Available online at www.sciencedirect.com

ScienceDirect
Geochimica et Cosmochimica Acta 132 (2014) 94–100
www.elsevier.com/locate/gca

Partitioning of Si and platinum group elements between liquid
and solid Fe–Si alloys
G. Morard a,b,⇑, J. Siebert a,b, J. Badro b,c
a
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Abstract
Crystallization of the Earth’s inner core fractionates major and minor elements between the solid and liquid metal, leaving
physical and geochemical imprints on the Earth’s core. For example, the density jump observed at the Inner Core Boundary
(ICB) is related to the preferential partitioning of lighter elements in the liquid outer core. The fractionation of Os, Re and Pt
between liquid and solid during inner core crystallization has been invoked as a process that explains the observed Os isotopic
signature of mantle plume-derived lavas (Brandon et al., 1998; Brandon and Walker, 2005) in terms of core–mantle interaction. In this article we measured partitioning of Si, Os, Re and Pt between liquid and solid metal. Isobaric (2 GPa) experiments
were conducted in a piston-cylinder press at temperatures between 1250 °C and 1600 °C in which an imposed thermal gradient
through the sample provided solid–liquid coexistence in the Fe–Si system. We determined the narrow melting loop in the
Fe–Si system using Si partitioning values and showed that order–disorder transition in the Fe–Si solid phases can have a large
eﬀect on Si partitioning. We also found constant partition coeﬃcients (DOs, DPt, DRe) between liquid and solid metal, for Si
concentrations ranging from 2 to 12 wt%. The compact structure of Fe–Si liquid alloys is compatible with incorporation of Si
and platinum group elements (PGEs) elements precluding solid–liquid fractionation. Such phase diagram properties are relevant for other light elements such as S and C at high pressure and is not consistent with inter-elemental fractionation of
PGEs during metal crystallization at Earth’s inner core conditions. We therefore propose that the peculiar Os isotopic signature observed in plume-derived lavas is more likely explained by mantle source heterogeneity (Meibom et al., 2002; Baker and
Krogh Jensen, 2004; Luguet et al., 2008).
Ó 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Silicon is potentially one of the main light elements in
the Earth’s core due to its large abundance in the solar system and its high solubility in the metallic phase during
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Earth’s diﬀerentiation (Takafuji et al., 2005; Siebert et al.,
2013). It has also been shown that Fe-Ni-Si alloys are the
only ones that have elastic properties that match those of
the inner core (Badro et al., 2007; Antonangeli et al.,
2010). The Fe–Si phase diagram is quite diﬀerent than that
of Fe–S or Fe–C: it shows an enhanced solubility of Si in
solid Fe and displays solid solution behavior under Earth’s
core conditions, and a partitioning between solid and liquid
expected to be close to unity at the Inner Core Boundary
(ICB) (Alfè et al., 2002). However, an experimental determination of this Si partitioning is required for comparison
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with ab initio calculations. Furthermore, the amount of
light elements released in the liquid phase during inner core
crystallization is quite important to model solutal convection in the Earth’s core, potentially the main driving force
of the Earth’s magnetic ﬁeld (Kutzner and Christensen,
2000).
Liquid metal inﬁltration from the outer core into minerals of the lower mantle has been postulated based on the
chemical composition of mantle plume-derived lavas from
oceanic islands which could directly sample the Core Mantle Boundary (CMB) (Brandon et al., 1998; Brandon and
Walker, 2005). In detail, the coupled enrichment in
187
Os/188Os and 186Os/188Os relative to upper mantle materials is attributed to the development of elevated Re/Os and
Pt/Os in the outer core during inner core crystallization.
The assignment of such isotopic anomalies to an outer core
component has been strongly debated, as this Os isotopic
signature could alternatively be produced by recycling of
crustal materials or source mantle regions having experienced metasomatism (Meibom et al., 2002, 2004; Luguet
et al., 2008; Day et al., 2010). Further objection to the
core–mantle exchange model has been raised from the absence of W isotope anomaly in these mantle plume-derived
lavas (Schertsen et al., 2004).
The core-mantle exchange model requires higher liquid–
solid metal partitioning coeﬃcients for Pt, Re and Os than
those measured for pure Fe crystallization (Brandon et al.,
2003). Over the last decade numerous high pressure and
high temperature experimental studies have focused onto
constraining the partitioning of Re, Pt and Os between liquid and solid metal for diﬀerent Fe light element alloy
systems (Chabot et al., 2006, 2011; Van Orman et al.,
2008; Hayashi et al., 2009). Previous studies have considered the eﬀect of sulfur and carbon as potential light elements in the core and partitioning values for Pt, Re and
