidus at 21 GPa.
Chemical compositions and calculated formulas for run prod-
ucts are listed in Table 2 and used to constrain the T-X phase
relation in the Fe-Si-S system (Fig. 2). The melting temperatures
of Fe-Si alloys with specific Si content without S (S = 0 wt%)
at 15 and 21 GPa in this study are linearly interpolated from
high-temperature phase diagram of Fe-Si system at room pressure
(Meco and Napolitano, 2005) and at 21 GPa (Kuwayama and Hi-
rose, 2004). At 15 GPa, two sub-solidus phases are formulated as
Fe3S; and Fe-Si alloy. Between solidus and liquidus, chemical com-
positions of solid and melt at different temperatures were used
to define the T-Xs (S content in liquid) phase relation at 15 GPa
(Fig. 2a). The S contents in solid Fe-Si alloys phase are normally
lower than 0.1 wt¥%, indicating almost of all of S partition into
liquid (Table 2). The S contents in melts generally decrease with
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Fig. 2. Temperature (T)-composition (Xs, wt%) phase relations determined at different pressure. (a) T-Xs phase relation at 15 GPa in comparison with previous Fe-S phase
relation at 14 GPa (Chen et al., 2008); (b) T-Xs phase relation at 21 GPa in comparison with previous Fe-S phase relation at 21 GPa (Fei et al., 2000).

increasing temperature. Less than 0.8 wt% and 0.2 wt% O were de-
rived in melt and solid phase, respectively (Table 2). These minor O
contents would not affect the interpretation necessarily. The chem-
ical composition of melt phase above liquidus is Fe - 2.84 wt% Si-
6.43 wt% S represent the chemical composition of starting mate-
rial in this run. The solidus at 15 GPa is defined as a straight line
at ~900°C in T-Xs phase diagram, while the liquidus is defined
as a slope-changed curve with S content change (Fig. 2a). Simi-
lar slope change trend of liquidus in the Fe-S binary system at 14
GPa was observed in previous study (Chen et al., 2008), which is
compared with that in this study (Gray curve in Fig. 2a). Chen et
al. (2008) revealed this non-ideal liquidus curve at 14 GPa in Fe-
S system and combined with existing data at lower pressure and
above 20 GPa, they suggested a negative liquidus temperature gra-
dient under conditions found at shallow depth in Mercury core. In
comparison with liquidus in Fe-S binary system at 14 GPa (Chen et
al.,, 2008), liquidus in the Fe-S-Si ternary system at 15 GPa in this
study is generally about 50 °C lower due to Si effect.

Similarly, at 21 GPa, we also defined the T-Xs phase relation ac-
cording to chemical compositions of run products (Fig. 2b). At 21
GPa, chemical compositions of sub-solidus phases are formulated
as Fe-Si alloy and Fe,(S,Si) solid, which is different from that at 15
GPa. Up to 2.8 wt.% Si are also detected in Fe,(S,Si). The Fe,(S,Si)
phase here replaces FesS usually present at sub-solidus tempera-
ture in Fe-S system at 21 GPa (Fei et al., 2000). Limited S contents
(<0.2 wt%) in solid Fe-Si alloy phases were also observed (Table 2).
The S contents in the melts decrease with increasing temperature.
The solidus at 21 GPa is defined as a straight line around 950 °C,
while the liquidus was defined as quasi-ideal curve without ob-
vious slope change (Fig. 2b). In compassion with the T-Xs phase
relation in Fe-S binary system at same pressure (Fei et al., 2000),
which was also plotted in Fig. 2b, several differences were ob-
served. The FesS, stable as sub-solidus high-pressure iron sulfide
in the Fe-S binary system above 17 GPa, is not observed in the
Fe-S-Si system at 21 GPa in this study, indicating that dissolved
Si may have significantly effect on Fe-S phase stability. The stable
sub-solidus phase is Si-bearing Fe;(S,Si), coexisting with Fe-Si alloy
at 21 GPa. This could be of strong impact on Fe-Si-S core in Mer-
cury, indicating the “FeS” layer at the core-mantle boundary may
be Fe,(S,Si) instead of FesS. On the other hand, both solidus and
liquidus in the Fe-S-Si ternary system are about 50°C lower than
those in the Fe-S binary system at the same pressure and S content
in liquids due to the effect of the Si content in the solid Fe-alloys
on melting. For all experiments in this study, only one homoge-

neous liquid phase was observed at 15 GPa and 21 GPa, which
is consistent with the expectations of earlier studies that reported
immiscible melts only occur at low pressure (Chabot et al., 2014;
Sanloup and Fei, 2004).

