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Abstract

Partial melting in the Fe—S system was investigated at high pressures because of its importance to understanding the formation,
composition, and thermal structure of the Earth’s core. Earlier studies at very high pressure (>25 GPa) took place before the discovery
of Fe;S, which compromised the interpretation of those results. Furthermore, they relied on textural criteria for melting that are
difficult to apply at high pressure. In this study synchrotron X-ray diffraction was used to monitor coexisting metal and sulfide at
high pressures and temperatures, during laser heating in a diamond anvil cell. The criterion for melting was the disappearance of one
of the two coexisting phases, and reappearance upon quench. Temperatures of eutectic melting between Fe and Fe;S were bracketed
in this way up to 60 GPa, and a lower bound was established at 80 GPa. The accuracy of the melting point measured in these studies
was improved through modelling of the axial temperature distribution through the thickness of the sample; this indicated a ~6%
correction to the spectroradiometrically determined temperature. The Fe—Fe;S eutectic composition remains close to 15 wt% S up

to 60 GPa.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Earth’s core is mostly iron—nickel alloy, with a
small proportion of “light element” component, whose
precise composition remains uncertain. Sulfur is a lead-
ing candidate as the primary light element in the molten
outer core, for several reasons. In the only examples that
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we have of planetary cores, the iron meteorites, sulfur
is a primary constituent. Sulfur easily compounds with
iron, producing a metallic melt at very low temperatures
(1261 K eutectic temperature), which could have facil-
itated metallic melt segregation and core formation in
the early Earth. Finally, the relatively high cosmic abun-
dance of S (Anders and Grevesse, 1989) is not reflected in
the composition of the Earth’s mantle and crust, suggest-
ing that a large amount of S may have been sequestered
into the core. Alternatively, the apparent deficiency of S
in the Earth may be attributed to its volatility (Dreibus
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and Palme, 1996; McDonough, 2003); in this case the
light element in the Earth’s core could consist mostly of
some combination of S with other elements, likely O, Si,
and/or C (McDonough, 2003).

The phase equilibria of Fe-rich systems at high pres-
sure should present an important set of constraints on
the composition of the outer core (Li and Fei, 2003).
The most important feature is that the phase diagram
relevant to the Earth’s core must exhibit melting point
depression at the pressure of the inner core/outer core
boundary (136 GPa), to satisfy the observation that the
inner core has properties compatible with a predomi-
nantly iron alloy. The large density difference (~7%;
Masters and Gubbins, 2003) observed between the solid
inner core and the liquid outer core further suggests that
the system probably melts in a eutectic fashion; alterna-
tively, a solid solution-melt phase loop would need to be
very wide to account for this density difference. The tem-
perature at which melting takes place, and other details
of the phase diagrams, can likewise be used in conjunc-
tion with other mineral physics constraints to interpret
more precisely the seismological profiles of the core.

Because of this relevance to understanding the Earth’s
core, there have been several previous experimental
studies on the melting behavior of the Fe-S system
at high pressure (Brett and Bell, 1969; Ryzhenko and
Kennedy, 1973; Usselman, 1975; Williams and Jeanloz,
1990; Boehler, 1996; Li et al., 2001; Fei et al., 1997,
2000). However, the very high pressure (>25 GPa) data,
obtained using diamond anvil cell techniques, are deserv-
ing of re-investigation for at least two reasons. The first
is that there is poor agreement among them, and also
between the diamond anvil cell data and the multi-anvil
press data obtained at lower pressures. The second rea-
son is that the previous laser-heated diamond anvil cell
work was obtained prior to the discovery by Fei et al.
(1997, 2000) of iron sulfide compounds at high pressures
that are more Fe-rich than FeS, the most important being
FesS. The lack of knowledge of Fe3S is likely to have
led to misinterpretations of experimental data that could
have compromised the results of Williams and Jeanloz
(1990) and Boehler (1996).

A summary of previous work on melting in the
Fe-FeS system is presented in Fig. 1. There is gen-
eral agreement that at low pressures (<5 GPa), the slope
of the eutectic temperature with pressure is very small
(Brett and Bell, 1969; Usselman, 1975) or even slightly
negative (Ryzhenko and Kennedy, 1973; Fei et al,
1997). Usselman (1975) and Fei et al. (1997, 2000) each
reported an upward cusp in the slope of the eutectic
temperature, but at different pressures. Usselman (1975)
speculated that the change in slope observed at 5 GPa
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Fig. 1. Previous results from high pressure melting studies in the
Fe-FeS system. Gray curve: Usselman (1975); dotted curve: Williams
and Jeanloz (1990); dashed curve: Boehler (1996); solid curve: Fei et
al. (1997, 2000) and Li et al. (2001).

