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Abstract
Melting experiments on Fe3S were conducted to 75 GPa and 2800 K in laser-heated and
internally resistive-heated diamond anvil cells with in-situ x-ray diffraction and/or post-mortem
textural observation. From the constrained melting curve, we assessed the thermal equation of
state for Fe3S liquid. Then we constructed a thermodynamic model of melting of the system
Fe–Fe3S including the eutectic relation under high pressures based on our new experimental
data. The mixing properties of Fe–S liquids under high pressures were evaluated in order to
account for existing experimental data on eutectic temperature. The results demonstrate that the
mixing of Fe and S liquids are nonideal at any core pressure. The calculated sulphur content in
eutectic point decreases with increasing pressure to 120 GPa and is fairly constant of 8 wt% at
greater pressures. From the Gibbs free energy, we derived the parameters to calculate the
crystallising point of an Fe–S core and its isentrope, and then we calculated the density and the
longitudinal seismic wave velocity (Vp) of these liquids along each isentrope. While Fe3S liquid
can account for the seismologically constrained density and Vp profiles over the outer core, the
density of the precipitating phase is too low for the inner core. On the other hand, a hypothetical
Fe–S liquid core with a bulk composition on the Fe-rich side of the eutectic point cannot
represent the density and Vp profiles of the Earth’s outer core. Therefore, Earth’s core cannot be
approximated by the system Fe–S and it should include another light element.
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1. Introduction

Seismological, cosmochemical, and mineral physics studies
indicate that the Earth’s core is mainly composed of iron with
some amounts of impurities to account for a 4%–7% density
deficit compared to pure iron at the relevant pressure (P) and
temperature (T) conditions [1, 2]. Over 70 years since the first
proposition by [1], the light element in the core is yet to be
determined even among a small number of candidate elements:
Si, S, O, C, and H [3–5]. Of these candidate elements, sulphur
has been most extensively studied [3] and the binary system
Fe–S is currently still of significant interest [6–11]. However,
recent core formation models included silicon and oxygen as
the major light elements in the core as a consequence of metal-
silicate element partitioning in the magma ocean, leaving little
room for other light elements, i.e. sulphur, carbon, and hydro-
gen [12–14]. Sulphur might also be partitioned to the core, but
the resulting amount in the core is expected to be no more than
2 wt% (e.g. [15]). This implies that the core formation should
have been processed under disequilibrium conditions if there
is a larger amount of sulphur in the core.

The relevance of the system Fe–S to the core is testable
by comparing geophysically observable parameters which
include the density and seismic wave velocities of candidate
materials. As the large part of the core is molten, the compos-
itional model for the liquid outer core is primarily important.
First-principles calculations predicted the density and velocity
for Fe–S liquids under core pressures [16–19]. On the other
hand, direct experimental examination of the physical proper-
ties of a liquid under core pressures such as in diamond anvil
cells (DACs) is currently very challenging due to the extreme
conditions [20, 21]. In addition, the mixing properties of Fe–S
liquids need to be examined as well, without which one can-
not make an appropriate extrapolation or interpolation of the
properties between end-member liquids. The thermodynamic
model of the system Fe–S at 1 bar has been repeatedly updated
[22, 23]. The liquids show negative non-ideal mixing beha-
viours at 1 bar, which more stabilises the liquids [23]. The
mixing properties at high pressure and temperature should be
investigated to derive a reliable thermodynamic model for the
Fe–S liquids under the Earth’s core conditions. However, a
high-pressure model was only reported by [24] from exper-
imental data available at that time. Because there have been
many updates on the measurements of physical properties of
relevant phases, there needs to be a new thermodynamicmodel
with those newly published experimental data, which will also
provide reliable values of the geophysically observable para-
meters under the core conditions.

On the Fe end-member, the thermodynamic model
developed by [2] is consistent with many different types of
experimental measurements and is currently the most updated
one (see [5] for details). The key updates on experimental data

for the Fe-rich part of the system Fe–S are as follows. (a) The
T-X liquidus curve with the Fe phases at 1 bar shows a sig-
moidal shape. This is due to the nonideal nature of liquids and
a similar curve was also confirmed at 14 GPa [25]. Although
Fei et al [26] suggested a parabola-shaped liquidus curve at
21 GPa, a recent study by [27] reported a sigmoidal liquidus
curve with the Fe phase, which would indicate that the liquids
still remain nonideal at this pressure. There are no reports on
the shape of the liquidus curve with the Fe phases at greater
pressures. (b) Above 21 GPa the sulphide phase stable with
the Fe phases, i.e. under subsolidus conditions, is Fe3S (Fe-
16 wt%S) with which the subsystem Fe–Fe3S is relevant to
the Earth’s core [26]. The eutectic system between Fe and
Fe3S under pressure was recently examined by [9], which
confirmed the stability of Fe3S to 250 GPa. As such the Fe3S
phase is stable over 200 GPa and constraining its physical
properties provides vital information for the modelling of the
system Fe–Fe3S. (c) The pressure–volume–temperature (P–
V–T) equation of state (EoS) of crystalline Fe3S was recently
examined by [11].

In this study, we constructed a thermodynamic model for
the system Fe–Fe3S which is applicable to the core condi-
tions. We first determined the melting points of Fe3S under
high pressures in DAC, which was not reported at pressures
greater than 21 GPa [26] in large part because the synthesis of
single Fe3S phase in a DAC was difficult [28]. We overcame
this problem by using a homogeneous metal flake which was
deposited by physical vapor deposition (PVD) [11]. We then
assessed the EoS parameters of liquid Fe3S by reproducing the
determined melting curve by thermodynamic calculation. The
modelling further included assessment of the EoS and mixing
properties for Fe–S liquids by calculating eutectic points under
high pressures and comparing themwith existing experimental
data. Once we have modelled the Gibbs free energy of the
Fe–S liquids, we can calculate the liquidus phase relations of
the system Fe–Fe3S under core pressures. We will also calcu-
late liquid properties such as the entropy, density, longitudinal
wave velocity (Vp), and Grüneisen parameter (i.e. isentrope)
from the Gibbs free energy. As such, the crystallising point,
density, velocity, and isentrope of the outer core and the crys-
tallising inner core phase will be uniquely determined by ther-
modynamics for a given outer core composition. The geophys-
ically observable parameters (density and longitudinal wave
velocity) will be compared with those inferred from seismo-
logy and we will discuss the relevance of the system Fe–Fe3S
to the core.

2. Methods

2.1. Experimental procedure

High-pressure experiments were conducted in DAC with pairs
of opposed diamond anvils and rhenium gaskets. The culet
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size of the diamond was 300 µm. The starting material was an
amorphous metal flake with a composition of Fe3S, produced
by Dephis using the PVD technique, which was also used in
[11]. The flake was 3–4 µm thick and was homogeneous in
composition on the nm scale. The starting material was sand-
wiched between layers of compressed pellets of SiO2 glass or
Al2O3.
In-situ x-ray diffraction (XRD) experiments were per-

formed at the beamline BL10XU, SPring-8 [29]. Monochro-
matic x-rays of about 0.41 Å were focused on sample position
with areas of approximately 6 µm full-width at half maximum.
XRDdata were collected on a flat panel detector (Perkin Elmer
XRD 0822), with an exposure time of 1 s. The diffraction data
were processed to conventional one-dimension patterns using
the software packages, IP Analyzer and PD indexer [30]. High
temperatures were generated with a double-sided laser-heating
system at BL10XU. The diameter of the laser beam was about
20 µm. Temperatures were measured with a spectroradiomet-
ric method which uses apochromatic lenses. We apply a ±5%
overall uncertainty in temperature, which is a similar mag-
nitude to ±150 K at 2000–4000 K in [31, 32].

