
Confidential manuscript submitted to JGR-Solid Earth

Supporting Information for
“Equations of state and anisotropy of Fe-Ni-Si alloys”

Rachel A. Morrison,1Jennifer M. Jackson,1Wolfgang Sturhahn,1Dongzhou
Zhang2,3, and Eran Greenberg4

1Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
2Hawaii Institute of Geophysics and Planetology, University of Hawaii at Manoa, Honolulu, HI 96822,

USA
3GSECARS, University of Chicago, Argonne, IL 60439, USA

4Center for Advanced Radiation Sources, University of Chicago, Chicago, IL 60637, USA

Contents

1. Introduction
2. The c/a axial ratio as it relates to elastic anisotropy
3. Cobalt c/a axial ratio and anisotropy
4. Helium c/a axial ratio and anisotropy
5. Figures S1 to S18
6. Tables S1 to S4 (Files uploaded separately)
7. Tables S5 to S11

Introduction

We report our x-ray diffraction data for bcc- and hcp-Fe0.91Ni0.09 and Fe0.8Ni0.1Si0.1,
along with calculated lattice parameters, c/a axial ratios, volumes, and measured pres-
sures, in Tables S1–S4. Experimental methods are detailed in the main text. We
present experimental conditions for each bcc- and hcp-Fe0.91Ni0.09 and Fe0.8Ni0.1Si0.1
run in this study in Table S5.

We show Vinet equation of state (EOS) confidence ellipses for bcc-Fe0.91Ni0.09
and Fe0.8Ni0.1Si0.1 for KT0 and K ′

T0 in Figure S1. We show Vinet EOS confidence
ellipses for hcp-Fe0.91Ni0.09 and Fe0.8Ni0.1Si0.1 for V0 and KT0 in Figure S2, and corre-
sponding confidence ellipses for for V0 and K ′

T0 are shown in Figure S3. The confidence
ellipses relating KT0 and K ′

T0 are given in the main text, Figure 6. The associated
Vinet EOS correlation matrices are given in Table S6. Corresponding correlation ma-
trices for third order Birch-Murnaghan EOS fits are given in Table S7.

We give an example of our uncertainty calculation for the thermal EOSs in Fig-
ure S4 for hcp-iron at 5500 K and inner core pressures (330-364 GPa). The shading of
the black curve represents the uncertainty propagated from our 300 K EOS fit param-
eters V0, KT0, and K ′

T0 using γ0 = 2.0 and q = 1.0. The blue and red shaded regions
represent the same calculation, but using γ0 = 1.9 with q = 0.8 and γ0 = 2.1 with
q = 1.2, respectively. These values and ranges of γ0 and q are from the hcp-iron by
Murphy et al. [2011]. The total range of these uncertainties is then doubled to account
for uncertainty from the electronic and anharmonic contributions to thermal pressure.
The result is the reported uncertainty for the hcp-iron thermal EOS.

To further estimate the effect of the electronic and anharmonic contributions to
thermal pressure, we redo our thermal equation of state and compositional mixing
analysis without the electronic and anharmonic terms added to the thermal pressure.

Corresponding author: Rachel A. Morrison and Jennifer M. Jackson, rmorrison@caltech.edu,

jackson@gps.caltech.edu
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The results of these calculations are illustrated in Figures S5 and S6, and discussed in
the main text.

In the main text, we compare iron alloy values of density, adiabatic bulk modu-
lus, and bulk sound speed at 5500 K and 330 GPa to AK135-F values at the inner core
boundary, and we discuss the effects of nickel content and temperature on our com-
positional mixing analysis. We compare mixing models with 0, 5, and 10 wt% nickel
at 5500 K in Figure S7. Tables summarizing the allowable compositions for varying
nickel content are given for 0 wt%Ni (Table S8), 5 wt%Ni (Table 4 in the main text),
and 10 wt%Ni (Table S9). Next, we compare mixing models at 5000 K (Figure S8,
Table S10) and 6000 K (Figure S9, Table S11).