was related to a subsolidus phase transformation in FeS,
but subsequent work has shown no transition at those P,
T conditions. Those data of Usselman’s (1975) at pres-
sures above the kink in the eutectic temperature were
obtained with a different apparatus (high-compression
belt) than those data below the kink (piston-cylinder
and modified belt apparatus). The increase in the eutec-
tic temperature above 14 GPa reported by Fei et al.
(1997, 2000), in data obtained from a multi-anvil press,
was positively associated with the appearance of new
phases, including Fe3S, and Fe3S. Williams and Jeanloz
(1990) and Boehler (1996) used laser heated diamond
anvil cell techniques to measure melting in the Fe—FeS
system to much higher pressures, 90 and 62 GPa, respec-
tively. Boehler’s (1996) data are consistent with those
of Usselman (1975) in the pressure region of overlap,
but they are ~400 K higher than the data of Fei et al.
(1997) at 14 GPa (Fig. 1). Boehler (1996) studied a 1:1
mixture of Fe:FeS, which is more S-rich than Fe3S and
therefore would not have produced the same eutectic
that was studied in the multi-anvil press at P>?20 GPa
(Fei et al., 2000; Li et al., 2001). The Fe-FeS melting
temperatures of Williams and Jeanloz (1990) are system-
atically higher than all other data. Recently Andrault et
al. (2007) described experiments using techniques very
similar to those discussed below, but they reported no
specific melting temperatures for the Fe—S system.

In the present study, partial melting in the Fe-S sys-
tem was investigated using synchrotron X-ray diffraction
of laser-heated diamond anvil cell samples. The use of
X-ray diffraction as an in situ high-temperature, high-
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pressure probe provides an alternative to the textural
criteria for melting that were used in previous work.
It also allows pressure determination by the equation
of state of a phase inside the cell, greatly reducing the
uncertainties associated with the thermal contribution to
the pressure in a laser-heated diamond anvil cell. Finally,
X-ray diffraction gives a direct indication of the identity
of the solid phase(s) present in the sample, so there is
no ambiguity about which phase is coexisting with melt
during the experiment.

2. Experimental
2.1. Diffraction experiments

Most of the experimental procedures were the same
as those described by Seagle et al. (2006). Mixtures of
Fe and FeS were prepared by grinding the starting mate-
rials under ethanol for a few hours to a grain size of
~1 wm. The bulk compositions of the samples were Fe
Swt% S, Fe 10wt% S, or Fe 15wt% S, but fine scale
heterogeneities may have slightly disturbed this mean
composition on the scale of the experiments. The pow-
ders were then pressed into a wafer between two diamond
anvils. The wafer was placed between two layers of
NaCl, ~15 wm thick, and loaded into a diamond anvil
cell with a stainless steel, Inconel, or Re gasket. The
gaskets were pre-indented to 30—40 wm thickness, and
100 wm holes were formed in the center of the indenta-
tions to serve as sample chambers. The anvil culets were
250 wm for most experiments, but 400 wm culets were
used in some lower pressure experiments.

After compression the sample was studied by angle
dispersive (A =0.3344 A) X-ray diffraction at the GSE-
CARS 13-ID-D beamline of the Advanced Photon
Source, Argonne National Laboratory. Diffraction data
were collected before, during, and after double-sided
laser heating at sequentially higher temperatures (Shen
et al., 2001). The incident X-ray beam was focussed
to Spm x 7pm at full width half maximum using
Kirkpatrick—-Benz mirrors. Diffraction images were col-
lected over 4°-22° scattering angles using an image
plate detector, and processed using the programs Fit2D
(Hammersley et al., 1996) and PeakFit (Systat Soft-
ware Inc.). As anticipated by Shen et al. (1998), the use
of an area detector was of particular advantage in this
study. At high temperatures texturing is sometimes pro-
moted in laser-heated diamond anvil cell experiments,
and energy dispersive diffraction, at a single fixed posi-
tion, is susceptible to missing diffraction peaks under
such circumstances (Shen et al., 1998). Area detectors
are much better suited to recording spotty diffraction pat-

terns, as were observed in this study, because they cover
a far greater fraction of the diffraction cones.

