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a b s t r a c t
The recent discovery of high S concentrations on the surface of Mercury by spacecraft measurements
from the MESSENGER mission provides the potential to place new constraints on the composition of
Mercury’s large metallic core. In this work, we conducted a set of systematic equilibrium metal–silicate
experiments that determined the effect of different metallic compositions in the Fe–S–Si system on
the S concentration in the coexisting silicate melt. We find that metallic melts with a range of S and
Si combinations can be in equilibrium with silicate melts with S contents consistent with Mercury’s
surface, but that such silicate melts contain Fe contents lower than measured for Mercury’s surface.
If Mercury’s surface S abundance is representative of the planet’s bulk silicate composition and if the
planet experienced metal–silicate equilibrium during planetary core formation, then these results place
boundaries on the range of possible combinations of Si and S that could be present as the light elements
in Mercury’s core and suggest that Mercury’s core likely contains Si. Except for core compositions with
extreme abundances of Si, bulk Mercury compositions calculated by using the newly determined range
of potential S and Si core compositions do not resemble primitive meteorite compositions.
 2014 Elsevier B.V. All rights reserved.

1. Introduction
Mercury is a planet of extremes. It is the smallest, the closest
to the Sun, and also the densest when the uncompressed density
is considered. Mercury’s high density (Anderson et al., 1987) indicates the presence of a large metallic core that comprises roughly
two-thirds of the planet, a much larger fraction than the other
terrestrial planets of Venus, Earth, or Mars (Goettel, 1988). Additionally, Earth-based radar measurements showed that Mercury’s
core is at least partially molten (Margot et al., 2007). Earth-based
and spacecraft spectral observations of Mercury’s surface indicated
the surface silicates are Fe-poor due to lack of absorption features,
suggesting < ∼3% FeO in the surface silicates (Blewett et al., 1997;
McClintock et al., 2008; Robinson and Taylor, 2001; Vilas, 1988).
In March 2011, the MESSENGER (MErcury Surface, Space ENvironment, GEochemistry, and Ranging) spacecraft became the first
ever to orbit Mercury, and as such is providing a wealth of new
data about the Solar System’s innermost planet (Bedini et al.,
2012). In particular, MESSENGER’s X-ray and gamma-ray spectrometers have yielded the first measurements of the elemental composition of Mercury’s surface (Evans et al., 2012; Nittler et al., 2011;
Peplowski et al., 2011, 2012a, 2012b; Starr et al., 2012; Weider
et al., 2012). The composition shows variability across the surface,
and for Fe and S, two elements pertinent to our study, Mercury’s
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surface ranges from roughly 1–4 wt% for both the Fe and S content
(Evans et al., 2012; Nittler et al., 2011; Starr et al., 2012; Weider
et al., 2012). There is general agreement between the X-ray and
gamma-ray results, which sample the top ∼100 µm (Weider et al.,
2012) and ∼tens of centimeters (Evans et al., 2012) of the surface
respectively, suggesting that Mercury’s regolith is homogeneous to
at least a depth of ∼tens of centimeters. Based on the measured
surface Fe and S contents, the oxygen fugacity of Mercury’s interior is quite reducing, with estimates ranging from −2.6 to −7.3 in
log units relative to the iron–wüstite buffer (McCubbin et al., 2012;
Zolotov et al., 2013).
MESSENGER’s gravity data have also provided additional insight into Mercury’s internal structure. The results suggest that the
depth to Mercury’s liquid core is ∼400 km (Smith et al., 2012). Additionally, the first models of Mercury’s solid layer above the liquid
core suggested a higher density than that expected for Fe-poor silicates; this led to the proposal that a solid layer of FeS could be
buoyantly stable at the top of the metallic core and thus provide a
higher density solid material at the base of the mantle to explain
the MESSENGER gravity measurements (Smith et al., 2012). Based
on Mercury’s reduced conditions, Malavergne et al. (2010) had previously suggested the possibility of Mercury’s core containing both
S and Si, and explored a variety of core crystallization scenarios
that could arise, including the formation of a buoyant solid FeS
layer. Chen et al. (2008) and Riner et al. (2008) also examined a
variety of crystallization and layered core scenarios for Mercury in
the Si-free Fe–S system, which were dependent on Mercury’s unknown core S composition. Utilizing the latest determinations of
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Mercury’s gravity field and Earth-based radar observations of the
planet’s spin state, Hauck et al. (2013) modeled Mercury’s internal
structure and considered core compositions in the Fe–S–Si system,
including scenarios with a solid FeS layer at the top of the core.
Enstatite chondrites are primitive meteorites with Fe-poor silicates, suggesting their formation in highly-reduced conditions
(Keil, 1989) and therefore their potential applicability as analog
material for understanding Mercury’s evolution. Partial melting experimental studies that used the Indarch enstatite chondrite as the
starting composition created multiple sulfides, Fe-poor silicates, Sbearing silicate melts, and Si-bearing metals (Berthet et al., 2009;
McCoy et al., 1999); these enstatite chondrite melting experiments
thus offer intriguing potential for implications to Mercury’s surface,
given in particular the high S content of ∼1–4 wt% from MESSENGER measurements. Metal–silicate partitioning experiments with
applications for Earth’s core formation concluded that S and Si
were mutually exclusive in the metal phase, as the reducing conditions required to put Si in the metallic core would cause S to
partition into the silicate melt (Kilburn and Wood, 1997), raising the question of whether Mercury’s core could contain both S
and Si. Other metal–silicate experimental studies have explored the
partitioning behavior of S under a variety of pressure, temperature,
oxygen fugacity, and composition conditions (Holzheid and Grove,
2002; Li and Agee, 2001; Rose-Weston et al., 2009). These previous
experimental studies naturally were focused on conditions relevant
to Earth, rather than the highly-reduced conditions experienced on
Mercury, given the lack of chemical data for Mercury prior to MESSENGER’s orbital measurements.
In this work, we conduct a set of systematic metal–silicate partitioning experiments designed to examine the effect that different
metallic compositions in the Fe–S–Si system would have on the coexisting silicate. For Mercury, we have measurements of the planet’s silicate surface, so we examine what constraints the chemical
signatures measured in the silicate can provide on the composition
of Mercury’s large metallic core.
2. Methods
All experiments were conducted at 1 atm and 1500 ◦ C in a vertical tube Deltech furnace at the Johns Hopkins University Applied
Physics Laboratory using evacuated and sealed silica glass tubes,
a technique well-established in previous experimental studies in
this lab (Chabot et al., 2010, 2009, 2007).
To systematically examine the effect of varying the metallic
composition of Mercury’s core, we have restricted our experiments
to a single starting silicate composition. This starting composition was based on measurements reported from the MESSENGER
spacecraft for the major element surface composition of Mercury (Evans et al., 2012; Nittler et al., 2011; Starr et al., 2012;
Weider et al., 2012). Ideally, these metal–silicate partitioning experiments would be conducted with a silicate composition that
was representative of Mercury’s bulk silicate composition, but the
composition of Mercury’s mantle is poorly constrained. The starting silicate was produced by mixing commercially purchased powders of SiO2 , CaCO3 , Al2 O3 , MgO, and TiO2 (Table A1) and then
decarbonating the mixture at 900 ◦ C for 1 hour prior to the experiments.
The starting metallic material was varied between the experiments and was a mixture of Fe, FeS, and Si commercially purchased powders (Table A2). The different metallic compositions
also resulted in different oxygen fugacity conditions between the
runs. Starting silicate and metallic materials were mixed in a
roughly 1:2 weight ratio and placed into a hard alumina crucible
with an outer diameter of 6.5 mm and a wall thickness of 1.1 mm.
The crucible was inserted in a high purity silica tube, with an outer
diameter of 12 mm and a wall thickness of 2.1 mm. The tube

