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Abstract 37 

 Earth’s core is an iron-rich alloy containing several weight percent of light element(s), 38 

possibly including silicon. Therefore the high pressure-temperature equations of state of iron–39 

silicon alloys can provide understanding of the properties of Earth’s core. We performed X-ray 40 

diffraction experiments using laser-heated diamond anvil cells to achieve simultaneous high 41 

pressures and temperatures, up to ~200 GPa for Fe–9wt%Si alloy and ~145 GPa for 42 

stoichiometric FeSi. We determined equations of state of the D03, hcp+B2, and hcp phases of 43 

Fe–9Si, and the B20 and B2 phases of FeSi. We also calculated equations of state of Fe, Fe11Si, 44 

Fe5Si, Fe3Si, and FeSi using ab initio methods, finding that iron and silicon atoms have similar 45 

volumes at high pressures. By comparing our experimentally-determined equations of state to the 46 
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observed core density deficit, we find that the maximum amount of silicon in the outer core is 47 

~11 wt%, while the maximum amount in the inner core is 6–8 wt%, for a purely Fe–Si–Ni core. 48 

Bulk sound speeds predicted from our equations of state also match those of the inner and outer 49 

core for similar ranges of compositions. We find a compositional contrast between the inner and 50 

outer core of 3.5–5.6 wt% silicon, depending on the seismological model used. Theoretical and 51 

experimental equations of state agree at high pressures. We find a good match to the observed 52 

density, density profile, and sound speed of the Earth’s core, suggesting that silicon is a viable 53 

candidate for the dominant light element. 54 

 55 

 56 

1. Introduction 57 

 The Earth’s core is primarily an iron–nickel alloy, but it must also contain several weight 58 

percent of one or more elements that are lighter than iron in order to match the observed core 59 

density [Birch, 1952]. Many elements have been proposed to comprise this light element 60 

component, with the most prominent candidates including silicon, oxygen, sulfur, carbon, and 61 

hydrogen [e.g. Allègre et al., 1995; McDonough, 2003]. Silicon has been frequently proposed as 62 

the dominant light element in the Earth’s core, because it is abundant in the silicate Earth, it is 63 

found in the metal of some chondritic meteorites, a core reservoir of silicon is permitted by 64 

comparisons of the Mg/Si and Fe/Si ratios of the Earth and chondrites, and silicon is known to 65 

partition into iron metal under reducing conditions [Allègre et al., 1995; McDonough, 2003]. 66 

Experiments have shown that this partitioning behavior continues to very high pressures [e.g. 67 

Knittle and Jeanloz, 1991; Ozawa et al., 2008, 2009; Siebert et al., 2012; Takafuji et al., 2005]. 68 

Silicon in the core may also be able to explain the nonchondritic 30Si/28Si ratios in terrestrial 69 
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rocks [Fitoussi et al., 2009; Georg et al., 2007; Shahar et al., 2009]. Previous studies have 70 

estimated the maximum silicon content of the core using many methods, producing numbers 71 

ranging from less than 4 wt% [Antonangeli et al., 2010], to ~5–7 wt% [Allègre et al., 1995; 72 

Brosh et al., 2009; Javoy et al., 2010; McDonough, 2003; Shahar et al., 2009; Siebert et al., 73 

2012; Wade and Wood, 2005] to 8–13 wt% [Fischer et al., 2012; Lin et al., 2003; Mao et al., 74 

2012; Ricolleau et al., 2011; Rubie et al., 2011; Sata et al., 2010] to up to 20 wt% [Ahrens, 1982; 75 

Balchan and Cowan, 1966; Ringwood, 1959]. 76 

 The light element composition of the core has implications for planetary formation, core 77 

segregation, core dynamics, metal–silicate reactions, thermal evolution of the core, and 78 

generation of the geodynamo [e.g. Allègre et al., 1995; Chabot et al., 2011; Deguen, 2012; Javoy 79 

et al., 2010; Righter, 2011; Stevenson, 1981]. Equations of state of Fe–Si alloys can be used to 80 

constrain the maximum silicon content of the Earth’s core and evaluate the likeliness of silicon 81 

as a core component by comparison to the core density, compressibility, and sound velocities in 82 

the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981]. In this study, 83 

we report on the high pressure-temperature (P-T) equations of state of Fe–9wt%Si (hereafter Fe–84 

9Si) and stoichiometric FeSi, combining our results with the equations of state of pure iron 85 

[Dewaele et al., 2006] and Fe–16Si [Fischer et al., 2012] to evaluate silicon as a core component 86 

and identify the effects of composition on the equations of state of iron–silicon alloys. 87 

 Alloys with compositions near Fe–9Si have been the subjects of several previous studies. 88 

Fischer et al. [2013] reported on the subsolidus phase diagram and melting curve of this alloy to 89 

200 GPa. At high pressures, it has the hexagonal close packed (hcp) crystal structure at low 90 

temperatures. With increasing temperature it converts to a mixture of the hcp and B2 (CsCl-type) 91 

structures, then to a mixture of face-centered cubic (fcc) and B2 structures. Morard et al. [2011] 92 
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measured two melting points of Fe–5Ni–10Si at high pressures. Lin et al. [2002, 2009] 93 

investigated the subsolidus phase diagram of Fe–7.9Si, while Kuwayama et al. [2009] studied the 94 

phase diagram of Fe–9.9Si. Lin et al. [2003] reported a room temperature equation of state of 95 

Fe–7.9Si and Hirao et al. [2004] of Fe–8.7Si. Zhang and Guyot [1999a, 1999b] studied the phase 96 

diagram and equation of state of Fe–8.9Si in a large volume press to 9 GPa and 773 K. In this 97 

study, we seek to construct a thermal equation of state of Fe–9Si to pressures and temperatures 98 

of the Earth’s core. 99 

 Stoichiometric FeSi has also been previously studied. Fischer et al. [2013] report on its 100 

high P-T phase diagram to 145 GPa. It has the B20 (FeSi-type) structure at lower pressures, the 101 

B2 structure at high pressures, and a wide two-phase region in between. Knittle and Williams 102 

[1995] and Lin et al. [2003] measured the 300 K equation of state of B20 FeSi, while Guyot et al. 103 

[1997] determined its thermal equation of state in a large volume press. The B2 structure was 104 

predicted theoretically by Vočadlo et al. [1999] and confirmed experimentally by Dobson et al. 105 

[2002]. The equation of state and phase diagram of FeSi was also studied theoretically by 106 

Caracas and Wentzcovitch [2004]. Dobson et al. [2003], Sata et al. [2010], and Ono et al. [2007] 107 

report room temperature equations of state for B2 FeSi. Melting of FeSi has been investigated by 108 

Fischer et al. [2013], Lord et al. [2010], and Santamaría-Pérez and Boehler [2008]. Recently, 109 

Ono [2013] calculated a thermal equation of state of B2 FeSi using ab initio methods, 110 

constrained by experimental data at 300 K. However, there exists no experimentally-determined 111 

thermal equation of state of B2 FeSi, which will be a focus of this study. 112 

 113 

2. Methods 114 
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 The methods used in this study are similar to those of Fischer et al. [2013]. Our sample 115 

materials were Fe–9Si (Goodfellow Corporation) and stoichiometric FeSi (Alfa Aesar). 116 

Measurements of composition and structure of our materials were first made at atmospheric 117 

pressure by electron microprobe and X-ray diffraction [Miller, 2009]. The material was then 118 

pressed in a diamond anvil cell to produce a foil ~3 µm thick and loaded into a rhenium gasket 119 

between layers of KBr, each ~10 µm thick. The sample assembly was oven-dried at ~90°C for 120 

approximately one hour after cell loading but before the cell was closed to remove any moisture. 121 

Laser-heating angle-dispersive X-ray diffraction experiments were performed at beamline 122 

13-ID-D (GeoSoilEnviroCARS) of the Advanced Photon Source (APS) at Argonne National 123 

Laboratory [Prakapenka et al., 2008; Shen et al., 2005]. The incident X-ray beam was 124 

monochromatic (λ = 0.3344 Å) and measured ~4 µm x 4 µm. X-ray-induced fluorescence of the 125 

KBr pressure medium was used to coalign the optical axes of the laser heating and temperature 126 

measurement system with the X-ray beam, which were still aligned following heating. The 127 

sample was laser heated from each side by 1064 nm Yb fiber lasers with flat top intensity 128 

profiles, with the laser power on each side being independently adjustable to minimize axial 129 

temperature gradients [Prakapenka et al., 2008]. Diffraction patterns were collected on heating 130 

and cooling. Temperatures were determined by spectroradiometry using the graybody 131 

approximation, and one temperature measurement was made simultaneously with each 132 

diffraction pattern. Laser-heated spots were ~20 µm in diameter across the flat top region, much 133 

larger than the X-ray beam to minimize radial temperature gradients. Temperatures were 134 

measured from an area comparable to the size of the region probed by the X-rays. The sample 135 

temperature was an average of upstream and downstream temperatures, corrected downward by 136 