In the main text, the compositional analysis is conducted at a pressure of 330 GPa
corresponding to the inner core boundary. However, the slopes of the iron alloys’
adiabatic bulk modulus and bulk sound speed with pressure are noticeably steeper
than those of AK135-F. To explore the effect of this slope difference, we recalculate
our compositional mixing analysis at the center of the Earth (364 GPa). The results
of this analysis are shown in Figure S10.

We compare our c/a axial ratios for hcp-Fe, Fe0.91Ni0.09, and Fe0.8Ni0.1Si0.1 as
determined from our x-ray diffraction data to the Fe-Ni-Si c/a trends reported in
Fischer and Campbell [2015a]. While the relative ratios of the iron alloys are similar,
the trend of each iron alloy with pressure is noticeably different.

In the main text, Figure 14 compares axial ratios of hcp-iron determined from a
variety of experimental and theoretical studies. This figure excludes Steinle-Neumann
et al. [2001] for clarity; we reproduce this figure with Steinle-Neumann et al. [2001] in
Figure S12.

In the following sections, we explore the mathematical relationship between the
c/a axial ratio and anisotropy, and we review the c/a axial ratio and anisotropy of
hcp-cobalt and hcp-helium as proxies for hcp-iron.

The c/a axial ratio as it relates to elastic anisotropy

A variety of mechanisms have been proposed to explain seismically observed
anisotropy of the inner core, and distinguishing between these mechanisms requires
knowledge of the elastic anisotropy of hcp-iron alloys. However, experimentally mea-
suring the elastic constants of hcp-iron is complicated by the difficulty of synthesizing
hcp-iron single crystals. The c/a axial ratio of hcp-iron is thought to be an indirect
measure of elastic anisotropy, and in the main text, shown to be non-unique. Here, we
explore the mathematical relation between the c/a axial ratio and elastic anisotropy.

The elastic behavior of an anisotropic medium is described by an extended version
of Hooke’s law,

σij =
∑

kl

Eijklϵkl, i, j, k, l = 1...3, (1)

where the second rank tensors σ and ϵ describing stress and strain are linearly related
by the fourth rank elastic tensor E. It is common to use the condensed Voigt notation
for these quantities, i.e., C11 = E1111, C12 = E1122, C13 = E1133, σ1 = σ11, σ2 = σ22,
etc.

σi =
∑

j

Cijϵj and ϵi =
∑

j

Sijσj i, j = 1...6, (2)

where we have defined the elastic stiffness matrix Cij and its inverse Sij , the elastic
compliance matrix.
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An isotropic stress tensor describes hydrostatic compression, and the elastic re-
sponse of the material to a pressure increase δP is then

ϵi = −δP
3∑

j=1

Sij , (3)

where the minus sign accounts for the conventional view that positive pressure causes
compression. The volume change is then

δV

V
=

3∑

i=1

ϵi = −δP
3∑

i,j=1

Sij . (4)

This relation immediately provides us with an expression for the bulk modulus
K as determined by a compression experiment, e.g., using x-ray diffraction,

K = −V
δP

δV
=

⎡

⎣
3∑

i,j=1

Sij

⎤

⎦
−1

, (5)

where the sample’s pressure (P ) and unit-cell volume (V ) are determined. This ex-
pression is identical to the Reuss bound of the bulk modulus, which assumes uniform
stress. This is a more relevant assumption for a diamond anvil cell than the Voigt
bound, which assumes uniform strain, because a pressure transmitting medium such
as helium can be used in the diamond anvil cell sample-chamber to evenly distribute
stress around the sample.

In the case of cubic symmetry, where the Reuss and Voigt bounds are equivalent,
we obtain the following expression for the bulk modulus,

KR=V =
1

3
[C11 + 2C12]. (6)

In the case of hexagonal symmetry (e.g., the hexagonal close-packed crystal structure),
the Reuss bound of the bulk modulus takes on the following form [Ledbetter , 1977;
Grimvall , 1999],

KR =
(C11 + C12)C33 − 2C2

13

C11 + C12 + 2C33 − 4C13
. (7)

In the isotropic limit for a hexagonal system, we have C11 = C33, C12 = C13,
and C11 −C12 = C44. The bulk modulus for a hexagonal elastically isotropic material
then reduces to

K =
1

3
[C11 + 2C12], (8)

which is identical to the bulk modulus for cubic symmetry. We will return to this later
in the case of helium.

