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[1] Fe-S-Si immiscibility has been investigated using in situ X-ray methods at high
pressure and high temperature. An in situ X-ray diffraction study of immiscible liquids for
P~5 GPa and T/Tm~1.1 has been performed, showing differences in structural properties
between S-rich and Si-rich coexisting liquid phases. Moreover, the respective role of S and
Si on Fe alloys has been quantitatively investigated in Fe-X liquids (X = S, Si) with
20%wt of light elements. The transition from immiscible to miscible textures has been
observed in the ternary mixture by in situ X-ray radiography for the Fe-18wt%S-8.5wt%Si
(Fe-28.8at%Si-11.9at%S) sample composition between 12 and 16 GPa. Closure of the
miscibility gap occurs in the same pressure range as the Fe-S eutectic liquid evolves
toward a compact structure. By working within the framework of the hard sphere (HS)
fluid commonly used in liquid state theory, we show that the equation of state (EOS) for
additive HS reproduces very well the compressibility of Fe-Si alloys measured in the 0—
5 GPa pressure range, whereas that of Fe-S alloys behave quite differently, with a high

degree of covalency. However it is also stressed that at higher pressures (P > 15 GPa)
liquid Fe-S adopts a structure close to that exhibited by Fe-Si alloys, a feature which
suggests that the compressibility of the two alloys should behave similarly at very high
pressure due to transition of S behaviour from covalent to interstitial. Hence for Fe-S
liquid under core conditions, we conclude that the sound velocity in Fe-S alloy is

compatible with PREM model.

Citation: Morard, G., C. Sanloup, B. Guillot, G. Fiquet, M. Mezouar, J. P. Perrillat, G. Garbarino, K. Mibe, T. Komabayashi, and
K. Funakoshi (2008), In situ structural investigation of Fe-S-Si immiscible liquid system and evolution of Fe-S bond properties with
pressure, J. Geophys. Res., 113, B10205, doi:10.1029/2008JB005663.

1. Introduction

[2] Although not really quantified, it is a commonly
accepted opinion that the Earth’s core is composed of iron
and nickel alloyed with 5—15 wt% light elements [Badro et
al., 2007; Birch, 1952]. The range of these light elements,
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which are siderophile and not too volatile under proto
Earth’s conditions, is quite restricted: S, Si, O, C and H
[Poirier, 1994].

[3] In natural metallic systems, a combination of these
different elements should be considered. Whereas binary
systems have been extensively studied at high pressure and
high temperature [Chudinovskikh and Boehler, 2007; Fei et
al., 2000; Kuwayama and Hirose, 2004; Morard et al.,
2008; Ohtani et al., 2005, 1984; Seagle et al., 2008; Wood,
1993], interactions between light elements diluted in Fe
have rarely been studied [Sanloup and Fei, 2004; Siebert et
al., 2004; Tsuno et al., 2006]. Furthermore, most liquid
ternary systems are characterised by a large miscibility
gap at ambient pressures (Fe-S-O, Fe-S-Si, Fe-S-C
[Raghavan, 1988], Fe-Si-O [Fabrichnaya and Sundman,
1997]). As metal segregation and chemical equilibration
with silicates (solid or liquid) occur at relatively low
pressure in planetesimals (size between 3-100 km
[Chabot and Haack, 2006]) but high temperature (T =
1800 K [Greenwood et al., 2005]), it is important to
study the behaviour of iron alloys at low pressure
conditions, in the immiscible regime, to determine the
effect of light elements on planetesimal differentiation
processes.
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Figure 1. The Fe-S-Si miscibility gap at ambient pressure, from Raghavan [1988]. Light blue zone:

chemical compositions for which immiscibility occurs. Red areas: possible composition of Earth’s and
Mars’ core deduced from geochemical studies [Allegre et al., 1995; Javoy, 1995; Sanloup et al., 1997].
Dashed lines: demixing path followed during decomposition into two immiscible phases. The blue cross
indicates the composition Fe-18wt%S-8.5wt%Si (Fe-28.8%atSi-11.9%atS) probed by X-ray radiography

and in Sanloup and Fei [2004].

[4] Tungsten isotopes indicate that core formation in
planetesimals occurred within a few million years of Solar
System formation [Kleine et al., 2004]. At the same time,
evidence from differentiated meteorites suggests the pres-
ence of an early magma ocean on small planetesimals
[Baker et al., 2005; Greenwood et al., 2005]. Even if the
planetesimal has not been completely molten, migration of
S-rich melt through solid silicate is possible by permeable
flow [Yoshino et al., 2003]. As the Earth probably built up
from such planetesimals, these pre-accretion processes
should have left a non negligible imprint on the final
geochemical balance. In particular, the existence of liquid
iron alloy miscibility gaps might have affected metal
segregation mechanisms and consequent element partition-
ing between metal and silicate phases in planetesimals.