The Nd:YLF laser beams were focussed to a ~30 wm
spot on both sides of the sample. Coalignment of the
X-ray beam and the laser-heating/temperature measure-
ment system was accomplished with the aid of X-ray
induced fluorescence from the NaCl pressure medium,
viewed through the temperature measurement portion
of the optical system (Shen et al., 2005). Tempera-
tures were determined spectroradiometrically (Heinz
and Jeanloz, 1987a), from light emitted from the cen-
tral 5 wm of the laser-heated spot on both sides of the
sample (Shen et al., 2001). The area of the sample
probed by X-ray diffraction was therefore similar to the
area measured spectroradiometrically, and much smaller
than the laser heated spot, minimizing errors associ-
ated with radial temperature gradients in the laser-heated
cell. Calibration of the optical system used for temper-
ature measurement was performed using a spectrally
calibrated tungsten filament lamp (Shen et al., 2001).

Before collection of each X-ray diffraction pattern
was initiated, the laser powers on both sides of the cell
were adjusted to minimize the axial gradient in temper-
ature as much as possible. In practice, the difference
between downstream (of the X-ray beam) and upstream
temperatures varied from 2 to 100 K. The reported values
are the averages of upstream and downstream tempera-
ture measurements, corrected by ~6% to account for the
remaining axial gradient through the sample (see Section
2.3).

The uncertainties in the spectroradiometric tempera-
ture measurement were estimated to be +100 K based
on the precision of the system as described by Shen et
al. (2001). This is based on their tests of laser heating
thermocouple junctions, and also melting pure metals
by laser heating at 1 bar. The error associated with the
spectroradiometric fit was negligible in comparison. An
additional uncertainty exists with regard to the axial
temperature gradient through the sample (Section 2.3),
which depends on the sample thickness (4-10 pm). Our
overall uncertainty on the temperature measurements is
+140K.

Pressures were calculated from the lattice parameters
of Fe, using its high-temperature, high-pressure equation
of state. A description of the equation of state parame-
terization used for the pressure calibration was given by
Seagle etal. (2006), and itis based on the shock wave data
summarized by Brown et al. (2000) and the room tem-
perature compression curve of Mao et al. (1990). Similar
pressures were determined using the measured NaCl
lattice parameters and assuming 300K for the temper-
ature of the non-absorbing pressure medium. However,
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because of the uncertainty regarding the actual range of
temperatures (and large T gradient) experienced by the
NaCl during heating, we only report pressures based on
the high-P,T equation of state of Fe. It is conceivable
that some solid solution of S into the Fe crystal structure
might occur at high pressures and temperatures, and it is
important that this possibility be considered. However,
the phase diagram study of Li et al. (2001) indicated that,
at least up to 25 GPa, the solid solution of S into Fe is
very small (<1.4 at.%). Furthermore, Seagle et al. (2006)
demonstrated that FezS and hcp-Fe have very similar
mean atomic volumes (within 3% from 21 to 82 GPa),
indicating that any solid solution that does exist has a
negligible effect on the lattice parameters, and therefore
does not significantly impact the use of Fe as an internal
pressure standard (<0.6 GPa).

After compression, each sample was heated to
sequentially higher temperatures for a series of diffrac-
tion patterns. Ordinarily the laser power was increased
slowly over a period of a couple of minutes, and the final
temperature for the diffraction measurement was held
for 3—5 min. Following each X-ray diffraction exposure,
the sample was quenched by closing the laser shutter,
while the image plate was read. After readout a diffrac-
tion pattern of the quenched sample was obtained, and
then the laser heating cycle began again, to anew (usually
higher) temperature. The temperature interval between
heating steps was typically 50-200 K. When melting
was achieved (based on examination of the diffraction
image), the sample was compressed to higher pressures,
and a laser heating cycle began anew. Effort was made to
avoid reheating a portion of a sample that had previously
been laser-heated at a lower pressure.

2.2. Criterion for melting

The criterion for melting in these experiments was the
disappearance of either sulfide or metal, with the other
phase remaining visible in the diffraction pattern. The
use of an area detector in this study was a great advantage
over earlier work using in situ X-ray diffraction as a melt-
ing criterion (Shen et al., 1998), because detection of the
full 26 scattering cones helped avoid problems associated
with coarsening of the sample grain size and consequent
spottiness of the diffraction pattern. Diffuse scattering
from the melt is much weaker than diffraction from the
remaining crystalline phases in these experiments.

