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Abstract Earth’s core is an iron-rich alloy containing several weight percent of light element(s), possibly
including silicon. Therefore, the high pressure-temperature equations of state of iron-silicon alloys can
provide understanding of the properties of Earth’s core. We performed X-ray diffraction experiments using
laser-heated diamond anvil cells to achieve simultaneous high pressures and temperatures, up to ~200 GPa
for Fe–9 wt % Si alloy and ~145 GPa for stoichiometric FeSi. We determined equations of state of the D03,
hcp + B2, and hcp phases of Fe–9Si, and the B20 and B2 phases of FeSi. We also calculated equations of state
of Fe, Fe11Si, Fe5Si, Fe3Si, and FeSi using ab initio methods, ﬁnding that iron and silicon atoms have similar
volumes at high pressures. By comparing our experimentally determined equations of state to the observed
core density deﬁcit, we ﬁnd that the maximum amount of silicon in the outer core is ~11 wt %, while the
maximum amount in the inner core is 6–8 wt %, for a purely Fe-Si-Ni core. Bulk sound speeds predicted from
our equations of state also match those of the inner and outer core for similar ranges of compositions. We
ﬁnd a compositional contrast between the inner and outer core of 3.5–5.6 wt % silicon, depending on the
seismological model used. Theoretical and experimental equations of state agree at high pressures. We ﬁnd a
good match to the observed density, density proﬁle, and sound speed of the Earth’s core, suggesting that
silicon is a viable candidate for the dominant light element.

1. Introduction
The Earth’s core is primarily an iron-nickel alloy, but it must also contain several weight percent of one or
more elements that are lighter than iron in order to match the observed core density [Birch, 1952]. Many
elements have been proposed to comprise this light element component, with the most prominent
candidates including silicon, oxygen, sulfur, carbon, and hydrogen [e.g., Allègre et al., 1995; McDonough,
2003]. Silicon has been frequently proposed as the dominant light element in the Earth’s core, because it is
abundant in the silicate Earth, it is found in the metal of some chondritic meteorites, a core reservoir of silicon
is permitted by comparisons of the Mg/Si and Fe/Si ratios of the Earth and chondrites, and silicon is known to
partition into iron metal under reducing conditions [Allègre et al., 1995; McDonough, 2003]. Experiments have
shown that this partitioning behavior continues to very high pressures [e.g., Knittle and Jeanloz, 1991; Ozawa
et al., 2008, 2009; Siebert et al., 2012; Takafuji et al., 2005]. Silicon in the core may also be able to explain the
nonchondritic 30Si/28Si ratios in terrestrial rocks [Fitoussi et al., 2009; Georg et al., 2007; Shahar et al., 2009].
Previous studies have estimated the maximum silicon content of the core using many methods, producing
numbers ranging from less than 4 wt % [Antonangeli et al., 2010] to ~5–7 wt % [Allègre et al., 1995; Brosh et al.,
2009; Javoy et al., 2010; McDonough, 2003; Shahar et al., 2009; Siebert et al., 2012; Wade and Wood, 2005] to
8–13 wt % [Fischer et al., 2012; Lin et al., 2003; Mao et al., 2012; Ricolleau et al., 2011; Rubie et al., 2011; Sata
et al., 2010] to up to 20 wt % [Ahrens, 1982; Balchan and Cowan, 1966; Ringwood, 1959].
The light element composition of the core has implications for planetary formation, core segregation, core
dynamics, metal-silicate reactions, thermal evolution of the core, and generation of the geodynamo [e.g.,
Allègre et al., 1995; Chabot et al., 2011; Deguen, 2012; Javoy et al., 2010; Righter, 2011; Stevenson, 1981].
Equations of state of Fe-Si alloys can be used to constrain the maximum silicon content of the Earth’s core and
evaluate the likeliness of silicon as a core component by comparison to the core density, compressibility, and
sound velocities in the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981]. In this
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study, we report on the high pressure-temperature (P-T) equations of state of Fe–9 wt % Si (hereafter Fe–9Si)
and stoichiometric FeSi, combining our results with the equations of state of pure iron [Dewaele et al., 2006]
and Fe–16Si [Fischer et al., 2012] to evaluate silicon as a core component and identify the effects of
composition on the equations of state of iron-silicon alloys.
Alloys with compositions near Fe–9Si have been the subjects of several previous studies. Fischer et al. [2013]
reported on the subsolidus phase diagram and melting curve of this alloy to 200 GPa. At high pressures, it has
the hexagonal close packed (hcp) crystal structure at low temperatures. With increasing temperature, it
converts to a mixture of the hcp and B2 (CsCl-type) structures, then to a mixture of face-centered cubic (fcc)
and B2 structures. Morard et al. [2011] measured two melting points of Fe–5Ni–10Si at high pressures. Lin
et al. [2002, 2009] investigated the subsolidus phase diagram of Fe–7.9Si, while Kuwayama et al. [2009]
studied the phase diagram of Fe–9.9Si. Lin et al. [2003] reported a room temperature equation of state of
Fe–7.9Si and Hirao et al. [2004] of Fe–8.7Si. Zhang and Guyot [1999a, 1999b] studied the phase diagram and
equation of state of Fe–8.9Si in a large volume press to 9 GPa and 773 K. In this study, we seek to construct a
thermal equation of state of Fe–9Si to pressures and temperatures of the Earth’s core.
Stoichiometric FeSi has also been previously studied. Fischer et al. [2013] report on its high P-T phase diagram
to 145 GPa. It has the B20 (FeSi-type) structure at lower pressures, the B2 structure at high pressures, and a
wide two-phase region in between. Knittle and Williams [1995] and Lin et al. [2003] measured the 300 K
equation of state of B20 FeSi, while Guyot et al. [1997] determined its thermal equation of state in a large
volume press. The B2 structure was predicted theoretically by Vočadlo et al. [1999] and conﬁrmed experimentally
by Dobson et al. [2002]. The equation of state and phase diagram of FeSi was also studied theoretically by
Caracas and Wentzcovitch [2004]. Dobson et al. [2003], Sata et al. [2010], and Ono et al. [2007] report room
temperature equations of state for B2 FeSi. Melting of FeSi has been investigated by Fischer et al. [2013], Lord
et al. [2010], and Santamaría-Pérez and Boehler [2008]. Recently, Ono [2013] calculated a thermal equation of
state of B2 FeSi using ab initio methods, constrained by experimental data at 300 K. However, there exists no
experimentally determined thermal equation of state of B2 FeSi, which will be a focus of this study.

2. Methods
The methods used in this study are similar to those of Fischer et al. [2013]. Our sample materials were Fe–9Si
(Goodfellow Corporation) and stoichiometric FeSi (Alfa Aesar). Measurements of composition and structure
of our materials were ﬁrst made at atmospheric pressure by electron microprobe and X-ray diffraction [Miller,
2009]. The material was then pressed in a diamond anvil cell to produce a foil ~3 μm thick and loaded into a
rhenium gasket between layers of KBr, each ~10 μm thick. The sample assembly was oven dried at ~90°C for
approximately 1 h after cell loading but before the cell was closed to remove any moisture.
Laser-heating angle-dispersive X-ray diffraction experiments were performed at beamline 13-ID-D
(GeoSoilEnviro Center for Advanced Radiation Sources (GSECARS)) of the Advanced Photon Source (APS)
at Argonne National Laboratory [Prakapenka et al., 2008; Shen et al., 2005]. The incident X-ray beam was
monochromatic (λ = 0.3344 Å) and measured ~4 μm × 4 μm. X-ray-induced ﬂuorescence of the KBr
pressure medium was used to coalign the optical axes of the laser heating and temperature measurement
system with the X-ray beam, which were still aligned following heating. The sample was laser heated from
each side by 1064 nm Yb ﬁber lasers with ﬂat top intensity proﬁles, with the laser power on each side being
independently adjustable to minimize axial temperature gradients [Prakapenka et al., 2008]. Diffraction patterns
were collected on heating and cooling. Temperatures were determined by spectroradiometry using the
graybody approximation, and one temperature measurement was made simultaneously with each diffraction
pattern. Laser-heated spots were ~20 μm in diameter across the ﬂat top region, much larger than the X-ray
beam to minimize radial temperature gradients. Temperatures were measured from an area comparable to the
size of the region probed by the X-rays. The sample temperature was an average of upstream and downstream
temperatures, corrected downward by ~3% to account for a small axial temperature gradient through the
sample [Campbell et al., 2007, 2009]. Reported temperature uncertainties include an analytical uncertainty
of 100 K [Shen et al., 2001], the difference between upstream and downstream temperatures, and
uncertainty from the thickness correction [Campbell et al., 2007, 2009]. Temperature measurements in the
diamond cell were benchmarked by analyzing a sample of iron in MgO to check the location of the hcp-fcc
transition in iron [Fischer et al., 2011, 2012].
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Two-dimensional diffraction images were
integrated using the Fit2D program [Hammersley
et al., 1996], then peak ﬁtting was performed
using PeakFit (Systat Software). Overlapping
peaks were deconvolved in the peak ﬁtting
process whenever possible and were not used
in the equation of state ﬁts if they could not
be deconvolved. Pressures were determined
from the volume of B2 KBr [Fischer et al.,
2012], with the lattice parameter and its
uncertainty determined as the average and
standard error from multiple d-spacings.
Uncertainties in pressure were propagated
from uncertainties in temperature and lattice
parameter. The KBr temperature during laser
heating was less than the measured
temperature, due to axial thermal gradients
through the insulator, so it was corrected
downward [Campbell et al., 2009].