Fig. 1. Back-scattered electron image of experimental run #M1. The silicate was liquid at run conditions and quenched to a glass. In this experiment, two immiscible
metallic liquids were present at run conditions, one S-rich and one Si-rich, which
exhibit multi-phase textures upon quenching.

was evacuated and then sealed while under vacuum. The evacuated tube was lowered into the Deltech vertical tube furnace and
held at 1500 ◦ C for ∼4 hours. Tubes were then removed from the
furnace and quenched in a water bath. The alumina crucible was
removed from the tube, mounted in epoxy, and sliced with a diamond saw to expose a cross-section of the experiment. The cross
section was mount in epoxy and polished with alumina powder in
preparation for analysis.
Run products consisted of quenched silicate and metallic phases
that had been liquid at run conditions. Fig. 1 shows a backscattered electron image of a typical run product. The silicate liquid quenched to a predominantly glass phase in all experiments.
The runs either had one or two metallic liquids, depending on
the bulk composition of the metal and whether liquid immiscibility was encountered in the Fe–S–Si system (Raghavan, 1988).
If the run encountered the liquid immiscibility field in the Fe–S–
Si system, two metallic liquids were present, one S-rich and one
Si-rich. Sulfur-rich metallic liquids had a typical dendritic quench
texture of Fe dendrites surrounded by predominantly interstitial
FeS. Silicon-rich metallic liquids also displayed quench texture but
it was more subdued, as reported in previous Fe–S–Si experiments
(Chabot et al., 2010).
All experiments were analyzed on a JEOL JSM-6500F field emission scanning electron microscope at the Carnegie Institution of
Washington, with settings of 15 kV, 1 nA, and 30 s acquisition
time. Standards used were Fe3 O4 , MgO, Al2 O3 , SiO2 , FeS2 , Fe, wollastonite, diopside, orthoclase, and a natural basalt. Analyses were
conducted such as to sample rectangular areas between 100 and
200 µm on a side, enabling the bulk composition of phases with
quench textures to be determined. At least three measurements
were made of each phase and averaged to determine the composition, with errors determined as the standard deviation of the
multiple analyses.
3. Results
Tables 1 and 2 summarize the final compositions of the silicate and metallic phases. Five runs with the same starting metallic
composition were conducted for durations of 0.5, 1, 2 (#M31),
4 (#M1), and 16 (#M34) hours. The three experiments with durations !2 hours produced run products with consistent silicate
and metallic compositions, as reported in Tables 1 and 2. In contrast, the two experiments with durations "1 hour resulted in silicate compositions with slightly higher Si contents (∼23 wt%) and
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Table 1
Final silicate melt compositions of experiments (wt%).
Run #

Hours

Si

Ti

Al

Fe

Mg

Ca

S

O

Total

M1
M5
M10
M12
M13
M14
M17
M19
M20
M26
M27
M31
M33
M34
M35
M36
M37
M38
M40

4
3.5
4
4
4
4
4 .5
4
4 .5
6
6
2
5
16
4
4
4
4 .5
4 .5

18.9 ± 0.1
14.4 ± 0.1
16.9 ± 0.2
20.5 ± 0.1
19.4 ± 0.1
18.0 ± 0.2
19.8 ± 0.1
20.1 ± 0.1
19.3 ± 0.1
18.6 ± 0.1
20.0 ± 0.3
19.3 ± 0.2
20.0 ± 0.1
18.4 ± 0.2
19.7 ± 0.3
18.1 ± 0.2
17.3 ± 0.3
19.4 ± 0.1
17.1 ± 0.2

0.32 ± 0.02
0.37 ± 0.02

17.3 ± 0.2
9.7 ± 0.2
19.9 ± 0.3
19.2 ± 0.5
19.4 ± 0.1
14.9 ± 0.2
18.2 ± 0.2
18.8 ± 0.2
19.1 ± 0.3
20.3 ± 0.2
17.9 ± 0.2
17.8 ± 0.4
18.9 ± 0.2
19.4 ± 0.3
16.8 ± 0.5
19.6 ± 0.2
14.2 ± 0.2
18.7 ± 0.1
19.9 ± 0.3

0.28 ± 0.04
25.4 ± 0.6
0.51 ± 0.05
0.30 ± 0.07
0.12 ± 0.05
13.5 ± 0.3
0.21 ± 0.05
0.25 ± 0.04
0.11 ± 0.06
0.29 ± 0.02
0.24 ± 0.09
0.25 ± 0.05
0.11 ± 0.03
0.23 ± 0.04
0 .4 ± 0.2
0.13 ± 0.04
14.3 ± 0.2
0.06 ± 0.03
0.39 ± 0.05