Os that were not consistent with the Os isotopic values required by the core–mantle exchange hypothesis. These partition coeﬃcients depend mainly on the light element
content of the system and slightly on the pressure of metal
solid/metal liquid equilibration (Van Orman et al., 2008;
Hayashi et al., 2009). This could be explained by the speciﬁc eﬀects of each light elements on the iron phase diagram (melting temperature, solid liquid partitioning of
the light element, liquid structure . . .) (Boehler, 2000; Morard et al., 2008). So far, only one study on liquid–liquid exchange in the Fe–S–Si system has been done (Chabot et al.,
2010), and no measurement has yet been performed for solid–liquid platinum group elements (PGEs) partitioning for
the Fe–Si system, even though Si is likely to be present in
the Earth’s core.
In this study, we measured Si, Os, Re and Pt solid–liquid
partition coeﬃcients (DSi, DOs, DRe, DPt) using a piston-cylinder apparatus. We reconstructed the melting loop at
2 GPa in the Fe–Si system and highlighted the eﬀects of
the underlying solid phase transitions on this melting loop.
Correlations between liquid structures observed for Fe–Si
liquid alloys, phase diagram properties and our partitioning
results are established. We ﬁnally review the core–mantle
interaction model (Brandon and Walker, 2005) in the light
of our new data.
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2. EXPERIMENTAL PROCEDURE
2.1. Ex situ partitioning experiments
The starting material consists of a mixture of high-purity
powders (FeSi (99.9%, GoodFellow) Fe (99.99%, Alfa Aesar), Re (99.99%, Alfa Aesar), Pt (99.99%, Alfa Aesar),
Os (99.99%, Alfa Aesar)). The PGE were added as 1 wt%
of each, in order to obtain good quantitative measurements
using electron microprobe analysis.
Experiments were performed at 2 GPa at temperatures
between 1250 °C and 1600 °C using a 150-ton end-loaded
piston-cylinder press. The 1/200 cell assembly used in these
experiments consisted in a MgO capsule, a graphite furnace
and a talc/Pyrex or BaCO3 pressure cell depending on temperature (Fig. 1). The temperature was raised at a rate of
100 °C per minute. The samples were quenched by shutting
oﬀ the power supply to the furnace, resulting in a quench
rate higher than 300 °C per second. The temperature was
monitored using a type D thermocouple (W97Re3/
W75Re25) inserted axially in an alumina four-bore thermocouple sleeve above the capsule. The melting loop in the
Fe–Si is quite narrow, only few tens of degrees, therefore
the sample was oﬀ-centered vertically with respect to the
hotspot in order to impose a temperature gradient in the
sample, and to have liquid/solid coexistence at a deﬁned position (Fig. 1). Diﬀerence between solid and liquid was easily made using the dendritric texture of the liquid (Fig. 1).
The experiment was run for 2 h in order to achieve complete equilibrium between the liquid and the solid. This
duration was known to be suﬃcient, since the solid composition was homogeneous, at least in the 300 lm at the interface, where the chemical analyses were performed. In order
to evaluate the temperature at the solid–liquid interface, we
measured the temperature gradients throughout the capsule
using this assembly conﬁguration. We used the spinel
growth technique detailed in (Watson et al., 2002) giving
20 °C/mm for talc Pyrex assemblies and 42 °C/mm for
BaCO3 assemblies.
2.2. Microprobe analysis
Chemical analyses of run products were performed
using a Cameca SX100 microprobe at the Camparis facility.
Wavelength-dispersive spectroscopy was adopted to measure the elements in this study (Fe, Si, O, Pt, Re, Os).
The operating conditions were 15 kV and 10 nA, and
counting time of 10 s on the peak and 10 s on background
for major elements, and 30 s on peak and 10 s on background for trace elements. Pure metals Fe, Pt, Os together
with FeSi, Fe2O3, and LaReO3 were used as standards. As
shown on Fig. 1, the liquid part of the sample shows a dendritic quench texture. Such a texture requires analyzing the
chemical composition of a large area, rather than a point
analysis. We used a defocused beam of 20 lm to average
the compositions of quenched texture. For our temperature
conditions, the diﬀusion length is usually more than several
hundreds of microns, even for two hour long experiments
(Watson and Watson, 2003). Chemical analyses of the solid
phase were performed over the ﬁrst hundreds of microns
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(a) Schematic drawing of the cell assembly
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Fig. 1. (a) Schematic drawing of the piston-cylinder 1/200 assembly. (b) Backscattered electron image of a recovered sample showing the
coexistence of liquid and solid Fe–Si alloys. The liquid can easily be distinguished from the solid due to its dendritic quench texture. Dark
features on the SEM image correspond to small SiO2 grains crystallizing due to partial oxidation of silicon metal.