A

B

Figure 1. Pressure-temperature phase diagrams illustrating the
range of high-temperature data coverage, after Fischer et al.
[2013]. Data are listed in Tables S1 and S2 in the supporting
information. (a) P-T data of Fe–9Si. Teal diamonds: hcp structure.
Orange squares: hcp + B2 mixture. Solid blue circles: fcc + B2
mixture. Open blue circles: metastable fcc + hcp + B2 mixture.
Melting curve is from Fischer et al. [2013]. (b) P-T coverage of
stoichiometric FeSi. Purple cross symbols: B20 + B2 mixture. Red
triangles: B2 structure. Melting curve is from Lord et al. [2010].

Samples for room temperature compression
were loaded in neon using the Consortium for
Materials Properties Research in Earth Sciences
(COMPRES)/GSECARS gas-loading system
at the APS [Rivers et al., 2008]. Pressure
standards were KBr and ruby [Fischer et al.,
2012; Mao et al., 1986]. Room temperature
compression of FeSi was performed at APS,
while compression of Fe–9Si was done at
beamline 12.2.2 of the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory
[Kunz et al., 2005]. At the ALS we used a
monochromatic incident beam (λ = 0.41323 Å)
measuring 30 μm × 30 μm.

In parallel to experiments, we also performed
ﬁrst-principles calculations based on the planar-augmented wave function formalism [Blöchl, 1994] of
the density-functional theory in the ABINIT implementation [Gonze et al., 2002, 2009]. We used the
generalized-gradient approximation for the exchange-correlation functional [Perdew et al., 1996], with
parameters similar to the ones in our previous study [Fischer et al., 2012]. We built the structures
starting with hcp iron and replacing Fe by Si in the desired amounts in various supercells. We
performed the substitutions in several patterns to consider several Si concentrations in the hcp
iron and to mimic the effect of order-disorder relations. As both end-member hcp iron and B2 FeSi
are nonmagnetic, our simulations are non–spin polarized. All structures were relaxed at static
conditions (T = 0 K).

3. Results
3.1. Fe–9Si Results
The pressure-volume-temperature (P-V-T) data from the synchrotron X-ray diffraction experiments on Fe–9Si
are listed in Table S1 in the supporting information. Figure 1a illustrates our high-temperature data coverage
in P-T space. Figure 2 shows our data in P-V space. These data extend to pressures of over 200 GPa and
temperatures up to ~4000 K. In all experiments, pressure was determined from the lattice parameter of B2
KBr, which was calculated from the d-spacings of four to 13 of the following hkl peaks: 100, 110, 111, 200, 210,
211, 220, 221 + 300, 310, 311, 222, 320, and 321.
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The Fe–9Si alloy has the D03 (BiF3-type; space
group Fm3m) crystal structure at ambient
conditions [Massalski, 1986] and under room
temperature compression to 29 GPa [Fischer
et al., 2013]. This may not accurately represent
the stability ﬁeld of this structure due to
slow kinetics of phase transitions at 300 K.
The D03 structure is an ordered version of the B2
(CsCl-type; space group Pm3m) structure, which
is an ordered version of the body-centered cubic
(bcc) structure. The lattice parameter of D03
Fe–9Si was determined from three to seven
of the following hkl peaks: 111, 200, 220, 311,
222, 400, and 331.

A

B

Figure 2. Equations of state of Fe–9Si. (a) Equations of state of
the D03 structure and the hcp + B2 mixture. Cross symbols: D03
volumes at 300 K. Squares: average volumes of B2 and hcp
structures. Symbols are measured volumes, while lines are
isotherms calculated from the ﬁtted equations of state. Solid line:
D03. Dotted lines: hcp + B2. All data and isotherms are color
coded according to the legend, with isotherms calculated for the
midpoint of the indicated temperature range. Isotherms are
truncated at phase boundaries and where unconstrained by data.
The D03 isotherm is likely shown outside its stability ﬁeld due to
slow kinetics at 300 K. (b) Equation of state of the hcp structure,
where it does not coexist with any other phases. Diamonds: hcp
volumes. Dashed lines: calculated hcp isotherms.

The high P-T phase diagram of Fe–9Si was
reported in Fischer et al. [2013] and can be seen
in Figure 1a. At high pressures, the Fe–9Si alloy
has the hcp crystal structure. With increasing
temperature, it converts to an hcp + B2 mixture,
then to an fcc + B2 mixture. At high temperatures
the hcp structure sometimes persists, likely
reﬂecting slow kinetics of this transition [Fischer
et al., 2013]. Examples of X-ray diffraction
patterns on Fe–9Si at high pressures and
temperatures can be seen in Figure 3. The
lattice parameters and c/a ratio of the hcp
structure were determined from up to nine
of the following hkl peaks: 100, 002, 101, 102,
110, 103, 200, 112, 201, 004, and 202. The B2
lattice parameter was measured using up to
seven of the following peaks: 100, 110, 111,
200, 210, 211, 220, and 221 + 300. The fcc
lattice parameter was determined from up to
four of the following peaks: 111, 200, 220,
311, 222, and 400.

3.2. FeSi Results
The P-V-T data from the synchrotron X-ray diffraction experiments on stoichiometric FeSi are listed in Table
S2 in the supporting information, and our high-temperature data coverage in P-T space can be seen in
Figure 1b. We report all volumes of FeSi in units of cubic centimeters per mole of atoms, instead of cubic
centimeters per mole of formula units, to simplify comparison to other Fe-Si alloys. Figure 4 shows our data
in P-V space. They extend to pressures of ~145 GPa and temperatures of up to 3400 K.
FeSi has the B20 (FeSi-type; space group P213) crystal structure at ambient conditions and under room
temperature compression to 36 GPa [Fischer et al., 2013]. Again, this may not accurately represent the stability
ﬁeld of this structure due to slow kinetics of phase transitions at 300 K. The B20 structure may be thought
of as a distortion of the B1 (NaCl-type) crystal structure. The lattice parameter of the B20 structure was
determined from the d-spacings of up to 10 of the following hkl peaks: 110, 111, 200, 210, 211, 220, 221 + 300,
310, 311, 222, 320, 321, 400, 331, 420, 421, and 332. FeSi converts from the B20 structure to a B20 + B2 mixture
with increasing pressure (at or below 14 GPa at high temperatures), then converts fully to the B2 structure
by ~42 GPa [Fischer et al., 2013] (Figure 1b). This result is different from some, but not all, earlier ex situ data
[Dobson et al., 2002; Lord et al., 2010], as discussed in Fischer et al. [2013]. The B2 lattice parameter was
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calculated from up to seven of the
following peaks: 100, 110, 111, 200, 210,
211, 220, 221 + 300, and 310. Figure 5
shows an X-ray diffraction pattern of B2
FeSi at high pressures and temperatures.
The B2 structure of FeSi is stable to at
least 145 GPa at high temperatures
[Fischer et al., 2013] (Figure 1b).
3.3. Computational Results
Pressures and volumes have been
calculated in the hcp structure at 0 K for
several silicon concentrations. We built
various supercells: 1 × 1 × 1, 1 × 1 × 2,
1 × 1 × 3, 1 × 2 × 2, 2 × 2 × 2, 1 × 2 × 3,
and we replaced one or more Fe atoms
Figure 3. X-ray diffraction patterns of Fe–9Si, collected on heating at ~87 GPa.
(bottom) Pattern collected at 1820 K, with peaks from B2 KBr and hcp Fe–9Si.
with correspondingly one or more Si
(top) Pattern collected during the same heating cycle at 2830 K. Peaks
atoms in different replacement patterns.
correspond to B2 KBr, hcp Fe–9Si, and B2 Fe–9Si, with one faint reﬂection
In this way we were able to simulate the
from the rhenium gasket. KBr and hcp peaks are the same as those in the
effects of ordering on the equations of
lower pattern and are unlabeled for clarity. The presence of the B2 Fe–9Si
100 peak indicates that the alloy has the B2 structure, not the bcc structure. state and speciﬁc volumes. We obtained
data for the following stoichiometries:
pure iron, Fe11Si (Fe–4Si), Fe5Si (Fe–9Si), Fe3Si (Fe–14Si), and FeSi. Several ordering patterns have been
calculated for Fe5Si and Fe3Si. The data span up to pressures of 400 GPa in 20 GPa increments. These P-V data
can be found in Table S3 in the supporting information.