The duration of laser heating at each temperature
step was typically 3—5 min. The ability of the sample
to melt during this time depends on the diffusion rates
in the starting materials. Diffusion rates are difficult to
estimate in these materials because they have not been

measured in the relevant high-pressure phases, either
at 1bar or at high pressure. However, our observations
indicate that there was ample time for diffusive equi-
libration of the fine-grained samples (~1 pm or less
before heating). In all experiments, even at the lowest
heating conditions, after heating the diffraction pattern
was observed to become very spotty compared to the
uniform diffraction ring that is observed at room tem-
perature before laser heating. This is an inconvenience
that necessitates the use of an area detector, as described
above, but it also reveals that the sample grains were able
to recrystallize extensively during heating. We take this
as evidence that the diffusion rates during our experi-
ments were sufficiently high that the samples were able
to achieve, locally, their equilibrium state. Later exper-
iments have shown that the spottiness of the diffraction
pattern, hence diffusive re-equilibration, is achieved even
when the heating duration is only a few seconds (Seagle,
unpublished work). There is no evidence that the fine-
grained samples in our experiments were superheated,
maintaining the solid state above the melting point for
the duration of the experiment.

In all cases, it was the Fe metal that remained upon
partial melting of the sample, indicating that our sample
compositions were on the Fe-rich side of the eutectic.
The sulfide phase that coexists with Fe before melting
at high pressure is Fe3S (Fei et al., 2000), although at
lower temperatures we also observed FeS that had not
yet been consumed by reaction with Fe to form the Fes3S.
After quenching from the partially molten state, Fe3S
was observed to reappear in the diffraction patterns. This
is an important observation, because it indicates that the
sulfur remained present in the laser heated spot during
heating; its absence at high temperatures was not a con-
sequence of some other experimental artifact, like Soret
diffusion (Heinz and Jeanloz, 1987b) or migration of
melt (Campbell et al., 1992). We also note that the brack-
eting of eutectic temperatures is insensitive to variations
in the starting composition. Eutectic melting occurs at
the same temperature anywhere along the compositional
join, so if there are minor heterogeneities in the Fe-FeS
mixtures that comprise the starting material, these will
not affect our results.

2.3. Correction for axial temperature gradient

In these experiments, the samples were laser-heated
from both sides. Independent adjustment of the laser
power incident on either side allowed the temperatures
at the two surfaces to be balanced. However, because
radial heat flow is permitted by the sample geometry,
it is likely that the interior temperatures in the sample
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Fig. 2. Modelled temperature distribution in an opaque diamond anvil cell sample that is laser heated on both sides. In this model identical Gaussian
temperature distributions are imposed on two surfaces of the sample, with a peak temperature of 2000 K (1700 K above ambient). The sample
thickness (vertical) d=7 m, and the beam diameter w = 15 wm; only the central 30 wm of the solution is shown. The dotted lines indicate the width
of the synchrotron X-ray beam (5 wm). For these parameters, within the volume probed by the X-ray beam the temperature increase (7' — Tambient)
at the sample midplane is 5% lower than that measured at the surface. The temperature scale in the image has been adjusted for high contrast in the
region of interest; lower axial gradients exist in the cooler portions of the laser heated spot.

are somewhat lower than the measured surface temper-
atures; i.e., there can be an axial temperature gradient
through the sample. This can affect our phase diagram
studies, because the X-ray diffraction measurements are
an integration of signals throughout the thickness of the
sample, within the 5 wm x 7 wm spot size of the X-ray
beam.

The magnitude of the axial temperature gradient in
samples like ours (double-sided heating; opaque phases)
has not been previously considered in detail. Several
authors have calculated temperature gradients in dielec-
tric samples that were laser heated (Bodea and Jeanloz,
1989; Panero and Jeanloz, 2001, 2002; Kiefer and Dufty,
2005), but the opacity of the metal phases being heated
in the present study caused all of the laser radiation to
be absorbed at the surface of the sample, not through-
out the sample as in the dielectric samples previously
considered. Morishima and Yusa (1998) calculated axial
gradients in a metal that was heated from one side only.
They found that the result is a strong function of the
laser spot size; under typical laser heating conditions, a
~15 pm diameter hotspot imposed a temperature differ-
ence of 340 K from front to back of the sample, but with
a ~60 wm hotspot the axial gradient was only 30 K. It is
difficult to apply Morishima and Yusa’s (1998) results to
the present experiments, because we can expect that the
double sided heating technique will significantly reduce
the axial gradients. Therefore it was necessary to model
the temperature distribution within a metallic diamond
anvil cell sample that is laser heated from both sides.

In this calculation we assume that both surfaces of the
sample (thickness d) were heated by identical, Gaussian
temperature profiles:

—r

2
T —300 = Toexp |:22:| s
w

where T+ 300 is the peak temperature, r radial dis-
tance, and w is the characteristic length scale of the radial
temperature gradient. Accordingly, the steady-state tem-
perature distribution within the sample is expected to be
of the radially symmetric form:

_2
T —300 = F(r, )Ty exp | —
2w?
where F(r, z) is unknown. Substituting this into the heat
equation yields.