The hcp lattice parameters respond to compression as

δa

a
= ϵ1 = −(S11 + S12 + S13)δP (9)

and
δc

c
= ϵ3 = −(S33 + 2S13)δP. (10)

These equations can be integrated to obtain

a(P ) = a0 exp

[
−
∫ P

0
(S11(P

′) + S12(P
′) + S13(P

′)) dP ′

]
(11)
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and

c(P ) = c0 exp

[
−
∫ P

0
(S33(P

′) + 2S13(P
′)) dP ′

]
. (12)

The c/a ratio is accordingly

c

a
(P ) =

c0
a0

exp

[
−
∫ P

0
(S33 − S11 + S13 − S12)dP

′

]

=
c0
a0

exp

[
−
∫ P

0

C11 − C33 + C12 − C13

(C11 + C12)C33 − 2C2
13

dP ′

]
. (13)

The derivative of Equation 13 then gives

C11 − C33 + C12 − C13

(C11 + C12)C33 − 2C2
13

= −d ln(c/a)

dP
. (14)

The left hand side of Equation 14 is experimentally accessible from single crystal
ultrasonic and inelastic x-ray scattering studies, and the right hand side is accessible
from carefully conducted x-ray diffraction experiments which can deliver reliable lattice
parameters as a function of pressure. Both sides of this equation are accessible by ab
initio calculations.

The bulk modulus K in Equation 7 can be extracted from Equation 13 to yield

c

a
=

c0
a0

exp

[
−
∫ P

0

C11 − C33 + C12 − C13

C11 + 2C33 + C12 − 4C13

dP ′

K

]
. (15)

The derivative of Equation 15 then yields the following relation, where we see
that the Reuss bound of the bulk modulus is simply a scaling factor,

C11 − C33 + C12 − C13

C11 + 2C33 + C12 − 4C13
= −KR(P )

d ln(c/a)

dP
. (16)

Again, the left hand side is accessible from single crystal elasticity studies. The right
hand side is accessible from x-ray diffraction experiments, as high quality x-ray diffrac-
tion data as a function of pressure can provide pressure derivatives of the bulk modulus
and the c/a axial ratio. This formulation may be preferable if the bulk modulus is
well constrained by carefully conducted x-ray diffraction experiments. Both sides of
this equation are also accessible by ab initio calculations.

As C44 and C55 are absent under these circumstances, the pressure derivative of
the c/a axial ratio is only sensitive to anisotropy measures involving volumetric terms
(C11, C33, C12, and C13), not shear terms (C44, C55). For hcp materials characterized
by negligible anisotropy in the volumetric terms (that is, C11 = C33 values, and C12 =
C13), we arrive at the following expression,

−K(P )
d ln(c/a)

dP
= 0. (17)

1 Cobalt c/a axial ratio and anisotropy.

While synthesizing single crystals of hcp-iron remains challenging, single crystals
of hcp-structured cobalt are readily available at ambient conditions. Cobalt, and
other hcp-structured materials, have therefore been proposed to serve as proxies for
understanding the elastic behavior of hcp-iron. Here, we review the axial ratio and
the anisotropy of hcp-cobalt.
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X-ray diffraction measurements constraining the c/a axial ratio of hcp-cobalt are
plotted as a function of pressure in Figure S13. Fujihisa and Takemura [1996] study
polycrystalline cobalt in a diamond anvil cell with no pressure media up to 79 GPa,
while Antonangeli et al. [2008a] study polycrystalline cobalt in a diamond anvil cell
with a neon pressure medium up to 90 GPa. Yu et al. [2012] study polycrystalline
cobalt in a cubic anvil apparatus with a NaCl pressure medium up to 6.5 GPa. As the
two studies with a pressure medium [Antonangeli et al., 2008a; Yu et al., 2012] are in
agreement at ambient conditions, we reference a c/a axial ratio of 1.625 for cobalt at
0 GPa and 300 K in Figure 15 in the main body of the paper.