4. Experimental Equations of State
4.1. Equations of State of Fe–9Si
We ﬁt our experimental P-V data set for D03
Fe–9Si at room temperature to a third-order
Birch-Murnaghan equation of state



3 
PðV Þ ¼ 3K 0 f ð1 þ 2f Þ5=2 1 þ f K ′0  4
(1)
2

Figure 4. Equations of state of stoichiometric FeSi. Triangles: B20
structure. Circles: B2 structure. Symbols are measured volumes,
while lines are isotherms calculated from the ﬁtted equations of
state. Solid line: B20. Dashed lines: B2. All data and isotherms are
color coded according to the legend, with isotherms calculated
for the midpoint of the indicated temperature range. B2 isotherms
begin at phase boundary; the B20 isotherm is likely shown outside its stability ﬁeld due to slow kinetics at 300 K. Closed symbols
indicate data used in ﬁtting, where only one phase is stable; open
symbols indicate data where both phases are stable. In the mixed
phase region from 10 to 40 GPa at high temperature, volumes of
individual phases are shown. The compositions of these phases
are uncertain, which may cause deviation from the equations of
state that were ﬁtted to the single-phase data.
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with 1 bar isothermal bulk modulus K0, its
pressure derivative K0′ , and Eulerian strain
f = [(V/V0)–2/3  1]/ 2 [Birch, 1952]. Table 1 shows
the equation of state parameters we found for
D03 Fe–9Si alloy. We ﬁt K0 and K0′ , ﬁxing the
zero-pressure volume to the value we measured
experimentally. A 300 K isotherm calculated
from our equation of state for D03 Fe–9Si can be
seen in Figure 2a. Figure S1a in the supporting
information illustrates the pressure residuals in
our equation of state ﬁt for D03 Fe–9Si, which
range from 1.1 to 0.5 GPa.
Lin et al. [2003] and Hirao et al. [2004] determined
room temperature equations of state of bcclike Fe–7.9Si and Fe–8.7Si, respectively. The
equation of state parameters they found are
listed in Table 1. They report the structure of
their alloys as bcc, but it was likely the D03
structure, based on the 1 bar phase diagram
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Figure 5. X-ray diffraction pattern of FeSi, collected at 1410 K and
78 GPa on cooling. Peaks correspond to the KBr pressure medium
and B2 FeSi, with one faint reﬂection from the rhenium gasket.
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[Massalski, 1986] and the difﬁculty in
identifying the ordered D03 structure in
high-pressure diffraction patterns [Fischer
et al., 2013]. Hirao et al. [2004] report that the
strongly nonhydrostatic conditions in their
experiments likely caused an overestimate
of K0. Zhang and Guyot [1999a] report a
thermal equation of state of bcc-like Fe–9Si.
However, based on the 1 bar phase diagram
in the Fe-Si system from Massalski [1986],
their high-temperature data likely span one
or more ordering transitions, with their data
set probably containing the B2 and bcc
structures in addition to the D03 structure.

We determined a thermal equation of state
for the hcp structure of this alloy (where it
did not coexist with any other phases) by ﬁtting our P-V-T data set to a Mie-Grüneisen equation of state
γ
PðV; T Þ ¼ P300 ðV Þ þ
½E ðθD ; T Þ  E ðθD ; 300Þ
(2)
V
with the 300 K isothermal pressure (P300) described by the third-order Birch-Murnaghan equation of state
(equation (1)) and the thermal pressure term based on a Debye model of vibrational energy (E), with
Grüneisen parameter γ = γ0(V/V0)q and Debye temperature θD = θ0exp[γ0 (1  (V/V0)q)/q]. We did not explicitly
include any anharmonic or electronic contributions to the thermal pressure, instead allowing all thermal
pressure variation to be described by γ and q [e.g., Fei et al., 2007; Fischer et al., 2011, 2012]. This reduced the
number of ﬁtted parameters, which was necessary in many cases given the resolution of our data. When we
tried to ﬁt to an additional electronic term, there was no improvement to the quality of the ﬁt. Table 1 shows
the equation of state parameters we found for the hcp structure of Fe–9Si. We ﬁt V0, K0, K0′ , and γ0, ﬁxing q at
1 and θ0 to the value for iron [Dewaele et al., 2006]. Fixing certain terms in all of our equations of state was
necessary, given the resolution of the data, and generally does not worsen the ﬁt due to trade-offs between
γ0 and q in describing the thermal pressure and the insensitivity of the ﬁt to θ0. High-temperature isotherms
calculated from our equation of state of hcp Fe–9Si are shown in Figure 2b. The pressure residuals of our hcp
equation of state ﬁt are shown in Figure S1b in the supporting information. They reach a maximum range of
2.9 to 2.7 GPa at ~200 GPa.
The equation of state of hcp Fe–9Si was the only one investigated at conditions producing observable
nonhydrostatic stresses: we ﬁnd no evidence for lattice-dependent strain anisotropy in any of our 300 K
equations of state, at high temperatures (>2000 K), or at intermediate pressures (<150 GPa). At the most
extreme strain conditions of this study (~200 GPa and <2000 K), we observe a maximum deviation in
volume calculated from different peaks of ~0.12%. However, even when we corrected our volumes by
this amount (an extreme end-member possibility), we did not observe signiﬁcant changes in the ﬁtted
equation of state parameters.
a

Table 1. Equation of State Parameters for Various Phases of Fe–9Si Alloy, Compared to Results of Previous Studies
Alloy and Reference
D03 Fe–9Si alloy (this study)
bcc-like Fe–8Si alloy [Lin et al., 2003]
bcc-like Fe–9Si alloy [Hirao et al., 2004]
hcp Fe–9Si alloy (this study)
hcp Fe–8Si alloy [Lin et al., 2003]
hcp Fe–9Si alloy [Hirao et al., 2004]
hcp + B2 Fe–9Si alloy (this study)

V0 (cm /mol Atoms)

K0 (GPa)

K0′

6.961 ± 0.012
6.986 ± 0.007
6.924 ± 0.002
7.203 ± 0.054
6.882 ± 0.031
6.71 ± 0.24
6.905 ± 0.017

183 ± 4
157.8 ± 4.0
268 ± 5
129.1 ± 1.4
141 ± 10
198 ± 9
170.8 ± 1.6

5.59 ± 0.51
5.26 ± 0.88
5.3
5.29 ± 0.08
5.70 ± 0.60
4.7 ± 0.3
4.49 ± 0.07

3

θ0 (K)