[5] The Fe-S-Si system presents a large miscibility gap at
ambient pressure [Raghavan, 1988] (Figure 1). As proposed
by different geochemical models [Allegre et al., 1995;
Javoy, 1995], the S and Si contents of the Earth’s core lie
in this immiscible zone (Figure 1). Concerning Mars’ core,
a large S content (22.5at% S according to Sanloup et al.
[1997]) could placed its composition in the immiscible zone
by adding only a few percent of Si.

[6] Silicon has a high solubility in pure solid Fe
[Kuwayama and Hirose, 2004; Lin et al., 2002] and does
not disturb liquid Fe structure up to high Si content [/] inskii
et al., 2002; Kita et al., 1982; Sanloup et al., 2002].
Therefore, compressibility is only slightly affected by the
presence of Si above 40%at Si [Sanloup et al., 2004]. No
evidence is available on the role of Si on the partitioning
coefficients between silicate and metallic phases. Thus, it is
assumed that the incorporation of Si in the metallic phase
does not perturb differentiation processes. On the contrary,
S strongly affects the physical properties of iron alloy, such
as surface tension [lida and Guthrie, 1994] and bulk
modulus [Sanloup et al., 2000]. Furthermore, partitioning
coefficients of siderophile elements between silicate and
liquid metal are dependent on the S content in the metallic
phase [Jones and Malvin, 1990; Righter et al., 1997]. In
summary, the effect of S and Si on iron alloys at ambient
pressure is very different.

[7] The Fe-S-Si system has been studied up to 25 GPa by
ex situ analysis on quenched samples [Sanloup and Fei,
2004] which indicate a closure of the miscibility gap at high
pressure. Recently, an in situ investigation of Fe-FeS liquids
has shown structural evolution of the eutectic liquid toward

2 0f 12



B10205

Table 1. Composition of Quenched Phase of Fe-25%at S-25%at
Si Analysed After in situ X-ray Diffraction Experiment (4.5 GPa
and 1900 K) Using SEM

Fe (at%) S (at%) Si (at%) O (at%)
S-rich phase 48.7 50.23 0.02 1.05
Si-rich phase 73.6 2.31 22.36 1.73

a more compact structure [Morard et al., 2007b] that could
be linked with the closure of these miscibility gaps. There-
fore, investigating how light elements affect the liquid local
structure around Fe may lead to important information
about geophysical and geochemical processes.

[8] The effect of light elements on the sound velocity in
liquid Fe is crucial to determine the Earth’s core composi-
tion from seismic data. This approach has been used for the
solid inner core by coupling seismic data and in situ
inelastic X-ray scattering measurements [Badro et al.,
2007]. Based upon density measurements of liquid iron
alloys performed at P <5 GPa, Si has been preferred to S to
account for the outer core sound velocity [Sanloup et al.,
2004]. But the evolution of structural properties observed
between 3 and 17 GPa [Morard et al., 2007b] may suggest a
change of the physical properties of Fe-S liquid alloys under
Earth’s core conditions.

[9] In this study, we will present in section 3 the structural
properties of binary mixtures of Fe-20wt% S and Fe-20wt%
Si at similar pressure-temperature conditions, and that of Fe-
S and Fe-Si coexisting immiscible liquids for P = 4.5 GPa
and T = 1900 K. These in situ X-ray diffraction studies
provide information regarding the origin of the immiscibil-
ity in the Fe-S-Si system. Then, to visualize the closure of
the miscibility gap as a function of pressure-temperature
conditions, an analysis of the texture by X-ray tomography
of the ternary mixture Fe-18wt%S-8.5wt%Si (Fe-
28.8at%Si-11.9at%S) up to 16 GPa and 2473 K is reported
in section 4. Finally, in section 5, the compressibility and
the structure of Fe-S and Fe-Si alloys will be discussed in
the theoretical framework of HS fluid models.

2. Experimental Procedures

[10] Employing a Paris Edinburgh press (PEP), in situ
X-ray diffraction experiments have been performed on the
High Pressure beamline ID27 at ESRF in Grenoble, France
[Grima et al., 1995; Mezouar et al., 2005; Mezouar et al.,
1999]. The very high brilliance X-ray beam delivered by
two in-vacuum undulators was collimated down to 50 X
50 microns (typical values). The X-ray wavelength was
fixed to A =0.2021 A (Ytterbium K-edge) or A = 0.1582 A
(Platinum K-edge) using a Si(111) channel cut monochro-
mator. A multi-channel collimator [Mezouar et al., 2002]
was used to eliminate most of the X-ray background coming
from the sample environment materials. The data were
collected using a MAR345 imaging plate system (X-Ray
research company GmbH, Nodersted, Germany). The sam-
ple-detector distance was calibrated with a LaB4 standard
powder and the diffraction images were treated and integrated
using the Fit2D software [Hammersley et al., 1996].

[11] The high-pressure chamber consists of two opposed
tungsten carbide anvils which have quasi-conical hollows.
We used 7 mm boron epoxy gaskets with a classical set up
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with graphite cylinder resistive furnace, and a hexagonal
boron nitride (hBN) capsule was used as a pressure medium
and electrical insulator [Mezouar et al., 1999].

