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Mercury has fascinated researchers for decades due to its sizable metallic core and weak magnetic field.
The behavior of Fe-S and (Fe, Ni)-S systems provides constraints on core conditions and regimes of
solidification to predict magnetic field strength. In this study, we investigate the melting behavior of
the (Fe, Ni)-S system, a candidate composition to model the Mercurian core. We observe that the Fe-S
liquidus has an inflection point at ~10 wt.% S at 14 GPa and ~11.5 wt% S at 24 GPa, while (Fe, Ni)-S
does not. At 24 GPa, Ni may lower the melting point of the Fe-S system by as much as 300°C, indicating
that solidification models and adiabatic calculations must account for the presence of Ni.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The composition and structure of Mercury have been studied
for decades. Ground observations revealed that Mercury has an
average density of 5.427 gcm™3, which led to the inference that
it possessed a large metallic core that makes up 68-85% of the
planet’s radius (Anderson et al., 1996; Riner et al., 2008). Mariner
10 was launched in 1973; upon passing Mercury, it detected a
weak magnetic field. Radio-based observations of the amplitude
of the planet’s longitudinal librations indicated that the core was
partially molten (Margot et al., 2007). In 2008, MESSENGER ap-
proached Mercury and determined the surface geochemistry using
x-ray, gamma-ray, and neutron spectrometers (Nittler et al., 2018).
MESSENGER detected a FeO-poor surface and a high S/Si ratio
(0.05-0.15), indicating the planet is reduced and rich in S (Zur-
buchen et al., 2008; Nittler et al., 2018).

MESSENGER provided evidence of surface geochemistry, but the
chemistry and light element abundance of the Mercurian core is
debated. The core composition is directly linked to the state, pres-
sure, temperature, structure, and bulk composition of the planet.
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The pressure and temperature range of the Mercurian core are es-
timated to be 7-40 GPa and 1400-2000 °C, respectively (Harder and
Schubert, 2001; Chen et al., 2008; Michel et al., 2013; Tosi et al.,
2013; Knibbe and van Westrenen, 2018; Pommier et al., 2019).
The lack of seismic evidence on Mercury introduces uncertainty
regarding the current state and structure of the Mercurian core.
Stevenson et al. (1983) concluded that a core composed of pure
Fe or Fe-Ni would be solid at the temperature-pressure conditions
of the Mercurian core; therefore, the observation of a partially or
fully molten core indicates the presence of light elements (S, Si, O,
C, H), lowering the melting point of Fe.

The abundance of S on the surface of Mercury led to the infer-
ence that the interior was reduced (IW-3 to IW-7) (McCubbin et
al,, 2012; Zolotov et al., 2013; Nittler et al,, 2018) and that S and
Si are abundant in the Mercurian core (Nittler et al., 2018). Silicon
was selected because of its tendency to alloy with Fe under re-
ducing conditions (Gessmann et al., 2001; Malavergne et al., 2004)
and the partition coefficient of Si being correlated to S content (Tao
and Fei, 2021). The composition of light elements in the Mercurian
core is not precisely constrained, but the core is predicted to be
a Fe-Ni alloy with 0-20 wt.% Si and 0-17 wt.% S; recent studies
predict there is more Si in the core relative to S (16 and 7 wt.%,
respectively) (Malavergne et al., 2010; Hauck II et al.,, 2013; Namur
et al., 2016; Nittler et al., 2018; Pommier et al., 2019).
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Melting experiments have been conducted on the Fe-alloy sys-
tem to determine mechanisms of core solidification and provide
insight into the weak magnetic field observed by MESSENGER. Ter-
restrial bodies, such as Earth, produce magnetic fields through the
convection of a liquid Fe-alloy. The intensity of Mercury’s magnetic
field is a fraction of the Earth’s magnetic field (Ness et al., 1976),
which implies a different core state. Possible regimes of solidifica-
tion include the formation of solid or liquid Fe, Fe3S, Fe-S, or FeSi
at the core-mantle boundary, interior, or center of the core. The
styles of solidification lead to unique structures for the Mercurian
core: Fe snow in one or more locations (Chen et al., 2008), the for-
mation of a Fe sulfide core (Stewart et al., 2007), or a Fe-S liquid
to FeS solid shell surrounding a Si-rich inner core (Malavergne et
al., 2010, 2014; Manthilake et al., 2019). The formation of a Fe-S
layer surrounding a Si-bearing inner layer was proposed because Si
is not miscible in Fe-S at low pressures (Malavergne et al., 2004).
Iron snow and a Fe-S shell may produce a weakened magnetic field
by shielding or canceling fields with opposite polarities (Vilim et
al,, 2010).

The state of the Fe-S shell is linked to the thermal profile of
the Mercurian core and the melting behavior of Fe-alloys. The Fe-S
shell is located at the core-mantle boundary and is devoid of Si
(Malavergne et al., 2004). Previous studies have predicted a tem-
perature difference of 600°C throughout the core; this tempera-
ture gradient has been explained using adiabatic and sub-adiabatic
heat flow that results in the formation of a solid, liquid, or not ex-
istent Fe-S shell at the core-mantle boundary (Chen et al., 2008;
Dumberry and Rivoldini, 2015; Knibbe and van Westrenen, 2018;
Pommier et al., 2019; Manthilake et al., 2019). Dumberry and
Rivoldini proposed sub-adiabatic heat flow in 2015 to generate a
thermally stratified core based on the adiabatic temperature gra-
dient being larger than the heat flow predicted from conductivity
measurement on FCC-Fe (Deng et al., 2013).