γ0

q

417

1.14 ± 0.14

1

417

2.22 ± 0.08

1

a

In this study, zero-pressure Debye temperatures (θ0) were set to the value for iron [Dewaele et al., 2006], and entries with
no stated uncertainties (and the zero-pressure volume of the D03 structure, which was measured experimentally) were held
ﬁxed in the ﬁts. The bcc structure reported by other studies was most likely the D03 structure (see text for details).
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Lin et al. [2003] and Hirao et al. [2004] determined room temperature equations of state of hcp Fe–7.9Si and
Fe–8.7Si, respectively. Their equation of state parameters are listed in Table 1. The relatively high K0 reported
by Hirao et al. [2004] can again be explained by nonhydrostatic conditions [Hirao et al., 2004]. Trade-offs exist
in the least squares ﬁtting between V0, K0, and K0′ , which could explain some of the variations between these
three studies. The c/a ratio of the hcp phase of Fe–9Si is listed in Table S1 in the supporting information. This
ratio decreases with pressure and generally increases with temperature within any given heating cycle in
agreement with most previous experimental [e.g., Boehler et al., 2008; Tateno et al., 2010] and theoretical [e.g.,
Gannarelli et al., 2005] works on pure hcp iron.
We also determined a thermal equation of state for the hcp + B2 mixture of Fe–9Si, approximating the bulk
molar volume as the average of the volumes of the two phases and enlarging the uncertainty on the volume
to incorporate the difference between those of the two phases [Fischer et al., 2012]. It is not typical to construct
an equation of state for a two-phase mixture, but in this case there was no better alternative, since we have
no knowledge of how silicon partitioning between the two phases varies with pressure and temperature or of
the relative abundances of the two phases. In addition, constructing an equation of state for the mixture is
acceptable in this case, because the volume difference between the hcp and B2 phases is small (mean of
0.3% ± 0.6%). The bulk molar volume is uncertain because we do not know the relative proportions of the two
phases, but it must lie within this small range. The volume difference between hcp and B2 increases with
pressure, however, so the equation of state should be extrapolated cautiously. The modal abundances of hcp
and B2 are varying with pressure and partitioning silicon in such a way as to keep the bulk composition ﬁxed.
Finally, this approximation is validated by the fact that the goal is to make a comparison to the Earth’s core
(sections 5.2–5.4), near the conditions at which the data were collected. The ﬁtted parameters representing
1 bar properties are less important than the mixture’s properties under core conditions.
We ﬁt our data on the hcp + B2 mixture of Fe–9Si to a Mie-Grüneisen equation of state as described above
(equation (2)). The resulting equation of state parameters are listed in Table 1, and various isotherms
calculated from these parameters are shown in Figure 2a. The pressure residuals of this equation of state are
illustrated in Figure S1c in the supporting information. They reach minimum and maximum values of 5.9
and 6.4 GPa, respectively. We ﬁt V0, K0, K0′ , and γ0, ﬁxing q at 1 and θ0 to the value for iron [Dewaele et al., 2006].
We do not report an equation of state for the fcc + B2 mixture, due to the large volume difference between
the two phases (mean of 3.0% ± 2.7%).
We also ﬁt our data for each phase of Fe–9Si to Vinet equations of state [Vinet et al., 1987], as described in
Text S1 in the supporting information. Table S4 in the supporting information lists the equation of state
parameters we found for each phase using the Vinet equation. We followed the same procedure with the
data on Fe–16Si from Fischer et al. [2012], listing those parameters in Table S5 in the supporting information.
The Birch-Murnaghan ﬁts are preferred due to their higher degree of self-consistency, as discussed in
section 5 and in the supporting information.
4.2. Equations of State of FeSi
We ﬁt our P-V data set for stoichiometric B20 FeSi at room temperature to a third-order Birch-Murnaghan
equation of state (equation (1)). The equation of state parameters we found for B20 FeSi are listed in Table 2.
We ﬁt K0 and K0′ , ﬁxing the zero-pressure volume to the value we measured experimentally. A 300 K
isotherm calculated from our equation of state for B20 FeSi can be seen in Figure 4. The pressure residuals
to our ﬁt can be found in Figure S2a in the supporting information. They range from 0.9 to 0.7 GPa. The
equation of state of B20 FeSi has previously been determined by Knittle and Williams [1995] and Lin et al.
[2003] using diamond anvil cells, by Guyot et al. [1997] using a large volume press, and by Caracas and
Wentzcovitch [2004] using ab initio methods. The equation of state parameters found by these previous
studies are listed in Table 2.
We ﬁt our P-V-T data set for B2 FeSi (where it did not coexist with B20 FeSi) to a Mie-Grüneisen equation of
state (equation (2)). Table 2 shows the equation of state parameters we found. We ﬁt K0, γ0, and q. V0 was set
to the value measured after decompression by Sata et al. [2010] and Ono et al. [2007], θ0 was set to the value
for iron [Dewaele et al., 2006], and K0′ was set to the ﬁtted value of Sata et al. [2010]. High-temperature
isotherms calculated from our equation of state of B2 FeSi are shown in Figure 4. These pressure residuals are
shown in Figure S2b in the supporting information. They span from 3.9 to 6.0 GPa.
FISCHER ET AL.
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Table 2. Equation of State Parameters for the B20 and B2 Phases of Stoichiometric FeSi, Compared to Results of Previous Studies
V0 (cm /mol Atoms)

K0 (GPa)

K0′

6.803 ± 0.008
6.701 ± 0.011
6.790 ± 0.007
6.804 ± 0.003
6.330
6.788
6.414
6.420 ± 0.009
6.423 ± 0.018
6.435
5.901
6.436
6.389

192.2 ± 1.6
209 ± 6
184.7 ± 3.9
172 ± 3
255
221
230.6 ± 1.8
225 ± 2
223.3 ± 8.7
221.7 ± 3.2
262
220
226

5.03 ± 0.17
3.5 ± 0.4
4.75 ± 0.37
4
4.14
4.18
4.17
4
5.50 ± 0.16
4.167 ± 0.063
4.55
4.80
5.4

3

FeSi Phase and Reference
B20 FeSi (this study)
B20 FeSi [Knittle and Williams, 1995]
B20 FeSi [Lin et al., 2003]
b
B20 FeSi [Guyot et al., 1997]
c
B20 FeSi [Caracas and Wentzcovitch, 2004]
d
B20 FeSi [Caracas and Wentzcovitch, 2004]
B2 FeSi (this study)
B2 FeSi [Ono et al., 2007]
e
B2 FeSi [Ono, 2013]
B2 FeSi [Sata et al., 2010]
c
B2 FeSi [Caracas and Wentzcovitch, 2004]
d
B2 FeSi [Caracas and Wentzcovitch, 2004]
d
B2 FeSi [Vočadlo et al., 1999]

θ0 (K)

γ0

q

417

1.30 ± 0.04

1.7 ± 0.2

a

In this study, the zero-pressure Debye temperature (θ0) for B2 FeSi was set to the value for iron [Dewaele et al., 2006] and V0 for B2 FeSi was set to its measured
value after decompression [Ono et al., 2007; Sata et al., 2010], while K′0 was set to the ﬁtted value of Sata et al. [2010]. Entries from this study with no stated
uncertainties (and the zero-pressure volume of the B20 structure, which was measured experimentally) were held ﬁxed in the ﬁts.
b
5 1
Other parameters reported: (∂K/∂T)P = 0.043 ± 0.008 GPa/K and coefﬁcient of thermal expansion α = (5.1 ± 0.4) × 10 K .
c
Local density approximation calculation.
d
Generalized-gradient approximation calculation.
e
Other parameters reported (ab initio): (∂K/∂T )V = 0.00245 ± 0.00023 GPa/K and αKT(V0,T ) = 0.00710 ± 0.00009 GPa/K.

Ono et al. [2007], Ono [2013], and Sata et al. [2010] determined room temperature equations of state of
B2 FeSi, laser annealing their samples with each compression step. The equation of state parameters
they determined are also listed in Table 2. These previous studies all ﬁnd similar values to the present
result for K0. Dobson et al. [2003] also determined a room temperature equation of state of B2 FeSi,
but their sample was synthesized at 24 GPa and compressed only up to 40 GPa, so it may have been
coexisting with a small amount of B20 FeSi [Fischer et al., 2013]. The equation of state of B2 FeSi
has been determined computationally by Caracas and Wentzcovitch [2004] and Vočadlo et al.
[1999] (Table 2).
In the range of ~13–41 GPa, where the B20 and B2 phases were coexisting, we did not use any of the P-V-T
data in our equation of state ﬁts, due to unknown silicon partitioning. We did not attempt to ﬁt an equation of
state to the B20 + B2 mixture, due to the relatively large volume difference between the two phases (mean of
2.8% ± 1.5%). This volume difference is slightly smaller than that measured by Ono et al. [2007] (~4% at
25 GPa), possibly driven by the higher temperatures in our study.
We also ﬁt our data for B20 FeSi and B2 FeSi to Vinet equations of state [Vinet et al., 1987]. Details and results
of this ﬁtting are described in the Text S1 in the supporting information. Table S6 in the supporting
information lists the equation of state parameters we found for each phase by ﬁtting to the Vinet equation.