Experimentally and theoretically determined elastic constants Cij for hcp-cobalt
are plotted as a function of pressure in Figure S14. The elastic moduli of single crystal
cobalt were measured with ultrasonic studies at ambient pressure [McSkimin, 1955;
Masumoto et al., 1966]. The elastic moduli of cobalt as a function of pressure were
constrained by single crystal impulsive stimulated light scattering in helium [Crowhurst
et al., 2006] and by single crystal inelastic x-ray scattering in helium and neon [An-
tonangeli et al., 2004a, 2008b]. We compare the experimental measurements of Cij

to theoretical ab initio calculations which employ density functional theory [Steinle-
Neumann et al., 1999; Antonangeli et al., 2004b]. The Antonangeli et al. [2008b] and
Steinle-Neumann et al. [1999] studies do not report elastic moduli as a function of
pressure, so we convert volume to pressure with the cobalt equation of state reported
in Antonangeli et al. [2008a], whereK0 = 203±2 GPa andK ′

0 = 3.6±0.1. Antonangeli
et al. [2008b] does not measure C13, so we use the C13 fit published in Antonangeli
et al. [2004a]. They report C13(P = 0) = 90 ± 10 GPa and ∂C13/∂P = 4.2 ± 0.6.
Similarly, Crowhurst et al. [2006] does not measure C33, so they report a C33 esti-
mated from the C33 fit from Antonangeli et al. [2004a]: C13(P = 0) = 339 ± 4 GPa,
∂C13/∂P = 7.6± 0.2. The anisotropy measure φ = C33/C11 is plotted in Figure S15.
There is overall agreement in φ at 0 GPa and at 300 K. We obtain an average value
of φ0 = 1.14 from the experimental measurements at 0 GPa. However, the spread in
φ at higher pressures is broad, from approximately 1.10 to 1.22 in the range of 15-40
GPa.

2 Helium c/a axial ratio and anisotropy

Helium has substantially lower bulk and shear moduli than either hcp-iron or
hcp-cobalt [Zha et al., 2004]. We examine the relationship between the c/a axial ratio,
its pressure derivative, and the elastic anisotropy of hcp-helium to determine whether
there are observable trends.

Two single crystal hcp-helium x-ray diffraction studies in diamond anvil cells
constrained the a and c lattice parameters as a function of pressure up to 58 GPa
[Loubeyre et al., 1993] and up 23.3 GPa [Mao et al., 1988]. The resulting c/a axial
ratios are plotted in Figure S16. While cobalt features a steadily declining axial ratio
with pressure, helium’s axial ratio appears to be independent of pressure, as is the case
described using Equation 17. We plot an average c/a of 1.632 at 0 GPa and 300 K for
helium in Figure 15 in the main text. From Equation 14, the c/a trend with pressure
suggests that helium is nearly elastically isotropic in terms of C11, C33, C12, and C13.

Zha et al. [2004] measured the Cij values for hcp-helium in a diamond anvil cell
up to 32 GPa using Brillouin scattering (Figure S17). The resulting anisotropy measure
φ = C33/C11 is plotted in Figure S18. We assume a constant φ as a function of pressure
and average φ at all pressures to obtain a value of 0.96 at 300 K for hcp-helium, which
is included in Figure 15 in the main text.
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Figure S1. 68% confidence ellipses for bulk modulus at 0 GPa KT0 and for the pressure

derivative of bulk modulus at 0 GPa K′
T0 for bcc-Fe0.91Ni0.09 (orange ellipse), bcc-Fe0.8Ni0.1Si0.1

(blue ellipse), and our Vinet fit to bcc-Fe data of Dewaele et al. [2006] (gray ellipse). Equations

of state without reported correlation matrices are plotted as points with error bars as reported:

bcc-Fe (gray triangle), bcc-Fe0.95Ni0.05 (orange upright triangle), and bcc-Fe0.90Ni0.10 (orange

inverted triangle) [Takahashi et al., 1968]; bcc-Fe (gray circle) and bcc-Fe0.91Si0.09 (green circle)

[Zhang and Guyot , 1999].