8.4 ± 0.1
7.4 ± 0.1
9.3 ± 0.2
7.9 ± 0.1
8.1 ± 0.1
7.3 ± 0.1
8.6 ± 0.1
7.8 ± 0.1
8.5 ± 0.1
8.6 ± 0.1
8.7 ± 0.1
9.8 ± 0.1
8.3 ± 0.1
7.8 ± 0.1
9.3 ± 0.1
9.1 ± 0.1
7.0 ± 0.1
8.6 ± 0.1
9.7 ± 0.1

6.0 ± 0.1
4.5 ± 0.1
4.4 ± 0.1
4.5 ± 0.1
5.6 ± 0.1
4.3 ± 0.1
5.9 ± 0.1
5.9 ± 0.1
5.8 ± 0.1
5.1 ± 0.1
5.8 ± 0.1
5.3 ± 0.1
5.6 ± 0.1
6.2 ± 0.1
6.3 ± 0.1
5.0 ± 0.1
4.3 ± 0.1
5.7 ± 0.1
4.5 ± 0.1

3.1 ± 0.1
0 .5 ± 0.1
8.6 ± 0.1
1.2 ± 0.1
3.2 ± 0.1
0.09 ± 0.02
2.6 ± 0.1
1.5 ± 0.1
3.2 ± 0.1
5.0 ± 0.1
1.6 ± 0.1
3.8 ± 0.1
2.1 ± 0.1
4.1 ± 0.1
1.8 ± 0.1
5.6 ± 0.1
0.19 ± 0.02
3.1 ± 0.1
7.6 ± 0.1

44.6 ± 0.5
40.3 ± 0.4
41.8 ± 1.1
46.3 ± 0.4
44.6 ± 0.1
45.2 ± 0.5
45.0 ± 0.3
45.7 ± 0.3
45.4 ± 0.6
45.0 ± 0.5
47.8 ± 0.3
46.2 ± 0.8
47.0 ± 0.3
45.6 ± 1.1
47.5 ± 1.3
44.8 ± 0.5
45.4 ± 0.8
46.6 ± 0.1
42.9 ± 0.8

98.9
102.5
101.4
100.2
100.7
103.6
100.6
100.2
101.6
102.9
102.0
102.5
102.2
101.8
102.3
102.6
103.1
102.3
102.2

0.31 ± 0.02
0.33 ± 0.06
0.28 ± 0.05
0.34 ± 0.05
0.26 ± 0.02
0.31 ± 0.03
0.13 ± 0.05
0.37 ± 0.04
0.47 ± 0.02
0.30 ± 0.05
0.41 ± 0.07
0.26 ± 0.01

All errors are ±1 standard deviation.

Table 2
Final metal compositions of the experiments (wt%) and calculated metal–silicate partition coefficient, D ( S ).
Run #

S

M1 – S
M1 – Si
M1 – bulka
M5
M10 – S
M10 – Si
M10 – bulka
M12
M13
M14
M17 – S
M17 – Si
M17 – bulka
M19 – S
M19 – Si
M19 – bulka
M20
M26 – S
M26 – Si
M26 – bulka
M27 – S
M27 – Si
M27 – bulka
M31 – S
M31 – Si
M31 – bulka
M33
M34 – S
M34 – Si
M34 – bulka
M35
M36
M37
M38
M40

31.9 ± 0.5
1.5 ± 0.1
7.0 ± 0.2
20.1 ± 1.4
35.2 ± 0.5
0.66 ± 0.03
10.6 ± 0.2
5.1 ± 0.8
1.1 ± 0.1
6.9 ± 0.6
32.0 ± 0.4
2.2 ± 0.1
3.7 ± 0.1
31.6 ± 1.4
3.1 ± 0.1
9.5 ± 0.4
0.7 ± 0.1
32.8 ± 0.4
1.0 ± 0.1
12.6 ± 0.2
28.9 ± 0.6
3.6 ± 0.2
14.3 ± 0.4
31.1 ± 0.9
3.2 ± 1.7
8.4 ± 1.6
0.5 ± 0.1
32.9 ± 0.5
1.0 ± 0.1
7.9 ± 0.2
1.5 ± 0.1
0.4 ± 0.2
26.5 ± 0.7
0.2 ± 0 .1
0.8 ± 0.1

Si
7.7 ± 0.1
6.3 ± 0.1
13.4 ± 0.1
9.5 ± 0.1
5.1 ± 0.2
12.4 ± 0.1
0 .3 ± 0.1
7.4 ± 0.1
7.0 ± 0.1
4.5 ± 0.1
3.5 ± 0.1
13.3 ± 0.1
10.3 ± 0.2
6.5 ± 0.1
4.2 ± 0.1
2.4 ± 0.1
8.3 ± 0.4
6.8 ± 0.3
12.9 ± 0.2
9.8 ± 0.1
7.7 ± 0.1
8.1 ± 0.2
16.5 ± 0.2
16.9 ± 0.1
12.7 ± 0.1

Ti

Fe

Total

D(S)

1.9 ± 0.1

63.0 ± 0.8
88.4 ± 0.6
83.8 ± 0.7
79.0 ± 1.1
60.0 ± 0.7
85.5 ± 0.3
78.1 ± 0.4
90.1 ± 0.5
88.8 ± 0.7
95.9 ± 0.6
65.4 ± 1.3
80.3 ± 0.9
89.9 ± 0.9
67.3 ± 0.9
92.9 ± 0.6
87.1 ± 0.7
87.4 ± 0.2
62.4 ± 0.3
87.7 ± 0.8
78.5 ± 0.6
67.1 ± 1.5
90.8 ± 0.7
80.7 ± 1.0
65.3 ± 0.3
87.4 ± 1.0
83.3 ± 0.9
85.9 ± 0.6
60.3 ± 0.7
87.1 ± 1.1
81.4 ± 1.0
89.2 ± 1.5
82.0 ± 0.4
72.8 ± 0.7
81.5 ± 0.1
85.4 ± 0.4