The samples were first compressed to target pressures at
room temperature based on the Raman shift of the diamond
anvils [33]. The samples were then heated to 1400–1800 K
to crystallise solid Fe3S from the amorphous starting mater-
ial. The crystallised materials were further heated by increas-
ing the laser power. The intensity of diffraction peaks from
Fe3S showed significant reduction at a high temperature in
each in-situ run. The samples were then quenched by turning
the laser power off.

The pressure determination at high temperatures was made
based on the unit-cell volume of solid Fe3S and its EoS [11].
The EoS for solid Fe3S was consistent with the EoS of Fe by
[34] based on which Komabayashi [2, 35] established ther-
modynamic models for Fe, FeO, and Fe–Si. Hence the exper-
imental data and thermodynamic model for the system Fe–
Fe3S established in this study are consistent with those earlier
datasets.

In addition to the laser-heated DAC experiments, we con-
ducted an internally resistive-heating experiment in the DAC
at the University of Edinburgh. We employed the same start-
ing material as in the laser-heating experiments, namely, we
placed a flake of Fe3S amorphous sample in the sample cham-
ber; the basic sample configuration with SiO2 glass pressure
medium is the same as in [36]. The sample was first com-
pressed to a target pressure at room temperature as in the
in-situ experiments. We heated the sample by applying the
voltage to it, which indicates that Fe3S is metal. The sample
was then quenched by turning the power off. The pressure at
high temperature was based on the diamond Raman shift after
the heating with no thermal pressure considered.

The pressure medium used in this study is either SiO2 glass
or Al2O3 in order to avoid inclusion of H2O in the sample
chamber as they adsorb a negligible amount of water on their
surface. These media are relatively hard materials compared to
other options such as KCl, and therefore non-hydrostatic stress

is expected to some extent. However, melting temperature is
hardly affected by the non-hydrostatic conditions in a DAC
as explained in appendix A. In addition, the deviatoric stress
developed in the sample chamber should be largely released
due to laser or resistive annealing (e.g. [37]).

Textural observations of recovered samples were employed
with scanning electron microprobes (SEM) at the University
of Edinburgh. Sample preparation for the microprobe analysis
was done by the Ion Slicer (JEOL EM-09100IS) or a Focused
IonBeam system (Zeiss Crossbeam 550 FIB-SEM) installed at
the University of Edinburgh. The samples sectioned by the Ion
Slicer were then mounted and analysed in the Zeiss SIGMA
HD VP Field Emission SEM system. Back-scattered electron
(BSE) images with an accelerating voltage of 15 kV were
used to explore textural differences in the samples to identify
molten textures. Other samples were prepared with an in-situ
milling system by the FIB. Theyweremilledwith a trapezoidal
geometry to expose the laser heated region using Ga ions. Ini-
tial millings were made using relatively high beam currents
(30–65 nA), with smaller beam currents (7–3 nA) used after to
polish the surface for clearer visibility of textures. BSE detect-
ors were used for textural analysis of the samples operating at
either 3 or 15 kV with a field-emission gun.

2.2. Thermodynamics

Themelting of Fe3Swasmodelled based on experimental data.
Phase equilibrium relations were calculated from the Gibbs
free energy of phases as a function of P, T, and composition.
The Gibbs free energy of a phase at a given P–T condition is
expressed as:

G= G◦
T +

Pˆ

1bar

VTdP (1)

where G◦
T is the Gibbs free energy at P = 1 bar and T of

interest and VT is the molar volume for the phase at T. G◦
T can

be expressed with a polynomial function as:

G◦
T = a+ bT+ cTlnT+ dT 2 + eT−1 + fT0.5. (2)

The volumetric term in equation (1) is calculated from a P–
V–T EoS of the phase. In this study, the room-temperature
volume is expressed with the Vinet EoS as:

P298 = 3K0x
−2(1− x)exp

[
3
2
(K ′ − 1)(1− x)

]
(3)

where x ≡ (V/V0)1/3 and, P298, K0, K′, and V0 are the pressure
at 298 K, the isothermal bulk modulus, its pressure derivative,
and the molar volume at 1 bar and 298 K, respectively.

The thermal expansivity at high pressure was modelled
using the Anderson–Grüneisen parameter, δT [38, 39]:

∂ lnα
∂ lnV

= δT = δ0η
κ (4)

3
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where η ≡ V/V0, δ0 is the value of δT at 1 bar and κ is the
dimensionless parameter. This equation yields:

α

α0
= exp

[
−δ0

κ
(1− ηκ)

]
(5)

where α0 is the thermal expansivity at 1 bar.
Eutectic melting relations in the system Fe–Fe3S were

obtained by calculating liquidus curves (e.g. [40]). Here we
reproduce the mathematical manipulations made by [41]. For
a liquidus where an Fe solid phase coexists with a liquid phase
(i.e. Fe-liquidus),

µLiquid
Fe = µSolid

Fe = gSolidFe (6)

where for example, µLiquid
Fe is the chemical potential of Fe in

the liquid phase and gSolidFe is the molar Gibbs free energy
of the solid Fe phase (i.e. pure Fe). Note that the solid
phases were assumed to have the stoichiometric compositions
(e.g. pure Fe) at all the P–T conditions studied here. Simil-
arly, for the liquidus where the Fe3S solid phase coexists with
a liquid phase (i.e. Fe3S-liquidus),

µLiquid
Fe3S = µSolid

Fe3S = gSolidFe3S . (7)

On the other hand, the chemical potential of Fe in a liquid in
the Fe–Fe3S system at given P–T conditions is expressed as:

µLiquid
Fe = gLiquidFe +RTlnaLiquidFe (8)

where aLiquidFe is the activity of Fe in the liquid phase and R is
the gas constant. Using equations (6) and (8), one obtains,

lnaLiquidFe =−
(
gLiquidFe − gSolidFe

)
/RT. (9)

This becomes,

lnaLiquidFe =−∆gFe/RT=−(∆hFe −T∆sFe)/RT (10)

where ∆gFe, ∆hFe, and ∆sFe are the molar Gibbs energy
change, molar enthalpy change, and molar entropy change,
respectively, of Fe upon melting. At the melting point of
Fe, TmFe, ∆gFe = 0, and therefore ∆hFe = TmFe∆sFe. In
the calculations of the eutectic relation, we further simplified
equation (10) by assuming∆hFe and ∆sFe were constant:

lnaLiquidFe =
∆sFe
R

(1−TmFe/T) . (11)

The thermodynamic parameters for the Fe end-member were
from an existing thermodynamic model [2]. For the solid and
liquid Fe3S phases, the database established in this study is
used.

The activity of a component in a liquid phase is described
as:

a= ΓX

where Γ is the activity coefficient and X is the mole fraction
of the component. For 1 bar, we adopted a nonideal mixing
model for Fe–S liquids evaluated by [23]. In the calculations
of the binary phase relations, the properties of Fe3S need to be
for Fe0.75S0.25.

3. Results

3.1. High-P–T experiments

We conducted four sets of laser-heating experiments with in-
situ XRD at 36 GPa to 75 GPa at BL10XU, SPring-8 and one
internal resistive-heating run at 38 GPa at the University of
Edinburgh. The experimental P–T conditions and results are
summarised in table 1. In all the experiments, we confirmed
melting of Fe3S as detailed below. No other iron-alloy phases
were observed in all the runs, indicating that Fe3S congru-
ently melts. The results are compared with existing data on
the eutectic point [9, 26, 42, 43] in figure 1.