Figure S2. Confidence ellipses for EOS parameters V0 (unit cell volume at 0 GPa) and KT0

(bulk modulus at 0 GPa) for hcp-Fe0.91Ni0.09 and hcp-Fe0.8Ni0.1Si0.1. EOSs without reported

correlation matrices are plotted with error bars as reported (see legend). Outer thin ellipses

represent 95% confidence; inner bold ellipses represent 68% confidence.
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Figure S3. Confidence ellipses for EOS parameters V0 (unit cell volume at 0 GPa) and K′
T0

(bulk modulus pressure derivative at 0 GPa) for hcp-Fe0.91Ni0.09 and hcp-Fe0.8Ni0.1Si0.1. EOSs

without reported correlation matrices are plotted with error bars as reported (see legend). Outer

thin ellipses represent 95% confidence; inner bold ellipses represent 68% confidence.
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Figure S4. We illustrate the uncertainty contribution from the quasi-harmonic terms of hcp-

Fe’s thermal equation of state to density, bulk modulus, and bulk sound velocity at 330–366 GPa

and 5500 K. We propagate the uncertainty from our 300 K EOS fit parameters V0, KT0, and K′
T0

and fix γ0 = 2.0 and q = 1.0 [Murphy et al., 2011] (black). To estimate the uncertainty from γ0

and q, we repeat this calculation using the range of γ0 and q reported in Murphy et al. [2011]:

γ0 = 1.9 with q = 0.8 (blue) and γ0 = 2.1 with q = 1.2 (red). The range of values spanned

by these three uncertainty calculations at 330–366 GPa and 5500 K represent uncertainty on

density, bulk modulus, and bulk sound speed for hcp-Fe. The same uncertainty calculation was

repeated for hcp-Fe0.91Ni0.09 and hcp-Fe0.8Ni0.1Si0.1. These values are broken down in Table 2 in

the main text. While this plot excludes uncertainty from electronic and anharmonic contributions

to thermal pressure (Pel and Panh), uncertainty from Pel and Panh was included in Figure 10 in

the main text.
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Figure S5. We demonstrate how neglecting the estimated electronic and anharmonic contri-

butions to thermal pressure affects the high temperature equations of state. (Compare to Fig-

ure 10 of the main text). Thermal equations of state for hcp-Fe0.91Ni0.09 and hcp-Fe0.8Ni0.1Si0.1

(this study) are extrapolated to core conditions to calculate density, adiabatic bulk modulus,

and bulk sound speed as a function of pressure at 5500 K at 330 GPa. Here, estimated elec-

tronic and anharmonic contributions to thermal pressure are not included. We compare to Fe

[Dewaele et al., 2006], FeO [Fischer et al., 2011], Fe7C3 [Chen et al., 2012], and FeS2 [Thompson

et al., 2016]. Dashed lines represent a temperature of ±500 K. We compare to the seismic model

AK135-F [Kennett et al., 1995] with an estimated 2% uncertainty for the density, 2.3% uncer-

tainty for the adiabatic bulk modulus, and 0.6% uncertainty for the bulk sound speed [Masters

and Gubbins, 2003; Deuss, 2008]. We include the bulk moduli and bulk sound velocities of the

eastern (Bin 3, black dashed line) and western (Bin 6, black solid line) hemispheres of the inner

core, which were determined by combining compressional sound velocity from Attanayake et al.

[2014] with density and shear sound velocity from AK135-F.
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Figure S6. We demonstrate how neglecting the estimated electronic and anharmonic con-

tributions to thermal pressure affects the compositional analysis. (Compare to Figure 12 of the

main text). A range of inner core compositions are explored in the Fe-Ni-Si-O-C-S system using

the experimental constraints on the following alloys: hcp-Fe, hcp-Fe0.91Ni0.09, hcp-Fe0.8Ni0.1Si0.1,

Fe-O, Fe7C3, and FeS2. The mixing calculation assumes 5500 K and 330 GPa, and the estimated

electronic and anharmonic contributions to thermal pressure are not included here. The shaded

and outlined regions represent the compositional space in agreement with the seismic model