5. Discussion
5.1. Comparison of Equations of State in the Fe-FeSi System
Fischer et al. [2012] report equations of state for Fe–16Si alloy in the D03 structure up to ~60 GPa and as
an hcp + B2 mixture at higher pressures to ~140 GPa. Figure 6 compares room temperature equations of
state of D03 Fe–9Si, D03 Fe–16Si, and B20 FeSi, plotting Eulerian strain f versus normalized stress F,
where F = P/(3f [1 + 2f]5/2). In this type of F-f plot, a trend line through the data will have an intercept of
K0 and a slope related to K0′ [Birch, 1978], with any curvature at high strain indicating the need for
higher order terms in the equation of state ﬁt. The close agreement between the data from all three
alloys shows that their room temperature equations of state at high strains are very similar. This
illustrates that silicon content does not have a strong impact on the compressibility of these alloys at
high pressures and room temperature, similar to the observation of Lin et al. [2003]. Indeed, these room
temperature equations of state all have very similar ﬁtted values of the 1 bar bulk modulus, ranging
from 183.0 GPa to 193.4 GPa. Their values of K0′ fall in the range 4.91–5.59 and are positively correlated
with the measured 1 bar volumes. For comparison, hcp Fe has a K0′ of 5.38 for a ﬁxed K0 of 163.4 GPa
[Dewaele et al., 2006].
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There is more variation in the equations of state of higherpressure, high-temperature phases. The bulk modulus
increases with increasing silicon content, while the 1 bar
volume generally decreases. With q ﬁxed at 1.0 in each
equation of state, γ0 varies from 1.30 to 2.22. K0′ for B2 FeSi,
hcp + B2 Fe–16Si, and hcp + B2 Fe–9Si are all in the range
4.0–4.5 while that of hcp Fe–9Si is 5.29, close to that of pure
hcp iron [Dewaele et al., 2006]. A discussion of the
differences and similarities between ﬁts to the BirchMurnaghan equation of state and the Vinet equation of
state may be found in the supporting information.
Figure 7 illustrates the variation in volume per atom of ironsilicon alloys (compared to the volume per atom of pure
iron) as a function of pressure and temperature. Volumes of
iron were calculated at the same P-T conditions as each
data point using the equation of state of hcp Fe [Dewaele
et al., 2006], for data in the stability ﬁeld of hcp Fe, according
to the iron phase diagram of Komabayashi and Fei [2010]. Data are shown for the B2 structure of FeSi (this
study), the D03 structure and average volume of an hcp + B2 mixture of Fe–16Si [Fischer et al., 2012], and the
hcp structure and average volume of an hcp + B2 mixture of Fe–9Si (this study). The data vary with temperature,
which is likely due to iron-silicon alloys having a different thermal expansion than pure iron. Another possibility
is that this is an artifact of the form of the equation of state used. The equation of state of iron [Dewaele et al.,
2006] includes harmonic, anharmonic, and electronic contributions to the thermal pressure, while the
equations of state presented here (section 4) and in Fischer et al. [2012] ﬁt only harmonic contributions.
Figure 6. F-f plot (normalized stress as a function of
Eulerian strain) for various iron-silicon alloys at room
temperature. Blue diamonds: D03 Fe–9Si alloy (this
study). Orange open circles: D03 Fe–16Si [Fischer
et al., 2012]. Purple triangles: B20 FeSi (this study).

At low pressures, silicon-bearing alloys Fe–9Si and Fe–16Si have a greater average distance between atoms
relative to pure iron, but in stoichiometric FeSi this distance is smaller than in iron. At higher pressures and
temperatures, these effects of silicon diminish. Figure 7 shows that as pressure and temperature increase
toward the conditions of the Earth’s core, the volume per atom of iron-silicon alloys relative to that of iron
tends toward one. This trend holds for all three compositions shown here, even though data for different
compositions follow different slopes, and for various crystal structures. Phase transitions generally have a
smaller effect on the volume per atom than the silicon content does. This result suggests that iron and silicon
atoms approach the same volume at deep Earth conditions and that density differences between various
iron-silicon alloys at sufﬁciently high pressures are primarily due to differences in atomic mass.

Figure 7. Volume per atom of iron-silicon alloys (normalized to the volume of iron) as a function of pressure and temperature.
Diamonds: hcp and hcp + B2 mixture of Fe–9Si alloy (this study). Open circles: D03 and hcp + B2 mixture of Fe–16Si [Fischer
et al., 2012]. Triangles: B2 FeSi (this study). All data are color coded by temperature according to the legend. Volumes of iron
were calculated using the equation of state of Dewaele et al. [2006], and data are only shown for P-T conditions under which
the hcp structure of iron is stable [Komabayashi and Fei, 2010]. At very high pressures, data for all three compositions tend
toward one (dashed line), suggesting that iron and silicon atoms approach the same volume at high P-T conditions.
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Seagle et al. [2006] performed a similar analysis for Fe3S,
also ﬁnding that the volume per atom relative to iron
tends toward one at high pressures, suggesting that
iron, silicon, and sulfur atoms all have about the same
effective volume in Fe-rich alloys at core conditions. This
result supports, at least in these systems, a commonly
held assumption that all atoms occupy similar volumes
at high pressures. For example, this assumption was used
by Birch [1952, 1964] to estimate the magnitude of the
core density deﬁcit and by McDonough [2003] to compute
possible core compositions.
Figure 8. Ab initio P-V-X relationships in the Fe-FeSi
system. Data shown are for pure iron, Fe11Si (Fe–4Si),
Fe5Si (Fe–9Si), Fe3Si (Fe–14Si), and stoichiometric FeSi
(Fe–33Si) in the hcp crystal structure at 0 K, with data
calculated from the experimentally determined equation
of state of hcp Fe–9Si at 0 K shown for comparison.
Filled circles: ordered structures. Filled triangles: disordered structures (with two different ordering schemes
for Fe–9Si). Open diamonds: calculated from experimentally determined equation of state. Disordered
structures have slightly smaller volumes than the
ordered versions. Silicon increases the volumes of the
alloys at low pressures but has little effect at high
pressures. Volumes determined experimentally are
higher than those obtained by computational methods
at low pressures but agree at high pressures.

Figure 8 illustrates our ab initio P-V-X relationships for
pure iron, Fe11Si (Fe–4Si), Fe5Si (Fe–9Si), Fe3Si (Fe–14Si),
and FeSi (Fe–33Si) at 0 K in the hcp structure. At low
pressures, volume is an approximately linear function of
silicon content, with silicon increasing the volume of the
alloys. However, at higher pressures, this effect lessens,
with all alloys converging to similar volumes by ~100 GPa.
This supports our result that iron and silicon atoms
occupy approximately the same volume at high pressures,
as seen in our experimental data (Figure 7). Results on
a disordered structure of Fe3Si and two disordered
structures of Fe5Si are also shown. These structures have
slightly smaller volumes than their ordered counterparts,
with this difference diminishing with increasing pressure.

Also shown in Figure 8 are P-V data on hcp Fe–9Si,
calculated from our experimentally determined equation of state (Table 1) for a temperature of 0 K. At low
pressures, these volumes are larger than the ab initio volumes, with a higher compressibility. Both the
volumes and compressibility determined by theory and experiment approximately converge at high
pressures, showing agreement between the two methods.
Figure 9 shows F-f plots of our ab initio data for the hcp structure at 0 K. Table 3 lists the isothermal (0 K)
equation of state parameters for the ab initio results, based on linear ﬁts to the data. The slopes of the data in
Figure 9 change continuously with silicon content, with alloys with more silicon having lower slopes (lower K0′ ).
This is consistent with the experimental data at room
temperature on a variety of structures. Disordered
structures exhibit slightly lower values of K0′ than
ordered structures of the same composition. Figure 9
shows a variation in K0 (intercept) with composition,
with K0 generally decreasing with increasing silicon
content, which was not seen in the experimental
data. Disordered structures have larger bulk moduli
than ordered structures.