The core’s thermal profile depends on the conductivity of the
Fe-alloy at the core-mantle boundary because the Mercurian man-
tle has been predicted to absorb a few mW/m?2. The observed Fe
conductivity of 125 W/(mK) results in a 45-100 mW/m?, leading to
sub-adiabatic heat flow (Dumberry and Rivoldini, 2015). However,
the FeS conductivity is thought to be 4 W/(mK), significantly lower
than pure Fe (Manthilake et al., 2019). Meanwhile, (Fe, Ni)-S alloys
were found to range from 12-20 W/(mK) at 4.5-8 GPa, resulting in
an (adiabatic) heat flow of a few mW/m? on small terrestrial bod-
ies (Pommier, 2020). The conductivity of Fe alloys will significantly
impact the temperature of the Mercurian core; however, given low
conductivity values reported for (Fe, Ni)-S, the Mercurian core may
behave adiabatically, similar to the adiabat proposed by Chen et al.
(2008).

Additional information on the melting behavior of Fe-alloy sys-
tems is needed to constrain the state of the Mercurian core. For
example, the concavity of the Fe-S and (Fe, Ni)-S liquidus curves
is not well constrained at pressures >14 GPa. Studies on the Fe-S
system, conducted at <20 GPa, have observed an inflection point
between 8-14 wt.% S (Chen et al., 2008; Buono and Walker, 2011;
Pommier et al., 2018). Whether such an inflection point persists
at higher pressures is unknown because previous studies focused
on constraining the eutectic melting point (Fei et al., 2000; Li and
Agee, 2001; Stewart et al., 2007). Previous studies, (Stewart et al.,
2007; Chen et al., 2008; Pommier et al., 2018), have also focused
on the Fe-S system and omitted Ni, a major element in the core,
because it proposed that Ni did not affect the melting point of
Fe (Stewart et al., 2007). Recently, that observation has been chal-
lenged by studies demonstrating that Ni can change the melting
point of Fe (Zhang et al., 2016; Boccato et al., 2017; Gilfoy and Li,
2020; Liu and Li, 2020).

In this study, we conduct multi-anvil experiments on the Fe-S
system at 14 and 24 GPa to examine if the liquidus shape observed
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by Chen et al. (2008) persists to higher pressures and if Ni lowers
the melting point of the Fe-S system at 24 GPa.

2. Experimental methods

Melting experiments were conducted using the Walker-type
multi-anvil apparatus at the University of Michigan. The start-
ing materials were mixtures of Fe (Alfa Aesar, 99.998% purity,
CAS#7439-89-6, 10621), Ni (Alfa Aesar, 99.999% purity, CAS#7440-
02-0, 12966), and FeS (Alfa Aesar, 99.98% purity, CAS#1317-37-9,
22388). Compositions ranging from Fegg.7551.25, Fegs.g7NigS1-9, and
Feg7.79Ni12S1.9 (Wt.%) were mixed in an agate mortar and dried
in a vacuum oven for at least 24 hours before loading. A com-
positional range was selected to optimize the melt fraction and
minimize the number of fully molten experiments.

Modified COMPRES 10/5 or 8/3 assemblies (Leinenweber et al.,
2012) were used for 14 GPa and 24 GPa experiments (Fig. 1). The
pressure was calibrated using MgSiO3 and Mg;SiO4 phase tran-
sitions (Gilfoy and Li, 2020). Previous studies demonstrate that
temperature can impact the pressure of the sample. Leinenweber
et al. (2012) observed a pressure drop of 2 GPa after heating the
sample from 800 °C to 1800 °C. However, Fei et al. (2004) observed
the pressure increase by 2 GPa when they sintered the sample
(680 ton), then heated the sample from 1226 °C to 2026 °C (1400
ton) (Fei et al., 2004). These experiments report a pressure drift at
high temperatures relative to low temperatures from in situ XRD
experiments. The in situ experiments insert an X-ray transparent
window; this slightly modifies the experimental setup from the
ex-situ setup used in this study. Given Fei et al.’s (2004) results,
sintering the sample may offset the pressure drift. In this study,
we sinter the sample (details below) and estimate a pressure un-
certainty of +2 GPa.

We conduct 24 GPa experiments with one or two samples in
each experiment. Dual-chamber experiments allowed for a simul-
taneous Fe-S and (Fe, Ni)-S experiment at the same pressure-
temperature conditions. Single-chamber experiments at 24 GPa
and some single-chamber experiments at 14 GPa included a ther-
mocouple, and the sample was placed at the center of the cell
(Fig. 1). The double-chamber experiments at 24 GPa and some
single-chamber experiments at 14 GPa did not include a ther-
mocouple, and the temperature is inferred based on a calibrated
power curve (shown in the supplementary material). Previous
studies observed that using a power curve can reproduce the
temperature-power relation within 5% (Gilfoy and Li, 2020), mak-
ing the temperature uncertainty comparable to the thermal gradi-
ent observed in experiments with a thermocouple (Leinenweber et
al,, 2012).