Figure 2 shows a series of XRD patterns in in-situ run #1
at 36 GPa. Starting with an amorphous material, laser heat-
ing crystallised solid Fe3S, which continued up to 1770 K.
We then observed significant reductions of peak intensity from
solid Fe3S upon further heating to 1850 K. We then kept
increasing temperature to 2180 K. While some peaks from
solid Fe3S remained at the highest temperature, peaks from
the pressure medium SiO2 became most intense in the final
pattern (figure 2). The sample was quenched by turning the
laser power off. We conducted an internal resistive-heating run
at similar P–T conditions of 38 GPa and 1980 K (run #5).
The recovered sample from the resistive experiment observed
in the SEM shows a molten texture in which metal liquids
infiltrated along the grain boundaries of the pressure medium
(figure 3(a)). Therefore, the melting point at 38 GPa should be
below 1980 K. From these lines of evidence, it is most likely
that the significant reductions of peak intensity observed at
1850 K in the 1st run indicates melting of Fe3S and the melt-
ing point should be placed between 1770 K and 1850 K. The
remaining peaks from solid Fe3S at 2180 K would be due to
the temperature gradient across the sample.

In the second run starting at 37 GPa, we observed drastic
reductions of sample peak intensity at 2050 K (figure 4). In
addition, a sudden rise of the baseline of the XRD pattern was
clearly observed at the same temperature, which most likely
indicates the presence of diffuse scatterings from a liquid
phase (figure 4). We quenched the sample from 2310 K and
confirmed amolten texture in the SEM.We interpreted that the
melting occurred at 2050 K (table 1). In the third and fourth
runs, we quenched the samples when drastic peak reductions
from the samples were observed with in-situ XRD. Dend-
ritic textures (figure 3(b); figure A1 in appendix B) or liquid
migration (figure 3(c)) were observed in the post-mortem SEM
observation. As such, all the runs reached melting points.

The SEM image of the 4th run at 75 GPa clearly shows
melted and unmelted parts of the sample (figure 3(c)). This was
compared with the temperature profile collected during the
in-situ run (figure 3(c)), which places tight constraints on the
melting point. The boundary between themelted and unmelted
parts lies at 2680 K.

As shown below, a thermodynamic model of melting of
Fe3S was developed in this study, which is consistent with
all the present experimental data. This confirms that there is
no systematic difference in melting point under high pressure
between runs with SiO2 glass and Al2O3 pressure media.

4
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Table 1. Experimental conditions and results.

Pressure (GPa) Temperature (K)
Observed solid phases
by in-situ XRD Remarks

Laser-heating
1st run (SiO2–P medium) 35.8 (2.7) 1770 (90) Fe3S

35.7 (2.8) 1850 (90) Fe3S (weak peaks) Melting
36.0 (2.8) 1950 (100) Fe3S (weak peaks)
36.0 (2.8)a 2180 (110) Fe3S (weak peaks)

2nd run (SiO2–P medium) 36.8 (3.8) 1440 (70) Fe3S
36.5 (3.6) 1450 (70) Fe3S
37.2 (3.8) 1510 (80) Fe3S
37.4 (3.9) 1560 (80) Fe3S
37.4 (3.0) 1610 (80) Fe3S
37.2 (3.0) 1670 (80) Fe3S
37.3 (3.3) 1750 (90) Fe3S
40.6 (2.6) 1790 (90) Fe3S
40.7 (2.6) 1800 (90) Fe3S
40.7 (2.6) 1820 (90) Fe3S
41.8 (2.8) 1860 (90) Fe3S
41.8 (2.8)a 2050 (100) Fe3S (weak peaks) Diffuse scatterings, Melting
41.8 (2.8)a 2060 (100) Fe3S (minor)
41.8 (2.8)a 2110 (110) Fe3S (minor)
41.8 (2.8)a 2210 (110) Fe3S (minor)
41.8 (2.8)a 2220 (110) Fe3S (minor)
41.8 (2.8)a 2310 (120) Fe3S (minor) Molten texture

3rd run (Al2O3–P medium) 73.3 (3.6) 1730 (90) Fe3S
71.4 (3.7) 1820 (90) Fe3S
70.8 (3.8) 1910 (100) Fe3S
71.3 (3.5) 1980 (100) Fe3S
70.1 (3.5) 2210 (110) Fe3S
67. 4 (4.4) 2390 (120) Fe3S
66.8 (4.6) 2550 (130) Fe3S
66.8 (4.6)a 2560 (130) Fe3S (weak peaks) Molten texture; Melting

4th run (Al2O3–P medium) 77.2 (6.7) 1790 (90) Fe3S
75.6 (6.5) 2070 (110) Fe3S
75.2 (5.9) 2310 (120) Fe3S
74.7 (5.2) 2430 (120) Fe3S
74.7 (5.2)a 2820 (140) Fe3S (minor) Molten texture; Melting

74.7 (5.2)b 2680 (134) Solid–liquid boundary

Internal resistive-heating
5th run (SiO2–P medium) 38.4c 1980 (60) Molten texture; Melting
a Constant pressures were assumed when the reliable unit-cell volume of Fe3S was not obtained.
b The solid–liquid boundary was observed in the SEM image (figure 3(c)).
c The pressure at high temperature was assumed to be the same as that after quench.

3.2. Thermodynamics of melting of Fe–Fe3S

A thermodynamic model for eutectic melting of the sys-
tem Fe–Fe3S was constructed based on the newly obtained
and existing experimental data. G◦

T of the relevnt phases are
expressed using equation (2) and tabulated in table 2.We adop-
ted the thermodynamic model for pure Fe to 360 GPa and
7000 K by [2], in which the EoS parameters for liquid Fe
were derived by reproducing experimentally constrained melt-
ing points. The validity and applicability of the model of liquid
iron [2] were critically tested in wide range of research fields

from solid state physics by first-principles calculation [44, 45]
to petrology [46, 47]. Maintaining consistency with the previ-
ously established liquid Fe properties is an important guiding
principle on developing the understanding of the system Fe–S,
particularly at relatively diluted sulphur concentrations to 25
at%, in this study.

For calculations of the eutectic system, since our focus
is on the subsystem Fe–Fe3S, we first modelled Fe3S liquid
under high pressures. We took the thermal EoS for solid
Fe3S recently reported by [11] which were refitted with the
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Figure 1. Experimental P–T conditions on the melting of Fe3S of
this study: red symbol, laser heating with in-situ XRD; blue symbol,
internal resistive-heating run. The solid and open symbols denote
stability of Fe3S solid and liquid respectively based on table 1. The
red melting curve of Fe3S is calculated with the thermodynamic
model established in this study. Existing experimental data on the
eutectic temperature for the system Fe–Fe3S are also plotted [9, 26,
42, 43] with the black line from [9].

Vinet–Anderson–Grüneisen model adopted in [2] (table 3).
The standard enthalpy of formation at 1 bar and 298 K
(∆fH◦

298), standard entropy at 1 bar and 298 K (S◦298), and
isobaric heat capacity at 1 bar and T K (C◦

p, T) for the Fe–S
liquids were obtained from the nonideal mixing model [23],
which were used to calculate the G◦

T for Fe3S liquid (table 2).
We simultaneously optimised the EoS of liquid Fe3S and

∆fH◦
298, S

◦
298, and C

◦
p, T for solid Fe3S, based on the melting

points under high pressures determined in this study and [26].
The EoS of liquid Fe3S was also constrained by the dens-
ity data at 1 bar [48] and 4 GPa at 1923 K [49]. A further
constraint on the liquid density at core pressures came from
Richard’s rule along the melting curve (a constant entropy of
fusion for metals on the order of the gas constant) (e.g. [50])
because this rule holds for melting of Fe, FeS, and FeS2
under high pressures [2, 51, 52]. The optimised paramet-
ers are, V0 = 30.9 cm3 mol−1, K0 = 70 GPa, K′ = 6.5,
α0 = 5 × 10−5 K−1, δ0 = 4.1, with κ fixed at 0.56 which is
the same value as for pure Fe [2]. The comparison of the cal-
culated melting line with the experimental data were shown in
figure 1. The EoS parameters of different Fe-alloys are listed
in table 3.