~3% to account for a small axial temperature gradient through the sample [Campbell et al., 2007, 137 
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2009]. Reported temperature uncertainties include an analytical uncertainty of 100 K [Shen et al., 138 

2001], the difference between upstream and downstream temperatures, and uncertainty from the 139 

thickness correction [Campbell et al., 2007, 2009]. Temperature measurements in the diamond 140 

cell were benchmarked by analyzing a sample of iron in MgO to check the location of the hcp–141 

fcc transition in iron [Fischer et al., 2011, 2012]. 142 

Two-dimensional diffraction images were integrated using the Fit2D program 143 

[Hammersley et al., 1996], then peak fitting was performed using PeakFit (Systat Software). 144 

Overlapping peaks were deconvolved in the peak fitting process whenever possible, and were not 145 

used in the equation of state fits if they could not be deconvolved. Pressures were determined 146 

from the volume of B2 KBr [Fischer et al., 2012], with the lattice parameter and its uncertainty 147 

determined as the average and standard error from multiple d-spacings. Uncertainties in pressure 148 

were propagated from uncertainties in temperature and lattice parameter. The KBr temperature 149 

during laser heating was less than the measured temperature, due to axial thermal gradients 150 

through the insulator, so it was corrected downward [Campbell et al., 2009]. 151 

Samples for room temperature compression were loaded in neon using the 152 

COMPRES/GSECARS gas-loading system at the APS [Rivers et al., 2008]. Pressure standards 153 

were KBr and ruby [Fischer at al., 2012; Mao et al., 1986]. Room temperature compression of 154 

FeSi was performed at APS, while compression of Fe–9Si was done at beamline 12.2.2 of the 155 

Advanced Light Source (ALS), Lawrence Berkeley National Laboratory [Kunz et al., 2005]. At 156 

the ALS we used a monochromatic incident beam (λ = 0.41323 Å) measuring 30 µm x 30 µm.  157 

In parallel to experiments, we also performed first-principles calculations based on the 158 

planar-augmented wavefunction formalism [Blöcl, 1994] of the density-functional theory in the 159 

ABINIT implementation [Gonze et al., 2002, 2009]. We used the Generalized-Gradient 160 
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Approximation for the exchange-correlation functional [Perdew et al., 1996], with parameters 161 

similar to the ones in our previous study [Fischer et al., 2012]. We built the structures starting 162 

with hcp iron and replacing Fe by Si in the desired amounts in various supercells. We performed 163 

the substitutions in several patterns, to consider several Si concentrations in the hcp iron and to 164 

mimic the effect of order–disorder relations. As both endmember hcp iron and B2 FeSi are non-165 

magnetic, our simulations are non-spin polarized. All structures were relaxed at static conditions 166 

(T = 0 K).  167 

 168 

3. Results 169 

3.1. Fe–9Si results  170 

The pressure-volume-temperature (P-V-T) data from the synchrotron X-ray diffraction 171 

experiments on Fe–9Si are listed in Table S1 of the Supplemental Material. Figure 1a illustrates 172 

our high temperature data coverage in P-T space. Figure 2 shows our data in P-V space. These 173 

data extend to pressures of over 200 GPa and temperatures up to ~4000 K. In all experiments, 174 

pressure was determined from the lattice parameter of B2 KBr, which was calculated from the d-175 

spacings of four to thirteen of the following hkl peaks: 100, 110, 111, 200, 210, 211, 220, 176 

221+300, 310, 311, 222, 320, 321. 177 

 The Fe–9Si alloy has the D03 (BiF3-type; space group Fm3m) crystal structure at ambient 178 

conditions [Massalski, 1986] and under room temperature compression to 29 GPa [Fischer et al., 179 

2013]. This may not accurately represent the stability field of this structure due to slow kinetics 180 

of phase transitions at 300 K. The D03 structure is an ordered version of the B2 (CsCl-type; 181 

space group Pm3m) structure, which is an ordered version of the body-centered cubic (bcc) 182 
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structure. The lattice parameter of D03 Fe–9Si was determined from three to seven of the 183 

following hkl peaks: 111, 200, 220, 311, 222, 400, 331. 184 

 The high P-T phase diagram of Fe–9Si was reported in Fischer et al. [2013] and can be 185 

seen in Figure 1a. At high pressures, the Fe–9Si alloy has the hcp crystal structure. With 186 

increasing temperature, it converts to an hcp+B2 mixture, then to an fcc+B2 mixture. At high 187 

temperatures the hcp structure sometimes persists, likely reflecting slow kinetics of this 188 

transition [Fischer et al., 2013]. Examples of X-ray diffraction patterns on Fe–9Si at high 189 

pressures and temperatures can be seen in Figure 3. The lattice parameters and c/a ratio of the 190 

hcp structure were determined from up to nine of the following hkl peaks: 100, 002, 101, 102, 191 

110, 103, 200, 112, 201, 004, 202. The B2 lattice parameter was measured using up to seven of 192 

the following peaks: 100, 110, 111, 200, 210, 211, 220, 221+300. The fcc lattice parameter was 193 

determined from up to four of the following peaks: 111, 200, 220, 311, 222, 400. 194 

 195 

3.2. FeSi results  196 

The P-V-T data from the synchrotron X-ray diffraction experiments on stoichiometric 197 

FeSi are listed in Table S2 of the Supplemental Material, and our high temperature data coverage 198 

in P-T space can be seen in Figure 1b. We report all volumes of FeSi in units of cubic 199 

centimeters per mole of atoms, instead of cubic centimeters per mole of formula units, to 200 

simplify comparison to other Fe–Si alloys. Figure 4 shows our data in P-V space. They extend to 201 

pressures of ~145 GPa and temperatures of up to 3400 K. 202 

FeSi has the B20 (FeSi-type; space group P213) crystal structure at ambient conditions 203 

and under room temperature compression to 36 GPa [Fischer et al., 2013]. Again, this may not 204 

accurately represent the stability field of this structure due to slow kinetics of phase transitions at 205 
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300 K. The B20 structure may be thought of as a distortion of the B1 (NaCl-type) crystal 206 

structure. The lattice parameter of the B20 structure was determined from the d-spacings of up to 207 

ten of the following hkl peaks: 110, 111, 200, 210, 211, 220, 221+300, 310, 311, 222, 320, 321, 208 

400, 331, 420, 421, 332. FeSi converts from the B20 structure to a B20+B2 mixture with 209 

increasing pressure (at or below 14 GPa at high temperatures), then converts fully to the B2 210 

structure by ~42 GPa [Fischer et al., 2013] (Figure 1b). This result is different from some, but 211 

not all, earlier ex situ data [Dobson et al., 2002; Lord et al., 2010], as discussed in Fischer et al. 212 

[2013]. The B2 lattice parameter was calculated from up to seven of the following peaks: 100, 213 

110, 111, 200, 210, 211, 220, 221+300, 310. Figure 5 shows an X-ray diffraction pattern of B2 214 

FeSi at high pressures and temperatures. The B2 structure of FeSi is stable to at least 145 GPa at 215 

high temperatures [Fischer et al., 2013] (Figure 1b). 216 

 217 

3.3. Computational results 218 

 Pressures and volumes have been calculated in the hcp structure at 0 K for several silicon 219 

concentrations. We built various supercells: 1x1x1, 1x1x2, 1x1x3, 1x2x2, 2x2x2, 1x2x3, and we 220 

replaced one or more Fe atoms with correspondingly one or more Si atoms, in different 221 

replacement patterns. In this way we were able to simulate the effects of ordering on the 222 

equations of state and specific volumes. We obtained data for the following stoichiometries: pure 223 

iron, Fe11Si (Fe–4Si), Fe5Si (Fe–9Si), Fe3Si (Fe–14Si), and FeSi. Several ordering patterns have 224 

been calculated for Fe5Si and Fe3Si. The data span up to pressures of 400 GPa, in 20 GPa 225 

increments. These P-V data can be found in Supplemental Table S3. 226 

  227 

4. Experimental equations of state 228 



 11 

4.1. Equations of state of Fe–9Si 229 

 We fit our experimental P-V dataset for D03 Fe–9Si at room temperature to a third-order 230 

Birch-Murnaghan equation of state, 231 

P V( ) = 3K0 f 1+ 2 f( )5/2 1+ 3
2
f !K0 − 4( )

#

$%
&

'(
   (1) 232 

with one bar isothermal bulk modulus K0, its pressure derivative K0!, and Eulerian strain f = 233 

[(V/V0)–2/3 – 1] / 2 [Birch, 1952]. Table 1 shows the equation of state parameters we found for 234 

D03 Fe–9Si alloy. We fit K0 and K0!, fixing the zero-pressure volume to the value we measured 235 

experimentally. A 300 K isotherm calculated from our equation of state for D03 Fe–9Si can be 236 

seen in Figure 2a. Supplemental Figure S1a illustrates the pressure residuals in our equation of 237 

state fit for D03 Fe–9Si, which range from –1.1 to 0.5 GPa. 238 

 Lin et al. [2003] and Hirao et al. [2004] determined room temperature equations of state 239 

of bcc-like Fe–7.9Si and Fe–8.7Si, respectively. The equation of state parameters they found are 240 

listed in Table 1. They report the structure of their alloys as bcc, but it was likely the D03 241 

structure, based on the one bar phase diagram [Massalski, 1986] and the difficulty in identifying 242 

the ordered D03 structure in high pressure diffraction patterns [Fischer et al., 2013]. Hirao et al. 243 

[2004] report that the strongly nonhydrostatic conditions in their experiments likely caused an 244 

overestimate of K0. Zhang and Guyot [1999a] report a thermal equation of state of bcc-like Fe–245 

9Si. However, based on the one bar phase diagram in the Fe–Si system from Massalski [1986], 246 

their high temperature data likely span one or more ordering transitions, with their dataset 247 

probably containing the B2 and bcc structures in addition to the D03 structure. 248 

We determined a thermal equation of state for the hcp structure of this alloy (where it did 249 

not coexist with any other phases) by fitting our P-V-T dataset to a Mie-Grüneisen equation of 250 

state, 251 
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P V,T( ) = P300 V( )+ γ
V
!