Figure 9. F-f plot of our ab initio data on Fe, Fe11Si, Fe5Si,
Fe3Si, and FeSi in the hcp structure at 0 K up to 400 GPa.
Circles: ordered structures. Triangles: disordered structures
(with two different ordering schemes for Fe–9Si). Curvature
in some of these trends may indicate the need for higher
order terms in the equation of state ﬁts.
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Our ab initio equation of state of pure hcp iron
(Table 3) has a lower V0 (6.454 versus 6.753 cm3/mol),
higher K0 (244.5 versus 163.4 GPa), and lower K0′
(4.54 versus 5.38) compared to the experimentally
determined equation of state of Dewaele et al.
[2006]. The V0 ﬁt to our experimental data on Fe–9Si
(Table 1) is signiﬁcantly larger than our ab initio V0
for ordered or disordered Fe5Si (Table 3). The
experimental data also show a lower bulk modulus
and higher K0′ for Fe–9Si. These experimental
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Table 3. Isothermal Equation of State Parameters for Iron-Silicon
a
Alloys Based on Ab Initio Calculations at 0 K
V0 (cm /mol Atoms)

K0 (GPa)

K0′

6.454
6.478
6.583
6.524
6.552
6.661
6.516
6.870

244.5 ± 0.6
245.8 ± 0.4
227.1 ± 0.6
237.5 ± 0.5
233.1 ± 0.5
217.0 ± 0.5
231.9 ± 0.6
196.0 ± 0.3

4.54 ± 0.01
4.45 ± 0.01
4.43 ± 0.01
4.39 ± 0.01
4.41 ± 0.01
4.39 ± 0.01
4.39 ± 0.01
4.21 ± 0.01

3

Fe
Fe11Si
Fe5Si
Fe5Si*
Fe5Si*
Fe3Si
Fe3Si*
FeSi

10.1002/2013JB010898

values are extrapolations of the ﬁt to 1 bar, far
from the P-T conditions of the data. At higher
pressures, where the alloy was observed to
have the hcp structure, the experimental and ab
initio results are in closer agreement (Figure 8).
5.2. The Outer Core Density Deﬁcit

Earth’s iron-rich core has a lower density than
pure iron under the same P-T conditions [e.g.,
Birch, 1952]; this difference is known as the
a
All alloys are in the hcp structure, with asterisks (*) indicating
core density deﬁcit. Assuming that the Earth’s
disordered structures. Parameters were determined using F-f
core
may be predominantly an iron-silicon
plots (Figure 9).
alloy, we can place constraints on its silicon
content by comparing our equations of state
of Fe-Si alloys to that of iron [Dewaele et al., 2006] and the seismologically determined density of the core,
such as in the PREM model [Dziewonski and Anderson, 1981]. For this analysis, we use a core-mantle boundary
(CMB) pressure of 135.8 GPa and a density of 9.9 g/cm3 in the outer core at the CMB [Dziewonski and
Anderson, 1981]. The outer core temperature at the CMB is taken to be 4000 ± 500 K, based on the analysis of
Anderson [2003]. We assume that the outer core temperature proﬁle is adiabatic [Birch, 1952] and that iron
and iron-rich alloys experience a 1–2%
volume increase upon melting at core
pressures [Anderson, 2003]. Although the
outer core likely contains additional light
elements, such as S, O, and/or C [e.g.,
McDonough, 2003], for this analysis we
consider an outer core whose light element
component consists of only silicon.
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Figure 10 illustrates the core density deﬁcit,
showing the density proﬁle of pure solid hcp
iron along a core adiabat [Dewaele et al.,
2006] and PREM [Dziewonski and Anderson,
1981]. Based on the assumptions outlined
above, PREM is 10.4 ± 0.9% less dense than
solid hcp Fe at conditions of the CMB [Fischer
et al., 2011, 2012]. Approximately 1–2% of
this difference is due to the volume change
of melting [Anderson, 2003], but the
remainder of this deﬁcit must be due to the
presence of light elements in the outer core,
such as silicon.

Figure 10. Evaluation of the core density deﬁcit. Black curve: PREM
[Dziewonski and Anderson, 1981]. Grey curve: density proﬁle for solid
hcp Fe, calculated from the equation of state of Dewaele et al. [2006].
Medium blue curve: density proﬁle for solid hcp Fe–9Si, calculated
from the experimentally determined equation of state parameters
listed in Table 1. Light blue curve: proﬁle for hcp Fe–9Si, calculated
from the ab initio equation of state (Table 3) with temperature
correction (see text for details). Red curve: density proﬁle for hcp + B2
mixture of Fe–9Si, calculated from the equation of state parameters
listed in Table 1. Orange curve: density proﬁle for solid hcp + B2
mixture of Fe–16Si, from Fischer et al. [2012]. Purple curve: density
proﬁle for solid B2 FeSi, calculated from the equation of state
parameters listed in Table 2. Solid curves follow an adiabatic temperature proﬁle for a CMB temperature of 4000 K. Dashed curves
indicate the effect of a 500 K uncertainty in the CMB temperature,
which is a dominant source of uncertainty when evaluating the core
density deﬁcit. Black cross symbols: upper pressure limit of the
experimental data coverage for each phase. As discussed in the text,
these equations of state impose upper bounds of ~11 wt % Si in the
outer core and 6–8 wt % Si in the inner core.

For the Fe–9Si alloy, we use the equation of
state of the hcp structure to constrain the
amount of silicon required to match the
density deﬁcit in the Earth’s core. This analysis
requires no extrapolation in pressure and
only a small extrapolation in temperature to
apply our equation of state at CMB conditions.
We corrected the outer core density to
account for a Ni/Fe atomic ratio of 0.058 in
the core [McDonough, 2003]. We ﬁnd that a
silicon content of 11.2 ± 0.7 wt % is required
to match PREM in the outer core at the CMB
for a purely Fe-Ni-Si outer core, based on the
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Table 4. Weight Percent of Silicon Needed to Match the Density and Bulk Sound Speed of PREM [Dziewonski and
a
Anderson, 1981] in the Inner and Outer Core, Determined for Each Iron-Silicon Alloy Investigated

Fe–9Si
Fe–16Si
FeSi
Weighted average
Fe–9Si (theory)

Outer Core
Density Deﬁcit

Outer Core Bulk
Sound Speed

Inner Core
Density Deﬁcit

Inner Core Bulk
Sound Speed

11.2 ± 0.7
11.3 ± 1.5
11.4 ± 1.6
11.3 ± 0.6
13.2 ± 0.9

7.7 ± 1.8
13.0 ± 1.9
9.0 ± 2.1
9.9 ± 3.0
4.5 ± 0.6

6.0 ± 0.8
7.7 ± 1.3
7.3 ± 1.4
6.7 ± 1.1
6.8 ± 0.8

3.9 ± 0.2
37 ± 9
9.2 ± 0.8
4.2 ± 3.7
5.0 ± 0.2

a

Weighted averages only include calculations from experimentally determined equations of state and were calculated
using equation (3). Value in italics was not used in determining the weighted average.

experimentally determined equation of state of Fe–9Si. The uncertainty in this calculation is based upon the
stated uncertainties in the CMB temperature, the volume change upon melting, and the equation of state,
with the uncertainties in CMB temperature and ΔV of melting dominating. Varying the amount of nickel in the
core has very little effect on the amount of silicon needed to match PREM (less than ± 0.1 wt %). The density
proﬁle of Fe–9Si along a core adiabat is shown in Figure 10.
The light element component of Earth’s core is likely to be comprised of multiple elements, so this calculation
effectively provides the maximum amount of silicon that may exist in the Earth’s outer core, with the remainder
of the density deﬁcit being comprised of other light elements. The eutectic composition in the Fe-Si system
is less than 16 wt % Si at CMB conditions [Fischer et al., 2012, 2013]. A composition of 11.2 wt % silicon is
consistent with this eutectic composition, because the coexisting solid phase (inner core) must be more
Fe-rich. Assuming that this eutectic composition does not decrease dramatically at higher pressures, it is
plausible on this basis that silicon could be the dominant light element in the Earth’s core.
For stoichiometric FeSi, an analogous calculation can be performed using the equation of state of the B2
phase, which also requires no extrapolation in pressure to apply at CMB conditions. Following the same
procedure, we ﬁnd that a silicon content of 11.4 ± 1.6 wt % is required to match PREM in the outer core at the
CMB for a purely Fe-Ni-Si outer core, based on the equation of state of FeSi. The density proﬁle of FeSi at core
conditions is shown in Figure 10.
Fischer et al. [2012] evaluated the core density deﬁcit with regards to Fe–16Si, ﬁnding that 11.3 ± 1.5 wt %
silicon is required to match PREM in the outer core at the CMB for a purely Fe-Ni-Si outer core. The density
proﬁle for an hcp + B2 mixture of Fe–16Si is also plotted in Figure 10 for reference. The maximum amounts of
silicon in the outer core obtained by using each of these three equations of state (FeSi, Fe–9Si and Fe–16Si)
agree, and a weighted mean μ* can be calculated as follows:
n
X
x i vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 u
n
σ
1X
i u 1
ðx i  μ Þ2
μ ¼ i¼1
±u
þ
n
n
X1 u
tX 1 n
i¼1