[12] The initial sample was prepared from a mixture of
pure Fe, FeS and FeSi powders (Goodfellow) with a com-
position of Fe-25at% S-25at% Si. The sample quenched
from 4.5 GPa and 1900 K exhibits two phases corresponding
to the two immiscible liquids. The composition of each
quenched phase is given in Table 1. Electron microprobe
(EMP) analyses were performed (Centre Camparis, UPMC,
Paris) using a Cameca SX50 wavelength dispersive spec-
trometer (WDS). As the sample and the hBN capsule have
been in contact with air before loading, oxygen contamina-
tion has occurred and SiO, grains have been found on the
border of the capsule. This oxygen contamination in leading
to a slight change in Si initial content, could explain differ-
ences in demixing paths between our results (Table 1) and
observations in the literature at ambient pressure (Figure 1,
[Raghavan, 1988]).

[13] Pressure and temperature were calculated from pre-
viously established relationships between electric power and
temperature in the cell assembly [Morard et al., 2007a] and
from cell parameters of the hBN capsule [Le Godec et al.,
2000]. Uncertainties arising from this calibration are esti-
mated to be about 200 K and 1 GPa in temperature and
pressure, respectively.

[14] The observation of a diffuse signal around a Q value
of 30 nm™" (260 = 4.4 degrees for 0.1582 A) in association
with the disappearance of diffraction peaks associated with
the solid phases were the criterion used to assess the
complete melting of the sample. However, some diffraction
peaks can still remain, suggesting the possible presence of
thermal gradients capable of inducing a convective flow in
the sample container.

[15] X-ray radiographic experiments were carried out up
to 16 GPa using a Kawai-type, 1500 tons multianvil system
installed at BLO4B1 [Utsumi et al., 1998], SPring-8, Japan.
A direct white x-ray beam, which passes through the anvil
gaps and the sample at high pressure (Figure 2), was
detected with an X-ray camera. Cell assemblies used for
radiographic experiments have been designed for the study
of immiscible silicate-H,O melts [Mibe et al., 2004], and
were adapted to higher pressures in this study by using 8/3
octahedra, a Re heater and LaCrO; thermal insulator
(Figure 2). Pressures were determined from the cell volume
of internal calibrants (BN and MgO) and temperatures
were measured with a W5%Re/W26%Re thermocouple.
The composition studied was Fe-18wt%S-8.5wt%Si
(Fe-28.8at%Si-11.9at%S), to allow direct comparison
with previous quench experiments [Sanloup and Fei,
2004]. Due to the axial configuration of the cell-assembly
relative to the x-ray beam, with the heater and sample lying
along the 110 direction, a significant deformation took
place upon compression, resulting in a vertical closure of
the x-ray gap due to the strong absorption by the flattened
Re heater and LaCrOj; sleeve.

3. In situ X-ray Diffraction of Fe-S-Si
Immiscible Liquids

[16] Structural properties of coexisting immiscible Fe-S
and Fe-Si phases have been investigated by in situ X-ray
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Figure 2. Sketch of the 8/3 cell-assembly used for
radiographic experiments. Re: rhenium heater, Mo: molyb-
denum foil for electrical contact, TC: W-5%Re/W-26%Re
thermocouple, inserted around the heater. Octahedron edge
length: 8 mm. Sample diameter: 0.5 mm.

diffraction experiment at 4.5 GPa and 1900 K using the
PEP. An arrangement within the capsule of the immiscible
phases generated by a difference in wetting properties was
used to perform this study. By moving the PEP in the X-ray
beam, different parts of the capsule loaded with Fe-25at%S-
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25at%Si sample were probed (Figure 3a). A highly colli-
mated X-ray beam (50 ym x 50 pm) allows precise spatial
scanning of the sample.

[17] Different signals were observed depending on the
position of the X-ray beam (Figure 3a). When the X-ray
beam probes the central part of the capsule, where the Fe-Si
rich phase is observed on quenched samples (Figure 3b), the
diffracted signal presents an intense and sharp first diffrac-
tion peak around 4° followed by a well defined second peak
around 7°. In contrast, when the X-ray beam probes the
border of the capsule, where the Fe-S rich phase is located
(Figure 3b), the diffracted signal is characterised by a wide
and moderately intense first peak with an almost missing
second peak.

[18] In order to obtain the pair distribution function g(r)
(Figure 4), diffraction signals have been analysed using a
previously published method [Morard et al., 2007b]. Since
X-ray scattering intensity is proportional to the square of the
atomic number, the contribution to the diffraction signal
from light elements alloyed with Fe is weak. Thus in the
Faber-Ziman formalism [Faber and Ziman, 1965; Vineyard,
1958] and for the binary mixtures Fe-(20wt%)S and Fe-
(20wt%)Si, the Fe-Fe bonds contribute to ~65% of the total
signal, and Fe-X bonds to ~30% whereas X-X bonds
contribute for only 5%. Therefore, the g(r) characterizes
essentially how the Fe-Fe network is perturbed by the
presence of light elements while the polymerization of light
elements is difficult to decipher.