1 r r2 2
Fzz+Frr+ STy Fr+ 4T T F=0
r w w w

where subscripts indicate partial derivatives. The fol-
lowing boundary conditions were applied: F(r, 0)=1 to
satisfy the surface condition of temperature distribution;
F,(r,d/2) = 0 to balance heat flow from the two surfaces;
F:(0,z) =0 enforces the radially symmetric solution; F(r,
z)=F(r, d — z) enforces a solution symmetric about the
sample midplane (z = d/2).

A numerical solution for typical laser heating con-
ditions (Tmax =2000K; thickness d=7 wm; hotspot
diameter 2w = 30 wm) is shown in Fig. 2. In this
solution, along the laser heating axis the minimum tem-
perature is 1911 K (AT =89 K). In general, the thermal
distribution shown in Fig. 2 can be scaled by a factor
(Tmax — 300)/(2000 — 300) for peak temperatures other
than 2000 K; in other words, the minimum tempera-
ture increase along the heating axis is 5% lower than
that at the surface. This result is a good estimate for
our typical experimental conditions. Other scenarios
include increasing the sample thickness to 10 wm, which
increases AT along the axis to 10%, or decreasing the
hotspot diameter to 20 wm, which increases it to 11%.
A thinner sample or a larger hotspot diameter reduces
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High pressure melting data for the Fe—Fe3S system

Starting (Wt% S)

Pressure (GPa)

Temperature (K)

a of hep-Fe A)

¢ of hep-Fe A

V of hep-Fe (cm?/mol)

Lower bounds on eutectic temperature

15 29.6 £ 1.2 1520 + 140
15 314 £3.6 1510 £+ 140
5 36.6 £ 3.2 1520 + 140
5 521+ 1.5 1710 £ 140
15 54.0 £2.8 1780 + 140
15 595 + 2.4 1930 £+ 140
10 60.6 £ 4.2 1870 £ 140
15 794 +£ 1.9 2040 + 140
Upper bounds on eutectic temperature
5 390 £ 1.2 1820 + 140
5 54.6 £ 1.6 2100 + 140
10 59.7 £ 2.3 2000 + 140
15 61.1 £24 2130 + 140

2.4489 £ 0.0001 3.9672 £ 0.0003 6.204 £ 0.001
2.4563 £ 0.0031 3.9153 £ 0.0147 6.160 £ 0.026
2.4345 £ 0.0030 3.9101 £ 0.0119 6.043 £ 0.021
2.3938 £ 0.0005 3.8731 £ 0.0018 5.787 £ 0.003
2.3887 £ 0.0020 3.8778 £ 0.0095 5.770 £ 0.016
2.4082 £ 0.0008 3.7749 £ 0.0084 5.709 £ 0.013
2.3784 £ 0.0030 3.8507 £ 0.0160 5.680 £ 0.026
2.3491 £ 0.0001 3.7880 £ 0.0003 5.451 £ 0.001
2.4467¢ 3.8880% 6.069%

2.3971 £ 0.0009 3.8883 £ 0.0018 5.826 £ 0.004
2.3822 £ 0.0014 3.8656 £ 0.0075 5.720 £ 0.012
2.4076 £ 0.0008 3.7854 £ 0.0085 5.722 £ 0.013

2 No uncertainty is given when only two diffraction lines from hcp-Fe were observed.

the axial gradient accordingly; for example, a 4 pm thick
sample reduces the axial gradient to only 2%. As stated in
Section 2.1, our measured temperatures were corrected
downward by 6 6% to account for the presence of
cooler material being probed by the X-ray beam passing
through the thickness of the sample.

3. Results

The results of our experiments on the partial melt-
ing in the Fe-S system at high pressures are listed in
Table 1. The reported data include the highest tempera-
tures at which both metal and sulfide were observed to
persist in the diffraction patterns, and the lowest temper-
atures at which sulfide was observed to be absent from
the diffraction patterns. In addition to the pressure and
temperature associated with each data point, the lattice
parameters of Fe metal are also included in Table 1. This
is done to facilitate future recalculation of the pressures,
if desired, using updated high-P,T equations of state.
Quenched samples were found to have pressures that
were 8—18 GPa lower than the pressure of the samples
just before quenching.