σ2i

i¼1

σ2i

(3)

i¼1

where n is the number of values being averaged (n = 3), xi is the maximum amount of silicon in the core
determined from each equation of state, and σi is the uncertainty in each value. Here we have used a
conservative calculation for the uncertainty on the weighted mean, incorporating both the uncertainties on
the values being averaged (ﬁrst term) and the standard deviation of the numbers being averaged (second
term). The three equations of state give a weighted average value of 11.3 ± 0.6 wt % Si and are compared in
Table 4. Results of the same calculation using the Vinet equation of state are similar and are shown in Table S7
in the supporting information, and density proﬁles of the alloys determined from their Vinet equation of state
ﬁts are shown in Figure S3.
Figure 10 also shows a density proﬁle for hcp Fe–9Si calculated using our 0 K ab initio equation of state
(Table 3) corrected for thermal pressure. We approximated thermal pressure as αKTΔT determined from our
experimentally determined equation of state for hcp Fe–9Si, where α is the coefﬁcient of thermal expansion
and KT is the isothermal bulk modulus, calculated as functions of pressure and temperature. The experimental
and ab initio density proﬁles of hcp Fe–9Si are very close together and approximately parallel (Figure 10),
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showing agreement between these methods. Our ab initio
equation of state corrected for thermal pressure indicates a
maximum silicon content of the outer core of 13.2 ± 0.9 wt %
Si, slightly larger than the values calculated from our
experimentally determined equations of state (Table 4).
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Figure 11a shows the trade-off between the core-mantle
boundary temperature and the amount of silicon needed
in the outer core at the CMB to match PREM for Fe–9Si,
Fe–16Si, and FeSi. The greatest sources of uncertainty are
the temperature of the core-mantle boundary and the
volume change upon melting, though the equation of
state chosen can also have signiﬁcant effects. This ﬁgure
illustrates that ~11–12 wt % silicon is needed to match
the density deﬁcit of the outer core.

Figure 10 shows that the density proﬁles of iron-silicon
alloys with the most core relevant compositions (Fe–9Si
and Fe–16Si) approximately match the slope of PREM
when their equations of state are extrapolated through
0.06
the P-T range of the Earth’s outer core. This is not the case
for density proﬁles of FeO [Fischer et al., 2011], Fe3S [Seagle
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et al., 2006], or Fe7C3 [Nakajima et al., 2011] calculated
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density proﬁles of iron-oxygen-sulfur alloys, ﬁnding that
Figure 11. Trade-off between temperature and the
only the most oxygen-poor alloys can match that of PREM.
amount of silicon required to match the density
This lends support to the idea that silicon could be the
deﬁcit of (a) the outer core and (b) the inner core for
dominant light element in the Earth’s core. However, this
various iron-silicon alloys. Blue lines: hcp Fe–9Si alloy.
comparison to PREM does require extrapolations in the
Orange lines: hcp + B2 Fe–16Si. Purple lines: B2 FeSi.
equations of state of these alloys, and alternative
Dashed lines: 1% volume change upon melting. Solid
lines: 2% volume change. Dotted lines: No volume
explanations for variations in density proﬁle slopes have
change (density of the solid is shown). The outer core
been proposed [Fischer et al., 2011]. The density proﬁles of
may contain up to ~11–12 wt % silicon, while the
Fe-Si alloys from the shock wave study of Balchan and
inner core may contain up to ~6–8 wt % silicon.
Cowan [1966] do not appear to match PREM well, though
there is scatter in the data. A comparison to Figure S3 shows that the densities and bulk sound speeds of the
alloys more closely approximate PREM and each other when the data are ﬁt to Birch-Murnaghan equations of
state, rather than to Vinet equations. We use the Birch-Murnaghan ﬁts in this section, as discussed in the
supporting information.
0.07

5.3. The Inner Core Density Deﬁcit
The Earth’s inner core is also less dense than pure iron under the same conditions. We assume an inner core
boundary (ICB) temperature of 5000 ± 1000 K [Boehler, 2000], pressure of 328.85 GPa, and density of the inner
core of 12.76 g/cm3 at the ICB [Dziewonski and Anderson, 1981]. The density was again corrected for a Ni/Fe
atomic ratio of 0.058 in the core [McDonough, 2003]. Based on these assumptions, PREM is 5.7 ± 0.8% less
dense than pure iron in the inner core at the ICB, with this density deﬁcit caused by the presence of light
elements in the inner core. Similar calculations to those done in section 5.2 can also be performed to assess
the amount of silicon required to match the density deﬁcit of the Earth’s inner core. It should be cautioned
that all of the calculations in this section require extrapolations in both pressure and temperature.
The density proﬁles of iron-rich Fe-Si alloys, compared to that of hcp Fe [Dewaele et al., 2006] and PREM
[Dziewonski and Anderson, 1981], in the inner core are illustrated in Figure 10. Under the assumptions
described above, for an Fe-Si-Ni inner core, the density deﬁcit at the ICB can be explained by the presence
of 6.0 ± 0.8 wt % silicon in the inner core based on the equation of state of Fe–9Si, or 7.3 ± 1.4 wt % silicon
using the equation of state of FeSi. In comparison, Fischer et al. [2012] found a value of 7.7 ± 1.3 wt % silicon
using the equation of state of Fe–16Si (Table 4). These compositions are similar within uncertainty, yielding a
weighted average of 6.7 ± 1.1 wt % silicon using equation (3). It should be emphasized that this calculation
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requires large extrapolations in temperature, pressure, silicon content, and possibly crystal structure. Results
of the same calculation using the Vinet equations of state are similar and are shown in Table S7 in the
supporting information. Performing the same calculation using our ab initio equation of state corrected for
thermal pressure (section 5.2) yields a maximum silicon content of the inner core of 6.8 ± 0.8 wt % silicon, in
agreement with the average value determined from the experimental equations of state (Table 4). The ab initio
equation of state does not require any extrapolation in pressure to apply it to inner core boundary conditions.
Its match to the experimental ﬁt lends support to our calculations using extrapolated equations of state.
For Fe–9Si, the hcp + B2 mixture could be the stable phase at the inner core boundary, though the geotherm
may lie near the hcp side of a wide two-phase loop [Fischer et al., 2013]. Our present calculation may therefore
be performed on a different phase of Fe–9Si alloy than would be found in the core. The transition from hcp
to an hcp + B2 mixture is unlikely to have a very large effect on its density, since the relative proportions of
hcp and B2 structures are changing gradually across the phase loop, which is expected to be very wide
[Fischer et al., 2013]. For stoichiometric FeSi, the stable phase at the ICB is predicted to be either the B2 phase
[Brosh et al., 2009; Zhang and Oganov, 2010] or an hcp + B2 mixture [Fischer et al., 2013]. If a transition to an
hcp + B2 mixture occurs in FeSi, it should again have a small effect on the density following the same logic as
for Fe–9Si. Nevertheless, these extrapolations should be used with caution.
Figure 11b shows the relationship between the inner core boundary temperature and the amount of silicon
required in the inner core to match the observed density deﬁcit. Again, the variation in this number is
controlled mostly by uncertainty in the ICB temperature, though the equation of state used is also important.
This ﬁgure demonstrates that ~6–8 wt % silicon is needed to match PREM in the inner core.
This number can be compared to the amount of silicon needed to match the density deﬁcit at the base of the
outer core to determine the compositional contrast between the inner and outer core. The amount of silicon
needed to match PREM in the outer core at the ICB is 9.6 ± 0.8 wt % for Fe–9Si, 10.3 ± 1.1 wt % for Fe–16Si,
and 11.4 ± 1.2 wt % for FeSi. This corresponds to a compositional contrast between the inner and outer core
of 3.6 ± 1.2 wt % Si, 2.6 ± 1.7 wt % Si, and 4.1 ± 1.9 wt % Si for Fe–9Si, Fe–16Si, and FeSi, respectively, or a
weighted average of 3.5 ± 1.2 wt % silicon by equation (3).
However, newer seismological models of the Earth’s core generally report a larger density contrast at the ICB
based on normal-mode seismology. Masters and Gubbins [2003] determined a contrast of 0.82 g/cm3 (versus
0.60 g/cm3 from PREM), which is primarily accommodated by a lower density at the base of the outer core.
The amount of silicon needed to match this larger density contrast in the outer core at the ICB is 11.7 ± 0.8 wt %
for Fe–9Si, 12.5 ± 1.1 wt % for Fe–16Si, and 13.8 ± 1.2 wt % for FeSi. The larger light element content required
to match the base of the outer core, relative to the top of the outer core calculated above, may reﬂect a lightelement-enriched boundary layer near the ICB. Alternatively, this may be an artifact of the extrapolation
required to meet the ICB conditions from our data set. This corresponds to a compositional contrast between
the inner and outer core of 5.7 ± 1.2 wt % Si, 4.8 ± 1.7 wt % Si, and 6.5 ± 1.9 wt % Si for Fe–9Si, Fe–16Si, and
FeSi, respectively, or a weighted average of 5.6 ± 1.1 wt % silicon by equation (3).
5.4. Sound Velocities of Iron-Silicon Alloys
Earth’s core has different sound wave velocities than pure iron under the same P-T conditions [e.g., Birch,
1964], with this difference caused by the presence of one or more light elements in the core. Comparison of
the sound velocities of iron alloys to that of the core [Dziewonski and Anderson, 1981] can allow evaluation of
the plausibility of various light element alloys as core candidates.
For this analysis, we use a bulk sound speed in the core at the CMB of 8.07 km/s [Dziewonski and Anderson,
1981], in addition to the other assumptions outlined in section 5.2. We calculated the bulk sound speed
(equal to the p wave velocity Vp in the outer core) as the inverse square root of the slope of density versus
pressure, determining this value numerically along adiabats in the outer core. Using the equation of state of
hcp iron from Dewaele et al. [2006], we ﬁnd that the bulk sound speed of pure iron in the outer core at the
core-mantle boundary is 7.81 km/s. Figure 12 shows the bulk sound speed as a function of pressure through
the Earth’s outer core for pure hcp iron along a core adiabat [Dewaele et al., 2006] and PREM [Dziewonski and
Anderson, 1981]. The bulk sound speed of iron is 3.2 ± 0.2% lower than that of PREM at conditions of the coremantle boundary. Applying a ﬁxed ΔV of melting to extrapolate this calculation to the liquid state (section 5.2)
has no effect on the calculated sound velocity, so this discrepancy must be due to the presence of light
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Figure 12. Comparison of equations of state of Fe-Si alloys to the bulk sound speed of the core. Curves are calculated from
the same equations of state as indicated in the caption for Figure 10. Black cross symbols: upper pressure limit of the
experimental data coverage for each phase. As discussed in the text, these curves suggest an outer core composition of
~8–13 wt % silicon and an inner core composition of 4–9 wt % Si.