[19] Difference in local structure is the prime cause of the
immiscibility in the Fe-S-Si system. In fact, the Fe-Si liquid
phase presents a compact structure with well defined

1 mm

capsule

< Diffraction pattern from
> i-rich liqui
g
E
. | . | . | N . M-
0 5 10 15 20

Diffraction angle (26)

(a) Angle dispersive X-ray diffraction patterns obtained by moving the PEP vertically.

Experimental conditions are 4.5 GPa and 1900 K. The sample studied has a global composition of Fe-
25%at S-25 %at Si. We can easily discriminate between the two contributions, corresponding to Fe-Si
and Fe-S liquids, respectively, and depending on the position of the press. Compositions of both
recovered phases are given in Table 1. (b) SEM image of a quenched sample. The Fe-Si phase is the
central round domain surrounded by the Fe-S phase wetting the hBN capsule.
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Figure 4. Pair distribution functions g(r), corresponding to
the two extreme positions of the PEP (black and green
curves) as indicated in Figure 3, and an intermediate
position (red curve). For a better comparison, the absolute
positions of the CS have been displaced in order to
superimpose the position of the first CS exhibited by the
Fe-S and Fe-Si alloys.

coordinance spheres (CS) whereas the Fe-S liquid shows
only very damped oscillations at distances greater than
0.4 nm (Figure 4). These structures are in good agreement
with previous studies [Sanloup et al., 2002; Urakawa et al.,
1998]. Two different end-members could be described, with
intermediate signals corresponding to mixture of these end-
members (Figure 4). However, with the present experimen-
tal configuration it is not possible to accurately measure the
signal coming from the unmixed phases Fe-S and Fe-Si
respectively. Consequently, in order to evaluate more accu-
rately the influence of light elements on the structure of
liquid Fe, we have investigated the binary mixtures Fe-S
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and Fe-Si in separate capsules, at close P-T conditions, and
with similar concentrations of light elements (~20%wt).

[20] Figure 5 shows the pair distribution function (pdf)
for Fe-20wt%S and Fe-20wt% Si alloys at comparable P-T
conditions (4.6 GPa and 1820 K for Fe-20%wt Si; 5.6 GPa
and 1400 K for Fe-20% wt S). Indeed, the investigated
temperatures correspond approximately to the same T/Tm
ratio, where Tm is the eutectic melting temperature (T/Tm
~ 1.1 [Fei et al., 1997; Kuwayama and Hirose, 2004]). The
small perturbation present on the second CS might be due to
termination effect rather than real structural contribution. Its
position around 0.38 nm corresponds to theoretical ghost
peaks appearance defined by

rsp1:r1+Ar1:0.372 nm (1)

Ar &~ =0.116 nm (2)

m
2 Qmax

where r; is the position of the first peak [Waseda, 1980].

[21] The Fe-20wt% S liquid presents a first peak position
at a smaller distance (2.50 A) than the one exhibited by Fe-
20%wt Si (2.56 A, see Table 2). This shift of the first peak
with increasing S content is in good agreement with
previous studies of Fe-S alloys with higher S content (from
40at% S to 50at% S, Table 2) [Sanloup et al., 2002;
Urakawa et al., 1998; Vocadlo et al., 2000]. This feature
is attributed to a stronger Fe-S bond, highlighting its
covalent character.

[22] It is generally assumed that Si does not significantly
perturb the structure of pure liquid Fe [/’inskii et al., 2002;
Kita et al., 1982; Sanloup et al., 2002] even at concen-
trations up to 40at% Si [Kita et al., 1982]. Besides, the high
solubility of Si in pure solid Fe suggests that Si acts as an
interstitial impurity [Kuwayama and Hirose, 2004]. There-
fore, Fe-Fe networks are relatively undisturbed by the
presence of Si and still show a compact structure linked

P=4.6 GPa

P=5.6 GPa
T=1400 K

T
0.2 0.4

T T 1
0.6 0.8 1.0

Distance to the central atom (nm)

Figure 5. Pair distribution functions g(r) of Fe-20%wt Si (full line) and Fe-20% wt S (dotted line). P-T
conditions are indicated in the graph. Spurious peaks are due to termination effect in the data treatment

(see text).
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Table 2. Position of Maximum of First (r]) and Second (r2) CS of Fe Alloys at Different P-T Conditions From This Study and Other
References [Kita et al., 1982; Morard et al., 2007b; Stolz et al., 1994; Urakawa et al., 1998; Waseda, 1980]

P (GPa) T (K) rl (A) 2 (A) 2/rl Bibliography
Fe-20%wt S 5.6 1400 2.497 - - This study
Fe-20%wt Si 4.6 1820 2.56 4.63 1.809 This study
Fe-20%wt S 16.97 1120 2.477 4.523 1.826 Morard et al. [2007]
Pure Fe Ambient 1823 2.58 4.8 1.860 Waseda [1980]
Pure FeS 5.3 1873 2.35 - - Urakawa et al. [1998]
Pure FeSi Ambient 1733 2.55 NC - Kita et al. [1982]
Pure S Ambient 573 2.054 331 1.611 Stolz et al. [1994]
Pure Si Ambient 1733 2.5 5.7 2.28 Waseda [1980]

with low compressibility values [Sanloup et al., 2004]. In
contrast, the degree of covalency of the Fe-S bond renders S
incompatible with the well packed Fe-Si liquid structure.