Once loaded into the press, the sample was brought to the tar-
get pressure of 14 GPa in 6-8 hours and 24 GPa in 8-12 hours.
Fourteen GPa was chosen to directly compare experiments to Chen
et al. (2008). While 24 GPa was selected because it is the highest
stable pressure achievable in the University of Michigan multi-anvil
apparatus and directly compares liquidi with different Ni concen-
trations at 23 GPa (Stewart et al., 2007).

At 5 GPa, the sample was sintered at 600-700°C to lower the
porosity of the MgO capsule, prevent contamination between the
sample and the Re-heater, and minimize potential pressure drift.
When the target pressure was reached, the sample was heated
at 100°C per minute to the target temperature of 1200-1900°C.
All samples were held at target temperatures for 3 to 30 minutes
and then rapidly quenched to room temperature. Equilibrium was
confirmed based on similar S abundances in the solid phase and
the observation of a smooth boundary between the melt and solid
phase (Gilfoy and Li, 2020) (Fig. 2). The recovered sample was ex-
posed using 180, and 600 grit silicon carbide paper and polished
using 0.3-micron Al,03 powder.
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Experimental Set up 14 GPa,
With Thermal couple (TC) and Without TC
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Experimental Set up 24 GPa,
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Fig. 1. Configurations of 14 GPa and 24 GPa experiments. The 14 GPa experiments were conducted using the original COMPRES 10/5 assembly, and two experiments were
conducted without a thermocouple present. The 24 GPa experiments were conducted using a modified COMPRES 8/3 assembly with a shorter Al;03 plug or a dual-chamber

configuration.

Table 1
Experimental conditions and results on Fe-S system at 14 GPa.
Experiment Temp. Time Phase Wt% S Wt.% Fe Wt.% Total # of
Name (°C) (min) Points
MO020419 1750 (50) 15 Solid N/A N/A N/A
Liquid focused 1.5 (3) 994 (3) 1011 (6) 99
Liquid defocused 1.8 (6) 99.1 (6) 100.9 (8) 25
M021217 1500 (100) 15 Solid 018 (1) 100.6(2) 100.8 (3) 9
Liquid focused 72 (7) 93.0 (7) 100.2 (9) 98
Liquid defocused 8.4 (8) 91.8 (8) 100 (1) 25
M021019 1400 (50) 15 Solid 0.16 (1) 101.0 (3) 101.2 (3) 6
Liquid focused 6.6 (7) 93.7 (8) 100 (1) 100
Liquid defocused 6.8 (5) 93.7 (5) 100.5 (7) 25
M113016 1350 (100) 15 Solid 0.22 (3) 99.8 (3) 100 (4) 9
Liquid focused 12.2 (5) 87.9 (5) 100.2 (7) 199
Liquid defocused 119 (4) 88.4 (4) 100.3 (6) 25
M092819 1000 (50) 30 Solid 36 (1) 64 (1) 100 (1) 1*
Liquid defocused 239 (3) 75.7 (3) 99.6 (4) 140

Notes: The composition was determined in an EPMA using both focused and defocused grids. The beam we
calibrated to a point in the focused grid and broadened in the defocused grid. Both agree within uncertainties.

The uncertainties in liquid compositions are standard errors of the means, and those in solid compositions are
standard deviations. The notation can be read as 75.7 (3) is equal to 75.7 & 0.3. Temperature uncertainty is
estimated to be 50°C when a thermocouple is used and 100°C when a power curve is used.
*Experiment M092819 (solid) has one composition value; the composition is based on SEM/EDS measurements.
N/A indicates that the sample is fully molten and there is no coexisting solid phase.

Samples were carbon-coated and analyzed using a JEOL-
Scanning Electron Microscope (SEM) and CAMECA SX-100 Elec-
tron Probe Micro-analyzer (EPMA) at the University of Michigan.
Chalcopyrite was used as a dual standard for Fe (LIF) and S (LPET).
Nickel metal was used as the Ni standard (LLIF). An accelerating
potential of 20 kV and a 15 nA beam current were used with peak
counting times of 10 seconds.

The compositions of the 14 GPa samples were measured using a
focused beam with a four-micron step covering a 100-point EPMA
grid and a 10-micron beam with a 10-micron step covering a 25-
point EPMA grid. The compositions of the 24 GPa samples were
also analyzed using a combination of a focused (<1 pum) and a
defocused (10 pm) beam. The two-beam settings were compared
to check validity.

3. Results and discussion
3.1. Experimental data

Five experiments at 14 GPa yielded partially or fully molten
products at 1000-1750°C (Table 1). One experiment was on the
sulfur-rich side of the eutectic. The compositions from focused and
defocused-beam analyses agree within uncertainties.