The eutectic phase relations under high pressures were
calculated so that the calculated eutectic point (composition
and temperature) would reproduce the existing experimental
data at 21 GPa [26, 27], 60 GPa [9], 123 GPa [8, 9], and
250 GPa [9] (figure 5). We first calculated the melting tem-
peratures and the properties of the end-members, Fe and Fe3S,
at a pressure of interest, and calculated the eutectic relations
by mixing the end-member liquids using mixing parameters.
Ideally, the modelling of mixing should be done over the
whole compositional range, i.e. Fe–S, under high pressures as
was done at 1 bar (e.g. [23]). However, this needs the complete

Figure 2. XRD patterns collected during in-situ laser-heating run at
36 GPa (1st run) with SiO2 glass pressure medium. Significant
reduction of peak intensity from the sample Fe3S solid was
observed at 1850 K, which was interpreted as the onset of melting.

thermodynamic information about the melting of S at the rel-
evant pressures. This is not possible at the time as this includes
modelling of numerous numbers of solid–solid phase trans-
itions in S [53–57]. Therefore, we here propose a simplemodel
which is based on the subsystem Fe–Fe3S including one mix-
ing parameter as a function of pressure, which will serve as a
guide for future studies. Using the Redlich and Kister model
[58, 59], the molar Gibbs free energy of an Fe–Fe3S liquid
(gLiquidSolution) is expressed as:

gLiquidSolution = gLiquidFe XFe + gLiquidFe3S XFe3S

+RT(XFelnXFe +XFe3SlnXFe3S)+XFeXFe3SLFe,Fe3S
(12)

where LFe,Fe3S represents the interaction parameter. Note again
that Fe3S should be Fe0.75S0.25 in the calculations.

Equation (12) yields,

RTlnΓFe = X 2
Fe3S ∗LFe,Fe3S (13)

RTlnΓFe3S = (1−XFe3S)
2 ∗LFe,Fe3S. (14)
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Figure 3. BSE images of recovered samples: (a) 5th run, (b) 3rd run, and (c) 4th run. (a1) The boundary between the sample and pressure
medium is clearly recognised and no melting was observed. (a2) Infiltration of the sample metal along the grain boundaries of the pressure
medium (indicated by arrows) was observed, which serves as a piece of evidence of melting. (b) A dendritic texture was observed within the
metal sample. Infiltration of the sample melt into the pressure medium is also recognised. (c) Migration of the sample at the heated spot was
observed which indicates melting of the sample during laser heating. In this sample, a boundary between melted and unmelted portions of
the sample is clearly recognised, which is compared with the temperature profile. The melting temperature is estimated to be 2680 K.
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Figure 4. XRD patterns collected in the 2nd run. The intensity of peaks from solid Fe3S was significantly reduced upon heating to 2050 K.
The baseline of the pattern at 2050 K is noticeably higher than those collected at lower temperatures, which likely indicates the presence of
diffuse scatterings from a liquid phase.

Table 2. Gibbs energies of end-member phases at 1 bar and T (in K) (G◦
T) (J mol−1) = a + bT + cTlnT + dT2 + eT−1 + fT0.5.

Phase a b c d e f

fcc irona 16 300.921 381.47 162 −52.2754 0.000 177 578 −395 355.4 −2476.28
hcp ironb 12 460.921 386.99 162 −52.2754 0.000 177 578 −395 355.4 −2476.28
Liquid ironc −9007.3402 290.29 866 −46 0 0 0
Solid Fe3Sd −86 869 808.6635 402 −140 0 0 0
Liquid Fe3Se −122 616 1024.1629 −170.19 173 0 0 0
a fcc iron [2].
b hcp iron [2].
c Liquid iron [2].
d Solid Fe3S: [24, this study].
e Liquid Fe3S [23].

Table 3. Thermophysical parameters in the Vinet–Anderson–Grüneisen equation.

Phase V0 (cm3 mol−1) K0 (GPa) K′ α0 (×10−5 K−1) δ0 κ

fcc irona 6.82 163.4 5.38 7 5.5 1.4
hcp ironb 6.753 163.4 5.38 5.8 5.1 1.4
Solid Fe3Sc 28.379 120.0 5.7 3.3 6.1 1.4

Liquid irond 6.880 148.0 5.8 9.0 5.1 0.56
Liquid FeOe 13.16 128.0 3.85 4.7 4.5 1.4
Liquid Fe0.9235Si0.0765 (Fe–4 wt%Si)f 6.909 150.3 5.81 9.0 5.1 0.56
Liquid Fe3S (Fe–16 wt%S)g 30.90 70.0 6.5 5.0 4.1 0.56
a fcc iron [2].
b hcp iron: refitted to the data of [34] by [2].
c Solid Fe3S: refitted to the data of [11].
d Liquid iron [2].
e Liquid FeO [2].
f Liquid Fe0.9235Si0.0765 (Fe–4 wt%Si) [35].
g Liquid Fe3S (Fe–16 wt%S): [this study].

8



J. Phys.: Condens. Matter 34 (2022) 394003 S Thompson et al

Figure 5. Eutectic phase diagrams calculated in this study for the system Fe–Fe3S at selected pressures. At 21 GPa, experimental data are
from [26] (cross) and [27] (half-filled circle, solid + liquid; solid circle, liquid). Our calculated black lines are compared with the red curve
inferred by [26]. At 60 and 250 GPa, the experimental data showing the eutectic points [9]. At 123 GPa, the experimental data are the
left-pointing triangle, Fe3S-liquidus [9]; right-pointing triangle, Fe-liquidus [9]; open circle and square, liquid and subsolidus assemblage
[8]. Note that the eutectic point and Fe3S-liquidus at 330 GPa are hypothetical due to the breakdown reaction of Fe3S.

In the present calculations, equations (13) and (14) were
used to obtain Γ and equation (12) was not directly used. The
optimised LFe,Fe3S as a function of pressure is:

LFe,Fe3S = 27.81 ∗ 10−8 ∗P4 + 2531.31 ∗ 10−8 ∗P3

− 7436829 ∗ 10−8 ∗P2 + 118613331.39 ∗ 10−8 ∗P
+ 2838394223643.24 ∗ 10−8 (P in GPa) . (15)

This model is consistent with the nonideal mixing
behaviour of the Fe–S liquids by [23] at 1173 K and
1 bar, and therefore, the mixing behaviour at low pres-
sures, i.e. 21 GPa where the eutectic point is at about
1300 K should have been properly calculated. Calculated

eutectic relations at several different pressures are shown in
figure 5.

Here we compare the liquidus curve between experi-
ment and our thermodynamic calculation. Our thermodynamic
model was evaluated based on eutectic points and we here dis-
cuss the resulting shape of the Fe-liquidus curve. At ambient
pressure to 21 GPa, the experimental studies showed that an
inflection occurs on the Fe-liquidus curve which should be
due to the nonideal properties of the Fe–S liquids [23, 25, 27].
The calculated Fe-liquidus curve reproduces the latest experi-
mental data by [27] at 21GPa, showing an inflection between 0
to 10.58 wt% sulphur (figure 5). Fei et al [26] assumed a para-
bolic shape which implicitly suggested a nearly ideal mixing
between Fe and S liquids, but our calculations show that the
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Table 4. Melting points of Fe3S and eutectic points of the system
Fe–Fe3S under high pressures.