[23] For pressures greater than 15 GPa, structural evolu-
tion occurs in the Fe-FeS system [Morard et al., 2007b], in
correlation with Fe-S-Si miscibility gap closure in the 12—
15 GPa pressure range [Sanloup and Fei, 2004; Siebert et
al., 2004]. However, the results concerning melting relation-
ships in the Fe-S-Si system are still controversial, due to the
ambiguous interpretation of quenched textures. In this
context unambiguous results regarding the closure of the
Fe-S-Si miscibility gap are needed. Therefore, in section 4,
we investigated the Fe-S-Si system by in situ X-ray tomog-
raphy up to 16 GPa and 2473 K in order to check the
reliability of quenched texture studies.

4. Examining the Miscibility Gap Closure by
In situ X-ray Radiography

[24] A sample with a composition of Fe-18wt%S-
8.5wt%Si (Fe-28.8%atSi-11.9%atS) was investigated by
in situ X-ray radiography at 2, 12 and 16 GPa between
873 K and 2473 K (Figure 6). For each run, temperature
was increased at the target pressure while continuously
recording X-ray radiographic images. The technique used
here (Figure 2) allows the whole sample to be probed to
avoid any misinterpretation of the observed texture. The
density difference between the two immiscible phases is
rather large (pPpe.oowtes = 5195 kg.m73 at 2.31 GPa and
1605 K whereas ppe.17wios-si = 7618 kg.m*3 at 1.55 GPa
and 1830 K [Sanloup, 2000]) and the absorption contrast
allows a clear distinction in the miscibility properties (for
instance in Figure 6 the Fe-Si phase is related to a darker
contrast).

[25] During experiments at 2 and 12 GPa, the formation
of two immiscible phases is observed by the presence of
darker Fe-Si blobs in lighter Fe-S liquid matrix for temper-
ature above the melting point of both phases. On the
contrary, the experiment at 16 GPa does not show hetero-
geneity up to 2473 K. This temperature is well above the
melting temperature of pure end members Fe (~2100 K)
[Boehler et al., 2002], FeS (~1800 K) [Boehler, 1992] and
FeSi (~1900 K) [Santamaria-Perez and Boehler, 2008].
One may conclude that the initial composition Fe-18wt%S-
8.5wt%Si (Fe-28.8at%Si-11.9at%S) forms only one phase
in the liquid state for P > 16 GPa and up to 2473 K. This
composition is situated deep within the miscibility gap of
the Fe-S-Si system (Figure 1) which suggests that this zone
has significantly decreased between the ambient pressure
and 16 GPa.

[26] This is direct in situ evidence of the closure of the
Fe-S-Si miscibility gap with increasing pressure. It confirms
the relevance of earlier studies of quenched textures at high
pressure and temperature, in the case of Fe-S-Si system
[Sanloup and Fei, 2004; Siebert et al., 2004]. This means
also that the observation of separated phases in quenched
samples is due to the coexistence of two immiscible liquids
and not to a diffusion of elements during quenching. The
same interpretation has already been applied in the case of
the Fe-S-O system [Zsuno et al., 2006].

[27] Closure of the miscibility gap in the Fe-S-Si system
implies that S and Si are both compatible with the liquid Fe
structure at high pressures. A previous study on the Fe-FeS
eutectic liquid [Morard et al., 2007b] has shown that S
becomes compatible with a compact structure at P > 15 GPa:
a structure similar to that exhibited by Fe-Si liquid at 5 GPa.
Therefore, this suggests that S could enter the structure of
the Fe-Si liquid to form a Fe-S-Si alloy for P > 15 GPa
without substantially altering the local structure. Our ex-
planation of this evolution is a transition from covalent to
interstitial behaviour of S in this pressure range. To be
more quantitative and to ascertain the effect of light
elements on the compressibility of liquid Fe, we have
estimated the EOS of Fe-Si and Fe-S alloys in the frame-
work of the HS fluid model.

5. Hard Sphere Model

[28] As a theoretical framework we used a HS model to
interpret differences in structural and compression behav-
iour between Fe-S and Fe-Si liquids. In this framework, a
binary mixture (e.g. Fe-Si) is described as a mixture of HS,
with fixed diameters. Although very crude this approxima-
tion is suitable for liquid metals under pressure where the
ion-ion repulsion is the main driving force for atomic
packing [Barker and Henderson, 1976; Waseda, 1980].