96.8
97.6
97.1
99.1
96.8
99.5
98.3
100.4
102.8
102.8
98.3
99.8
99.7
101.3
100.4
100.1
101.4
96.0
99.0
97.7
96.2
98.5
97.4
96.7
98.9
98.5
99.2
94.4
97.9
96.9
98.8
98.9
99.3
98.6
99.0

10.3 ± 0.4
0.48 ± 0.04
2.3 ± 0.1
40 ± 9
4.1 ± 0.1
0.08 ± 0.01
1.23 ± 0.02
4.3 ± 0.8
0.34 ± 0.03
80 ± 20
12.3 ± 0.5
0.85 ± 0.05
1.4 ± 0.1
21 ± 2
2.1 ± 0.2
6.3 ± 0.5
0.22 ± 0.03
6.6 ± 0.2
0.20 ± 0.02
2.5 ± 0.1
18.1 ± 1.2
2.3 ± 0.2
8.9 ± 0.6
8.2 ± 0.3
0 .8 ± 0.5
2.2 ± 0.4
0.24 ± 0.05
8.0 ± 0.2
0.24 ± 0.03
1.9 ± 0.1
0 .8 ± 0.1
0.07 ± 0.04
140 ± 20
0.06 ± 0.03
0.11 ± 0.01

1.7 ± 0.1

0.7 ± 0.4
0 .4 ± 0.1

0 .8 ± 0.1
0 .3 ± 0.1
0 .4 ± 0.2

1.2 ± 0.3

All errors are ±1 standard deviation.
a
Bulk compositions calculated by using mass balance calculations based on the starting Fe and S compositions, as detailed in Table A2 of the electronic supplement.

much lower S contents of <1 wt%, as compared to the ∼3.5 wt%
S consistently produced in the silicate of the longer duration runs
with the same starting composition. Thus we conclude that by two
hours, equilibrium partitioning for S and Si has been achieved in
our experiments, and Tables 1 and 2 only report experiments with
durations of !2 hours.
As reported in Table 2, 8 of our 19 experiments encountered liquid immiscibility in the Fe–S–Si system and produced two
metallic liquids. Comparison of the final metallic compositions in

our experiments with the Fe–S–Si phase diagram (Raghavan, 1988)
shows good agreement, as shown in Fig. A1 of the electronic supplement. Experiments that produced one metallic liquid have compositions that fall in the one liquid field, and the final compositions
of metallic liquids in runs with two liquids are consistent with
the liquid immiscibility field phase diagram. For the eight runs
with two immiscible metallic liquids, the bulk metallic composition was also calculated. This was done by mass balance using the
Fe and S concentrations in the starting material and the Fe and S
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Fig. 2. The measured Fe and S contents of the silicate melt produced in our experiments are plotted. While many of the experiments produce S contents in the
silicate that are consistent with those measured for Mercury’s surface, none of the
experiments also match Mercury’s surface Fe content. Errors bars are two standard
deviations.

concentrations measured in the final run product phases with the
assumption of no loss during the experiments. The starting metallic compositions and the calculated percent mass of the silicate,
S-rich metallic liquid, and Si-rich metallic liquid are given in Table A2 of the electronic supplement. The assumption of no loss
during the experiments is an idealized scenario, as S can be lost to
a vapor phase during the preparation or duration of the run. For
the eight runs with two immiscible metallic liquids, the calculated
percent mass values for the silicate, S-rich metallic liquid, and Sirich metallic liquid were reasonable, with the final silicate phase
representing about a third of the run product, consistent with the
starting metal/silicate ratio. If S were lost during the run, the percent mass of the S-rich metal phase would be overestimated; in
all eight runs, the S-rich metallic liquid was calculated to be the
smallest percent mass phase, as listed on Table A2. The bulk metallic composition for these eight runs was calculated using these
mass percentages and is reported in Table 2. Errors in the calculated bulk metallic composition were determined from the errors
in each metallic phase weighted by the relative mass percentage
contribution of that phase to the bulk metal.
3.1. Silicate composition
In Fig. 2, the Fe and S concentrations in the silicate produced in our experiments are compared to the 1–4 wt% Fe and
1–4 wt% S measured on Mercury’s surface by MESSENGER investigations (Evans et al., 2012; Nittler et al., 2011; Starr et al., 2012;
Weider et al., 2012). Some of our 19 experiments contain 1–4 wt%
S in the silicate phase, but none of the runs also contain 1–4 wt%
Fe; the Fe concentrations in our experiments that contain wt% levels of S in the silicate have Fe concentrations below 0.5 wt%. The
low Fe concentrations in the silicate are generally consistent with
previous work that shows that S solubility in a silicate melt increases as conditions become more reducing (Berthet et al., 2009;
Haughton et al., 1974; Kilburn and Wood, 1997; Wallace and
Carmichael, 1992). Recent calculations by Zolotov et al. (2013)
also conclude that the oxygen fugacity conditions required to produce the S content observed on Mercury’s surface would yield
∼0.03–0.8 wt% FeO, and our experiments with 1–4 wt% S in the
silicate fall within that range of Fe content in the silicate melt, as
shown in Fig. 2.
That none of the silicates in our experiments are able to match
both the Fe and S contents measured on Mercury’s surface can
mean many things. First, it could suggest that Mercury’s Fe and S