A set of diffraction patterns, representative of those
upon which the data in Table 1 are based, are presented
in Fig. 3. At 1710K, Fe, FesS, and the NaCl pressure
medium are all present as solid phases in the sample.
As the temperature of the sample was raised from 1710
to 2100 K, the Fe3S phase disappears from the diffrac-
tion pattern but the hcp-Fe peaks remain. Then, upon
quench of the sample from 2100 K, Fe3 S is clearly visible
once again (Fig. 3). This sequence of X-ray diffraction
patterns illustrates the partial melting, and recrystalliza-

tion upon quench, of Fe—Fe3S at high pressure. At some
temperature between 1710 and 2100 K, the eutectic tem-
perature of the Fe—Fe3 S binary was exceeded, and partial
melting occurred, leaving crystalline Fe and a sulfide
melt to coexist in the spot probed by the X-ray beam.
Only phases of Fe and iron sulfides, plus the pressure
medium, were observed in our experiments. No addi-
tional phases were identified in the X-ray diffraction
patterns recorded in this study.

The data bracketing the eutectic melting of Fe—Fe3 S at
high pressures are plotted in Fig. 4. The eutectic tempera-
ture increases over the pressure range of 30—60 GPa with
a slope of ~12K/GPa. A single experiment at 80 GPa,
using a Fe 15 wt% S composition, provided only a lower
bound on the eutectic temperature; X-ray diffraction pat-
terns above 2100 K in this experiment were ambiguous
because the hcp-Fe peaks diminished in intensity but did
not completely disappear.

4. Discussion

Fei et al. (1997, 2000) and Li et al. (2001) performed
multi-anvil experiments in the Fe-S system that pro-
vide important constraints on the melting behavior at
lower pressures (<25 GPa). The multi-anvil data show
that the eutectic composition of the Fe—FeS system shifts
to lower S contents with increasing pressure (Fig. 5). At
1 bar the Fe—FeS eutecticis 31.6 wt% S (Massalski et al.,
1990); at 7 GPaitis 20.7 wt% S (Feietal., 1997). Beyond
this pressure the Fe—FeS system becomes complicated
by the appearance of several compounds of intermedi-
ate composition. By 21 GPa the eutectic composition has
droppedto 15.4 wt% S, between Fe and Fe3S (=16.1 wt%
S), and peritectics on the S-rich side of the diagram
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Fig. 3. X-ray diffraction spectra of a Fe+Fe3S mixture during and
after laser heating in a diamond anvil cell. NaCl was used as a pressure
medium/insulator. The two-dimensional detector image has been caked
into a rectilinear projection; the horizontal axis is the scattering angle
(20), and the vertical axis is the azimuthal angle around the 26 =0
direction. Vertical bars are used to indicate positions of Fe3S, hcp-Fe,
and B2-NaCl diffraction peaks. The data collection sequence proceeds
from top to bottom. Prominent Fe3S peaks in the 1710K diffraction
spectrum disappeared in the partially molten sample at 2100 K, and
then they reappeared upon quench to 300 K.

involve the appearance of Fe3S and Fes., S, as liquidus
phases (Fei et al., 2000). At 25 GPa the eutectic between
Fe and Fe3S has shifted farther toward Fe, to 14.7 wt%
S (Li et al., 2001), but no information is available on the
S-rich side of the FesS divide.

The starting compositions of our samples are com-
pared in Fig. 5 to the eutectic compositions constrained
by Fei et al. (1997, 2000) and Li et al. (2001) using mul-
tianvil press techniques to 25 GPa. The mixtures used in
our experiments all fall between Fe and FesS, so it is
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Fig. 4. Melting data in the Fe-S system at high pressure. Previous
results using both the multi-anvil press (Fei et al., 1997, 2000; Li et
al., 2001) and the laser heated diamond anvil cell (Boehler, 1996) are
compared to our results. Two experimental melting curves of pure Fe
(Boehler, 1993; Shen et al., 1998) are also shown for reference.

expected that the Fe-Fe3S eutectic was measured. In all
cases we found that, upon partial melting of the samples,
the sulfide phases were eliminated from the diffraction
patterns, indicating that Fe coexisted with sulfide melt.
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Our interpretation of this being a Fe—Fe3 S eutectic is sup-
ported by the fact that FesS was the sulfide phase that
was observed to reappear upon quenching of the laser
heated samples. The persistence of a Fe—-Fe3S eutectic
to high pressures is indicated in Fig. 5 by the dashed
arrow. This trend is only approximate, and it is likely
that it is not linear as shown. Nonetheless, we find no evi-
dence for any new phases between Fe and Fe3S at higher
pressures, where only Fe and Fe3S are observed during
the experiments. In the 20-60 GPa pressure range, it is
apparent that the partial melting in these experiments
reflects a eutectic along the Fe—Fe3S join. We find lit-
tle variation of the eutectic composition with increasing
pressure, consistent with the levelling off seen at lower
pressures (Fig. 5).