3.2. Partitioning of Si and S between solid and liquid

Fig. 3 shows the BSE image and EDS elemental (Fe, S and Si)
maps of a typical run product (LO1419) with characteristic liquid
quench texture. The EDS elemental map qualitatively showed the
distribution of Fe (Fig. 3b), S (Fig. 3c), and Si (Fig. 3d) between
liquid and solid. Almost all S partitions into liquid, while distribu-
tion of Si between liquid and solid varies at different experimental
conditions. To quantitatively determine partitioning behavior of S
and Si between liquid and solid, chemical compositions of all run
products were analyzed with an electron microprobe (Table 2).
We plotted chemical compositions (mol.%) of all run products and
starting material in a ternary plot of Fe-S-Si system (Fig. 4). All
solid Fe-Si alloys were plotted near the Fe corner in the ternary
plot with variable Si and almost no S in them. With temperature
decreasing, the S concentration in liquid (melt) phase increases un-
til it reaches the eutectic composition (closed to the Fe3S; compo-
sition) with very small amounts of Si (Fig. 4). Pressure has limited
effect on chemical composition of melt and solid in our experi-
mental pressure range.

On the basis of chemical compositions and calculated formulas
of run products in Table 2, we know almost all S partitions into lig-
uid if experimental PT condition is between solidus and liquidus.
We fitted partitioning coefficient of Si (Dsj) between liquid and
solid as a function of experimental P, T, and X; (S and Si concentra-
tions) in solid and liquid. The equilibrium reaction of Si between
liquid and solid is described as chemical potential of Si between
liquid and solid:

W (Sitiquid) = M (Sisolid) (1)

The equilibrium constant (K) of the reaction can be written as:

solid solid liquid liquid
K=(ys  *X5 /(s *Xg ) (2)
where liquid d solid h .. fFici £ si ~
ySi an ySi are the act1v1ty coefficient o 1 compo

nents in liquid and solid, respectively. Xlsiiquid and Xg?“d are the
mole fraction of Si components in liquid and solid, respectively.
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Fig. 3. Representative BSE image and EDS elemental (Fe, S, Si) maps at boundary between solid and liquid phases in run product. The texture and element distribution were

quenched from 15 GPa and 1100°C (LO1419).

+ Starting material (This study)
M Liquid phase @ 15 GPa

@® Liquid phase @ 21 GPa

[] Subsolid Fe-S phase @15 GPa

O Subsolid Fe-(S, Si) phase @ 21 GPa

Si S
Fig. 4. Chemical compositions of all run products in ternary plot of Fe-S-Si system
(mole ratio). Melt compositions evolve from starting material (green star) to the S

content close to Fe3S; with decreasing temperature. (For interpretation of the colors
in the figure(s), the reader is referred to the web version of this article.)

Therefore, the partitioning coefficient of Si between liquid and
solid can be defined as:

Dg; = Xllqu1d /Xsohd K % (VS solid /ysliqund (3)

liquid solid

If limited effect of pressure on the y and yg™'¢ was rea-
sonably assumed in our experimental range, followmg previous
approaches (Wade and Wood, 2005), Dg; can be parameterized as
follows:

logyo(Dsi) =a+b/T+ cP/T+dlog;o(1 — 11qu1d)

+elogyo(1 — X 4 flog;o(1 — Xld) (4)

where T is temperature in kelvin and P is pressure in GPa, Xl'q“'d,

Xls'lclLlld X$lid are the mole fraction of S and Si in liquid and solid,
respectlvely. The partitioning of Si between liquid and solid calcu-
lated from the T-Xg; phase relation of Fe-Si binary system at 21
GPa in previous study (Kuwayama and Hirose, 2004) was also used
to parameterize the partitioning coefficient of Si in equation (4).
Parameters a, b, c, d, e, f are determined using a weighted linear
least-squares fit. From the T-Xs phase relation in Fig. 2a and b, we
have shown that the S content in the liquid (Xs) is temperature-
dependent. The higher temperature, the lower S contents in liquid.
They are correlated parameters, so only one of them was cho-
sen to fit equation (4). A fit of experimental data shows d is the
only correlated parameter while b, c, e, and f are not statistically
significant. The linearly corrected relation between log;y(Dsi) and

logqo(1 — Xlsiqmd) is plotted in Fig. 5a as:

logw(DSi) = 0.0445(£0.025) + 5.9895(+£0.283)
x logyo(1 — X449 (5)

with R? =0.98.