from the interface. This ensured that the measurements
were taken on a sample at chemical equilibrium.
The Soret eﬀect could potentially fractionate HSE elements through the liquid; however, this seems to be favored
for S-bearing metallic liquids, but not for Si or C bearing
metallic liquids (Brenan and Bennett, 2010). Furthermore,
the robustness of our partitioning results is conﬁrmed by
the good agreement with pure Fe measured partitioning
values (Chabot, pers. comm.).
3. RESULTS
In order to determine the phase diagram, we performed
several experiments with varying initial Si content ranging
from 3 wt% up to 12 wt%. This range of Si content is spans
that recommended by various models of Earth’s core composition (from 6 to 10 wt% Si) (Allègre et al., 1995; Javoy,
1995; McDonough, 2003; Badro et al., 2007; Antonangeli
et al., 2010). The quench texture is similar for all of the samples, showing a dendritic liquid in the hottest part and a
homogeneous solid in the coldest part. . The ﬁnal silicon
content of the samples after the equilibration experiment
is usually slightly lower than the initial content, due to
the formation of small SiO2 grains, seen as black zones
on backscattered images of the sample (Fig. 1). The temperature was set to right around melting, between 1600 °C and
1250 °C depending on Si concentration. The chemical analyses of each phase and the partition coeﬃcient (Dsol/liq) of
PGEs and Si between solid and liquid iron alloys are listed
in Table 1.
The narrow melting loop on the Fe-rich side of the Fe–Si
phase diagram has been estimated using the temperature at
the solid–liquid interface and the chemical composition of
the solid and liquid (Fig. 2 and Table 1). At 2 GPa, the
melting temperature decreases continuously from 1610 °C
for pure iron (Strong et al., 1973) to 1333 °C for a solid

containing 9.7 (0.2) wt% Si. Then, an abrupt ﬂattening in
the melting slope occurs around 10 wt% Si (Fig. 2). This effect is related to phase transitions in the Fe–Si solid alloys,
from the A2 disordered to the B2 ordered structure, as observed at ambient pressure (Meco and Napolitano, 2005).
In the A2 structure, the Si atoms are randomly dispersed
in the bcc lattice, substituting the Fe atoms (Lejček et al.,
2007) whereas they have deﬁned crystallographic sites in
the B2 structure (CsCl-type structure). At ambient pressure,
the disorder–order transition is favored by higher Si concentration as well as lower temperatures (Raghavan, 2003).
The disorder–order transition from A2 to B2 strongly
aﬀects Si partitioning between the solid and liquid (DSi)
(Fig. 2, inset). DSi value evolves towards a minimum of
0.82 around 6 wt% Si in the liquid and remain constant
up to 10 wt% Si (A2–B2 transition in the solid). The
strong dependence of DSi on Si content in the liquid at
2 GPa is quite diﬀerent from the calculated behavior under
inner core conditions (Alfè et al., 2002). By calculating
chemical potentials from ab initio simulations, this study
shows no dependence of DSi as a function of XSi, which remains around unity up to 20 at% Si (11 wt% Si).
The measured partition coeﬃcients for PGEs between
solid and liquid are constant over our range of Si concentrations. Only Pt partitioning shows a slight decrease for
Si content above 8 wt%. Generally, PGE partition coeﬃcients increase with increasing light element content in the
liquid phase (Chabot et al., 2006, 2011). Furthermore, our
results are in good agreement with recent results obtained
in pure Fe (Chabot, pers. comm.) (Fig. 3).
4. DISCUSSION
The melting loop is strongly aﬀected by the A2–B2 transition and this disorder–order transition (Fig. 2) modiﬁes
the Si partitioning coeﬃcient DSi from 0.86 to 0.97.
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Table 1
Electron probe microanalyses of the quenched liquid and solid Fe–Si alloys in equilibrium. Run duration was 2 h for each experiment.
Run #
Temperature (°C)
DX (mm)a
T interface (°C)b