The Fe—Fe3S eutectic temperature does not increase
linearly with pressure, but exhibits kinks when it crosses
a phase boundary in one of the coexisting solids. This
is evident in the multi-anvil press data (Fei et al., 1997,
2000; Li et al., 2001) shown in Fig. 4, where the coex-
isting sulfide changes from FeS to Fes3;,S>. A similar
kink in the eutectic temperature—pressure tend must exist
at higher pressures, where it crosses the fcc—hcp phase
boundary in iron. A comparison of the data in Fig. 4 to
the phase diagram of Shen et al. (1998) suggests that this
should occur near 30 GPa, but it is not observed in our
data because all of our bounds on melting lie in the hep
field of the Fe phase diagram.

It is conceivable that, somewhere along the pressure
range of this study, Fe—Fe3S melts not eutectically but
at a peritectic, with a eutectic lying instead on the S-rich
side of Fe3S. There is no positive evidence to support
this notion, but it cannot presently be ruled out because
of a lack of data showing Fe3S coexisting with a more
Fe-rich melt. In this alternative interpretation, the melt in
our experiments would have to have been quenched from
ahigh enough temperature that its composition happened
to be less S-rich than FesS, causing Fe3S to crystallize
upon quench. We judge this to be less likely than the
simpler interpretation of eutectic melting between Fe and
FesS, as observed indisputably by Fei et al. (2000) at
21 GPa. More data, including from the S-rich side of
Fe3S, will further elucidate many details of the phase
relations in the Fe—FeS system at higher pressures.

Our data can be compared to those of Boehler
(1996), who performed similar experiments on melting
of Fe—FeS mixtures (1:1 by weight, or 18.2wt% S) up
to 60 GPa in a laser heated diamond anvil cell. As men-
tioned above, those experiments were done before the
discovery of Fe3S and other iron sulfide phases (Fei et
al., 1997, 2000); consequently, Boehler (1996) could
not have known that it was most important to study

the Fe-rich side of the system (<16 wt% S), to ensure
that all of the experiments were relevant to the Fe—Fe3S
binary. Of course melting data at higher S contents (in
the Fe3S—FeS system) are also important for understand-
ing the iron—sulfur system from a broader perspective,
and perhaps directly applicable to some restricted plane-
tary conditions, but they do not yield direct information
on the Fe—Fe3S eutectic temperature, which is likely to
be more appropriate to discussions regarding the Earth’s
core. Boehler’s (1996) data, according to his stated start-
ing composition, probably do not represent partial melt
systems with Fe metal present (Fig. 5), but instead indi-
cate the temperatures of a eutectic or peritectic in the
Fe3S—FeS join.

In addition to the differences in bulk composition,
both the criteria for melting and the pressure calibra-
tions differ between our study and that of Boehler (1996).
Boehler (1996) determined the appearance of melt on the
basis of textural changes on the surface of the sample dur-
ing heating. The difficulty in observing textural changes
is thought to have been partly responsible for signifi-
cant discrepancies between melting curves reported by
different experimental groups using the laser-heated dia-
mond cell in the past (e.g., Williams et al., 1987, 1991;
Boehler, 1993; Shen et al., 1993). We aimed in this study
to promote an alternative criterion for melting, one that is
less subjective. Furthermore, the observation of textural
changes became increasingly difficult at high pressures
in the Boehler (1996) experiments, limiting that data set
to 60 GPa. The pressures reported in this study are deter-
mined in situ by X-ray diffraction determination of the
unit cell volume of iron, under high pressure high tem-
perature conditions. We regard this as an improvement
over previous studies of melting in the laser-heated dia-
mond anvil cell, in which the pressure was determined
by the ruby fluorescence technique (Mao et al., 1978)
at room temperature, and the thermal contribution to the
pressure was unknown.

Despite all these complications, Boehler’s (1996)
results are compared to our Fe-Fe3S eutectic melt-
ing data in Fig. 4, and the two data sets show similar
pressure—temperature slopes, with an offset amounting
to 150-200 K or 10-12 GPa. There are at least two inter-
pretations of this comparison between the data sets. The
first is that the Fe—FeS mixture used by Boehler (1996)
was actually more iron-rich than the stated 1:1 mix-
ture, and the temperatures measured by him are in fact
appropriate to the Fe—Fe3S eutectic. In this case, the
deviation between our data and his can be attributed to
differences in the pressure calibration and/or the differ-
ent criterion used to establish the onset of melting. The
second possibility is that the pressure—temperature path
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of melting of a Fe 18 wt% S composition (probably a
eutectic or peritectic between Fe3S and FeS) is approx-
imately parallel to that of the Fe—Fe3S eutectic, but at
temperatures higher by 150-200K. In fact, a peritec-
tic of the kind Fe3S +1iq=FeS +liq=1iq could explain
the offset between Boehler’s (1996) data and ours. It is
difficult at this stage to determine which of these two pos-
sibilities is correct. Additional experiments on melting
in the Fe3S—FeS system would possibly provide further
clarification. The fortunate fact is that any interpreta-
tions of the formation, evolution, and composition of the
Earth’s core, that have been based on the melting curve of
Boehler (1996) for the Fe—FeS system, will require only
modest revision on account of our new melting data on
the Fe—Fe3S system.