AK135-F within 2% of the density (red), within 0.6% of the bulk sound speed (gray), and within

2.3% of the adiabatic bulk modulus (blue). Two mixing models are employed: a bulk aggregate

model (shaded regions) and a linear mixing model (outlined regions). Density is the same for

both models. To be considered a plausible composition, the composition must lie within the in-

tersection of the density, adiabatic bulk modulus, and bulk sound speed agreement regions with

AK135-F. The nickel content is fixed at 5 wt%.
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Figure S7. A range of compositions are explored in the Fe-Ni-Si-O-C-S system with Ni con-

tent fixed at 0 wt% (shaded regions), 5 wt% (thick lines), and 10 wt% (thin lines) using the

experimental constraints on the following alloys: hcp-Fe, hcp-Fe0.91Ni0.09, hcp-Fe0.8Ni0.1Si0.1,

Fe-O, Fe7C3, and FeS2. Pressure was fixed at inner core boundary conditions of 330 GPa. The

shaded and outlined regions represent the compositional space in agreement with the seismic

model AK135-F within 2% of the density (red), within 0.6% of the bulk sound speed (gray),

and within 2.3% of the adiabatic bulk modulus (blue). Only the bulk aggregate mixing model

is shown. To be considered a plausible composition, the composition must lie within the inter-

section of the density, adiabatic bulk modulus, and bulk sound speed agreement regions with

AK135-F. The mixing calculation assumes 5500 K, and estimated electronic and anharmonic

contributions to thermal pressure are included.
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Figure S8. The effect of a cooler inner core boundary temperature on the compositional

analysis is explored (as compared to Figure 12 in main text). A range of compositions are ex-

plored in the Fe-Ni-Si-O-C-S system with temperature fixed at 5000 K using the experimental

constraints on the following alloys: hcp-Fe, hcp-Fe0.91Ni0.09, hcp-Fe0.8Ni0.1Si0.1, Fe-O, Fe7C3,

and FeS2. Pressure was fixed at inner core boundary conditions of 330 GPa. The shaded and

outlined regions represent the compositional space in agreement with the seismic model AK135-F

within 2% of the density (red), within 0.6% of the bulk sound speed (gray), and within 2.3% of

the adiabatic bulk modulus (blue). Two mixing models are employed: a bulk aggregate model

(shaded regions) and a linear mixing model (outlined regions). Density is the same for both mod-

els. To be considered a plausible composition, the composition must lie within the intersection

of the density, adiabatic bulk modulus, and bulk sound speed agreement regions with AK135-F.

The nickel content is fixed at 5 wt%, and estimated electronic and anharmonic contributions to

thermal pressure are included.

–12–



Confidential manuscript submitted to JGR-Solid Earth

wt% Carbon

w
t%

 S
ul

fu
r

ρ

KS

vφ

A B C

D E F

G H I

Figure S9. The effect of a hotter inner core boundary temperature on the compositional

analysis is explored (as compared to Figure 12 in the main text). A range of compositions are

explored in the Fe-Ni-Si-O-C-S system with temperature fixed at 6000 K using the experimental

constraints on the following alloys: hcp-Fe, hcp-Fe0.91Ni0.09, hcp-Fe0.8Ni0.1Si0.1, Fe-O, Fe7C3, and

FeS2. Pressure was fixed at inner core boundary conditions of 330 GPa. The shaded regions rep-

resent the compositional space in agreement with the seismic model AK135-F within 2% of the

density (red), within 0.6% of the bulk sound speed (gray), and within 2.3% of the adiabatic bulk

modulus (blue). Two mixing models are employed: a bulk aggregate model (shaded regions) and

a linear mixing model (outlined regions). Density is the same for both models. To be considered

a plausible composition, the composition must lie within the intersection of the density, adiabatic

bulk modulus, and bulk sound speed agreement regions with AK135-F. The nickel content is

fixed at 5 wt%, and estimated electronic and anharmonic contributions to thermal pressure are