[20] Various studies have described the behaviour of HS
mixtures [Mulero et al., 2001]. For the so-called additive
HS model (AHS) the distance of closest approach (denoted
by oj;) between the centres of two interacting particles, one
of the species, 7, and the other of the species, j, is the
arithmetic mean of the diameters of both particles o; and o;.
An analytic equation of state known as the Mansoori-
Carnahan-Starling-Leland equation [Mansoori et al.,
1971], derived from the Percus Yevick integral equation
for HS mixtures, has been applied to the Fe-Si alloy to
evaluate the evolution of the compressibility with Si content
(for a review on the EOS for HS see [Mulero et al., 2001]).
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Figure 6. X-ray radiographic images as a function of pressure and temperature from a sample of
composition Fe-18wt%S-8.5wt%Si (Fe-28.8%atSi-11.9%atS). Two domains with different X-ray
absorption properties are present at 2 and 12 GPa for the highest temperature, whereas only one phase

remains at 2200°C and 16 GPa.

The value of the HS diameter assigned to Fe (og.) was
chosen by fitting the published pressure-density data for
pure liquid Fe [Anderson and Ahrens, 1994]. As for oyg;, it
was adjusted to best reproduce the pressure-density data for
Fe-Si liquid mixtures [Sanloup et al., 2004].

[30] As illustrated in Figure 7, we obtain a good agree-
ment between the compressibility data for Fe-Si alloys and
the AHS model. This result is qualitatively important since
it suggests that the Fe-Si mixture behaves like a HS mixture
and adopts a compact structure at high pressure for Si
content up to 40%at [Kita et al., 1982]. (It must be noted
that the AHS model does not agree with pure Si density data
[Delisle et al., 2006] because of a specific Si-Si interaction
not accounted for in the model). This behaviour is compat-
ible with an interstitial dissolution of Si in the pure liquid Fe
for limited Si content. In fact, a similar conclusion can be
reached from the structural properties of Fe-Si liquid
[l'inskii et al., 2002; Kita et al., 1982; Sanloup et al.,
2002], where a compact structure is observed in this system
(see the oscillatory behaviour of g(r) at large r in Figure 5).

[31] In the case of Fe-S liquid mixture, the AHS model is
unreliable. More precisely, the large rise of the compress-
ibility with increasing S content observed at low pressure
[Sanloup et al., 2000] cannot be reproduced with an AHS
model (in contrast, the bulk modulus at low pressure of Fe-
Si mixtures varies very little with composition). Adding S
significantly increases the compressibility and leads to
density values greater than the one expected for pure liquid
Fe at high pressure.

[32] As previously discussed, under pressure significant
changes are observed in the position of the first coordination
shell in the Fe-S liquid compared to pure Fe or Fe-Si liquid

(Table 2). This evolution could be attributed to the covalent
character of the Fe-S bond. Hence, the EOS for non-additive
HS (NAHS) mixtures has been used [Hamad, 1997]. In this
model, the non-additive behaviour is obtained by defining

Fe-Si system

920 - -
; 40%at Si, -
T=1800 K
o
E 85 S AT
(=} :
2 z
g z
1= :
< i
N N
> :
2
Rz :
5 z
A 80 FEREEE R RSP Rl » SXERERY EPURRES S o IERREREEERE
- - - EOS Bifrch Mumagh{m 3td order (éxperimental)
Hard sphere model (theoritical) -
75 - -

0 2 4 6 8 10
Pressure (GPa)

Figure 7. Additive HS EOS [Mansoori et al., 1971]
applied to the Fe-Si system compared with experimental data
[Anderson and Ahrens, 1994; Sanloup et al., 2004]. EOS
parameters are the following: oFe = 2.27A; 0Si = 2.08 A.
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Figure 8. Non additive HS EOS [Hamad, 1997] applied to the Fe-S system compared with
experimental data [Anderson and Ahrens, 1994; Sanloup et al., 2000]. EOS parameters are the following:

oFe =255 A; 0S =235 A; A = —0.35.

the distance of closest approach between particles of differ-
ent species using the following relation:

Uij: (O’ji‘FUjj)w (3)
where the parameter A quantifies a deviation with respect to
the arithmetic mean of HS diameters.

[33] A positive value of A, denoting a large repulsion
between unlike species, leads to demixing [Dijkstra, 1998].
In the case of an Fe-S alloy, we investigated a negative value
of A, which accounts for the short range ordering [Hamad,
1997] induced by a preferential hetero-coordination between
Fe and S atoms. This is suggested by a shift of the first
coordination shell towards smaller distances in going from
Fe-Si mixtures to Fe-S mixtures (Table 2). Furthermore, the
quasi invariance of atomic density at ambient pressure
with increasing S content (at least up to 30%at S) could
suggest either a close similarity between Fe and S atomic
radii (but this is not the case, as suggested by [Stolz et al.,
1994], Table 2) or is the result of a specific Fe-S interaction.
In fact the large increase of compressibility with increasing
S content (Figure 8), generated by the more compressible
S atoms and the relatively constant value of the atomic
density at low pressure with S content, reveals a non additive
behaviour of the solution. However, to best reproduce the
effect of S content on the compressibility using the NAHS
model, we have to modify the HS diameter of pure Fe.
Unfortunately, this adjustment significantly deteriorates the
description of the EOS associated with pure liquid Fe
(Figure 8). Nevertheless, this simple model has the ability
to quantify the role of highly covalent bonding in the
compressibility of Fe-S mixtures.