Nineteen experiments at 24 GPa yielded results between 1200
and 1900°C (Table 2, Table 3). For the single-chamber experi-
ments, seven were on the Fe-S system, and eight were on the (Fe,
Ni)-S system. The (Fe, Ni)-S products contained 11-14 wt.% Ni. Four
dual-chamber experiments produced Fe-S in one chamber and (Fe,
Ni)-S with 4-5 wt.% Ni in the other.
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Table 2
Experimental conditions and results on Fe-S system at 24 GPa.
Experiment Phase Temp. Time wt% S wt.% Fe wt.% Ni wt.% Total # of
Name (°C) (min) Points
M062718 Solid 1900 (100) 10 022 (4) 999 (4) N/A 100.1(4) 32
Melt 34 (3) 97.0 (4) N/A 1004 (5) 182
M061118 Solid 1800 (150) 3 N/A N/A N/A N/A
Melt 5.0 (4) 94.8 (4) N/A 99.8 (5) 211
MO083018* Solid 1700 (50) 10 0.37 (4) 100.5 (3) N/A 1009 (3) 8
Melt 6.7 (5) 94.0 (5) N/A 100.7 (7) 95
MO061318 Solid 1650 (100) 3 N/A N/A N/A N/A
Melt 7.0 (4) 92.7 (4) N/A 99.7 (6) 208
MO071318* Solid 1600 (100) 10 N/A N/A N/A N/A
Melt 8.3 (5) 91.6 (5) N/A 99.9 (7) 97
MO060818 Solid 1500 (100) 3 0.7 (6) 98.7 (6) N/A 994 (8) 17
Melt 8.6 (6) 90.4 (6) N/A 99.0 (8) 113
M062018 Solid 1550 (50) 5 04 (2) 100.0 (4) N/A 1004 (3) 46
Melt 10.0 (3) 901 (3) N/A 100.1 (1) 72
M082818* Solid 1500 (50) 20 0.16 (4) 100.8 (3) N/A 1009 (3) 7
Melt 126 (4) 869 (3) N/A 99.5 (5) 153
M062518 Solid 1300 (50) 10 0.56 (9) 100.0 (6) N/A 100.6 (6) 21
Melt 146 (3)  85.3(5) N/A 99.9 (6) 22
M061818 Solid 1200 (100) 3 0.69 (5) 98.5 (3) N/A 99.2 (3) 44
Melt 140 (2) 853(2) N/A 99.3 (3) 242
M082118* Solid 1200 30 0.88 (4) 994 (6) N/A 100.3 (6) 3
Melt 142 (5) 871(2) N/A 100.8 (6) 24

Notes: The compositions were determined using both focused and defocused grids. The numbers in parenthe-
ses are uncertainties. Compositional uncertainties are standard deviations for solids and standard errors of the
means for liquids. Temperature uncertainties are estimated based on the distance of the thermocouple and sam-
ple chamber from the center of the cell and range from 50 to 150°C.

* indicates a dual-chamber sample.

N/A indicates that the sample is fully molten, and there is no coexisting solid phase.

Table 3
Experimental conditions and results on (Fe, Ni)-S system at 24 GPa.
Experiment Phase Temp. Time wt.% S wt.% Fe wt.% Ni wt.% Total # of
Name (°0 (min) Points
M111518 Solid 1900 (100) 15 0.09 (2) 874 (5) 133 (3) 100.8 (6) 9
Melt 1.6 (5) 85.2 (8) 133 (2) 100 (1) 49
M111618 Solid 1750 (50) 10 0.15 (2) 86.6 (4) 13.91 (7) 100.7 (4) 4
Melt 3.9 (6) 82.5 (6) 13.79 (1) 100.2 (8) 30
MO083018* Solid 1700 (50) 10 0.34 (4) 955 (3) 497 (1) 100.8 (3) 3
Melt 3.8 (5) 91.6 (5) 4.74 (3) 100.1 (7) 71
M102818 Solid 1700 (100) 10 N/A N/A N/A N/A
Melt 6.4 (2) 81.5 (2) 1219 (4) 100.7 (3) 27
M111418 Solid 1600 (50) 15 N/A N/A N/A N/A
Melt 5.5 (3) 824 (3) 1212 (3) 100.0 (4) 38
M071318* Solid 1600 (100) 10 0.24 (1) 95.8 (2) 4.7 (2) 100.7 (3) 5
Melt 51 (2) 91.8 (2) 3.90(2) 100.8 (3) 35
M102618 Solid 1500 (100) 10 0.48 (3) 879 (7) 11.88 (8) 100.3 (7) 10
Melt 8.0 (3) 813 (3) 1129 (3) 100.5 (4) 26
M082818* Solid 1500 (50) 20 0.3 (1) 95.2 (6)  4.96 (6) 100.5 (6) 15
Melt 6.1 (7) 88.8(7) 4.55(5) 99 (1) 46
M110718 Solid 1400 (50) 10 0.19 (1) 87.5 (5) 12.7 (1) 1004 (5) 10
Melt 9.8 (2) 772 (3) 12.80 (3) 99.8 (3) 26
M102518 Solid 1300 (50) 10 0.56 (8) 89.2 (8) 11.0 (4) 100.8 (9) 4
Melt 124(7)  773(9) 107 (1) 100 (1) 19
M110818 Solid 1200 (50) 20 0.3 (1) 89.6 (5) 109 (2) 100.8 (5) 9
Melt 131 (2) 759 (3) 1117 (3) 100.2 (4) 22
M082118* Solid 1200 (50) 30 0.64 (3) 95.8 (7) 4.5(6) 1009 (9) 9
Melt 13.5(2) 81.6 (2) 4.85 (7) 100.1 (3) 11