"
#

$

%
& E θD,T( )−E θD,300( )() *+          (2) 252 

with the 300 K isothermal pressure (P300) described by the third-order Birch-Murnaghan 253 

equation of state (Equation 1), and the thermal pressure term based on a Debye model of 254 

vibrational energy (E), with Grüneisen parameter γ = γ0(V/V0)q and Debye temperature θD = 255 

θ0exp[γ0 (1 – (V/V0) q)/q]. We did not explicitly include any anharmonic or electronic 256 

contributions to the thermal pressure, instead allowing all thermal pressure variation to be 257 

described by γ and q [e.g. Fei et al., 2007; Fischer et al., 2011, 2012]. This reduced the number 258 

of fitted parameters, which was necessary in many cases given the resolution of our data. When 259 

we tried to fit to an additional electronic term, there was no improvement to the quality of the fit. 260 

Table 1 shows the equation of state parameters we found for the hcp structure of Fe–9Si. We fit 261 

V0, K0, K0!, and γ0, fixing q at one and θ0 to the value for iron [Dewaele et al., 2006]. Fixing 262 

certain terms in all of our equations of state was necessary given the resolution of the data, and 263 

generally does not worsen the fit due to trade-offs between γ0 and q in describing the thermal 264 

pressure and the insensitivity of the fit to θ0. High temperature isotherms calculated from our 265 

equation of state of hcp Fe–9Si are shown in Figure 2b. The pressure residuals of our hcp 266 

equation of state fit are shown in Supplemental Figure S1b. They reach a maximum range of –267 

2.9 to 2.7 GPa at ~200 GPa. 268 

 The equation of state of hcp Fe–9Si was the only one investigated at conditions 269 

producing observable non-hydrostatic stresses: we find no evidence for lattice-dependent strain 270 

anisotropy in any of our 300 K equations of state, at high temperatures (>2000 K), or at 271 

intermediate pressures (<150 GPa). At the most extreme strain conditions of this study (~200 272 

GPa and <2000 K), we observe a maximum deviation in volume calculated from different peaks 273 

of ~0.12%. However, even when we corrected our volumes by this amount (an extreme 274 
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endmember possibility), we did not observe significant changes in the fitted equation of state 275 

parameters. 276 

 Lin et al. [2003] and Hirao et al. [2004] determined room temperature equations of state 277 

of hcp Fe–7.9Si and Fe–8.7Si, respectively. Their equation of state parameters are listed in Table 278 

1. The relatively high K0 reported by Hirao et al. [2004] can again be explained by 279 

nonhydrostatic conditions [Hirao et al., 2004]. Tradeoffs exist in the least-squares fitting 280 

between V0, K0, and K0!, which could explain some of the variations between these three studies. 281 

The c/a ratio of the hcp phase of Fe–9Si is listed in Supplemental Table S1. This ratio decreases 282 

with pressure and generally increases with temperature within any given heating cycle, in 283 

agreement with most previous experimental [e.g. Boehler et al., 2008; Tateno et al., 2010] and 284 

theoretical [e.g. Gannarelli et al., 2005] works on pure hcp iron. 285 

We also determined a thermal equation of state for the hcp+B2 mixture of Fe–9Si, 286 

approximating the bulk molar volume as the average of the volumes of the two phases and 287 

enlarging the uncertainty on the volume to incorporate the difference between the those of the 288 

two phases [Fischer et al., 2012]. It is not typical to construct an equation of state for a two-289 

phase mixture, but in this case there was no better alternative, since we have no knowledge of 290 

how silicon partitioning between the two phases varies with pressure and temperature or of the 291 

relative abundances of the two phases. In addition, constructing an equation of state for the 292 

mixture is acceptable in this case, because the volume difference between the hcp and B2 phases 293 

is small (mean of 0.3% ± 0.6%). The bulk molar volume is uncertain because we do not know 294 

the relative proportions of the two phases, but it must lie within this small range. The volume 295 

difference between hcp and B2 increases with pressure, however, so the equation of state should 296 

be extrapolated cautiously. The modal abundances of hcp and B2 are varying with pressure and 297 
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partitioning silicon in such a way as to keep the bulk composition fixed. Finally, this 298 

approximation is validated by the fact that the goal is to make a comparison to the Earth’s core 299 

(Sections 5.2–5.4), near the conditions at which the data were collected. The fitted parameters 300 

representing 1 bar properties are less important than the mixture’s properties under core 301 

conditions. 302 

We fit our data on the hcp+B2 mixture of Fe–9Si to a Mie-Grüneisen equation of state as 303 

described above (Equation 2). The resulting equation of state parameters are listed in Table 1, 304 

and various isotherms calculated from these parameters are shown in Figure 2a. The pressure 305 

residuals of this equation of state are illustrated in Supplemental Figure S1c. They reach 306 

minimum and maximum values of –5.9 and 6.4 GPa, respectively. We fit V0, K0, K0!, and γ0, 307 

fixing q at one and θ0 to the value for iron [Dewaele et al., 2006]. We do not report an equation 308 

of state for the fcc+B2 mixture, due to the large volume difference between the two phases 309 

(mean of 3.0% ± 2.7%). 310 

 We also fit our data for each phase of Fe–9Si to Vinet equations of state [Vinet et al., 311 

1987], as described in the Supplemental Text. Supplemental Table S4 lists the equation of state 312 

parameters we found for each phase using the Vinet equation. We followed the same procedure 313 

with the data on Fe–16Si from Fischer et al. [2012], listing those parameters in Supplemental 314 

Table S5. The Birch-Murnaghan fits are preferred due to their higher degree of self-consistency, 315 

as discussed in Section 5 and in the Supplemental Material. 316 

 317 

4.2. Equations of state of FeSi 318 

 We fit our P-V dataset for stoichiometric B20 FeSi at room temperature to a third-order 319 

Birch-Murnaghan equation of state (Equation 1). The equation of state parameters we found for 320 
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B20 FeSi are listed in Table 2. We fit K0 and K0!, fixing the zero-pressure volume to the value we 321 

measured experimentally. A 300 K isotherm calculated from our equation of state for B20 FeSi 322 

can be seen in Figure 4. The pressure residuals to our fit can be found in Supplemental Figure 323 

S2a. They range from –0.9 to 0.7 GPa. The equation of state of B20 FeSi has previously been 324 

determined by Knittle and Williams [1995] and Lin et al. [2003] using diamond anvil cells, by 325 

Guyot et al. [1997] using a large volume press, and by Caracas and Wentzcovitch [2004] using 326 

ab initio methods. The equation of state parameters found by these previous studies are listed in 327 

Table 2. 328 

We fit our P-V-T dataset for B2 FeSi (where it did not coexist with B20 FeSi) to a Mie-329 

Grüneisen equation of state (Equation 2). Table 2 shows the equation of state parameters we 330 

found. We fit K0, γ0, and q. V0 was set to the value measured after decompression by Sata et al. 331 

[2010] and Ono et al. [2007], θ0 was set to the value for iron [Dewaele et al., 2006], and K0! was 332 

set to the fitted value of Sata et al. [2010]. High temperature isotherms calculated from our 333 

equation of state of B2 FeSi are shown in Figure 4. These pressure residuals are shown in 334 

Supplemental Figure S2b. They span from –3.9 to 6.0 GPa. 335 

 Ono et al. [2007], Ono [2013], and Sata et al. [2010] determined room temperature 336 

equations of state of B2 FeSi, laser annealing their samples with each compression step. The 337 

equation of state parameters they determined are also listed in Table 2. These previous studies all 338 

find similar values to the present result for K0. Dobson et al. [2003] also determined a room 339 

temperature equation of state of B2 FeSi, but their sample was synthesized at 24 GPa and 340 

compressed only up to 40 GPa, so it may have been coexisting with a small amount of B20 FeSi 341 