surface composition does not reflect a single molten melt–molten
silicate differentiation event. This is undoubtedly true, as Mercury’s surface shows extensive signs of volcanism and other geologic processes. How representative is Mercury’s surface composition of Mercury’s mantle and the planet’s bulk silicate composition? This is an open question, and future geochemical studies
based on MESSENGER’s compositional results have the potential
to provide important insight into this issue (Charlier et al., 2013;
Stockstill-Cahill et al., 2012). For example, if magmatic processes
have concentrated S on Mercury’s surface, then perhaps Mercury’s
bulk silicate S concentration is substantially lower and can be
consistent with the oxygen fugacity conditions needed to have
1–4 wt% Fe in the silicate.
On the other hand, if Mercury’s surface Fe and S concentrations are similar to the planet’s bulk silicate composition, then
wt% levels of both Fe and S may be difficult to produce in a single
metal–silicate core formation process as they require different oxygen fugacity conditions; to produce wt% levels of Fe in the silicate,
conditions may not be reducing enough to keep a wt% level of S
in the silicate rather than have it segregate into the metallic core.
Studies of Earth’s core formation have suggested the possibility of
changing oxidation conditions during a prolonged period of core
formation, with accreting material starting as highly reduced and
becoming more oxidizing toward the end of accretion (Wade and
Wood, 2005; Wood et al., 2006). Core formation on Mercury may
have been more complicated as well. Additionally, the role of any
late accretion, which may have added material to Mercury after
the core had formed that could be incorporated into the planet’s
mantle, is unknown and, if it was sizable, could affect the planet’s
bulk silicate composition.
Another possibility is that the Fe measured on Mercury’s surface has a large exogenic component, delivered to the surface from
meteoritic materials but not mixed efficiently into the mantle. Mercury’s proximity to the Sun results in a high flux of materials to its
surface (Cintala, 1992), and it has been suggested that as much as
1–5 wt% FeO may be delivered to Mercury’s surface by meteorites
(Noble and Pieters, 2003). Other elements would be delivered as
well, but the addition of Mg, Si, Al, etc. at even a few wt% is within
the scatter of MESSENGER measurements (Nittler et al., 2011;
Weider et al., 2012). If 1–5 wt% FeO on Mercury’s surface was
due to the delivery of exogenic meteoritic materials, that alone
could be responsible for the 1–4 wt% Fe measured on Mercury’s
surface, implying that Mercury’s surface rocks are actually almost
entirely Fe-free. Such a result would be consistent with our experiments, which produce silicates with wt% levels of S but with
Fe well below 1 wt%. Future geochemical measurements by MESSENGER, in particular the mapping of Fe abundances on Mercury’s
surface, have the potential to place important constraints on the
amount and nature of any exogenic addition to Mercury’s surface.
The silicate composition in our experiments was selected to be
similar to MESSENGER measurements of Mercury’s surface but also
became highly enriched in Al during the runs due to being conducted in alumina capsules. Thus, the silicate composition of our
experiments, reported in Table 1, is most certainly not Mercury’s
bulk silicate composition. Previous work has found that the silicate
composition can affect the partitioning behavior of S (Haughton
et al., 1974). Our experimental silicate composition is generally
FeO-poor, such as observed for Mercury, and constant. The set of
experiments conducted with the same starting composition but
held for different run durations of 2–16 hours (#M1, #M31, and
#M34) still produced similar silicate melt compositions. Of the
19 experiments, only three runs resulted in >1 wt% Fe being incorporated into the silicates. In these cases, the silicates contain
!13 wt% Fe and also have the lowest levels of S. While a different
silicate composition might change the partitioning behavior of S,
the combined metallic composition and oxygen fugacity effect that
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is investigated systematically in this study would still be relevant.
The single, FeO-poor silicate composition that we used here was
chosen to be relevant to Mercury, but additional examination into
the effects of different silicate compositions is worthwhile.
While our experiments begin to explore partitioning during
core formation at Mercury, they are not perfect analogs of core formation on that planet. Our experiments were conducted at 1 atm
and 1500 ◦ C, and Mercury’s core formation is expected to have occurred a higher pressures and temperatures. However, Mercury’s
core–mantle boundary is only at a pressure of ∼5.5 GPa (Hauck et
al., 2013), which limits the pressures and temperatures of possible core formation. Experimental studies examining the solubility
of S in silicates in metal–silicate systems have found that S partitioning into silicate decreases with increasing pressure and increases with increasing temperature (Holzheid and Grove, 2002;
Li and Agee, 2001; Rose-Weston et al., 2009). Thus, results from
previous experimental studies suggest that the effects of increasing both pressure and temperature may offset one another, and
that the partitioning behavior observed at 1 atm and 1500 ◦ C may
be applicable to higher pressure and temperature conditions. Nevertheless, experiments at higher pressures and temperatures are
worthwhile.
One theory to explain Mercury’s unusually large metallic core
is that a giant impact removed a significant amount of silicate material (Benz et al., 2007). In this case, core formation would have
initially occurred on a much larger planetary body and likely under
conditions of higher pressure and temperature, not limited by the
∼5.5 GPa of Mercury’s current day core–mantle boundary. However, the energy required in a giant impact event to remove a
significant amount of silicate material could also create significant
melting in the remaining planet and thus potentially initiate a new
set of core formation conditions in the smaller planetary body.
Overall, additional studies to determine Mercury’s mantle and
bulk silicate composition, to investigate effects of pressure, temperature, and silicate composition, and to map the distribution of
Fe on Mercury’s surface are likely to provide further insight into
interpreting the 1–4 wt% of both S and Fe on Mercury’s surface.
Our results here indicate that it may be difficult to produce both Fe
and S at wt% levels in Mercury’s bulk silicate composition through
a single-stage metal–silicate core-formation event.
3.2. Metal composition
Fig. 3 shows that the weight ratio metal/silicate partition coefficient for S, D ( S ), in our experiments is well characterized as
a function of the Si content of the metallic liquid. This general
result is consistent with previous work that has shown the solubility of S increases in a silicate melt as conditions become more
reducing, as discussed in the previous section. Our experiments
vary both the oxygen fugacity of the run and the metallic composition, though these two parameters are related; as a system
becomes more reducing, more Si will partition into the metallic
phase (Kilburn and Wood, 1997). Metal–silicate experimental studies often estimate the oxygen fugacity conditions of a run relative
to the iron–wüstite (IW) buffer by using the molar concentrations
of Fe and FeO in the metal and silicate and either assuming that
the activity coefficients are unity (Hillgren et al., 1994) or calculating the activity coefficients via a thermodynamically-based model
(Wade and Wood, 2005; Wade et al., 2012). The further the metallic composition is from pure Fe, such as the Fe–S–Si metals in our
experiments, the more important it can be to include a non-unity
activity coefficient for Fe. For our experiments, we used the Metal
Activity Calculator (www.earth.ox.ac.uk/~expet/metalact) after the
model of Wade and Wood (2005) to determine the activity coefficient for Fe in our runs and assumed that the activity coefficient
for FeO in the silicate was unity. We calculate that the oxygen fu-
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Fig. 3. The metal–silicate partition coefficient, D ( S ), in our experiments is well fit as
a function of the Si content of the metal. The best fit line is given in Eq. (1). Error
bars are two standard deviations.