#41 (BaCO3)
1650
1.7
1580 (20)

#40 (BaCO3)
1600
1.8
1525 (20)

#24 (T/P)
1450
1.7
1417 (20)

#14 (T/P)
1350
0.9
1333 (20)

#21 (T/P)
1340
1.3
1314 (20)

Liquid phase
Fe (wt%)
Si (wt%)
O (wt%)
Re (wt%)
Os (wt%)
Pt (wt%)
Tot

94.3 (0.5)
2.4 (0.5)
0.2 (0.1)
1.1 (0.3)
1 (0.6)
1.6 (0.5)
100.6 (0.4)

92.5 (0.5)
4.8 (0.3)
0.3 (0.03)
1 (0.2)
1 (0.4)
1.3 (0.2)
100.8 (0.4)

89.8 (0.6)
7.9 (0.1)
0.2 (0.03)
1.1 (0.2)
1.1 (0.3)
1 (0.1)
101.1 (0.8)

86.8 (0.5)
9.7 (0.2)
–
1.2 (0.1)
1.3 (0.1)
1.4 (0.1)
100.3 (0.5)

84.4 (1.5)
11.4 (0.2)
0.3 (0.02)
1 (0.2)
0.8 (0.3)
1.3 (0.1)
99.3 (1.5)

Solid phase
Fe (wt%)
Si (wt%)
O (wt%)
Re (wt%)
Os (wt%)
Pt (wt%)
Tot
DRe
DOs
DPt
DSi

95 (1)
2.1 (0.2)
0.1 (0.04)
1.4(0.2)
1.3 (0.2)
1.3 (0.2)
101.2 (0.7)
1.27 (0.4)
1.27 (0.8)
0.78 (0.26)
0.89 (0.19)

93 (0.2)
3.9 (0.1)
0.2 (0)
1.3 (0.1)
1.1 (0.1)
1.2 (0.1)
100.7 (0.2)
1.28 (0.3)
1.1 (0.47)
0.89 (0.15)
0.82 (0.06)

90.9 (0.9)
6.6 (0.1)
0.2 (0.03)
1.3 (0.3)
1.2 (0.2)
0.7 (0.2)
100.9 (1)
1.14 (0.34)
1.09 (0.31)
0.73 (0.17)
0.84 (0.01)

88.5 (0.4)
8.31 (0.1)
–
1.5 (0.1)
1.7 (0.2)
0.9 (0.1)
100.8 (0.5)
1.22 (0.14)
1.28 (0.17)
0.63 (0.11)
0.86 (0.02)

85.7 (1.7)
11.1 (0.1)
0.3 (0.1)
1.2 (0.2)
0.9 (0.3)
0.6 (0.2)
99.9 (1.7)
1.14 (0.3)
1.13 (0.54)
0.47 (0.19)
0.97 (0.02)

Partition coeﬃcients are concentration (in weight) ratios between solid and liquid Dsol/liq.
a
Distance between top of the sample and solid/liquid interface (DX).
b
Temperature of the solid/liquid interface calculated after our cell assembly calibration (42 °C/mm for BaCO3 pressure cell assembly and
20 °C/mm for talc/Pyrex cell assembly) following the method of spinel growth described in Watson et al. (2002).
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Fig. 2. Melting relations in the Fe–Si system at 2 GPa from our
experiments and from Meco and Napolitano (2005). The change in
the slope of solidus and liquidus observed around 10 wt% Si is
related to disorder–order phase transitions in the surrounding
solid. Inset: corresponding Si partitioning between solid and liquid
DSi.