The zero value for parameters b, c, e, and f indicates limited ef-
fect of pressure, temperature, and Si concentration in liquid on Si
partitioning behavior between liquid and solid in our experimen-
tal P-T range. The partitioning of Si between liquid and solid is
only compositionally dependent on Xl'q“ld The calculated Ds; from
equation (5) and the experimentally measured Dg; from this study
and previous study (Kuwayama and Hirose, 2004) plot on the 1:1
line (Fig. S-4), indicating an excellent representation of the experi-
mental data by the model.

Alternatively, we can also fit the data with a linear relationship
between log;¢(Ds;) and 1/T, as shown in Fig. 5b.
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Fig. 5. (a) Partitioning of Si between liquid and solid [log;q(Ds;)] is linearly correlated with [log;o(1 — Xlsiqmd)]. (b) Partitioning of Si between liquid and solid [log;y(Dsi)]
changes linearly with 1/T.

log1o(Dsi) = 1.9639(40.087) /T x 10° + 0.8358(+0.035) (6) composition, then the possible ICB pressure of Mercury can be es-
timated at ~17 GPa, corresponding a solid inner core with a radius
of ~1600 km. A smaller inner core would require an increase of
the temperature or S content of Mercury’s core.

with R?> =0.88.
The correlation between logq(Ds;) ar'ld' 1/T is not as good as
that between log;o(Ds;) and logo(1 — Xlslq”’d) (cf. Fig. 5a and 5b).

In Fig. 5b, all experimental data at 21 GPa are much better rep- 42, partitioning S and Si between silicate and Fe metal during
resented by equation (6) whereas the data at 15 GPa have a large Mercury’s core formation

deviation. This may be due to non-ideal liquidus curve at lower

pressure in the Fe-S system. For two experimental points (open Chabot et al. (2014) experimentally constrained the partitioning
circle) at 21 GPa from (Kuwayama and Hirose, 2004) in Fig. 5b,  behaviors of Si and S between silicate melts and molten Fe metal
in their temperature range, the Ds; below eutectic composition are  at room pressure and high-temperature and found that metallic

stable at ~1. This _indicated,_for a S-free Fe-Si system, partitioning melts with a range of S and Si combinations can be in equilib-
of Si between liquid and solid below eutectic composition are not rium with silicate melt with S contents consistent with Mercu-

T dependent. When the S is introduced in Fe-Si system, the par-  rian surface, indicating Mercury’s core likely contains Si and S.
titioning of Si between liquid and solid will be correlated with S Kilburn and Wood (1997) determined the partitioning of a num-
concentration in the system (Fig. 5a). ber of siderophile and lithophile elements between liquid metal

and liquid silicate phase at high temperature and 2.5 GPa and
4. Implications for Mercury’s core found that Si and S are incompatible during a single-stage low-

pressure core formation event. As oxygen fugacity is reduced, Si

Four key events in the origin hypothesis of Mercury have been  becomes increasingly siderophile and S increasingly lithophile. Na-
proposed (Cartier and Wood, 2019; Charlier and Namur, 2019): mur et al. (2016) also performed experiments at high temperature
(A) Global melting of the planet and separation of a metallic core (1200-1750°C) and pressures from 1 bar to 4 GPa under highly re-
from a silicate magma ocean; (B) Cooling of the planet, progressive duced condition (IW-1.5 to IW-9.4) on compositions representative

crystallization of the solid inner core and crystallization of magma of Mercurian lavas and on the silicate composition of an enstatite
ocean to produce primordial mantle; (C) Partial melting of the chondrite, and found that S concentration in silicate melts at sul-
mantle, production of the secondary crust, and synchronous cra- fide saturation increases with increasing reducing conditions and

tering of the surface; (D) Termination of major volcanism. During with temperature. During experiments, metallic melts have a low
Mercury’s cooling, solidification of initially molten metallic core S content which decreases from 3 wt.% at IW-2 to 0 wt.% at IW-
would have resulted in re-partitioning of S and Si between lig- 9, and an oxygen fugacity at Mercury’s interior at IW-5.4 + 0.4
uid and solid at the inner core boundary (ICB), which governs the was suggested based on S contents on Mercury’s surface (Namur et
compositional difference and density deficit between the outer and al,, 2016). These experimental results provided some constraints on

inner core. the bulk S and Si that could be incorporated into the core during
differentiation. The planet cooling could lead to further redistribu-
4.1. Pressure estimated at Mercury’s ICB tion of S and Si between solid inner core and liquid outer core.