[Fischer et al., 2013]. The equation of state of B2 FeSi has been determined computationally by 342 

Caracas and Wentzcovitch [2004] and Vočadlo et al. [1999] (Table 2).  343 
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 In the range of ~13–41 GPa, where the B20 and B2 phases were coexisting, we did not 344 

use any of the P-V-T data in our equation of state fits, due to unknown silicon partitioning. We 345 

did not attempt to fit an equation of state to the B20+B2 mixture, due to the relatively large 346 

volume difference between the two phases (mean of 2.8% ± 1.5%). This volume difference is 347 

slightly smaller than that measured by Ono et al. [2007] (~4% at 25 GPa), possibly driven by the 348 

higher temperatures in our study. 349 

We also fit our data for B20 FeSi and B2 FeSi to Vinet equations of state [Vinet et al., 350 

1987]. Details and results of this fitting are described in the Supplemental Text. Supplemental 351 

Table S6 lists the equation of state parameters we found for each phase by fitting to the Vinet 352 

equation. 353 

 354 

5. Discussion 355 

5.1. Comparison of equations of state in the Fe–FeSi system 356 

 Fischer et al. [2012] report equations of state for Fe–16Si alloy in the D03 structure up to 357 

~60 GPa and as an hcp+B2 mixture at higher pressures to ~140 GPa. Figure 6 compares room 358 

temperature equations of state of D03 Fe–9Si, D03 Fe–16Si, and B20 FeSi, plotting Eulerian 359 

strain f versus normalized stress F, where F = P / (3f [1+2f]5/2). In this type of F-f plot, a 360 

trendline through the data will have an intercept of K0 and a slope related to K0! [Birch, 1978], 361 

with any curvature at high strain indicating the need for higher order terms in the equation of 362 

state fit. The close agreement between the data from all three alloys shows that their room 363 

temperature equations of state at high strains are very similar. This illustrates that silicon content 364 

does not have a strong impact on the compressibility of these alloys at high pressures and room 365 

temperature, similar to the observation of Lin et al. [2003]. Indeed, these room temperature 366 
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equations of state all have very similar fitted values of the one bar bulk modulus, ranging from 367 

183.0 GPa to 193.4 GPa. Their values of K0! fall in the range 4.91–5.59 and are positively 368 

correlated with the measured one bar volumes. For comparison, hcp Fe has a K0! of 5.38 for a 369 

fixed K0 of 163.4 GPa [Dewaele et al., 2006]. 370 

 There is more variation in the equations of state of higher pressure, high temperature 371 

phases. The bulk modulus increases with increasing silicon content, while the one bar volume 372 

generally decreases. With q fixed at 1.0 in each equation of state, γ0 varies from 1.30 to 2.22. 373 

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 374 

hcp Fe–9Si is 5.29 , close to that of pure hcp iron [Dewaele et al., 2006]. A discussion of the 375 

differences and similarities between fits to the Birch-Murnaghan equation of state and the Vinet 376 

equation of state may be found in the Supplemental Material. 377 

 Figure 7 illustrates the variation in volume per atom of iron–silicon alloys (compared to 378 

the volume per atom of pure iron) as a function of pressure and temperature. Volumes of iron 379 

were calculated at the same P-T conditions as each data point using the equation of state of hcp 380 

Fe [Dewaele et al., 2006], for data in the stability field of hcp Fe, according to the iron phase 381 

diagram of Komabayashi and Fei [2010]. Data are shown for the B2 structure of FeSi [this 382 

study], the D03 structure and average volume of an hcp+B2 mixture of Fe–16Si [Fischer et al., 383 

2012], and the hcp structure and average volume of an hcp+B2 mixture of Fe–9Si [this study]. 384 

The data vary with temperature, which is likely due to iron–silicon alloys having a different 385 

thermal expansion than pure iron. Another possibility is that this is an artifact of the form of the 386 

equation of state used. The equation of state of iron [Dewaele et al., 2006] includes harmonic, 387 

anharmonic, and electronic contributions to the thermal pressure, while the equations of state 388 

presented here (Section 4) and in Fischer et al. [2012] fit only harmonic contributions. 389 
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 At low pressures, silicon-bearing alloys Fe–9Si and Fe–16Si have a greater average 390 

distance between atoms relative to pure iron, but in stoichiometric FeSi this distance is smaller 391 

than in iron. At higher pressures and temperatures, these effects of silicon diminish. Figure 7 392 

shows that as pressure and temperature increase toward the conditions of the Earth’s core, the 393 

volume per atom of iron–silicon alloys relative to that of iron tends toward one. This trend holds 394 

for all three compositions shown here, even though data for different compositions follow 395 

different slopes, and for various crystal structures. Phase transitions generally have a smaller 396 

effect on the volume per atom than the silicon content does. This result suggests that iron and 397 

silicon atoms approach the same volume at deep Earth conditions, and that density differences 398 

between various iron–silicon alloys at sufficiently high pressures are primarily due to differences 399 

in atomic mass. 400 

Seagle et al. [2006] performed a similar analysis for Fe3S, also finding that the volume 401 

per atom relative to iron tends toward one at high pressures, suggesting that iron, silicon, and 402 

sulfur atoms all have about the same effective volume in Fe-rich alloys at core conditions. This 403 

result supports, at least in these systems, a commonly held assumption that all atoms occupy 404 

similar volumes at high pressures. For example, this assumption was used by Birch [1952, 1964] 405 

to estimate the magnitude of the core density deficit and by McDonough [2003] to compute 406 

possible core compositions. 407 

Figure 8 illustrates our ab initio P-V-X relationships for pure iron, Fe11Si (Fe–4Si), Fe5Si 408 

(Fe–9Si), Fe3Si (Fe–14Si), and FeSi (Fe–33Si) at 0 K in the hcp structure. At low pressures, 409 

volume is an approximately linear function of silicon content, with silicon increasing the volume 410 

of the alloys. However, at higher pressures, this effect lessens, with all alloys converging to 411 

similar volumes by ~100 GPa. This supports our result that iron and silicon atoms occupy 412 
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approximately the same volume at high pressures, as seen in our experimental data (Figure 7). 413 

Results on a disordered structure of Fe3Si and two disordered structures of Fe5Si are also shown. 414 

These structures have slightly smaller volumes than their ordered counterparts, with this 415 

difference diminishing with increasing pressure. 416 

Also shown in Figure 8 are P-V data on hcp Fe–9Si, calculated from our experimentally-417 

determined equation of state (Table 1) for a temperature of 0 K. At low pressures, these volumes 418 

are larger than the ab initio volumes, with a higher compressibility. Both the volumes and 419 

compressibility determined by theory and experiment approximately converge at high pressures, 420 

showing agreement between the two methods. 421 

Figure 9 shows F-f plots of our ab initio data for the hcp structure at 0 K. Table 3 lists the 422 

isothermal (0 K) equation of state parameters for the ab initio results, based on linear fits to the 423 

data. The slopes of the data in Figure 9 change continuously with silicon content, with alloys 424 

with more silicon having lower slopes (lower K0!). This is consistent with the experimental data 425 

at room temperature on a variety of structures. Disordered structures exhibit slightly lower values 426 

of K0! than ordered structures of the same composition. Figure 9 shows a variation in K0 427 

(intercept) with composition, with K0 generally decreasing with increasing silicon content, which 428 

was not seen in the experimental data. Disordered structures have larger bulk moduli than 429 

ordered structures.  430 

 Our ab initio equation of state of pure hcp iron (Table 3) has a lower V0 (6.454 versus 431 

6.753 cm3/mol), higher K0 (244.5 versus 163.4 GPa), and lower K0! (4.54 versus 5.38) compared 432 

to the experimentally-determined equation of state of Dewaele et al. [2006]. The V0 fit to our 433 

experimental data on Fe–9Si (Table 1) is significantly larger than our ab initio V0 for ordered or 434 

disordered Fe5Si (Table 3). The experimental data also show a lower bulk modulus and higher 435 
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K0! for Fe–9Si. These experimental values are extrapolations of the fit to one bar, far from the P-436 

T conditions of the data. At higher pressures, where the alloy was observed to have the hcp 437 

structure, the experimental and ab initio results are in closer agreement (Figure 8). 438 

 439 

5.2. The outer core density deficit 440 

 Earth’s iron-rich core has a lower density than pure iron under the same P-T conditions 441 

[e.g. Birch, 1952]; this difference is known as the core density deficit. Assuming that the Earth’s 442 

core may be predominantly an iron–silicon alloy, we can place constraints on its silicon content 443 

by comparing our equations of state of Fe–Si alloys to that of iron [Dewaele et al., 2006] and the 444 

seismologically determined density of the core, such as in the PREM model [Dziewonski and 445 

Anderson, 1981]. For this analysis, we use a core–mantle boundary (CMB) pressure of 135.8 446 

GPa and a density of 9.9 g/cm3 in the outer core at the CMB [Dziewonski and Anderson, 1981]. 447 