Fig. 3. Solid/liquid partition coeﬃcient (Ci solid/Ci liquid in wt%)
results for highly siderophile elements Re, Os and Pt obtained in
the Fe–Si system. The partitioning of these elements shows no
dependency on Si content. Values for solid/liquid partitioning in
the case of pure Fe are from Chabot, pers. comm.

Ordering of the Si atoms in the B2 cell structure changes the
solubility of Si in the solid phase. In fact, the presence of an
ordered B2 phase at Earth’s inner core P–T conditions is
strongly debated. For an Si content lower than 7 wt% Si,
only the hcp structure has been evidenced under Earth’s

core P–T conditions (Asanuma et al., 2011; Sakai et al.,
2011) whereas above 9 wt% Si, a mixture of B2 and hcp
structures could be stable at ICB conditions (Kuwayama
et al., 2009; Fischer et al., 2013). The inﬂuence of the B2
phase on solid–liquid partitioning on ICB conditions could

98

G. Morard et al. / Geochimica et Cosmochimica Acta 132 (2014) 94–100

lead to a maximum diﬀerence of 1.5 wt% between solid and
liquid compositions with an Earth’s core containing 7 wt%
Si and even lower for higher Si content.
The density contrast at the ICB is usually estimated to
be around 4.5%, from the PREM model (Dziewonski and
Anderson, 1981), but could be signiﬁcantly higher (up to
7%) for studies based on amplitudes of core reﬂected phases
(Cao and Romanowicz, 2004). This observed density jump
cannot solely be explained by the volume diﬀerence between
the solid and the liquid (around 2% at ICB conditions)
(Alfè et al., 2002). Therefore, the ICB density contrast has
been ascribed to the segregation of light elements in the liquid outer core during inner core crystallization, which
then drives compositional convection (Aubert et al., 2008;
Hori et al., 2012). Using density values from Alfè et al.
(2002), a Si enrichment in the liquid of 1–1.5 wt% leads to
a density contrast of 3–3.5% at the ICB (breaking down
as 2% for pure Fe solid/liquid density change and 1–1.5%
due to preferential Si partitioning in the melt). Above
9 wt% Si in the Earth’s core, Si stop contributing to the
density contrast and we are left with the 2% from the solid/liquid density change in pure Fe. Therefore, the Fe–Si
system could contribute to the ICB density jump for low
Si concentration <7 wt%, yet at the same time it imposes
that other light elements be present to account for the missing 1–4% density contrast.
In order to explain the observed Os isotopic anomaly in
OIB lavas, the core-mantle exchange model requires large
values for DRe and DOs (Brandon et al., 1998, 2003;
Brandon and Walker, 2005). Depending on the core crystallization model used, the required values for DRe range between 18 and 26 and DOs between 28 and 44. The liquid
outer core needs to be strongly enriched in non-radiogenic
Os during inner core crystallization, and therefore inner