On the other hand, those data that were in dis-
agreement with Boehler’s (1996) melting curve are
inconsistent with our data as well. This includes the
results of Williams and Jeanloz (1990), the details of
whose temperature measurements and criterion for melt-
ing had previously led to disagreement with others in the
case of pure Fe (Williams et al., 1987, 1991; Boehler,
1993; Shen et al., 1993). Williams and Jeanloz (1990)
investigated melting in a Fe 10 wt% S mixture, compa-
rable to the measurements reported here, so their data are
definitely relevant to the Fe—Fe3S eutectic, unlike those
of Boehler (1996). However, their data lie at much higher
temperatures than those reported here and in Boehler
(1996)—approximately 800 K higher at 60 GPa.

The eutectic temperatures determined by the multi-
anvil experiments of Fei et al. (1997, 2000) and Li et
al. (2001) to low pressures (<25 GPa) are also compared
to our data in Fig. 4. At these low pressures, the laser-
heating technique is less easily applied to this system,
because the eutectic temperatures are so low that ther-
mal emission becomes significantly reduced. The results
of Fei et al. (1997, 2000) and Li et al. (2001) reveal that
the eutectic temperature in the Fe-rich portion of the
Fe-S system initially decreases mildly with increasing
pressure. After the appearance of Fe3S; on the solidus at
14 GPa (Fei et al., 1997), the eutectic temperature rises.
At 21 GPa Fe3S appears on the solidus (Fei et al., 2000),
and the eutectic temperature in the Fe—Fe3S system con-
tinues to rise at a rate that is consistent with the high
pressure diamond anvil cell results reported here and in
Boehler (1996).

Our lower melting temperatures agree with the multi-
anvil press results (Fei et al., 2000; Li et al., 2001)
more closely than the previous diamond anvil cell data
(Boehler, 1996; Williams and Jeanloz, 1990) do. How-
ever, in the overlapping pressure range (<25 GPa), the
precision and number of eutectic temperatures from

diamond anvil cell data are still permissive in their com-
parison with the multi-anvil data. More data using both
techniques in this pressure range will allow stricter com-
parison to be made. A few data reported by Boehler
(1996) below 20 GPa lie far above the multi-anvil press
results of Fei et al. (1997, 2000); however, these could
have been compromised by having bulk composition
outside the Fe-Fe3S range, as discussed above. The
Williams and Jeanloz (1990) data, which are not shown
in Fig. 4, are even more difficult to reconcile with the
multi-anvil results, as they are 800 K higher than the Li
et al. (2001) data at 25 GPa.

The temperature of the Earth’s outer core must be
above the eutectic temperature of the iron-rich multi-
component system that comprises the core. Comparison
with our Fe—Fe3S melting data with the melting curve of
pure Fe (Shen et al., 1998, 2004; Boehler, 1993) indi-
cates that the melting point depression of Fe, due to
sulfur alloying in the melt, amounts to 700-900 K over
the pressure range of our study (30—80 GPa). Boehler’s
(1993) melting curve for pure Fe is the lowest of several
published curves; applying our melting point depres-
sion of 700-900K to Boehler’s (1993) melting point
of Fe at the core—mantle boundary pressure (136 GPa)
suggests a minimum temperature of the outer core of
>2400 K, assuming S as the dominant light element in the
outer core. This temperature bound is low enough to be
non-controversial; most estimates of the thermal struc-
ture of the mantle easily accommodate a temperature
greater than 2400 K at the core—mantle boundary (e.g.,
Jeanloz and Richter, 1979). Our melting point depres-
sion of 700-900K is identical to that calculated by ab
initio methods by Alfe et al. (2002), for a Fe—S—O melt
at 330 GPa, the pressure of the inner core/outer core
boundary. Most estimates of pure Fe melting at this pres-
sure are in the range 5300-6700 K (Anderson and Duba,
1997; Alfe et al., 2002); applying a ~800 K melting
point depression to this range implies a minimum inner
core/outer core boundary temperature of 4500-5900 K.
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