[34] As discussed previously the closure of the miscibility
gap for Fe-S-Si with pressure seems to result from a
structural similarity between Fe-S and Fe-Si liquid at high
pressure. In fact, a recent investigation of the Fe-FeS
eutectic up to 17 GPa concluded that the liquid structure
evolves discontinuously toward a more compact structure at
high pressure [Morard et al., 2007b]. In terms of the HS
fluid, this feature corresponds to a transition from a non-
additive behaviour at low pressure to an additive one at high
pressure (P > 15GPa).

[35] More generally, the structure factor S(Q) of some
binary alloys can be reproduced quite satisfactorily by the
AHS mixture model [Ashcroft and Langreth, 1966]. In the
present case to constrain the HS diameters associated with
liquid Fe-S alloys for P > 15 GPa, the structure factor
obtained in a previous study [Morard et al., 2007b] has
been reproduced by using an analytic expressmn for
SAHS(Q) (Figure 9), leading to o5 = 1.9 A and og, =
225 A. The HS radius of Fe atoms is very close to the
value (2.27 A) used for describing the EOS of pure Fe, and
that of S atoms corresponds approximately to the first peak
of the pair distribution function observed in pure liquid S at
ambient pressure [Stolz et al., 1994] (Table 2) and is close
to HS diameter of Si (05 = 2.08 A) obtained from AHS
model (Flgure 7). Furthermore, the density so obtained
(84 atoms/nm® for Fe-30%atS) is in good agreement with
data from the literature [Sanloup et al., 2000].

[36] Using these HS diameters, the additive HS model
has been applied from P = 17 GPa up to core conditions
(Figure 10). In this high pressure range, we observe a
significant decrease of the compressibility with respect to
the prediction made with the Birch-Murnaghan (BMEOS)
fitted to experimental data at low and moderate pressure
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Figure 9. Structure factor S(Q) of the eutectic liquid Fe-20%wt S (Fe-30%at S) at 17 GPa and 1120 K
(full line) [Morard et al., 2007b] compared with HS binary mixture structure factor calculated using the
analytical expression from Ashcrofi and Langreth [1966] (dotted line). S(Q) simulation parameters are the
following: 1 = 0.442; p = 84 atoms/nm’; oFe =225 A; 6S = 1.9 A.

[Sanloup et al., 2000]. A large value of the bulk modulus (K
~ 60GPa) has been already established for Fe-10%wt S
(16at% S) measured by sink-float method up to 20 GPa
[Balog et al., 2003].

[37] Although a more quantitative analysis using HS
model is not possible under core conditions because the
model does not account for the softness of electronic
orbitals, some qualitative conclusions can be drawn (see
below).

6. Geophysical Implications

[38] The presence of a large miscibility gap at moderate
pressures (P < 15 GPa) is expected to have a direct
influence on planetesimals and the core dynamics of small
planets. For example, models of fractionated crystallisation
processes in Ganymede’s [Hauck et al., 2006] and Mars’
cores [Stewart et al., 2007] should take into account the
possibility of having an immiscible Si-rich metallic phase
involved in the convection dynamics and its consequence
on the geodynamo generation. In fact, S significantly affects
the surface tension properties of iron alloys [Lee and
Morita, 2002]. The immiscible liquid configuration ob-
served in the hBN capsule (Figure 3) has also been observed
with metal/silicate phases in coexistence [Malavergne et al.,
2007]. Therefore, an S-rich metallic phase could have acted
as a geochemical buffer between silicates and Si-rich
metallic phases in planetesimal cores. In this case, exchange
between silicates and S-rich iron alloys would have a large
influence on the pre-terrestrial geochemical balance.

[39] In contrast, the closure of the Fe-S-Si miscibility gap
at high pressures is relevant for the Earth’s core. In fact, the
assessment that S and Si are not compatible in the same
metallic phase during differentiation processes [Kilburn and
Wood, 1997] has already been ruled out for P > 20 GPa

[Siebert et al., 2004]. Using the hypothesis of a differenti-
ation equilibration of the metallic phase at the bottom of a
magma ocean at pressure conditions well above 17 GPa
(e.g. 27 GPa and 2200 K [Righter et al., 1997]), we can
deduce that the Earth’s core could contain S and Si in
appreciable amounts.

[40] A magnetic to non-magnetic transition occurs around
10—25 GPa in the Fe3S compound [Lin et al., 2004]. At the
same time, the evolution of the c/a ratio in phase IV of FeS
for P > 15 GPa indicates a metallization of the FeS
compound [Fei et al., 1995]. These findings are in agree-
ment with an evolution of the Fe-S bond with increasing
pressure from covalent to metallic. On the other hand, the
solubility of S in solid Fe increases at P > 15 GPa [Li ef al.,
2001], implying that S could act as an interstitial impurity
and behaves like Si in liquid Fe at lower pressures.