gacity varies in our set of experiments from roughly −1 to −6
!IW (log units below the iron–wüstite buffer), with the large majority of the runs below −4 !IW. This range of oxygen fugacities
for our runs with wt% levels of S in the silicate melt is consistent with the calculated range of −4.5 to −7.3 !IW for Mercury’s
S-bearing magmas by Zolotov et al. (2013).
The results in Fig. 3 are plotted as a function of the Si content
of the metal rather than as a function of the oxygen fugacity to
avoid propagating any errors introduced by calculating the oxygen
fugacity from the experiments. Even though our metallic phase is
often S and Si-bearing, the uncertainty due to the activity coefficient model is not the major source of error in calculating oxygen
fugacity. Rather, the largest uncertainty in our estimation of the
oxygen fugacity in our runs is the very low FeO content of the silicate melt of the majority of the experiments. The Si content of the
metal, which is present at wt% levels, is much better determined
than the Fe content of the silicate, which is well below 1 wt% for
most of the runs. We are interested in applying the S partitioning
results to constrain the composition of the metal. Thus, parameterizing our results as a function of the Si content of the metal, as
shown in Fig. 3, accomplishes this directly, and our data are well
fit with this approach.
The equation of the fit in Fig. 3 is:

log[ D ( S )] = 1.35 − 0.15[wt% Simetal ]

(1)

Substituting the S contents of the metal and silicate for D ( S ) in the
above equation enables a relationship to be created between the S
and Si content of the metal with a dependency on the S content
of the silicate:

log[wt% Smetal ] = 1.35 − 0.15[wt% Simetal ] + log[wt% Ssilicate ] (2)
4. Discussion
4.1. Mercury’s core composition and evolution
Our experiments vary the metallic composition in the starting
materials and produce final silicate compositions with S contents
that range from <0.1 wt% to >8 wt%. Thus the S content of the
silicate can place an important constraint on the metallic composition, if the S content was set through a metal–silicate equilibrium
process.
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Fig. 4. (a) The shaded region denotes combinations of S and Si in the metal that are consistent with producing 1–4 wt% S in the silicate, as measured for Mercury’s surface.
The shaded region is calculated from Eq. (2), and the curves for four specific silicate S content values are shown (0.3, 1, 2.5, and 4 wt% S in the silicate). Eq. (2) was derived
from fitting the experiments, which are also shown with two standard deviation error bars to evaluate the derived expression. (b) The same shaded region is shown with
the liquid immiscibility field in the Fe–S–Si system at 2000 K and three pressures (Morard and Katsura, 2010). At a given pressure, compositions that are to the right of the
liquid immiscibility field boundary will produce two liquids while compositions to the left will yield one liquid. Mercury’s core–mantle boundary is ∼5.5 GPa, and at that
pressure, the more S-rich of the possible core combinations in the shaded region would fall within the liquid immiscibility field, resulting in two immiscible liquids, while
those that are more Si-rich would not.

Fig. 4a graphs Eq. (2) for the range of 1–4 wt% S measured
on Mercury’s surface. Our experimental data, on which the equation is based, are also plotted. If Mercury’s bulk silicate S content
is between 1 and 4 wt% and that bulk silicate S content was set
by metal–silicate differentiation, then the shaded region in Fig. 4a
represents the possible S and Si combinations in Mercury’s core
that are consistent with that range of S contents. The discussion
in the previous section is also relevant to the results shown here;
differences between the pressure, temperature, and silicate composition of our experiments in comparison to core formation on
Mercury could alter the position of the shaded region in Fig. 4a.
However, the effects captured in Fig. 4a would still be relevant
and any pressure, temperature, or silicate composition effect would
be expected to shift the location of the shaded region while the
overall functional form and shape of the shaded region would be
expected to remain similar.
The overall features of Fig. 4a are consistent with previous work
on the metal–silicate partitioning behavior of S. Having more Si
partition into the metal requires more reducing conditions, and
under more reducing conditions, S will partition more readily into
the silicate (Kilburn and Wood, 1997). Thus as more Si goes into
the metallic core, more S will partition into the silicate. As one example, if Mercury’s core has a high Si content of ∼10 wt%, then
the S content of the core will be low, ∼2 wt%, as S will partition
almost equally between the silicate and the metal at these conditions. In contrast, if the core is richer in S with ∼10 wt%, then the
partition coefficient, D ( S ), can be lower and the conditions less reducing, with less Si in the metal, and still result in 1–4 wt% S in
the silicate. However, the combination of 10 wt% of both Si and S
in the metal would result in a S content in the silicate significantly
higher than the 1–4 wt% measured on Mercury’s surface. Thus the
shaded region in Fig. 4a provides constraints on possible Si and
S core combinations that would produce 1–4 wt% S in Mercury’s
bulk silicate.
Our expression parameterizes the S content of the metal as a
function of the Si content of the metal, and thus is not appropriate for Si-free metal systems. Our results in Fig. 4a indicate that
to produce a bulk silicate with >1 wt% S, the metal must be either Si-bearing or contain >20 wt% S. The implication for Mercury