core crystallization must be accompanied by a high DOs/
DPt (values over 10 in Brandon et al., 2003) (Fig. 4). This
is clearly not the case in the Fe–Si system; we observe constant partition coeﬃcients over the studied compositional
range, with DRe and DOs 1.2. We can also consider the
Fe–S and Fe–C systems, which are potentially interesting
for Earth’s core (Poirier, 1994). These systems (Fig. 4) present similar trends, with DOs/DPt between 1 and 3 for light
element contents below 15 at%. For a higher light element
content, this ratio could increase, especially for the Fe–S
system, but will only reach the required value satisfying
the model presented by Brandon et al. (2003) in the case
of a S and C bearing liquid in equilibrium with solid
Fe3C (Fig. 4). This clearly demonstrates that the main
requirement to satisfy the core–mantle interaction model
(i.e. the low values of DPt compared to DOs and DRe) seems
diﬃcult to realize, irrespective of the considered Fe alloy
system.
Multiple light elements could be present in the Earth’s
core; ternary systems, such as Fe–S–Si or Fe–S–C, become
miscible under Earth’s core pressure conditions (Corgne
et al., 2008; Dasgupta et al., 2009; Morard and Katsura,
2010). However, since Si does not aﬀect the partitioning
of PGE compared to pure Fe, its addition to sulfur or carbon should not alter the PGE partitioning behavior observed in the binary systems. In fact, the only case where
DOs/DPt values are higher than 10 is for a Fe–S–C liquid
in coexistence with solid Fe3C (Buono et al., 2013). These
values are relevant for an Earth’s inner core composed of
pure Fe3C, but compatibility of Fe3C sound velocity measured under high pressure with seismic observations is still
debated (Fiquet et al., 2009; Gao et al., 2011).
Our experiments do not directly measure the solid/liquid
partitioning of Si and highly siderophile elements Pt, Os, Re
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Fig. 4. Ratio of solid/liquid partition coeﬃcients as a function of light element content in iron (Walker, 2000; Chabot et al., 2006, 2011; Van
Orman et al., 2008; Hayashi et al., 2009; Buono et al., 2013). Similar behavior is observed for each PGE, with stronger eﬀects of S rather than
Si or C. For comparison, we indicate the values of DOs/DPt and DOs/DRe required to satisfy core mantle interaction model presented in
Brandon et al. (2003).
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at the conditions of the ICB. Extrapolations of our partitioning values up to ICB P–T conditions (330 GPa;
6200 K, Anzellini et al., 2013) must take into account
the structural evolution of solid and liquid iron alloys with
pressure and light element composition (S, Si, C, O). At
ambient pressure, the phase diagrams of Fe–S, Fe–Si and
Fe–C alloys are drastically diﬀerent, with a pure eutectic
behavior for the Fe–FeS system to a solid solution behavior
for the Fe–Si system (Kubaschewski, 1982). The small partitioning between solid and liquid in the Fe–Si system is a
consequence of the compact structure of the Fe–Si liquid alloys, comparable to pure Fe up to 50 at% Si (Il’inskii et al.,
2002; Morard et al., 2008). This liquid structure is compatible with the corresponding solid structure, explaining its
high Si solubility, and also the constant partitioning of
PGE from pure Fe up to 11 wt% Si. In contrast, S strongly
aﬀects the liquid structure, with a randomly packed structure for S content greater than 25 at% S (Siebert et al.,
2004; Morard et al., 2008). This leads to the eutectic behavior in the Fe–FeS system, and the increase in partitioning
values at high S content (Fig. 4). At pressures above
15 GPa, Fe–S liquid alloys evolve towards a compact structure (for S content above 25 at% S), similar to Fe–Si liquid
alloys (Morard et al., 2007), while solubility of S in pure Fe
increases with increasing pressure (Kamada et al., 2012).
Therefore, PGE partitioning in the Fe–S system should decrease under Earth’s core conditions, in agreement with
what we observe for the Fe–Si system in this work. This
suggests that the model of core-mantle exchange does not
provide a plausible mechanism for producing a radiogenic
Os isotopic signature in mantle plume-derived lavas, and
that models implying mantle source heterogeneity (Meibom
et al., 2002; Baker and Krogh Jensen, 2004; Luguet et al.,
2008) should be favored.
5. CONCLUSION
The partitioning of PGE and Si between the solid and
liquid in the Fe–Si system has been studied at a pressure
of 2 GPa and temperatures ranging from 1340 to 1650 °C.
The Fe–Si melting loop was found to be strongly aﬀected
by the order–disorder (A2–B2) transition, where the solubility of Si in the solid phase is enhanced by the ordering
of Si atoms in B2-type structure. Furthermore, constant
partition coeﬃcients of PGEs have been observed over a
wide range of Si concentrations in the liquid. Along with
low values of these partition coeﬃcients for S- and C-bearing systems, they are not compatible with the core–mantle
interaction model (Brandon et al., 1998; Brandon and
Walker, 2005) which attempts to explain the Os isotopic
signature in OIBs as being the result of a core component.
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