[41] This evolution of the Fe-S interaction, from covalent
to metallic appears to have a direct implication on the
composition of the Earth’s core. The way that S affects
the sound velocity in liquid Fe is an argument that has been
used to suggest that S is not one of the major light elements
in the Earth’s core [Badro et al., 2007; Sanloup et al.,
2004]. As a matter of fact, in using density data on the Fe-S
system in the pressure range 0—5 GPa, it has been argued
[26] that the incorporation of S in liquid Fe would increase
the discrepancy on the sound velocity with PREM. At
variance with this conclusion, we calculate sound velocity

Vp following equation:
p = JE
p

where K and p are respectively the compressibility and the
density calculated from additive HS model under core

)

9 of 12



B10205 MORARD ET AL.: IN SITU STUDY OF FE-S-SI LIQUID SYSTEM B10205
130 ! ! ! T ' ! ' '
T=2500Kk ~ .© -
1200 . - P e phre liquid e e
NS N N
4
10 2o K PRI e T DTN S e
o Fe-41%at S ¢
§ 100f - L. P BT BT
£ :
2] B 5
g o S Fe:30%at S :
% 904 »i' ---- P : Fe-41%at S -A
= v .7 I : Fe-30%at S
é‘ I!;’ g : : Fe-16%at S
e : : :
& BOp LGl e 22 Fel6vat'S @ )
8 SRR E - B Si effect S effect
)00 : O
Or g s Sl _PREM model |-
WA : i B T
: : : : 8 ——
60 JREgR: 000 2 aoo KSR SR R B
- - - :EOS Birch Murnaghan: ] ]
‘Hard sphere model - e ?’Zéssure (éz}i;) *
1 1 1 1 1 1 1
SOO 10 20 30 40 50 60 70 80 920 100
Pressure (GPa

Figure 10. Additive HS EOS [Mansoori et al., 1971] applied from 17 GPa to Fe-S alloys using HS
diameter deduced from Figure 9. Shadow area indicates the pressure range where Fe-S liquid structure
evolves toward a compact structure [Morard et al., 2007b]. Inset shows calculated Vp for Fe-S alloys and
pure liquid Fe using compressibility and density data deduced from additive HS model. The method used
for Vp calculation is the same as Sanloup and Fei [2004].

conditions. Then, our calculations indicate that S drives the
sound velocity toward the value of the PREM model
(Figure 10, inset). Hence, S and Si will drive the sound
velocity of liquid iron alloys in the same way, increasing it
toward PREM values. So, from the standpoint of the elastic
properties, S could be present in the Earth’s core.

[42] More generally, this study indicates that it is not
sufficient to interpret the differences in composition (e.g. S
content) between the core of large planets, such as Earth or
Venus, and planetesimals as a simple pressure effect. It is also
important to consider two pressure domains, above or below
~15GPa, in order to distinguish between covalent and
metallic behaviour for the incorporation of S into liquid Fe.

7. Conclusion

[43] In this study, the structural properties of immiscible
Fe-S and Fe-Si liquid iron alloys have been investigated by
in situ X-ray diffraction experiments. Large structural differ-
ences between coexisting liquids have been observed. These
differences could be the origin of the Fe-S-Si miscibility gap
observed at low and moderate pressures. However, by using
in situ X-ray radiography we have shown that the Fe-S-Si
system becomes miscible at high pressure. More precisely,
the composition Fe-18wt%S-8.5wt%Si (Fe-28.8at%Si-
11.9at%S) is found to be immiscible at 12 GPa but becomes
miscible at 16 GPa. This evolution takes place in the same
pressure range as the structural transition occurring in the
binary alloy Fe-20at%S [Morard et al., 2007b].

[44] The X-ray study of liquid Fe-S and liquid Fe-Si with
comparable light element content provides an insight to
explain the reason for a miscibility gap in Fe-S-Si system
and its evolution with the pressure. In Fe-S mixtures at low

10 of

and moderate pressures, the observation on the X-ray pair
distribution function of a packing of the first coordination
shell combined with a disordering of the second shell of
neighbours is attributed to the covalent character of the Fe-S
bond. In contrast Si behaves as an interstitial impurity in
liquid Fe up to high Si content (oscillatory behaviour of the
g(1)). Correspondingly the compressibility of Fe-S liquid is
found to be much higher than that of liquid Fe-Si, a
behaviour which is exacerbated when increasing S content
[28]. At higher pressures (P > 15 GPa), the closure of the
Fe-S-Si miscibility gap, the structural similarity noticed
between Fe-S and Fe-Si liquids, and the large value reached
by the bulk modulus of Fe-S liquid, all pleads in favour of a
disappearance of the covalent character of the Fe-S bond
with the pressure.

[45] As the Fe-S alloy adopts a compact structure similar
to Fe-Si alloy for P > 17 GPa, we applied the additive HS
model to describe qualitative behaviour of Fe-S alloy EOS
under core conditions. The main result of this evaluation is a
drastic increase of the bulk modulus, leading to the conclu-
sion that S could be dissolved in appreciable amount in the
Earth’s core.
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