Notes: The compositions were determined using both focused and defocused grids. The numbers in parenthe-
ses are uncertainties. Compositional uncertainties are standard deviations for solids and standard errors of the
means for liquids. Temperature uncertainties are estimated based on the distance of the thermocouple and sam-
ple chamber from the center of the cell and range from 50 to 150°C.

* indicates a dual-chamber sample.

N/A indicates that the sample is fully molten, and there is no coexisting solid phase.
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Fig. 2. Configuration and product from dual-chamber experiment M083018. The optical image of the roughly polished experimental product is on the left, showing the two
sample chambers in the cylindrical heater. The samples are about 50 pm apart and separated by MgO, denoted with an artificial black line representing the center of the
heater. The center image and right images are BSE images of (Fe, Ni)-S (upper) and Fe-S (lower).

3.2. Textural variation

The recovered Fe-S and (Fe, Ni)-S liquids exhibit dendritic tex-
tures containing bright iron-rich dendrites and dark sulfur-rich
matrix (Fig. 2). In S-poor liquids, Fe dendrites are dominant, and a
dark matrix exists as an interstitial phase. In S-rich liquids, Fe den-
drites are scattered in the matrix, sometimes with a non-uniform
distribution. The texture can be used to estimate the S content of
the liquid.

The Ni-free and Ni-bearing experiments showed similar trends
in textural variation with temperature. When the S concentration
is lower, the dendrites are abundant, larger, and homogeneous;
lower S concentrations occur at higher temperatures. In the dual-
chamber experiments, it is apparent that the Ni-bearing liquid has
fewer Fe dendrites than the Ni-free liquid at the same pressure and
temperature conditions. The Dual-chamber experiment M083018
highlights this relationship in Fig. 2. This relationship implies that
the Ni-bearing liquidus occurs at a lower temperature than the Ni-
free liquidus (Fig. 4).

3.3. Liquidus curve at 14 GPa

Five experiments yielded constraints on the Fe-S liquidus curve
at 14 GPa (Table 1, Fig. 3). Together with experimental results from
Chen et al. (2008), Anzellini et al. (2013), and Boehler (1992), the
14 GPa liquidus on the iron-rich side of the eutectic was fitted us-
ing a fourth-order polynomial. The results in this study confirm
that an inflection point exists on the iron-rich side of the eutectic
at ~10 wt.% S. Experiment M092819 provides the first constraint
on the liquidus curve on the sulfur-rich side of the eutectic, sug-
gesting that it is lower than the liquidus proposed by Fei et al.
(1997).

3.4. Liquidus curves at 24 GPa
3.4.1. From single chamber experiments

Nineteen experiments at 24 GPa yielded constraints on the Fe-
S and (Fe, Ni)-S liquidus curves (Tables 2 and 3). Seven single-

chamber experiments on the Fe-S system, five partially molten and
two fully molten, suggest the presence of an inflection point at
~11.5 wt% S (Fig. 4a). Eight single-chamber experiments on the
(Fe, Ni)-S system, six partially molten and two fully molten, sug-
gest the (Fe, Ni)-S liquidus curve for 11-14 wt.% Ni is located at
lower temperatures than the Fe-S liquidus and does not contain
an inflection point. The curve is slightly concaved upwards. The lo-
cation and shape are consistent with the results of Gilfoy and Li
(2020) at 20 GPa.

3.4.2. From dual-chamber experiments

The four dual-chamber experiments at 24 GPa directly com-
pare the Ni-free and Ni-bearing Fe-S liquidus curves. In this set
of experiments, the Ni concentration ranged from 4-5 wt.%. The
(Fe, Ni)-S liquidus is at lower temperatures than the Fe-S liquidus
(Fig. 4b). The inflection point of the Fe-S system and its absence in
the (Fe, Ni)-S system are confirmed.

3.5. Comparison to published data

3.5.1. Eutectic point and Fe-Ni melting point

The Fe-S eutectic point has been determined at a range of pres-
sures. As the pressure increases, the eutectic shifts to a lower S
concentration. The eutectic temperature decreases with pressure
between 1 bar and 14 GPa and increases at higher pressures. The
eutectic composition at 24 GPa is interpolated between those at
23 GPa (Stewart et al,, 2007) and 25 GPa (Li and Agee, 2001). The
melting point of Fe at 24 GPa is calculated from the curve pro-
posed by Anzellini et al. (2013), and it is ~150°C higher than the
melting point of Fe shown in Stewart et al. (2007).