is that if Mercury’s bulk silicate composition has >1 wt% S, then
Mercury’s core is likely to contain Si. For moderate S contents in
the metal, our results suggest that to have wt% levels of S in the
silicate, there must be wt% levels of Si in the metal.
If the S on Mercury’s surface is enriched relative to the bulk
silicate planet, the requirement to have Si in the core is weakened.
As an example, also plotted in Fig. 4a is a line showing the S and
Si combinations needed to match 0.3 wt% S in the bulk silicate.
Our results suggest that Si-free cores that contain >7 wt% S can
produce bulk silicate combinations with 0.3 wt% S. Future work to
better understand the relationship to between Mercury’s surface
and mantle compositions will provide important insight into this
issue (Charlier et al., 2013; Stockstill-Cahill et al., 2012).
Additional constraints on Mercury’s core composition can be
provided by geophysical studies. Mercury’s moment of inertia, as
determined by data for Mercury’s spin state and gravity field
(Margot et al., 2012), can be used to constrain the core size and
density, which can provide insight into the core’s light element
content. Hauck et al. (2013) ran several Monte Carlo models to
investigate possible core compositions for Mercury in the Fe–S–
Si system and concluded that a wide range of core compositions
with either S or Si or both were consistent with the geophysical
constraints. Thus, the model results were not able to distinguish
between the possible compositions for the metallic core, with the
exception of ruling out Si-free cores with <6 wt% S. Based on these
results, Hauck et al. (2013) concluded that a substantial fraction
of light element is present in Mercury’s core that likely includes
Si and possibly also S, and that in the Fe–S–Si system, a FeS-rich
layer could form at the top of the core. Our results in Fig. 4 show a
range of Si and S compositions that would be consistent with Mercury’s moment of inertia based on the modeling results of Hauck
et al. (2013).
Mercury’s surface shows extensive lobate scarps believed to
have formed by global contraction of the planet (Watters et al.,
1998). Thermal models have shown global contraction can be tied
to the cooling of the planet and place constraints on the crystallization history, and hence composition, of the core. Geophysical
models based on explaining 1–2 km of radial contraction since the
end of late heavy bombardment (Watters et al., 1998, 2009) con-
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cluded that Mercury’s core S content must be > ∼6 wt% (Grott et
al., 2011; Hauck et al., 2004). In contrast, Rivoldini et al. (2009)
concluded that to have a solid inner core, <5 wt% S must be
present in Mercury’s core. However, all of these models only considered S as a light element in Mercury’s core. The amount and
identity of the light element in the core has a significant effect
on the temperature at which crystallization will begin, with S depressing the crystallization temperature more significantly than Si
(Raghavan, 1988). Additionally, a new estimate of Mercury’s global
contraction based on MESSENGER images suggests a potentially
larger radius decrease of ∼3–5 km (Di Achille et al., 2012). Future
thermal models that incorporate a potential Fe–S–Si metallic core
and use the latest estimates for Mercury’s global radial contraction
have the potential to provide additional constraints on Mercury’s
core composition.
Lastly, Mercury has a magnetic field that is consistent with being generated by an internal core dynamo (Anderson et al., 2011;
Ness et al., 1975). The identity and concentration of the core’s
light element will influence the extent of compositional convection
that is generated when a buoyant light element is excluded from
the crystallizing solid inner core. Mercury’s core–mantle boundary
pressure is ∼5.5 GPa, and the central core pressure is ∼36 GPa
(Hauck et al., 2013). Even at 25 GPa, S is effectively excluded from
the crystallizing Fe metal (Li et al., 2001), making it an efficient
light element to drive compositional convection. In contrast, Si partitions nearly equally into the crystallizing solid Fe and the residual metallic liquid even at a pressure of 21 GPa (Kuwayama and
Hirose, 2004), which would be much less effective at driving compositional convection. The weakness of Mercury’s magnetic field
has been a challenge for modeling its generation from an internal
dynamo, leading to suggestions of S-bearing cores with different
precipitation zones (Vilim et al., 2010) or low core S contents to
minimize compositional convection (Manglik et al., 2010). However, the models to date have not considered the generation of
Mercury’s dynamo in the Fe–S–Si system, and perhaps the presence of Si as an important light element in Mercury’s core could
reduce compositional convection in a manner consistent with the
observed magnetic field strength. Overall, the existence of Mercury’s internally driven magnetic field has the potential to provide
additional constraints on Mercury’s core composition.
Related to Mercury’s internal dynamo generation and the global
contraction of the planet is the evolution and crystallization of the
core. Fig. 4b compares the range of core Si and S contents suggested by our experiments with the liquid immiscibility field in
the Fe–S–Si at 2000 K and different pressures (Morard and Katsura,
2010). As the pressure increases, the liquid immiscibility field decreases. At Mercury’s core–mantle boundary pressure of ∼5.5 GPa
(Hauck et al., 2013), the range of S and Si contents suggested by
our experiments fall both within and outside the liquid immiscibility field. By 10 GPa, the liquid immiscibility field has decreased
to the extent that none of the S and Si combinations suggested
by our experiments would initially encounter liquid immiscibility.
Mercury’s central core pressure is ∼36 GPa (Hauck et al., 2013),
and, thus, the majority of Mercury’s core would not be expected to
initially encounter liquid immiscibility except potentially near the
core–mantle boundary. However, encountering liquid immiscibility and forming a Si-rich liquid and a S-rich liquid could facilitate
the creation of a S-rich layer at the base of the mantle. A S-rich
layer at the base of the mantle could eventually crystallize and
form a solid FeS layer, as has been considered (Hauck et al., 2013;
Smith et al., 2012). Additionally, as the core crystallizes, any S
will become enriched in the liquid, and thus though the bulk core
composition might not experience liquid immiscibility initially, its
composition could evolve into the liquid immiscibility field as crystallization proceeds. If Mercury’s core contains both Si and S, a va-
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Fig. 5. The shaded region shows Mercury’s bulk Fe/Si and S/Si ratios as calculated
by using the range of possible core compositions in the Fe–S–Si system from Fig. 4.
The majority of possible core compositions produce bulk Mercury values that differ significantly from primitive meteorites or estimates for bulk Earth (McDonough,
2003) or bulk Mars (Dreibus and Wanke, 1985), though core compositions with extreme amounts of Si of ∼25 wt% produce Fe/Si and S/Si ratios that resemble those
of bulk Earth. Meteorite data compiled in Nittler et al. (2000). Bencubbinite data
from Jarosewich (1990) and Lauretta et al. (2007).