The outer core temperature at the CMB is taken to be 4000 ± 500 K, based on the analysis of 448 

Anderson [2003]. We assume that the outer core temperature profile is adiabatic [Birch, 1952], 449 

and that iron and iron–rich alloys experience a 1–2% volume increase upon melting at core 450 

pressures [Anderson, 2003]. Although the outer core likely contains additional light elements, 451 

such as S, O, and/or C [e.g. McDonough, 2003], for this analysis we consider an outer core 452 

whose light element component consists of only silicon. 453 

 Figure 10 illustrates the core density deficit, showing the density profile of pure solid hcp 454 

iron along a core adiabat [Dewaele et al., 2006] and PREM [Dziewonski and Anderson, 1981]. 455 

Based on the assumptions outlined above, PREM is 10.4 ± 0.9% less dense than solid hcp Fe at 456 

conditions of the CMB [Fischer et al., 2011, 2012]. Approximately 1–2% of this difference is 457 
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due to the volume change of melting [Anderson, 2003], but the remainder of this deficit must be 458 

due to the presence of light elements in the outer core, such as silicon. 459 

 For the Fe–9Si alloy, we use the equation of state of the hcp structure to constrain the 460 

amount of silicon required to match the density deficit in the Earth’s core. This analysis requires 461 

no extrapolation in pressure and only a small extrapolation in temperature to apply our equation 462 

of state at CMB conditions. We corrected the outer core density to account for a Ni/Fe atomic 463 

ratio of 0.058 in the core [McDonough, 2003]. We find that a silicon content of 11.2 ± 0.7 wt% is 464 

required to match PREM in the outer core at the CMB for a purely Fe–Ni–Si outer core, based 465 

on the experimentally-determined equation of state of Fe–9Si. The uncertainty in this calculation 466 

is based upon the stated uncertainties in the CMB temperature, the volume change upon melting, 467 

and the equation of state, with the uncertainties in CMB temperature and ∆V of melting 468 

dominating. Varying the amount of nickel in the core has very little effect on the amount of 469 

silicon needed to match PREM (less than ± 0.1 wt%). The density profile of Fe–9Si along a core 470 

adiabat is shown in Figure 10. 471 

The light element component of Earth’s core is likely to be comprised of multiple 472 

elements, so this calculation effectively provides the maximum amount of silicon that may exist 473 

in the Earth’s outer core, with the remainder of the density deficit being comprised of other light 474 

elements. The eutectic composition in the Fe–Si system is less than 16 wt% Si at CMB 475 

conditions [Fischer et al., 2012, 2013]. A composition of 11.2 wt% silicon is consistent with this 476 

eutectic composition, because the coexisting solid phase (inner core) must be more Fe-rich. 477 

Assuming that this eutectic composition doesn't decrease dramatically at higher pressures, it is 478 

plausible on this basis that silicon could be the dominant light element in the Earth’s core. 479 
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 For stoichiometric FeSi, an analogous calculation can be performed using the equation of 480 

state of the B2 phase, which also requires no extrapolation in pressure to apply at CMB 481 

conditions. Following the same procedure, we find that a silicon content of 11.4 ± 1.6 wt% is 482 

required to match PREM in the outer core at the CMB for a purely Fe–Ni–Si outer core, based 483 

on the equation of state of FeSi. The density profile of FeSi at core conditions is shown in Figure 484 

10. 485 

Fischer et al. [2012] evaluated the core density deficit with regards to Fe–16Si, finding 486 

that 11.3 ± 1.5 wt% silicon is required to match PREM in the outer core at the CMB for a purely 487 

Fe–Ni–Si outer core. The density profile for an hcp+B2 mixture of Fe–16Si is also plotted in 488 

Figure 10 for reference. The maximum amounts of silicon in the outer core obtained by using 489 

each of these three equations of state (FeSi, Fe–9Si, and Fe–16Si) agree, and a weighted mean µ* 490 

can be calculated as: 491 

µ* =

xi
σ i
2

i=1

n

∑
1
σ i
2

i=1

n

∑
±

1
1
σ i
2

i=1

n

∑
+
1
n

xi −µ
*( )
2

i=1

n

∑         (3) 492 

where n is the number of values being averaged (n=3), xi is the maximum amount of silicon in 493 

the core determined from each equation of state, and σi is the uncertainty in each value. Here we 494 

have used a conservative calculation for the uncertainty on the weighted mean, incorporating 495 

both the uncertainties on the values being averaged (first term) and the standard deviation of the 496 

numbers being averaged (second term). The three equations of state give a weighted average 497 

value of 11.3 ± 0.6 wt% Si, and are compared in Table 4. Results of the same calculation using 498 

the Vinet equation of state are similar and are shown in Supplemental Table S7, and density 499 

profiles of the alloys determined from their Vinet equation of state fits are shown in Figure S3. 500 
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Figure 10 also shows a density profile for hcp Fe–9Si calculated using our 0 K ab initio 501 

equation of state (Table 3) corrected for thermal pressure. We approximated thermal pressure as 502 

αKTΔT determined from our experimentally-determined equation of state for hcp Fe–9Si, where 503 

α is the coefficient of thermal expansion and KT is the isothermal bulk modulus, calculated as 504 

functions of pressure and temperature. The experimental and ab initio density profiles of hcp Fe–505 

9Si are very close together and approximately parallel (Figure 10), showing agreement between 506 

these methods. Our ab initio equation of state corrected for thermal pressure indicates a 507 

maximum silicon content of the outer core of 13.2 ± 0.9 wt% Si, slightly larger than the values 508 

calculated from our experimentally-determined equations of state (Table 4). 509 

Figure 11a shows the tradeoff between the core–mantle boundary temperature and the 510 

amount of silicon needed in the outer core at the CMB to match PREM, for Fe–9Si, Fe–16Si, and 511 

FeSi. The greatest sources of uncertainty are the temperature of the core–mantle boundary and 512 

the volume change upon melting, though the equation of state chosen can also have significant 513 

effects. This figure illustrates that ~11–12 wt% silicon is needed to match the density deficit of 514 

the outer core. 515 

Figure 10 shows that the density profiles of iron–silicon alloys with the most core 516 

relevant compositions (Fe–9Si and Fe–16Si) approximately match the slope of PREM when their 517 

equations of state are extrapolated through the P-T range of the Earth’s outer core. This is not the 518 

case for density profiles of FeO [Fischer et al., 2011], Fe3S [Seagle et al., 2006], or Fe7C3 519 

[Nakajima et al., 2011] calculated from their equations of state. Huang et al. [2011] report 520 

density profiles of iron–oxygen–sulfur alloys, finding that only the most oxygen-poor alloys can 521 

match that of PREM. This lends support to the idea that silicon could be the dominant light 522 

element in the Earth’s core. However, this comparison to PREM does require extrapolations in 523 
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the equations of state of these alloys, and alternative explanations for variations in density profile 524 

slopes have been proposed [Fischer et al., 2011]. The density profiles of Fe–Si alloys from the 525 

shock wave study of Balchan and Cowan [1966] do not appear to match PREM well, though 526 

there is scatter in the data. A comparison to Figure S3 shows that the densities and bulk sound 527 

speeds of the alloys more closely approximate PREM and each other when the data are fit to 528 

Birch-Murnaghan equations of state, rather than to Vinet equations. We use the Birch-529 

Murnaghan fits in this section, as discussed in the Supplemental Material. 530 

 531 

5.3. The inner core density deficit 532 

The Earth’s inner core is also less dense than pure iron under the same conditions. We 533 

assume an inner core boundary (ICB) temperature of 5000 ± 1000 K [Boehler, 2000], pressure of 534 

328.85 GPa, and density of the inner core of 12.76 g/cm3 at the ICB [Dziewonski and Anderson, 535 

1981]. The density was again corrected for a Ni/Fe atomic ratio of 0.058 in the core 536 

[McDonough, 2003]. Based on these assumptions, PREM is 5.7 ± 0.8% less dense than pure iron 537 

in the inner core at the ICB, with this density deficit caused by the presence of light elements in 538 

the inner core. Similar calculations to those done in Section 5.2 can also be performed to assess 539 

the amount of silicon required to match the density deficit of the Earth’s inner core. It should be 540 

cautioned that all of the calculations in this section require extrapolations in both pressure and 541 

temperature.  542 

The density profiles of iron-rich Fe–Si alloys, compared to that of hcp Fe [Dewaele et al., 543 

2006] and PREM [Dziewonski and Anderson, 1981], in the inner core are illustrated in Figure 10. 544 

Under the assumptions described above, for an Fe–Si–Ni inner core, the density deficit at the 545 