elements, such as silicon, in the outer core. The sound speed of iron at core conditions calculated from the
equation of state of Dewaele et al. [2006] is very insensitive to temperature (Figure 12).
Performing this calculation using the equations of state for our alloys, we ﬁnd that the amount of silicon
needed in the outer core at the CMB to match the observed bulk sound velocity is 9.9 ± 3.0 wt % (weighted
average of results using different equations of state from equation (3); Table 4). This number is in approximate
agreement with the amount of silicon needed to match the density deﬁcit at the CMB (section 5.2), which
strengthens the possibility that silicon could be the primary light element in the Earth’s core. The bulk sound
speed proﬁles of these three alloys along core adiabats are illustrated in Figure 12. The slopes do not very
precisely match PREM, in agreement with the shock wave data of Balchan and Cowan [1966], but the slopes
vary, suggesting poor extrapolations and that the derivative of bulk sound speed with respect to pressure is
not well constrained by our data. Huang et al. [2011] measured sound velocities as a function of density for
Fe-O-S alloys in shock experiments, reporting that only sulfur-rich, oxygen-poor alloys could match the sound
speed proﬁle of PREM.
Our ab initio equation of state of Fe–9Si does a much better job of reproducing the bulk sound speed proﬁle
of PREM in the outer core than the experimentally determined equations of state (Figure 12). However, using
our ab initio equation of state, we ﬁnd that the maximum amount of silicon in the outer core is 4.5 ± 0.6 wt %
Si (Table 4). This number is signiﬁcantly smaller than that calculated from the experimentally determined
equations of state, or from comparison of the ab initio equation of state to the density deﬁcit (section 5.2).
An analogous calculation may be performed for the Earth’s inner core, comparing the seismic velocities at the
inner core boundary. The bulk sound speed of the inner core at the ICB is 10.26 km/s from PREM [Dziewonski
and Anderson, 1981] while that of iron under the same conditions is approximately 3.3% lower. We ﬁnd that
the amount of silicon needed to match the core’s bulk sound speed ranges from ~4 to 9 wt % silicon, using
the equations of state of Fe–9Si and FeSi (Table 4). This value encompasses the amount of silicon needed to
match the inner core density deﬁcit, 6.7 wt % (section 5.3). The ab initio equation of state of Fe–9Si gives a value
of 5.0 ± 0.2 wt % Si (Table 4). In general, the ab initio equation of state agrees better with the experimentally
determined equations of state at higher pressures (i.e., inner core calculations).
The bulk sound speeds of iron, PREM, Fe–9Si, Fe–16Si, and FeSi are compared in Figure 12. The equation of
state of Fe–16Si yielded an unrealistically high value for the amount of silicon needed to match the bulk
sound speed of the inner core (37 wt %), possibly due to the fact that K0′ was ﬁxed to a value of four in its
equation of state, or because the ﬁt of its equation of state to the average volume of a two-phase mixture
[Fischer et al., 2012] was unable to accurately describe silicon partitioning at such highly extrapolated pressures
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and temperatures. The slope of the bulk sound speed proﬁle for Fe–16Si is different from those of the other
alloys and PREM [Dziewonski and Anderson, 1981] (Figure 12), illustrating a problem with the extrapolation
of its equation of state.
Results of the same calculations for the outer and inner core using the Vinet equation of state are shown
in Table S7 in the supporting information, and sound speed proﬁles of the alloys determined from their
Vinet equation of state ﬁts are shown in Figure S4. These proﬁles are very inconsistent with PREM, and the
calculations yield conﬂicting and implausible answers. This indicates that either the Vinet equation ﬁts to
our data do not extrapolate as well as the Birch-Murnaghan ﬁts, contrary to the ﬁndings of Cohen et al. [2000],
or that silicon is not the dominant light element in the Earth’s core.
Mao et al. [2012] measured sound velocities in iron and iron-silicon alloys, investigating their Vp-ρ relationship
using inelastic X-ray scattering and X-ray diffraction. They concluded that an alloy containing 8 wt % silicon at
6000 K matches well with PREM [Dziewonski and Anderson, 1981] in the inner core. This result is in agreement
with our estimate of the silicon content of the inner core of 6–8 wt % based on the density deﬁcit (section 5.3).
Antonangeli et al. [2010] performed similar experiments on an iron-nickel-silicon alloy, ﬁnding that only
1–2 wt % silicon is required to match PREM. Badro et al. [2007] measured sound velocities of FeSi, ﬁnding a
preferred model for the inner core containing 2.3 wt % silicon and traces of oxygen.
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The equations of state of the D03 phase of Fe–9Si and the B20 phase of stoichiometric FeSi were measured
to high pressures at room temperature. Those of the hcp + B2 mixture and the hcp phase of Fe–9Si were
determined to ~200 GPa and high temperatures while that of B2 FeSi was measured to ~145 GPa and high
temperatures. Comparing these results with the equations of state of Fe–16Si [Fischer et al., 2012] and hcp
iron [Dewaele et al., 2006] shows that silicon does not have a strong effect on compressibility of iron-silicon
alloys and that silicon and iron have similar volumes per atom at megabar pressures. Equations of state
of Fe, Fe11Si, Fe5Si, Fe3Si, and FeSi have been calculated using ab initio methods, which agree with the
experimental results at high pressures.
Using these equations of state of Fe–9Si and FeSi, Fe–16Si [Fischer et al., 2012], and hcp iron [Dewaele et al.,
2006], we have made comparisons to PREM [Dziewonski and Anderson, 1981] to evaluate the amount of
silicon that could be in the Earth’s core. Based on comparisons to the observed core density deﬁcit, we ﬁnd
that the maximum amount of silicon in the outer core is ~11 wt %, while the maximum amount in the inner
core is 6–8 wt %, for a purely Fe-Si-Ni core. Comparing the bulk sound speed of PREM with those calculated
from the equations of state of iron-silicon alloys suggest an outer core composition of ~8–13 wt % silicon, and
an inner core composition of ~4–9 wt % silicon. The compositional contrast between the inner and outer
core is found to be 3.5 ± 1.2 wt % silicon by matching PREM or 5.6 ± 1.2 wt % Si matching Masters and
Gubbins [2003]. Equations of state of various iron-silicon alloys typically give similar results for silicon contents
of the core and provide a good match to PREM in terms of density, sound speed, and density variations with
depth, suggesting that silicon is a viable candidate for the dominant light element in the Earth’s core.
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