The (Fe, Ni)-S eutectic has been partially constrained at a range
of pressures. Stewart et al. (2007) determined the eutectic points
of the (Fe, Ni)-S system containing 36 wt.% Ni at 23 and 40 GPa.
They did not examine how the concentration of Ni affected the (Fe,
Ni)-S eutectic composition and temperature. Zhang and Fei (2008)
observed that the temperature of the eutectic point decreases with
increasing Ni content. We estimated the eutectic points of (Fe, Ni)-
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S systems at 24 GPa containing 4-5 wt.% Ni to be 16.8 wt.% S and
1020°C; 11-14 wt.% Ni to be 17 wt.% S and 980 °C, shown in Fig. 4
(Stewart et al., 2007; Zhang and Fei, 2008).

A recent study suggests that the melting point of Fe-Ni is higher
than that of pure Fe by 2 °C/wt.% Ni (Boccato et al., 2017). Accord-
ingly, we estimated the melting point of Fe-Ni with 11-14 wt.% Ni
and 4-5 wt.% Ni to be 2224 °C and 2210 °C, respectively.

3.5.2. Fe-S liquidus at 1 bar to 40 GPa

At 1 bar, the Fe-S liquidus has an inflection point, which van-
ishes at elevated pressures (Buono and Walker, 2011), and then
reappears at 14 GPa (Chen et al., 2008) and persists at 20 GPa
(Pommier et al., 2018). Results on Fe-S experiments at 24 GPa
confirm the presence of an inflection point in the liquidus curve,
contrary to the concave-downward curves proposed by Stewart et
al. (2007). We note that the data points of Stewart et al. (2007)
are consistent with the fitted liquidus curve in this study, shown
in Fig. 4.

3.5.3. (Fe, Ni)-S liquidus curves at 5 GPa to 40 GPa

Four previous studies determined the liquidus curves of the (Fe,
Ni)-S system at 5, 20, 23, and 40 GPa. Experiments at 5 and 20 GPa
indicated that Ni lowers the Fe-S liquidus (Gilfoy and Li, 2020; Liu
and Li, 2020), whereas those at 23 and 40 GPa observed little to
no change when Ni was added to the Fe-S liquidus (Stewart et al.,
2007). In this study, we observe that the (Fe, Ni)-S liquidus (11-14
wt.% Ni and 4-5 wt.% Ni) occurs at lower temperatures than the
Ni-free system at 24 GPa. The discrepancy between this study and
Stewart et al. (2007), which focused on determining the eutectic
melting points of the Fe-S and (Fe, Ni)-S system, may result from
different experimental goals.

The effect of Ni is not well understood. Based on this study and
Stewart et al. (2007), it appears that 4-5 wt.% Ni lowers the melt-

ing point of the Fe-S system more than 11-14 wt.% Ni, which, in
turn, reduces the melting point of the Fe-S system more than 36
wt.% Ni (Fig. 4). In other words, adding a small amount of Ni has
a large effect in depressing the melting point, but increasing the
amount of Ni shifts the liquidus curve towards the Ni-free system.
To date, the (Fe, Ni)-S liquidus and eutectic have been investigated
in systems with different concentrations of Ni, and therefore the
results are not directly comparable (Stewart et al., 2007; Zhang
and Fei, 2008; Morard et al., 2011; Gilfoy and Li, 2020; Liu and Li,
2020). A range of Ni concentrations needs to be explored to con-
strain how different concentrations of Ni impact the Fe-S liquidus.

4. Implications for Mercury’s core
4.1. Nickel lowers the melting point

In this study, we observe that at 24 GPa, Ni depresses the Fe-S
melting point by as much as 300°C (Figs. 4 and 5). Qualitatively
this is consistent with previous studies at <7 GPa (Liu and Li,
2020) and an indirect comparison between two studies at 20 GPa
(Pommier et al., 2018; Gilfoy and Li, 2020). The effect of Ni varies
with pressure. At 5 GPa, Ni depresses the Fe-S liquidus the most
at low S concentrations and the least at 10 wt.% S. The opposite is
true at 20 GPa. At 24 GPa, the maximum effect occurs at, ~11-13
wt.% S, the inflection point (Fig. 5).

For predicted compositions of the Mercurian core, which con-
tains 0-17 wt% S, Ni changes the melting point of Fe-S by
2°C/wt.% Ni at 0 wt.% S (Boccato et al., 2017), and up to ~-300°C
for 1-16 wt.%S (Fig. 6). Fig. 6 compares the pressure-temperature
liquidi for the Fe-S and (Fe, Ni)-S system from 5 to 24 GPa. Ni-
Free (Fe-S) liquidi are fifth-order polynomial fits to published data
(Fei et al., 2000; Stewart et al., 2007; Chen et al., 2008; Buono and
Walker, 2011; Pommier et al, 2018) and this study. Ni-Bearing
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Fig. 4. Fe-S and (Fe, Ni)-S liquidus curves at 23-25 GPa. The Fe-S liquidus is shown in red; the (Fe, Ni)-S liquidus is shown in black for 4.5 wt.% Ni and in green for 12.5 wt.%
Ni. The solid squares and circles represent the coexisting solid and liquid phase (PM-partial melt), respectively, while the open circles represent stand-alone melts (FM-fully
molten). The eutectic point is a multi colored circle and is approximated based on Li and Agee (2001), Stewart et al. (2007), and Zhang and Fei (2008). The melting point
of Fe is calculated according to the fitted curve in Anzellini et al. (2013) and Boccato et al. (2017); note these values are different than the melting point of Fe reported in
Stewart et al. (2007). 4a, are liquidus curves from single chamber experiments at 24 GPa. 4b, are liquidus curves from dual-chamber experiments. 4c compares this study and
the literature data around 24 GPa. The dashed pink and blue lines are liquidus curves proposed by Stewart et al. (2007) for the Fe-S and (Fe, Ni)-S (36 wt.% Ni), respectively.
The pink and blue stars are the experimental data from Stewart et al. (2007) for the Fe-S and (Fe, Ni)-S (36 wt.% Ni), respectively. The grey stars are experimental data from