ICB can be explained by the presence of 6.0 ± 0.8 wt% silicon in the inner core based on the 546 
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equation of state of Fe–9Si, or 7.3 ± 1.4 wt% silicon using the equation of state of FeSi. In 547 

comparison, Fischer et al. [2012] found a value of 7.7 ± 1.3 wt% silicon using the equation of 548 

state of Fe–16Si (Table 4). These compositions are similar within uncertainty, yielding a 549 

weighted average of 6.7 ± 1.1 wt% silicon using equation 3. It should be emphasized that this 550 

calculation requires large extrapolations in temperature, pressure, silicon content, and possibly 551 

crystal structure. Results of the same calculation using the Vinet equations of state are similar 552 

and are shown in Supplemental Table S7. Performing the same calculation using our ab initio 553 

equation of state corrected for thermal pressure (Section 5.2) yields a maximum silicon content 554 

of the inner core of 6.8 ± 0.8 wt% silicon, in agreement with the average value determined from 555 

the experimental equations of state (Table 4). The ab initio equation of state does not require any 556 

extrapolation in pressure to apply it to inner core boundary conditions. Its match to the 557 

experimental fit lends support to our calculations using extrapolated equations of state. 558 

For Fe–9Si, the hcp+B2 mixture could be the stable phase at the inner core boundary, 559 

though the geotherm may lie near the hcp side of a wide two-phase loop [Fischer et al., 2013]. 560 

Our present calculation may therefore be performed on a different phase of Fe–9Si alloy than 561 

would be found in the core. The transition from hcp to an hcp+B2 mixture is unlikely to have a 562 

very large effect on its density, since the relative proportions of hcp and B2 structures are 563 

changing gradually across the phase loop, which is expected to be very wide [Fischer et al., 564 

2013]. For stoichiometric FeSi, the stable phase at the ICB is predicted to be either the B2 phase 565 

[Brosh et al., 2009; Zhang and Oganov, 2010] or an hcp+B2 mixture [Fischer et al., 2013]. If a 566 

transition to an hcp+B2 mixture occurs in FeSi, it should again have a small effect on the density 567 

following the same logic as for Fe–9Si. Nevertheless, these extrapolations should be used with 568 

caution. 569 
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Figure 11b shows the relationship between the inner core boundary temperature and the 570 

amount of silicon required in the inner core to match the observed density deficit. Again, the 571 

variation in this number is controlled mostly by uncertainty in the ICB temperature, though the 572 

equation of state used is also important. This figure demonstrates that ~6–8 wt% silicon is 573 

needed to match PREM in the inner core. 574 

This number can be compared to the amount of silicon needed to match the density 575 

deficit at the base of the outer core to determine the compositional contrast between the inner and 576 

outer core. The amount of silicon needed to match PREM in the outer core at the ICB is 9.6 ± 0.8 577 

wt% for Fe–9Si, 10.3 ± 1.1 wt% for Fe–16Si, and 11.4 ± 1.2 wt% for FeSi. This corresponds to a 578 

compositional contrast between the inner and outer core of 3.6 ± 1.2 wt% Si, 2.6 ± 1.7 wt% Si, 579 

and 4.1 ± 1.9 wt% Si for Fe–9Si, Fe–16Si, and FeSi, respectively, or a weighted average of 3.5 ± 580 

1.2 wt% silicon by equation 3. 581 

 However, newer seismological models of the Earth’s core generally report a larger 582 

density contrast at the ICB based on normal-mode seismology. Masters and Gubbins [2003] 583 

determined a contrast of 0.82 g/cm3 (versus 0.60 g/cm3 from PREM), which is primarily 584 

accommodated by a lower density at the base of the outer core. The amount of silicon needed to 585 

match this larger density contrast in the outer core at the ICB is 11.7 ± 0.8 wt% for Fe–9Si, 12.5 586 

± 1.1 wt% for Fe–16Si, and 13.8 ± 1.2 wt% for FeSi. The larger light element content required to 587 

match the base of the outer core, relative to the top of the outer core calculated above, may 588 

reflect a light-element enriched boundary layer near the ICB. Alternatively, this may be an 589 

artifact of the extrapolation required to meet the ICB conditions from our data set. This 590 

corresponds to a compositional contrast between the inner and outer core of 5.7 ± 1.2 wt% Si, 591 
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4.8 ± 1.7 wt% Si, and 6.5 ± 1.9 wt% Si for Fe–9Si, Fe–16Si, and FeSi, respectively, or a 592 

weighted average of 5.6 ± 1.1 wt% silicon by equation 3. 593 

 594 

5.4. Sound velocities of iron–silicon alloys 595 

 Earth’s core has different sound wave velocities than pure iron under the same P-T 596 

conditions [e.g. Birch, 1964], with this difference caused by the presence of one or more light 597 

elements in the core. Comparison of the sound velocities of iron alloys to that of the core 598 

[Dziewonski and Anderson, 1981] can allow evaluation of the plausibility of various light 599 

element alloys as core candidates. 600 

For this analysis, we use a bulk sound speed in the core at the CMB of 8.07 km/s 601 

[Dziewonski and Anderson, 1981], in addition to the other assumptions outlined in Section 5.2. 602 

We calculated the bulk sound speed (equal to the p-wave velocity Vp in the outer core) as the 603 

inverse square root of the slope of density versus pressure, determining this value numerically 604 

along adiabats in the outer core. Using the equation of state of hcp iron from Dewaele et al. 605 

[2006], we find that the bulk sound speed of pure iron in the outer core at the core–mantle 606 

boundary is 7.81 km/s. Figure 12 shows the bulk sound speed as a function of pressure through 607 

the Earth’s outer core for pure hcp iron along a core adiabat [Dewaele et al., 2006] and PREM 608 

[Dziewonski and Anderson, 1981]. The bulk sound speed of iron is 3.2 ± 0.2% lower than that of 609 

PREM at conditions of the core–mantle boundary. Applying a fixed ∆V of melting to extrapolate 610 

this calculation to the liquid state (Section 5.2) has no effect on the calculated sound velocity, so 611 

this discrepancy must be due to the presence of light elements, such as silicon, in the outer core. 612 

The sound speed of iron at core conditions calculated from the equation of state of Dewaele et al. 613 

[2006] is very insensitive to temperature (Figure 12). 614 
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Performing this calculation using the equations of state for our alloys, we find that the 615 

amount of silicon needed in the outer core at the CMB to match the observed bulk sound velocity 616 

is 9.9 ± 3.0 wt% (weighted average of results using different equations of state from equation 3; 617 

Table 4). This number is in approximate agreement with the amount of silicon needed to match 618 

the density deficit at the CMB (Section 5.2), which strengthens the possibility that silicon could 619 

be the primary light element in the Earth’s core. The bulk sound speed profiles of these three 620 

alloys along core adiabats are illustrated in Figure 12. The slopes do not very precisely match 621 

PREM, in agreement with the shockwave data of Balchan and Cowan [1966], but the slopes vary, 622 

suggesting poor extrapolations and that the derivative of bulk sound speed with respect to 623 

pressure is not well-constrained by our data. Huang et al. [2011] measured sound velocities as a 624 

function of density for Fe–O–S alloys in shock experiments, reporting that only sulfur-rich, 625 

oxygen-poor alloys could match the sound speed profile of PREM. 626 

Our ab initio equation of state of Fe–9Si does a much better job of reproducing the bulk 627 

sound speed profile of PREM in the outer core than the experimentally-determined equations of 628 

state (Figure 12). However, using our ab initio equation of state, we find that the maximum 629 

amount of silicon in the outer core is 4.5 ± 0.6 wt% Si (Table 4). This number is significantly 630 

smaller than that calculated from the experimentally-determined equations of state, or from 631 

comparison of the ab initio equation of state to the density deficit (Section 5.2). 632 

An analogous calculation may be performed for the Earth’s inner core, comparing the 633 

seismic velocities at the inner core boundary. The bulk sound speed of the inner core at the ICB 634 

is 10.26 km/s from PREM [Dziewonski and Anderson, 1981], while that of iron under the same 635 

conditions is approximately 3.3% lower. We find that the amount of silicon needed to match the 636 

core’s bulk sound speed ranges from ~4 to 9 wt% silicon, using the equations of state of Fe–9Si 637 
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and FeSi (Table 4). This value encompasses the amount of silicon needed to match the inner core 638 

density deficit, 6.7 wt% (Section 5.3). The ab initio equation of state of Fe–9Si gives a value of 639 

5.0 ± 0.2 wt% Si (Table 4). In general, the ab initio equation of state agrees better with the 640 

experimentally-determined equations of state at higher pressures (i.e. inner core calculations). 641 

The bulk sound speeds of iron, PREM, Fe–9Si, Fe–16Si, and FeSi are compared in 642 

Figure 12. The equation of state of Fe–16Si yielded an unrealistically high value for the amount 643 

of silicon needed to match the bulk sound speed of the inner core (37 wt%), possibly due to the 644 

fact that K0! was fixed to a value of four in its equation of state, or because the fit of its equation 645 

of state to the average volume of a two-phase mixture [Fischer et al., 2012] was unable to 646 

accurately describe silicon partitioning at such highly extrapolated pressures and temperatures. 647 