P (GPa)
Melting T
of Fe3S (K)

Eutectic
T (K)

S content in eutectic
point (wt%)

21 1360 1290 15.4
60 2490 2050 10.9
123 3490 2680 8.4
136 3650 2780 8.4
150 3830 2870 8.4
200 4390 3220 8.1
250 4920 3530 7.9
330a 5710 3990 7.7
a Data are hypothetical as Fe3S solid is not stable at 330 GPa.

liquids should still be nonideal. The liquidus shape was not
constrained by experiment under greater pressures (figure 5).
Our calculations show that the inflection is not observed under
core pressures. Note that while the Fe3S-liquidus curve at
330 GPa is hypothetical due to a breakdown reaction of Fe3S
into hcp Fe phase and Fe2S at 250 GPa [7, 10], the Fe-liquidus
is not affected by the stability of Fe3S.

Table 4 lists the eutectic compositions and temperatures
of selected pressures and figure 6 shows a comparison of the
calculated results with published experimental data [8, 9, 26,
42, 43, 60–62]. While all the experimental eutectic temper-
atures are well reproduced by our calculations (figure 6(b)),
the eutectic compositions are only fairly reproduced and the
data at 250 GPa by [9] is not resolved (figure 6(a)). The
optimisation of LFe,Fe3S relied more on the eutectic temperat-
ure rather than the eutectic composition since reliable chem-
ical analysis on a DAC sample is still challenging. The eutectic
temperature is 2400 K and 1700 K lower than the Fe and
Fe3S melting points respectively at the bottom of the outer
core (figure 6(b)). The dP/dT slope of the eutectic curve is
steeper than the end-member melting curves, particularly up
to 120 GPa (figure 1). This is associated with the pressure
evolution of eutectic composition. The eutectic point is shift-
ing towards the Fe-rich side from near Fe3S at 21 GPa as
discussed later (figures 5 and 6), which makes the differ-
ence in melting point between Fe3S and eutectic point lar-
ger. This shift of eutectic composition with pressure occurs
because the molar volume of solid Fe3S is smaller than that
of solid Fe at those P–T conditions, which results in the dif-
ferent pressure evolutions of Gibbs free energy between the
end-members.

4. Discussions

4.1. Melting of Fe3S and the equation of state for the liquid
phase

Detection of melting in a DAC has been a major concern in
the high-pressure community (see [63] for review). Among
the criteria of melting, reduction of XRD peaks from the target
solid and the presence of so-called temperature-plateau which
is a plateau in temperature vs laser power relationship, were
often adopted. However, these techniques are not considered

Figure 6. (a) Sulphur content in eutectic melt as a function of
pressure in the Fe–Fe3S system [8, 9, 26, 43, 60–62]. (b) Eutectic
temperatures (red line) of the Fe–Fe3S system calculated in this
study in comparison with experiment data [8, 9, 26, 42, 43].

to provide robust constraints. In this study, we constrained the
melting points of Fe3S based on observations of (i) reduction
of XRD peaks (all the runs), (ii) diffuse scatterings (2nd run),
and/or (iii) molten textures in post-mortem textural analysis
(2–5th runs). (ii) and (iii) are currently considered to be most
reliable methods to prove the presence of a melt in DAC exper-
iments [9, 64]. In the 1st run, (i) was applied at 36 GPa and the
5th run at a similar pressure (38 GPa) supports melting of Fe3S
at those conditions. In the 2nd run, we observed both (i) and
(ii) at the same temperature. The 3rd and 4th runs confirmed
melting of Fe3S based on (i) and (iii) at the same temperat-
ures. We did not observe a clear indication of the presence
of a temperature plateau in the 1st and 2nd run (figure A2 in
appendix C), which confirms that the temperature plateau is
not a robust technique to detect melting. As such, the present

10



J. Phys.: Condens. Matter 34 (2022) 394003 S Thompson et al

Table 5. Calculated physical properties of Fe-alloy liquids.

P (GPa) T (K) Compositiona V (cm3 mol−1) KT (GPa) α (×10−5 K−1) S (J K−1 mol−1) γc Vp (km s−1)

136 4000 Fe 5.182 587 1.78 104.3 1.52 7.77
Fe0.82O0.18 (Fe–5.9 wt%O) 4.871 551 1.54 108.7 1.07 7.67
Fe0.9235Si0.0765 (Fe–4 wt%Si) 5.224 589 1.81 104.4 1.63 8.00
Fe0.75S0.25 (Fe–16 wt%S) 5.010 614 0.93 124.0 0.71 7.95
Fe0.9S0.1 (Fe–6 wt%S) 5.113 597 1.45 117.8d 1.17 7.81

330 6000 Feb 4.250 1224 0.86 108.4 1.39 9.99
Fe0.82O0.18 (Fe–5.9 wt%O) 3.914 1122 0.79 116.5 0.86 9.69
Fe0.9235Si0.0765 (Fe–4 wt%Si)b 4.288 1227 0.88 107.5 1.51 10.28
Fe0.75S0.25 (Fe–16 wt%S) 4.108 1287 0.52 134.5 0.70 10.40
Fe0.9S0.1 (Fe–6 wt%S) 4.193 1248 0.73 124.4d 1.09 10.12

a Fe [2]; Fe0.82O0.18 [2]; Fe0.9235Si0.0765 [35]; Fe0.75S0.25 [this study]; Fe0.9S0.1 [this study].
b 6000 K at 330 GPa is below the melting points for Fe and Fe–4 wt%Si.
c γ, Grüneisen parameter which is given by γ = αVKT/Cv, where Cv is the heat capacity at a constant volume.
d The entropy of Fe–6 wt%S was temporarily calculated by assuming ideal mixing of the free energies of Fe and Fe3S; γ and Vp are not affected by this
assumption since the excess chemical potential is nearly constant under core conditions, i.e. Cv is properly calculated.

experiments reliably constrained the melting points of Fe3S up
to 75 GPa.

Previously, themelting point of Fe3S (Fe-16wt%S) was not
experimentally determined above 21 GPa [26] due to the dif-
ficulty in synthesizing a single phase of Fe3S from a powder
mixture. In the present study, we used the metal flake produced
by the PVD technique which enabled us to synthesize a single
phase of Fe3S in aDAC [11]. Thuswe placed constraints on the
melting points of monomineralic Fe3S under high pressures.
We observed that Fe3S congruently melts, which justifies our
thermodynamicmodelling of the subsystem Fe–Fe3S. Figure 1
shows that the melting point of Fe3S under high pressures
lies between the Fe melting point [2] and Fe–Fe3S eutectic
point [9, 42].

The constructed EoS for liquid Fe3S coupled with our pub-
lished EoS for solid Fe3S [11] (table 3) shows that the density
change upon melting at 330 GPa is 2.3%, which is compar-
able to that on pure iron melting (2.0% [2]). This confirms the
prediction by [11] that the melting behaviour of Fe3S should
be similar to that of pure Fe under core pressures. Anderson
and Ahrens [52] reported that the entropy of fusion of FeS and
FeS2 in shock compression experiments were on the order of
the gas constant, based on which we applied Richard’s rule
to the melting of Fe3S during our optimisation of the EoS for
liquid Fe3S. On Richard’s rule, this is considered to hold for
metals [50]. A sulphur rich compound, FeS2 (pyrite), is a semi-
conductor at 1 bar, but turns into ametal at about 110GPa [65].
As such the phases in the compositional range between Fe and
FeS2 which includes Fe3S are metals under high pressure. Cal-
culated physical properties of solid and liquid Fe3S are given
in appendix D (table A1).

Table 3 compares the EoS parameters of various Fe-light
element alloys [2, 35, this study] and table 5 shows calculated
physical properties of these alloy liquids under core condi-
tions. Liquid Fe3S is very compressible at low pressure but
becomes incompressible at greater pressures. Due to the low
K0 and high K′ for liquid Fe3S, addition of sulphur to iron
liquid increases the Vp more at the deep outer core than at the
shallower levels (table 5).