Li and Agee (2001) at 25 GPa.

((Fe, Ni)-S) liquidi are linear fits between published data (Gilfoy
and Li, 2020; Liu and Li, 2020) and this study. Stewart et al. (2007)
are omitted from the fit in the Fe-S system at 23 GPa and are not
included for the (Fe, Ni)-S system at 23 or 40 GPa due to the small
sample size.

We observe that a small amount of Ni (5-12%) lowers the melt-
ing point more than 36 wt% Ni. To confirm this trend, we have
collected a few data points at 20% and 50% Ni; however, due to
the sparse data collected, we have only included these values in
the supplementary material. From this study, we observe a lin-
ear trend between melting temperature and increase in Ni content.
The variation in behavior occurs at the inflection point in the Fe-S
system when 0 wt.% Ni is present.

The presence of an inflection point in the Fe-S liquidus curve at
24 GPa reflects repulsive interaction between Fe and Fe-S species
in the liquid, which leads to reduced stability of a single lig-
uid with respect to the solid-liquid coexistence (Saunders et al.,

1998). In the Fe-S binary system, an inflection point exists at 1 bar,
becomes less prominent with increasing pressure, and is nearly
absent at 6-10 GPa (e.g., Liu and Li, 2020). At higher pressures,
however, an inflection point appears again at 14 GPa (Chen et al.,
2008), 20 GPa (Pommier et al., 2018), and 24 GPa (this study).
The reappearance of the inflection point seems to correlate with
the stabilization of Fe3S, and Fe3S eutectic points between Fe and
the intermediate Fe-S compounds near 14 GPa and 21 GPa, re-
spectively, indicating concurrent bonding change in the solid and
evolution of speciation and interaction in the liquid with pressure.

In the Fe-Ni-S ternary system, an inflection point occurs at 5
GPa (Liu and Li, 2020) but not at 20 GPa (Gilfoy and Li, 2020) or
24 GPa (this study). These observations seem to be consistent with
the appearance of intermediate Ni-S compounds at much lower
pressures than their Fe-S counterparts - Ni3S was observed at pres-
sures as low as 5.1 GPa (Urakawa et al., 2011) and Ni3S; is stable
at atmospheric pressure. We speculate that at the pressures be-
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tween adjacent intermediate sulfides, the stability of a single liquid
may be enhanced by the presence of multiple Fe-S species, which
leads to larger entropies and hence lower Gibbs free energies. In
contrast, at the pressures near the appearance of intermediate sul-
fides, the liquid may be dominated by one metal and one sulfide
species with strong repulsion between them.

As an alloying element, Ni has relatively small effects on the
density and melting point of Fe, but it may influence the physical
and chemical properties of Fe significantly. Nickel is extensively
used to produce stainless steel. Notably, Invar is an Fe-Ni alloy
with 36% Ni that exhibits extremely low coefficient of thermal ex-
pansion, with important industrial applications. The origin of the
Invar behavior remains a subject of research, and has been at-
tributed to a disordered non-collinear configuration between the
ferromagnetic and paramagnetic states at 1 bar (van Schilfgaarde
et al., 1999). Further studies are needed to elucidate the underlying
cause of the effects of Ni on the melting behavior of the Fe-S sys-
tem as reported here and in previous studies (Gilfoy and Li, 2020;
Liu and Li, 2020).

4.2. Core solidification models

The concentration of Ni between studies is highly variable;
however, if we assume the effect of Ni between 7 to 40 GPa is
uniform, we can calculate a pressure-temperature phase diagram
(Fig. 6) of the (Fe, Ni)-S system to infer potential solidification
regimes of the Mercurian core. Solidification regimes are inferred
based on the intersection of the Mercurian adiabat with the (Fe,
Ni)-S liquidus. We apply two different adiabats; the adiabats have
a slope of 11 °C/GPa. The adiabats represent a core-mantle bound-
ary temperature of 1427 and 1627 °C. The slope of 11 °C/GPa was
calculated by Chen et al. (2008) shown in Fig. 6.