riety of evolutionary scenarios are possible and can be explored in
more detail with future models.
4.2. Mercury’s bulk composition
With an estimate of the composition of Mercury’s large core,
we can estimate the bulk Fe, S, and Si contents of the planet as
a whole, using a core fraction of 0.67 (Anderson et al., 1987). For
Mercury’s bulk silicate composition, we used a composition with
no Fe, 25 wt% Si, and 1–4 wt% S, similar to MESSENGER’s measurements of Mercury’s surface (Evans et al., 2012; Nittler et al., 2011;
Starr et al., 2012; Weider et al., 2012); including 1–4 wt% Fe in the
silicate has a negligible effect on the estimations, since Mercury’s
large core is the major source of the planet’s bulk Fe composition.
For Mercury’s core, the S and Si content ranges shown in Fig. 4
were used along with 5 wt% Ni and the remainder of the composition composed of Fe. Fig. 5 plots the resulting range of Mercury’s
bulk composition on a plot of the S/Si weight ratio against the
Fe/Si weight ratio. The two bounding model lines for Mercury’s
bulk composition with 1 or 4 wt% S in the silicate are also labeled
with points that correspond to the wt% Si in Mercury’s core, to
ease the comparison to Fig. 4.
Fig. 5 also plots the bulk compositions of ordinary, carbonaceous, and enstatite chondrites, as compiled and labeled as “whole
rock” values by Nittler et al. (2000) and applied to compositional measurements of the asteroid Eros (Nittler et al., 2001).
Estimates of the compositions of bulk Earth (McDonough, 2003)
and bulk Mars (Dreibus and Wanke, 1985) are also plotted, as are
the few bulk compositions available for bencubbinite meteorites
(Jarosewich, 1990; Lauretta et al., 2007). From Fig. 5 it is clear that
the large majority of estimated bulk compositions of Mercury from
our experiments differ significantly from primitive meteorite compositions. Bencubbinites, suggested as potentially relevant composition for Mercury’s building blocks (Brown and Elkins-Tanton,
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2009), also do not provide a good match, though they display considerable compositional heterogeneity on the sample size analyzed.
The difference between Mercury’s bulk compositions and primitive
meteorites has been a known issue ever since Mercury’s unusually
high density was discovered. Our new work to constrain Mercury’s
core composition only shows that even with improved constraints
on the core composition, Mercury’s bulk composition is very different than Earth, Mars, or the meteorites in our collections. This
could imply that either Mercury formed from different starting
materials, due to a range of hypothesized processes (Taylor and
Scott, 2003) or that a giant impact stripped much of Mercury’s silicate away, making the current day Mercury just a remnant of a
once larger body (Benz et al., 2007).
Fig. 5 does show one alternative to these formation scenarios.
If Mercury’s core contains ∼25 wt% Si, then the bulk composition is very close to that of the Earth for its estimated S/Si and
Fe/Si weight ratios. Examining Fig. 4 shows that the range of possible core compositions with 25 wt% Si is extrapolated beyond our
experimental data and implies an essentially S-free core. While
an extremely Si-rich core could reconcile Mercury’s bulk Fe/Si ratio with common primitive meteorites, the partitioning of such a
large amount of Si into the core would leave Mercury’s bulk silicate with highly elevated values for the ratios of other elements,
including Mg/Si, Al/Si, and Ca/Si. MESSENGER’s chemical data are
limited to surface measurements, but future work that seeks to estimate Mercury’s mantle and bulk silicate composition from the
measured surface compositional values thus also has the potential
to constrain the amount of Si in Mercury’s core by determining
these ratios. Additionally, it is not clear if 25 wt% Si in the core
would be consistent with Mercury’s moment of inertia constraints
or thermal models of the planet and a partially molten core. The
convection and dynamo generation in a Si-rich, S-free core has not
been widely considered. Additionally, a core with 25 wt% Si would
imply extremely reducing conditions, replacing the issue of Mercury’s bulk composition with the question of how did Mercury
form under such reducing conditions in comparison to other planetary bodies. Overall, Mercury’s bulk composition remains unique
in comparison to other planetary materials and is an important
clue to unraveling the secrets of the planet’s formation.
5. Summary and conclusions
Our experimental study systematically examined metal–silicate
equilibrium partitioning under a range of oxygen fugacity and
metallic composition conditions. If Mercury’s surface composition
is representative of the planet’s bulk silicate composition and if the
planet experienced metal–silicate equilibrium during formation of
its core, then a few key conclusions can be drawn from our results:
1. Mercury’s surface composition with 1–4 wt% of both Fe and S
is not compatible with being formed by simple metal–silicate
equilibrium, as the reducing conditions needed to partition
S into the silicate will deplete the silicate in Fe. This could
indicate that Mercury’s surface is not representative of the
bulk silicate planet, that core formation was more complicated
than a single stage metal–silicate processes, that a significant
amount of material was added to Mercury’s mantle during
late accretion after core formation, that our experiments are
lacking as analogs for Mercury due to differences in pressure,
temperature, or compositions, or that a significant component
of Mercury’s surface Fe was delivered by meteorites.
2. Mercury’s core composition can be constrained to a range of
combinations in the Fe–S–Si system based on the requirement
of 1–4 wt% S in the silicate. For core S contents <20 wt%,
Mercury’s core must contain Si. For core Si contents >10 wt%,
Mercury’s core has <2 wt% S. As the core Si content increases,

the core S content decreases, as more S partitions into the silicate.
3. Mercury’s bulk Fe, S, and Si compositions can be estimated by
using our newly determined constraints on the composition
of the planet’s large core. For the large majority of the Fe–
S–Si core combinations, Mercury’s bulk Fe/Si and S/Si ratios
differ greatly from primitive meteorites and the bulk Earth or
bulk Mars. However, a S-free core with ∼25 wt% Si can produce a bulk Mercury composition that resembles that of the
bulk Earth for Fe/Si and S/Si ratios, though such a large core
Si content raises additional issues and has implications for the
planet’s Mg/Si and other elemental ratios. Alternatively, Mercury’s unusual bulk composition may indicate that the current
planet is only a portion of what it once was, with a sizable
component stripped off by a giant impact event.
Overall, one of the main conclusions to be drawn from this
study is that such experimental work can provide constraints on
the composition of Mercury’s core. The work presented here is
just the beginning of experimental studies to investigate Mercury’s
core and the planet as a whole. Future metal–silicate studies examining the effects of pressure, temperature, and composition are
worthwhile. Work to interpret Mercury’s surface composition in
the context of the planet’s mantle and bulk silicate composition is
also well motivated. Geophysical and thermal evolution models of
Mercury’s interior that examine cores in the Fe–S–Si system may
provide new constraints on the core composition, as may models
to generate Mercury’s internal magnetic field. Additionally, MESSENGER is continuing to orbit Mercury and has the potential to
return new data through early 2015, undoubtedly leading to new
insights about the Solar System’s innermost planet.
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