4.2. Mixing properties of Fe and Fe3S liquids under core
conditions

The parameter LFe,Fe3S expresses interaction between Fe and
Fe3S (Fe0.75S0.25 in the calculations) liquids. We here dis-
cuss the mixing behaviour of the system Fe–Fe3S based on
the Gibbs free energy-composition curves (i.e. G–X) at core
pressures from our modelling which reproduce experiment-
ally determined eutectic points (red in figure 7). As mentioned
above, the whole compositional range (i.e. Fe–S) should be
modelled in the future. Nevertheless, the mixing behaviour of
Fe–S liquids can be partially discussed in figure 7. The G–X
curve that we fit is compared with a hypothetical ideal mix-
ing line between Fe and S liquids (black), which connects the
Gibbs free energies of Fe and Fe3S assuming ideal mixing
between Fe and S. The difference in chemical potential is, e.g.
−10 and−15 kJ mol−1 at XFe3S = 0.4 (Fe-6 wt%S), at the top
and bottom of the outer core respectively (figure 7), which is
fairly large for a chemical potential value. Therefore, the mix-
ing line that we fit (red) does not represent ideal mixing of Fe
and S liquids. On the other hand, these differences in chemical
potential do not necessarily yield the excess chemical poten-
tial as the true chemical potential value of liquid S (i.e. the true
position of the ideal mixing line) is unknown. In either way,
we can conclude that the Fe–S system should be nonideal at
any depth in the outer core, as well as at 1 bar [23].

The nonideal behaviour of the Fe–Fe3S liquids seems con-
trary to the results of first-principles calculations [16] which
argued that the mixing of liquids at the Fe-rich portion of
the system Fe–S would be ideal under core conditions from
their results of a linear density-concentration relation up to
10.3 wt%S, while Fe–S liquids show negative excess volume
of mixing at 1 bar to 4 GPa [49, 66]. We calculated the molar
volume of Fe–S liquids at XFe3S = 0.2 (Fe-2.9 wt%S) to
XFe3S = 0.8 (Fe-12.6 wt%S) under core conditions by differ-
entiating the Gibbs free energy with pressure and compared it
with the linearly (i.e. ideally) averaged one between the end-
member liquids. The results show that the difference between
the two volumes is negligible of less than 0.02%. Therefore,
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Figure 7. Gibbs free energies of liquids in the system Fe–S at
conditions relevant to the (a) top and (b) bottom of the outer core.
The anchor points are the potentials of the Fe [2] and Fe3S [this
study]. The red curves represent the Gibbs free energies modelled
between Fe and Fe3S in this study, which account for experimentally
determined eutectic points (figure 6). The black lines are the Gibbs
free energies representing ideal mixing between Fe and S, which
connect the energies of Fe and Fe3S with an ideal mixing line. The
red line should be modelled for the Fe–S system in the future.

the volume of a solution under core conditions can be obtained
by ideally mixing Fe and Fe3S liquids. This is consistent with
[16]’s argument based on the density, although density is an
intensive variable and not directly relevant to testing whether
a solution is ideal (see [2]). Thus the Fe–Fe3S liquids are
nonideal solutions but their molar volumes can be calculated
by linear averaging based on the composition.

The linear V–X relation for the Fe–Fe3S liquids over
the outer core conditions implies that the excess Gibbs free
energy would be constant. The origin of the excess free
energy might be an excess entropy. Similarly, a constant
excess free energy over the outer core conditions implies that
the excess entropy would be constant as well, which sug-
gests that we can reasonably derive the heat capacity of the
liquids.

4.3. Eutectic point under high pressures

The eutectic points of the system Fe–Fe3S were calculated
up to the pressure of the outer core-inner core boundary
(ICB, 330 GPa) by assessing the interaction parameter LFe,Fe3S

Figure 8. Isentropic temperature profiles of Fe [2], Fe–4 wt%Si
[35], Fe–5.9 wt%O [2], Fe-5.8wt%Si-0.8wt%O [35], Fe–16 wt%S
[this study], and Fe–6 wt%S [this study] outer cores. The mantle
profile [67] and mantle solidus at the CMB [68] are shown.

(table 4 and figure 5). The eutectic composition becomes more
iron-rich to 120 GPa and then nearly constant of Fe-8 wt%S at
greater pressures, namely the core pressures, while the eutectic
temperature monotonously increases with increasing pressure
(figure 6). The eutectic compositions calculated in this study
are generally consistent with experimental values [8, 9, 26, 43,
60, 61] except for the very high pressure data at 250GPa. From
the thermodynamic point of view, further reduction of sulphur
content in eutectic melt above 120 GPa requires that the molar
volume of solid Fe3S decreases much more than that of solid
Fe, which is unlikely [11]. Since the compression behaviours
of these solid phases were tightly constrained to core pressures
[11, 34], the calculated eutectic composition under core con-
ditions shown in figure 6(a) should be reliable.

4.4. Sulphur in the core

We now consider the profiles of temperature, density and Vp
for a hypothetical Fe3S liquid core. Starting at the crystallising
point (i.e. liquidus) at the ICB, we calculated the isentrope for
the Fe3S liquid core (figure 8) using:

dT/dP= TαV/Cp (16)

where α is the thermal expansivity, V is the molar volume,
and Cp is the isobaric heat capacity, all of which are derived
from differentiating the Gibbs free energy. Note that the crys-
tallising point of liquid Fe3S at 330GPa in figure 5 is hypothet-
ical as solid Fe3S breaks down to an hcp phase and Fe2S phase
at 250 GPa [7, 10]. The high-pressure assemblage should
have a higher crystallising point, and therefore, the isentrope
for liquid Fe3S in figure 8 is considered to be the minimum
temperature profile. The core profile is compared with the
mantle geotherm [67] and the mantle solidus at the core-
mantle boundary (CMB, 136GPa) [68] (figure 8). Morard et al
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Figure 9. Density and Vp of Fe–S liquids over the outer core
conditions. The profiles are along each isentrope starting at a
temperature of the inner core boundary (TICB) (figure 8). Results
from the first principles calculations are shown (lines: [17–19];
stars: [16]). Results from the density measurements of a shock wave
compression study [69] are also plotted. For reference, the
isentropic profiles of liquid Fe [2] and the seismologically
constrained profiles (PREM, [70]) are also indicated.

[32] discussed that >2 wt% sulphur might be needed in the
Earth’s core in order to reduce the core temperature so that it
would be below the mantle solidus temperature at the CMB
(ca. 4180 K) [68]. Their modelling of the core temperature
was based on assumed isentropes for core melts. Our calcu-
lated eutectic diagram for 330 GPa (figure 5) and isentropes
for Fe–S liquids yield that the sulphur concentration in the
core whichwould keep the core temperature at the CMBbelow
4180 K is 3–13 wt% (e.g. Fe-6 wt%S in figure 8).

We then calculated the density and Vp profiles for Fe-
16 wt%S (Fe3S) and Fe-6 wt%S liquids core along their isen-
tropes, compared with existing data by first-principles calcu-
lation [16–19], shock wave compression experiment [69], and
a seismologically constrained model (PREM, [70]) (figure 9).
Considering the two competing factors, which are temperature
and concentration of sulphur, our density profiles are qual-
itatively consistent with those of the first-principles calcula-
tions [16–19]. Our calculated density profile for Fe-16 wt%S
matches the PREM values at 5710 K at the ICB. In contrast
the shock compression data reported only 10 wt% sulphur is
needed to account for the PREM profile at a similar temperat-
ure, 5400 K at the ICB [69].