The slope of the bulk sound speed profile for Fe–16Si is different from those of the other alloys 648 

and PREM [Dziewonski and Anderson, 1981] (Figure 12), illustrating a problem with the 649 

extrapolation of its equation of state. 650 

Results of the same calculations for the outer and inner core using the Vinet equation of 651 

state are shown in Supplemental Table S7, and sound speed profiles of the alloys determined 652 

from their Vinet equation of state fits are shown in Figure S4. These profiles are very 653 

inconsistent with PREM and the calculations yield conflicting and implausible answers. This 654 

indicates that either the Vinet equation fits to our data do not extrapolate as well as the Birch-655 

Murnaghan fits, contrary to the findings of Cohen et al. [2000], or that silicon is not the 656 

dominant light element in the Earth’s core. 657 

Mao et al. [2012] measured sound velocities in iron and iron–silicon alloys, investigating 658 

their Vp-ρ relationship using inelastic X-ray scattering and X-ray diffraction. They concluded 659 

that an alloy containing 8 wt% silicon at 6000 K matches well with PREM [Dziewonski and 660 
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Anderson, 1981] in the inner core. This result is in agreement with our estimate of the silicon 661 

content of the inner core of 6–8 wt% based on the density deficit (Section 5.3). Antonangeli et al. 662 

[2010] performed similar experiments on an iron–nickel–silicon alloy, finding that only 1–2 wt% 663 

silicon is required to match PREM. Badro et al. [2007] measured sound velocities of FeSi, 664 

finding a preferred model for the inner core containing 2.3 wt% silicon and traces of oxygen. 665 

 666 

6. Conclusions 667 

 The equations of state of the D03 phase of Fe–9Si and the B20 phase of stoichiometric 668 

FeSi were measured to high pressures at room temperature. Those of the hcp+B2 mixture and the 669 

hcp phase of Fe–9Si were determined to ~200 GPa and high temperatures, while that of B2 FeSi 670 

was measured to ~145 GPa and high temperatures. Comparing these results with the equations of 671 

state of Fe–16Si [Fischer et al., 2012] and hcp iron [Dewaele et al., 2006] shows that silicon 672 

does not have a strong effect on compressibility of iron–silicon alloys, and that silicon and iron 673 

have similar volumes per atom at megabar pressures. Equations of state of Fe, Fe11Si, Fe5Si, 674 

Fe3Si, and FeSi have been calculated using ab initio methods, which agree with the experimental 675 

results at high pressures. 676 

 Using these equations of state of Fe–9Si and FeSi, Fe–16Si [Fischer et al., 2012], and 677 

hcp iron [Dewaele et al., 2006], we have made comparisons to PREM [Dziewonski and 678 

Anderson, 1981] to evaluate the amount of silicon that could be in the Earth’s core. Based on 679 

comparisons to the observed core density deficit, we find that the maximum amount of silicon in 680 

the outer core is ~11 wt%, while the maximum amount in the inner core is 6–8 wt%, for a purely 681 

Fe–Si–Ni core. Comparing the bulk sound speed of PREM with those calculated from the 682 

equations of state of iron–silicon alloys suggest an outer core composition of ~8–13 wt% silicon, 683 
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and an inner core composition of ~4–9 wt% silicon. The compositional contrast between the 684 

inner and outer core is found to be 3.5 ± 1.2 wt% silicon by matching PREM or 5.6 ± 1.2 wt% Si 685 

matching Masters and Gubbins [2003]. Equations of state of various iron–silicon alloys typically 686 

give similar results for silicon contents of the core, and provide a good match to PREM in terms 687 

of density, sound speed, and density variations with depth, suggesting that silicon is a viable 688 

candidate for the dominant light element in the Earth’s core. 689 

 690 
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 926 

Figure Captions 927 

Figure 1: Pressure-temperature phase diagrams illustrating the range of high temperature data 928 

coverage, after Fischer et al. [2013]. Data are listed in Supplemental Tables S1 and S2. A: P-T 929 
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data of Fe–9Si. Teal diamonds: hcp structure. Orange squares: hcp+B2 mixture. Solid blue 930 

circles: fcc+B2 mixture. Open blue circles: metastable fcc+hcp+B2 mixture. Melting curve is 931 

from Fischer et al. [2013]. B: P-T coverage of stoichiometric FeSi. Purple × symbols: B20+B2 932 

mixture. Red triangles: B2 structure. Melting curve is from Lord et al. [2010]. 933 

 934 

Figure 2: Equations of state of Fe–9Si. A: Equations of state of the D03 structure and the hcp+B2 935 

mixture. × symbols: D03 volumes at 300 K. Squares: average volumes of B2 and hcp structures. 936 

Symbols are measured volumes, while lines are isotherms calculated from the fitted equations of 937 

state. Solid line: D03. Dotted lines: hcp+B2. All data and isotherms are color-coded according to 938 

the legend, with isotherms calculated for the midpoint of the indicated temperature range. 939 

Isotherms are truncated at phase boundaries and where unconstrained by data. The D03 isotherm 940 

is likely shown outside its stability field due to slow kinetics at 300 K. B: Equation of state of the 941 

hcp structure, where it does not coexist with any other phases. Diamonds: hcp volumes. Dashed 942 

lines: calculated hcp isotherms. 943 

 944 

Figure 3: X-ray diffraction patterns of Fe–9Si, collected on heating at ~87 GPa. Lower: Pattern 945 

collected at 1820 K, with peaks from B2 KBr and hcp Fe–9Si. Upper: pattern collected during 946 

the same heating cycle, at 2830 K. Peaks correspond to B2 KBr, hcp Fe–9Si, and B2 Fe–9Si, 947 

with one faint reflection from the rhenium gasket. KBr and hcp peaks are the same as those in 948 

the lower pattern and are unlabeled for clarity. The presence of the B2 Fe–9Si 100 peak indicates 949 

that the alloy has the B2 structure, not the bcc structure. 950 

 951 
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Figure 4: Equations of state of stoichiometric FeSi. Triangles: B20 structure. Circles: B2 952 

structure. Symbols are measured volumes, while lines are isotherms calculated from the fitted 953 

equations of state. Solid line: B20. Dashed lines: B2. All data and isotherms are color-coded 954 

according to the legend, with isotherms calculated for the midpoint of the indicated temperature 955 

range. B2 isotherms begin at phase boundary; the B20 isotherm is likely shown outside its 956 

stability field due to slow kinetics at 300 K. Closed symbols indicate data used in fitting, where 957 

only one phase is stable; open symbols indicate data where both phases are stable. In the mixed 958 

phase region from 10 to 40 GPa at high temperature, volumes of individual phases are shown. 959 

The compositions of these phases are uncertain, which may cause deviation from the equations 960 

of state that were fitted to the single-phase data. 961 

 962 

Figure 5: X-ray diffraction pattern of FeSi, collected at 1410 K and 78 GPa on cooling. Peaks 963 

correspond to the KBr pressure medium and B2 FeSi, with one faint reflection from the rhenium 964 

gasket.  965 

 966 

Figure 6: F-f plot (normalized stress as a function of Eulerian strain) for various iron–silicon 967 

alloys at room temperature. Blue diamonds: D03 Fe–9Si alloy [this study]. Orange open circles: 968 

D03 Fe–16Si [Fischer et al., 2012]. Purple triangles: B20 FeSi [this study]. 969 

 970 

Figure 7: Volume per atom of iron–silicon alloys (normalized to the volume of iron) as a 971 

function of pressure and temperature. Diamonds: hcp and hcp+B2 mixture of Fe–9Si alloy [this 972 

study]. Open circles: D03 and hcp+B2 mixture of Fe–16Si [Fischer et al., 2012]. Triangles: B2 973 

FeSi [this study]. All data are color-coded by temperature according to the legend. Volumes of 974 
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iron were calculated using the equation of state of Dewaele et al. [2006], and data are only 975 

shown for P-T conditions under which the hcp structure of iron is stable [Komabayshi and Fei, 976 

2010]. At very high pressures, data for all three compositions tend towards one (dashed line), 977 

suggesting that iron and silicon atoms approach the same volume at high P-T conditions. 978 

 979 

Figure 8: Ab initio P-V-X relationships in the Fe–FeSi system. Data shown are for pure iron, 980 

Fe11Si (Fe–4Si), Fe5Si (Fe–9Si), Fe3Si (Fe–14Si), and stoichiometric FeSi (Fe–33Si) in the hcp 981 

crystal structure at 0 K, with data calculated from the experimentally-determined equation of 982 

state of hcp Fe–9Si at 0 K shown for comparison. Filled circles: ordered structures. Filled 983 

triangles: disordered structures (with two different ordering schemes for Fe–9Si). Open 984 

diamonds: calculated from experimentally-determined equation of state. Disordered structures 985 

have slightly smaller volumes than the ordered versions. Silicon increases the volumes of the 986 

alloys at low pressures, but has little effect at high pressures. Volumes determined 987 

experimentally are higher than those obtained by computational methods at low pressures, but 988 

agree at high pressures. 989 

 990 

Figure 9: F-f plot of our ab initio data on Fe, Fe11Si, Fe5Si, Fe3Si, and FeSi in the hcp structure at 991 