The liquidus temperatures of Fe-Si-S system at 15 GPa and 21 4.3. Compositional difference at Mercury’s ICB
GPa are constrained at ~1950 K and ~2300 K in Fig. 3 in this

study, respectively, if 1.5 wt% bulk S in Mercury’s core was as- In this study, we constrained the partitioning of Si and S be-
sumed (Namur et al., 2016). Consistently, the liquids temperature tween liquid and solid in the Fe-Si-S system at 15 and 21 GPa,
range from 1950 at 15 GPa to 2300 K at 21 GPa covers recent es- relevant to Mercury’s ICB conditions. Experimental results show
timated ICB temperature at ~2050 K for Mercury’s from thermal that partitioning of Si is linearly dependent on S content in liquid
modeling (Knibbe and van Westrenen, 2018). If the ICB tempera- (Equation (5)), and almost all S partitions into liquid outer core.

ture of Mercury’s core crosses the melting of this model Fe-Si-S For a Mercury’s Fe-S-Si core, if there is no S in the Mercury core,
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the partitioning of Si (Dsj) is at near ~1, indicating liquid outer
core and solid inner core have similar Si concentration. In this case,
there will be not significant compositional difference and density
deficit at Mercury’s ICB. If the Xs in the Mercury’s core is greater
than ~30 mole %, then the Ds; will be calculated at ~0 accord-
ing to equation (5), indicating all S partition in liquid outer core
and most of Si will partition into solid inner core. In this case, the
compositional difference and density deficit at Mercury’s ICB will
be the largest. Therefore, the compositional difference and density
deficit at Mercury’s ICB is strongly dependent on the S content.

Namur et al. (2016) experimentally studied the effect of oxygen
fugacity on the S solubility in mafic melt and discussed the specia-
tion and distribution of S on the Mercury. Based on the assumption
of bulk Mercury’s S content (~4 wt.%) (Nittler et al.,, 2011), they
constrained the oxygen fugacity of Mercury’s interior to IW-5.4,
and S content in Mercury’s mantle at 7-11 w%, and S content in
metallic core below 1.5 wt%. Chabot et al. (2014) conducted a set of
equilibrium metal-silicate experiments and determined the effect
of metallic composition in Fe-S-Si system on the S concentration
in the coexisting silicate melt. They found the metal-silicate S par-
titioning coefficient, Ds, is linearly correlated with the Si content
of the metal: Log[Ds] = 1.35 — 0.15 * [Wt% Sipetar] (Chabot et al.,
2014). Therefore, combining the estimated S contents in mantle
and core (Namur et al., 2016) and the correlation between Ds and
Si content in metal (Chabot et al., 2014), the Si content in the Mer-
cury’s bulk core is estimated in the range of 13.5 —14.8 wt%. If the
S content in bulk core of Mercury (<1.5 wt%) (Namur et al., 2016)
is taken, then the partitioning of Si [Ds;] between liquid outer core
and solid inner core would be constrained above 0.96 according
to equation (5). In this scenario, all S (<1.5%) would partition into
the liquid outer core, whereas the Si concentration between the
inner and outer core would be almost the same, indicating a lim-
ited compositional difference and density deficit at Mercury’s ICB.
This assumes that the Si partitioning of this study at low Si con-
centration is applicable to the inferred Si content in Mercury’s core
at ~14 wt%. Further study of Si-rich and S-poor core composition,
combined with phase stability of Si-rich Fe-Si alloys at inner-core
conditions, is needed.

A more interesting case is if Mercury’s core contains moderate
or high S content. With increasing the S content, Si is preferentially
partitioning into the solid core and S remains in the liquid outer
core. The high S content also drives down the melting tempera-
ture, leading to a smaller inner core for the same core temperature
profile. Our experimental melting and partitioning data provide
quantitative constraints on the tradeoff among model parameters
such as the light element ratio, inner core size, and thermal struc-
ture, and density contrast between the inner and outer core.

5. Conclusions

In this study, we experimentally determined the partitioning
behavior of Si and S between liquid and solid in the Fe-Si-S system
at 15 and 21 GPa. The experimental results showed almost all the
S partitions into liquid, while the partitioning of Si between liquid
and solid is linearly correlated with S content in the liquid. We ap-
plied our experimental result to Mercury’s core and modeled the
possible compositional distribution between Mercury’s inner and
outer core. Finally, we drew following conclusions for Mercury’s
core:

1. A Si-rich solid inner core and a S-rich liquid outer core for
Mercury are suggested.

2. For a Mercury’s core with 1.5 wt% bulk S, a model ICB tem-
perature of ~2050 K would cross the melting at ~17 GPa,
corresponding a solid inner core with a radius of ~1600 km.

Earth and Planetary Science Letters 562 (2021) 116849

3. The bulk S content in Mercury’s core is the dominant factor
to determine the compositional difference and density deficit
at Mercury’s ICB. The S content is correlated positively to the
density deficit and negatively to the size of the inner core.
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