This study newly provided the Vp of the Fe3S liquid core,
which is consistent with the PREM values within the feas-
ible uncertainty range (±1%) (figure 9). Since the isentrope
was calculated by equation (16) with the crystallsing point
at the ICB (figure 5) and thermodynamic parameters derived
from the Gibbs free energy, our density and Vp profiles are

Figure 10. Effects of sulphur on the Vp, adiabatic bulk modulus
(Ks), and density (ρ) of liquid iron at 330 GPa. Data from different
approaches are compared [16, 18, this study]. Note that the
parameters are normalized to those for pure iron.

self-consistent, contrary to the existing reports which separ-
ately assumed the ICB temperatures and isentropes. The dens-
ity and Vp profiles matching the PREM reinforces Thompson
et al [11]’s conclusion that the sulphur content in the outer
core needs to be as much as 16 wt% (Fe3S) if it is the sole
light element in the core. However, the density of precipitat-
ing phase to form an inner core (Fe2S) is too low than that of
the inner core [11], and the resulting core temperature at the
CMB is greater than the mantle solidus (figure 8), and there-
fore, the core model with sulphur as the sole light element is
again rejected.

We then calculated the profiles for a less S-bearing com-
position, Fe-6 wt%Swhich is at the Fe-rich side of the eutectic
point at 330 GPa (figure 5) and therefore the breakdown reac-
tion of solid Fe3S to the hcp and Fe2S phases at 250 GPawould
not greatly affect the discussion here. This composition would
precipitate a denser iron phase which can be compatible with
the inner core density. Moreover, this composition produces
a thermal structure at the CMB consistently with the mantle
solidus (figure 8). The calculation of the density and Vp of
Fe-6 wt%S liquid involves mixing Fe and Fe3S liquids. As
discussed above, we ideally mix the volumes of Fe and Fe3S
liquids to obtain the parameters of Fe-6wt%S liquid. Figure 10
compares the density, adiabatic bulk modulus, and Vp between
our thermodynamic model based on experiment and the first-
principles calculations [16, 18], showing the effects of sulphur
on iron liquid properties. They are fairly in agreement in terms
of the qualitative effect of sulphur (i.e. positive or negative).
Interestingly, the effects of oxygen and silicon on these prop-
erties are contentious between the first-principles calculations
and thermodynamic modelling [5].

Figure 9 shows that both density and Vp of Fe-6 wt%S
liquid do not match the PREM profiles. The magnitude of
density reduction and velocity increase for this liquid are
much milder than that of Fe3S liquid because the sulphur
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concentration is lower and the temperature is much lower
(figure 9). It has been recognised that the effect of sulphur is
remarkable on the melting point of iron (e.g. [26, 32, 71]), but
the resulting low temperature of the core makes it even more
difficult to reconcile the PREM profiles. Therefore, we con-
clude that the sulphur cannot not be a major light element in
the core. This indirectly supports the presence of Si and O as
major impurities [12–14], which would further imply that the
core formation should have been processed under equilibrium
conditions.

5. Conclusions and future perspective

We have assessed the thermodynamics of liquid Fe3S includ-
ing its thermal EoS from our new melting experiments. Then
we have developed the thermodynamicmodel ofmelting of the
system Fe–Fe3S under high pressures. The mixing of Fe and S
liquids are nonideal at any core pressure. The calculated sul-
phur content in eutectic point decreases with increasing pres-
sure to 120 GPa and is fairly constant of 8 wt% at greater pres-
sures. From the Gibbs free energy, we derived a self-consistent
set of parameters to calculate the crystallising point of Fe–S
outer cores and their isentropes towards the CMB, and then
we calculated the density and Vp of these liquids along each
isentrope.While liquid Fe3S can account for the seismological
density and Vp profiles over the outer core, the density of the
precipitating phase is too low for the inner core. On the other
hand, a hypothetical Fe–S liquid core with a bulk composi-
tion on the Fe-rich side of the eutectic point cannot represent
the Earth’s outer core profiles. Therefore, the Earth’s core can-
not be approximated by the system Fe–S and it should include
another light element.

What are not involved in our modelling include: (a) pre-
cise modelling of the mixing property of Fe–S liquids and
(b) the sulphur solubility into iron phases. (a) We modelled
the activity coefficient of the Fe–Fe3S liquids as a function of
pressure. The temperature and pressure dependences need to
be teased apart in order to fully understand the excess prop-
erties under core conditions. For this, one needs to establish
the thermodynamics of sulphur under high-P–T conditions
including many subsolidus phase transitions. (b) The present
study assumed iron phases were stoichiometric. High-pressure
experiment and first-principles calculations showed that iron
phases (fcc and hcp) have some sulphur solubility [8, 9, 72].
This is important for modelling the inner core phase.

While we reject sulphur as a major light element in the
Earth’s core, the possibility that a small amount of S might
be in the core cannot be excluded. Equilibrium element parti-
tioning experiments showed that no more than 2 wt% S might
have been included in the core (e.g. [15]). Also other planetary
cores such as Mars’ would need abundant sulphur in the core
[73, 74]. Therefore, high-pressure thermodynamics of liquids
in the system Fe–S and more complex systems should still be
pursued.
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Appendix A. Melting under non-hydrostatic
conditions

The equilibrium melting point for a solid under non-
hydrostatic conditions (TN) is lower than the equilibriummelt-
ing point under hydrostatic conditions (TH) [75]. According to
[75], TH − TN is calculated via:

TH −TN ≈ Vsolidq2

RE
(A1)

where Vsolid is the molar volume of the solid (i.e., Fe0.75S0.25),
q is the non-hydrostatic stress factor, R is the gas constant, and
E is the Young’s modulus. q can be calculated by:

q=
q21 − 2rq1q2 + q22

2
(A2)

where q1 = σ1 − σ3, q2 = σ2 − σ3, which are differences
inprincipal stresses and r is Poisson’s ratio.

We calculated TH −TN at 50 GPa with approximated val-
ues: Vsolid, 5.785 cm−3 mol−1 for the melting point [11],
q1 = q2 = 4.5 GPa, r = 0.3, R = 8.31 J K−1 mol−1, and
E = 2 × 1011 Pa. The values for r and E are from the data for
Fe at 1 bar [76]; q1 is taken from the data for cold compressed
Fe at∼50 GPa in a DAC [77] and q2 = q1 due to the tetragonal
Fe3S structure. The result is TH −TN = 49 K. Note that E at a
high pressure should be greater than at 1 bar and q should be
smaller due to the annealing by laser heating employed in this
study, and therefore 49 K should be the maximum estimate.
As such, the magnitude of the temperature reduction due to the
non-hydrostatic environment is smaller than the experimental
uncertainty in temperature and therefore the results in this
study were hardly affected by the non-hydrostatic conditions.
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Appendix B. Solid–liquid boundary in the sample of the 3rd run

Figure A1. SEM image of the recovered sample of the 3rd run. A boundary between melted and unmelted areas is observed. The melted
area clearly shows a quenched dendritic texture while the unmelted area is unaltered homogeneous as is seen in the starting material. Note
that this is another section of the sample in figure 3(b).

Appendix C. Absence of temperature-plateau in the 1st and 2nd runs

Figure A2. Temperature vs. laser power relationship in the 1st and 2nd run. The arrows indicate the melting points constrained in this study.
No clear temperature-plateau was observed in both runs near the melting points.
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Appendix D. Calculated physical properties of solid and liquid Fe3S

Table A1. Physical properties of solid and liquid Fe3S.