Each of the published (Fe, Ni)-S liquidi are proposed to be ideal
(Stewart et al., 2007; Gilfoy and Li, 2020; Liu and Li, 2020), re-
sulting in a gradual increase in melting point with pressure. The
eutectic shift between 5 and 20 GPa results in a lower melting
point at 20 GPa than 5 GPa for high-sulfur concentrations. This
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Fig. 6. Pressure-temperature phase diagram for the Mercurian core. The adiabat, core
temperature, is from Chen et al. (2008) and is represented by two black lines; the
black lines represent a cold and warm core and bracket a range in proposed core
temperatures (vertical arrows). Ni-Free (Fe-S) liquidi are fifth-order polynomial fits
to published data (open circles) at variable S concentrations (Fei et al., 2000; Stew-
art et al.,, 2007; Chen et al., 2008; Buono and Walker, 2011; Pommier et al., 2018).
Ni-bearing ((Fe, Ni)-S) liquidi are linear fits between published data (closed circles)
at variable S concentrations. Please note, based on available data, the Ni concentra-
tion ranges from 50 wt.%, 9 wt.%, to 11-14 wt.% at 5, 20, and 24 GPa, respectively
(Gilfoy and Li, 2020; Liu and Li, 2020). The melting point of Fe-Ni is reported at
10 and 50 wt.% Ni, calculated based on 2 to -7°C/wt.% Ni at high to low pressure,
respectively (Boccato et al., 2017; Gilfoy and Li, 2020; Liu and Li, 2020).

gradual decrease in temperature results in different solidification
regimes. We propose two solidification regimes for the core of
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Fig. 7. Proposed solidification regimes for the Mercurian core for a range of S con-
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a Fe alloy forms at the inner core; the bulk molten core composition becomes
sulfur-rich, iron-nickel precipitates at the core-mantle boundary. The bottom row
represents an initial composition with >10 wt.% S. Iron-nickel precipitates at the
core-mantle boundary.

Mercury, shown in Fig. 7 (left). The first regime occurs when the
bulk composition is <8 wt.% S, at this condition, Fe-Ni solidifies
at 40 GPa; as the S concentration increases, Fe-Ni solidifies at the
core-mantle boundary (7 GPa). The second solidification regime oc-
curs when the bulk composition is >10 wt.% S and Fe-Ni solidifies
at 7 GPa.

Considering the temperature profile of the Mercurian core,
11°C/GPa with a core-mantle boundary temperature of 1400-
1600°C and a S concentration range of 0-17 wt.%, a composition of
<8 wt.% S is the only compositional range that would result in a
detectable partially molten core. Previous studies predict the core
is partially molten via the precipitation of Fe-snow or the forma-
tion of a Fe-S shell at the core-mantle boundary (Chen et al., 2008;
Malavergne et al., 2010). Suppose we assume similar solidification
models for the addition of Ni. In that case, there are three possible
explanations:

(i) A low core-mantle boundary temperature. For Fe-Ni snow to
occur at the core-mantle boundary, the temperature must be
1300°C or lower. This is less than the predicted range of the
core-mantle boundary, 1400-1600 °C.

(ii) There is a (Fe, Ni)-S layer at the top of the Mercurian core.
To form a (Fe, Ni)-S shell, we assume a core composed of (Fe,
Ni)-Si-S where Si is immiscible in (Fe, Ni)-S at low pressures.
This is analogous to the Fe-Si-S system, but future studies are
needed to confirm the immiscibility of the (Fe, Ni)-Si-S sys-
tem. The liquid (Fe, Ni)-S shell would form at >1300°C.

(iii) A combination of i and ii. At 1300 °C, Fe-Ni snow will form at
the core-mantle boundary within the (Fe, Ni)-S shell, as shown
in Fig. 7 (right).

Mercury is predicted to have a magnetic field insulated by Fe
snow and/or the formation of a sulfide shell. The liquidi impose
constraints on the current S range and adiabat location. The most
applicable solidification regime is the formation of Fe-Ni precip-
itation at the core-mantle boundary and 40 GPa. The formation
of iron-nickel snow can explain the decrease in magnetic field
strength. However, it does not occur until the core-mantle bound-
ary is about 1300°C. This temperature is outside the predicted
core-mantle boundary range of 1400 - 1600 °C. The lower bound-
ary of 1400°C was based on experimental constraints on the so-
lidification of Fe-S (Boehler, 1992; Chen et al., 2008). If Fe-Ni snow
is predicted to occur at the core-mantle boundary, we propose
that the core-mantle boundary temperature needs to be lowered
by at least 100 °C. If a solid (Fe, Ni)S shell is predicted to occur at
the core mantle boundary the core-mantle boundary temperature
would need to be lowered more than 100 °C.

Earth and Planetary Science Letters 599 (2022) 117865

5. Conclusions

Experiments on the Fe-S binary system at 14 GPa confirmed
the presence of an inflection point at ~10 wt.% S on the Fe-rich
side of the eutectic. Experimental data at 24 GPa show that on the
iron-rich side of the eutectic, the Fe-S liquidus curve has an inflec-
tion point at ~11.5 wt.% S, whereas the (Fe, Ni)-S liquidus curve
does not. The presence of Ni lowers the melting point of the Fe-S
system by as much as 300°C. The effect of Ni appears to have a
complex dependence on pressure and composition. Further studies
are needed to quantify the impact and explore the implications for
the Mercurian core’s thermal and chemical state and the origin of
its weak magnetic field.
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