0 K up to 400 GPa. Circles: ordered structures. Triangles: disordered structures (with two 992 

different ordering schemes for Fe–9Si). Curvature in some of these trends may indicate the need 993 

for higher order terms in the equation of state fits. 994 

 995 

Figure 10: Evaluation of the core density deficit. Black curve: PREM [Dziewonski and Anderson, 996 

1981]. Grey curve: density profile for solid hcp Fe, calculated from the equation of state of 997 
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Dewaele et al. [2006]. Medium blue curve: density profile for solid hcp Fe–9Si, calculated from 998 

the experimentally-determined equation of state parameters listed in Table 1. Light blue curve: 999 

profile for hcp Fe–9Si, calculated from the ab initio equation of state (Table 3) with temperature 1000 

correction (see text for details). Red curve: density profile for hcp+B2 mixture of Fe–9Si, 1001 

calculated from the equation of state parameters listed in Table 1. Orange curve: density profile 1002 

for solid hcp+B2 mixture of Fe–16Si, from Fischer et al. [2012]. Purple curve: density profile 1003 

for solid B2 FeSi, calculated from the equation of state parameters listed in Table 2. Solid curves 1004 

follow an adiabatic temperature profile for a CMB temperature of 4000 K. Dashed curves 1005 

indicate the effect of a 500 K uncertainty in the CMB temperature, which is a dominant source of 1006 

uncertainty when evaluating the core density deficit. Black × symbols: upper pressure limit of 1007 

the experimental data coverage for each phase. As discussed in the text, these equations of state 1008 

impose upper bounds of ~11 wt% Si in the outer core and 6–8 wt% Si in the inner core. 1009 

 1010 

Figure 11: Tradeoff between temperature and the amount of silicon required to match the density 1011 

deficit of the outer core (A) and the inner core (B) for various iron–silicon alloys. Blue lines: hcp 1012 

Fe–9Si alloy. Orange lines: hcp+B2 Fe–16Si. Purple lines: B2 FeSi. Dashed lines: 1% volume 1013 

change upon melting. Solid lines: 2% volume change. Dotted lines: No volume change (density 1014 

of the solid is shown). The outer core may contain up to ~11–12 wt% silicon, while the inner 1015 

core may contain up to ~6–8 wt% silicon. 1016 

 1017 

Figure 12: Comparison of equations of state of Fe–Si alloys to the bulk sound speed of the core. 1018 

Curves are calculated from the same equations of state as indicated in the caption for Figure 10. 1019 

Black × symbols: upper pressure limit of the experimental data coverage for each phase. As 1020 
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discussed in the text, these curves suggest an outer core composition of ~8–13 wt% silicon and 1021 

an inner core composition of 4–9 wt% Si.  1022 

 1023 

 1024 

  1025 
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Tables 1026 

Table 1: Equation of state parameters for various phases of Fe–9Si alloy, compared to results of previous studies. In this study, zero 1027 

pressure Debye temperatures (θ0) were set to the value for iron [Dewaele et al., 2006], and entries with no stated uncertainties (and the 1028 

zero pressure volume of the D03 structure, which was measured experimentally) were held fixed in the fits. The bcc structure reported 1029 

by other studies was most likely the D03 structure (see text for details). 1030 

Alloy and reference V0 (cm3/mol atoms) K0 (GPa) K0! θ0 (K) γ0 q 

D03 Fe–9Si alloy [this study] 6.961 ± 0.012 183 ± 4 5.59 ± 0.51    

bcc-like Fe–8Si alloy [Lin et al., 2003] 6.986 ± 0.007 157.8 ± 4.0 5.26 ± 0.88    

bcc-like Fe–9Si alloy [Hirao et al., 2004] 6.924 ± 0.002 268 ± 5 5.3    

hcp Fe–9Si alloy [this study] 7.203 ± 0.054 129.1 ± 1.4 5.29 ± 0.08 417 1.14 ± 0.14 1 

hcp Fe–8Si alloy [Lin et al., 2003] 6.882 ± 0.031 141 ± 10 5.70 ± 0.60    

hcp Fe–9Si alloy [Hirao et al., 2004] 6.71 ± 0.24 198 ± 9 4.7 ± 0.3    

hcp+B2 Fe–9Si alloy [this study] 6.905 ± 0.017 170.8 ± 1.6 4.49 ± 0.07 417 2.22 ± 0.08 1 

 1031 
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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. In 1032 

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 1033 

was set to its measured value after decompression [Ono et al., 2007; Sata et al., 2010], while K0! was set to the fitted value of Sata et 1034 

al. [2010]. Entries from this study with no stated uncertainties (and the zero pressure volume of the B20 structure, which was 1035 

measured experimentally) were held fixed in the fits. 1036 

FeSi phase and reference V0 (cm3/mol atoms) K0 (GPa) K0! θ0 (K) γ0 q 

B20 FeSi [this study] 6.803 ± 0.008 192.2 ± 1.6 5.03 ± 0.17    

B20 FeSi [Knittle and Williams, 1995] 6.701 ± 0.011 209 ± 6 3.5 ± 0.4    

B20 FeSi [Lin et al., 2003] 6.790 ± 0.007 184.7 ± 3.9 4.75 ± 0.37    

B20 FeSi [Guyot et al., 1997]a 6.804 ± 0.003 172 ± 3 4    

B20 FeSi [Caracas and Wentzcovitch, 2004]b 6.330 255 4.14    

B20 FeSi [Caracas and Wentzcovitch, 2004]c 6.788 221 4.18    

B2 FeSi [this study] 6.414 230.6 ± 1.8 4.17 417 1.30 ± 0.04 1.7 ± 0.2 

B2 FeSi [Ono et al., 2007] 6.420 ± 0.009 225 ± 2 4    

B2 FeSi [Ono, 2013]d 6.423 ± 0.018 223.3 ± 8.7 5.50 ± 0.16    

B2 FeSi [Sata et al., 2010] 6.435 221.7 ± 3.2 4.167 ± 0.063    
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B2 FeSi [Caracas and Wentzcovitch, 2004]b 5.901 262 4.55    

B2 FeSi [Caracas and Wentzcovitch, 2004]c 6.436 220 4.80    

B2 FeSi [Vočadlo et al., 1999]c 6.389 226 5.4    

a Other parameters reported: (∂K/∂T)P = –0.043 ± 0.008 GPa/K and coefficient of thermal expansion α = (5.1 ± 0.4) × 10–5 K–1 1037 

b LDA calculation 1038 

c GGA calculation 1039 

d Other parameters reported (ab initio): (∂K/∂T)V = –0.00245 ± 0.00023 GPa/K and αKT(V0,T) = 0.00710 ± 0.00009 GPa/K1040 
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Table 3: Isothermal equation of state parameters for iron–silicon alloys based on ab initio 1041 

calculations at 0 K. All alloys are in the hcp structure, with asterisks (*) indicating disordered 1042 

structures. Parameters were determined using F-f plots (Figure 9). 1043 

 V0 (cm3/mol atoms) K0 (GPa) K0! 

Fe 6.454 244.5 ± 0.6 4.54 ± 0.01 

Fe11Si 6.478 245.8 ± 0.4 4.45 ± 0.01 

Fe5Si 6.583 227.1 ± 0.6 4.43 ± 0.01 

Fe5Si* 6.524 237.5 ± 0.5 4.39 ± 0.01 

Fe5Si* 6.552 233.1 ± 0.5 4.41 ± 0.01 

Fe3Si 6.661 217.0 ± 0.5 4.39 ± 0.01 

Fe3Si* 6.516 231.9 ± 0.6 4.39 ± 0.01 

FeSi 6.870 196.0 ± 0.3 4.21 ± 0.01 

 1044 

  1045 
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Table 4: Weight percent of silicon needed to match the density and bulk sound speed of PREM 1046 

[Dziewonski and Anderson, 1981] in the inner and outer core, determined for each iron–silicon 1047 

alloy investigated. Weighted averages only include calculations from experimentally-determined 1048 

equations of state and were calculated using equation 3. Value in italics was not used in 1049 

determining the weighted average. 1050 

 Outer core 

density deficit 

Outer core bulk 

sound speed 

Inner core 

density deficit 

Inner core bulk 

sound speed 

Fe–9Si 11.2 ± 0.7 7.7 ± 1.8 6.0 ± 0.8 3.9 ± 0.2 

Fe–16Si 11.3 ± 1.5 13.0 ± 1.9 7.7 ± 1.3 37 ± 9 

FeSi 11.4 ± 1.6 9.0 ± 2.1 7.3 ± 1.4 9.2 ± 0.8 

Weighted 

average 

11.3 ± 0.6 9.9 ± 3.0 6.7 ± 1.1 4.2 ± 3.7 

Fe–9Si (theory) 13.2 ± 0.9 4.5 ± 0.6 6.8 ± 0.8 5.0 ± 0.2 

 1051 
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