V, cm3 mol−1

Solid Fe3S P, GPa/T, K 2000 2500 3000 3500

10 27.5131 27.8193 28.1289 28.4420
30 24.7558 24.9268 25.0989 25.2723
50 23.0771 23.1951 23.3138 23.4331
70 21.8710 21.9611 22.0515 22.1423
90 20.9320 21.0048 21.0779 21.1512
110 20.1649 20.2260 20.2874 20.3489

2000 3000 4000 5000 6000

136 19.3419 19.4434 19.5455 19.6480 19.7512
150 18.9590 19.0520 19.1455 19.2394 19.3338
200 17.8296 17.9014 17.9734 18.0458 18.1184
250 16.9532 17.0119 17.0708 17.1299 17.1892
300 16.2404 16.2902 16.3402 16.3903 16.4406
330 15.8698 15.9155 15.9614 16.0074 16.0536
350 15.6419 15.6853 15.7288 15.7725 15.8162

KT, GPa
P, GPa/T, K 2000 2500 3000 3500

10 144 137 131 125
30 242 235 229 222
50 332 325 319 312
70 417 410 404 397
90 498 491 485 479
110 576 570 564 558

2000 3000 4000 5000 6000

136 675 663 652 641 630
150 727 715 704 693 682
200 907 896 885 875 865
250 1082 1071 1060 1050 1040
300 1251 1240 1230 1220 1210
330 1350 1340 1330 1320 1310
350 1416 1406 1396 1386 1376

α, ×10−5 K−1

P, GPa/T, K 2000 2500 3000 3500

10 2.21 2.21 2.21 2.21
30 1.38 1.38 1.38 1.38
50 1.02 1.02 1.02 1.02
70 0.82 0.82 0.82 0.82
90 0.69 0.69 0.69 0.69
110 0.61 0.61 0.61 0.61

2000 3000 4000 5000 6000

136 0.52 0.52 0.52 0.52 0.52
150 0.49 0.49 0.49 0.49 0.49
200 0.40 0.40 0.40 0.40 0.40
250 0.35 0.35 0.35 0.35 0.35
300 0.31 0.31 0.31 0.31 0.31
330 0.29 0.29 0.29 0.29 0.29
350 0.28 0.28 0.28 0.28 0.28

(Continued.)
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Table A1. (Continued.)

S, J K−1 mol−1

P, GPa/T, K 2000 2500 3000 3500

10 387.9 419.0 444.4 465.9
30 378.9 410.0 435.3 456.7
50 373.3 404.3 429.6 450.9
70 369.2 400.2 425.4 446.8
90 366.0 396.9 422.2 443.5
110 363.3 394.3 419.5 440.8

2000 3000 4000 5000 6000

136 416.6 456.3 487.0 511.9 532.9
150 415.2 454.9 485.6 510.5 531.5
200 411.2 450.8 481.5 506.4 527.4
250 407.9 447.6 478.2 503.1 524.1
300 405.2 444.9 475.5 500.4 521.3
330 403.8 443.4 474.0 498.9 519.9
350 402.9 442.5 473.1 498.0 519.0

γ
P, GPa/T, K 2000 2500 3000 3500

10 0.66 0.64 0.62 0.60
30 0.61 0.60 0.59 0.58
50 0.57 0.57 0.56 0.55
70 0.55 0.54 0.54 0.53
90 0.53 0.52 0.52 0.52
110 0.51 0.51 0.51 0.50

2000 3000 4000 5000 6000

136 0.50 0.49 0.49 0.49 0.49
150 0.49 0.49 0.48 0.48 0.48
200 0.47 0.47 0.47 0.47 0.47
250 0.46 0.46 0.46 0.46 0.46
300 0.45 0.45 0.45 0.45 0.45
330 0.45 0.45 0.45 0.45 0.45
350 0.44 0.44 0.45 0.45 0.45

V, cm3 mol−1

Liquid Fe3S P, GPa/T, K 2000 2500 3000 3500 4000

10 29.5027 29.9965 30.4986 31.0091 31.5281
30 25.8198 26.1011 26.3855 26.6730 26.9636
50 23.8042 24.0040 24.2056 24.4088 24.6138
70 22.4256 22.5815 22.7385 22.8965 23.0557
90 21.3839 21.5121 21.6410 21.7707 21.9011
110 20.5504 20.6594 20.7689 20.8790 20.9897

3000 4000 5000 6000 7000

136 19.8544 20.0392 20.2257 20.4139 20.6039
150 19.4356 19.6055 19.7769 19.9498 20.1243
200 18.2216 18.3538 18.4870 18.6211 18.7562
250 17.2988 17.4071 17.5162 17.6259 17.7362
300 16.5589 16.6507 16.7431 16.8359 16.9293
330 16.1775 16.2617 16.3463 16.4313 16.5168
350 15.9440 16.0237 16.1038 16.1844 16.2653

(Continued.)
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Table A1. (Continued.)

KT, GPa
P, GPa/T, K 2000 2500 3000 3500 4000

10 106 101 96 92 88
30 204 197 190 185 179
50 294 287 279 272 266
70 380 372 365 357 350
90 464 455 447 440 432
110 545 536 528 520 512

3000 4000 5000 6000 7000

136 630 614 598 583 569
150 684 668 652 636 622
200 873 856 839 823 807
250 1057 1039 1021 1004 988
300 1236 1217 1199 1182 1165
330 1341 1323 1304 1287 1270
350 1411 1392 1374 1356 1339

α, ×10−5 K−1

P, GPa/T, K 2000 2500 3000 3500 4000

10 3.32 3.32 3.32 3.32 3.32
30 2.17 2.17 2.17 2.17 2.17
50 1.67 1.67 1.67 1.67 1.67
70 1.39 1.39 1.39 1.39 1.39
90 1.19 1.19 1.19 1.19 1.19
110 1.06 1.06 1.06 1.06 1.06

3000 4000 5000 6000 7000

136 0.93 0.93 0.93 0.93 0.93
150 0.87 0.87 0.87 0.87 0.87
200 0.72 0.72 0.72 0.72 0.72
250 0.62 0.62 0.62 0.62 0.62
300 0.55 0.55 0.55 0.55 0.55
330 0.52 0.52 0.52 0.52 0.52
350 0.50 0.50 0.50 0.50 0.50

S, J K−1 mol−1

P, GPa/T, K 2000 2500 3000 3500 4000

10 427.2 464.9 495.7 521.6 544.0
30 412.7 450.2 480.7 506.4 528.7
50 403.3 440.7 471.1 496.8 518.9
70 396.3 433.6 464.0 489.6 511.7
90 390.7 428.0 458.3 483.9 505.9
110 386.0 423.2 453.6 479.1 501.1

3000 4000 5000 6000 7000

136 448.3 495.8 532.3 561.8 586.5
150 445.9 493.3 529.8 559.3 583.9
200 438.4 485.8 522.2 551.7 576.2
250 432.5 479.8 516.2 545.6 570.1
300 427.5 474.8 511.2 540.5 565.0
330 424.9 472.2 508.5 537.9 562.4
350 423.2 470.6 506.9 536.2 560.7

(Continued.)
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Table A1. (Continued.)

γ
P, GPa/T, K 2000 2500 3000 3500 4000

10 0.66 0.64 0.63 0.62 0.61
30 0.71 0.70 0.69 0.68 0.67
50 0.72 0.71 0.71 0.70 0.70
70 0.72 0.72 0.71 0.71 0.71
90 0.72 0.72 0.72 0.71 0.71
110 0.72 0.72 0.72 0.72 0.71

3000 4000 5000 6000 7000

136 0.71 0.71 0.71 0.71 0.72
150 0.71 0.71 0.71 0.71 0.72
200 0.71 0.71 0.71 0.71 0.72
250 0.70 0.70 0.71 0.71 0.71
300 0.69 0.70 0.70 0.70 0.71
330 0.69 0.69 0.70 0.70 0.71
350 0.69 0.69 0.69 0.70 0.71
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