included.
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Figure S10. A range of compositions at the center of the Earth (364 GPa) are explored in

the Fe-Ni-Si-O-C-S system using the experimental constraints on the following alloys: hcp-Fe,

hcp-Fe0.91Ni0.09, hcp-Fe0.8Ni0.1Si0.1, Fe-O, Fe7C3, and FeS2. The shaded and outlined regions

represent the compositional space in agreement with the seismic model AK135-F within 2% of

the density (red), within 0.6% of the bulk sound speed (gray), and within 2.3% of the adiabatic

bulk modulus (blue). Two mixing models are employed: a bulk aggregate model (shaded regions)

and a linear mixing model (outlined regions). Density is the same for both models. To be con-

sidered a plausible composition, the composition must lie within the intersection of the density,

adiabatic bulk modulus, and bulk sound speed agreement regions with AK135-F. The nickel

content is fixed at 5 wt%. The mixing calculation assumes 5500 K, and estimated electronic and

anharmonic contributions to thermal pressure are included.
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Figure S11. Axial ratios c/a of hcp-Fe0.91Ni0.09 (orange, this study), hcp-Fe0.8Ni0.1Si0.1

(blue, this study), and hcp-Fe (grey) [Dewaele et al., 2006]. The compositionally dependent axial

ratio trends reported in Fischer and Campbell [2015a] are plotted for comparison. These trends

are based on a fit to a collection of existing 300 K and high temperature experimental data in the

Fe-Ni-Si compositional system.
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Figure S12. Axial ratios for hcp-Fe include diamond anvil studies [Ma et al., 2004; Dewaele

et al., 2006; Boehler et al., 2008; Tateno et al., 2010; Sakai et al., 2011; Fischer et al., 2011;

Anzellini et al., 2013; Fei et al., 2016], multi-anvil studies [Uchida et al., 2001; Yamazaki et al.,

2012], and ab initio studies [Cohen et al., 1997; Steinle-Neumann et al., 1999, 2001; Gannarelli

et al., 2005; Vočadlo et al., 2009; Mattesini et al., 2010; Pourovskii et al., 2014; Niu et al., 2015].
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Figure S13. Axial ratios for hcp-cobalt are plotted as determined from diamond anvil cell

measurements with no pressure medium [Fujihisa and Takemura, 1996], from diamond anvil cell

measurements with a neon pressure medium Antonangeli et al. [2008a], and from cubic-anvil

measurements with a NaCl pressure medium Yu et al. [2012].
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Figure S14. Experimentally determined elastic constants Cij for hcp-cobalt include sin-

gle crystal ultrasonic studies at ambient pressure [McSkimin, 1955; Masumoto et al., 1966],

single crystal impulsive stimulated light scattering in a diamond anvil cell with a helium pres-

sure medium [Crowhurst et al., 2006], and single crystal inelastic x-ray scattering in a diamond

anvil cell with a helium and neon pressure medium [Antonangeli et al., 2004a, 2008b]. Ab initio

calculations of Cij using density functional theory include Steinle-Neumann et al. [1999] and

Antonangeli et al. [2004a]. Ambient pressure Steinle-Neumann et al. [1999] Cij are slightly offset

to the left of 0 GPa for clarity.
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Figure S15. The anisotropy measure φ = C33/C11 for hcp-cobalt is calculated from the

Cij values reported in experimental studies [McSkimin, 1955; Masumoto et al., 1966; Crowhurst

et al., 2006; Antonangeli et al., 2004a, 2008b] and theoretical studies [Steinle-Neumann et al.,

1999; Antonangeli et al., 2004a].
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Figure S16. Axial ratios for hcp-helium are plotted as determined from single crystal dia-

mond anvil cell measurements using x-ray diffraction [Loubeyre et al., 1993; Mao et al., 1988].

Figure S17. Experimentally determined elastic constants Cij for hcp-helium were measured

in a diamond anvil cell using Brillouin scattering [Zha et al., 2004].
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Figure S18. The anisotropy measure φ = C33/C11 for hcp-helium is calculated from the Cij

values reported in Zha et al. [2004]. An average value of C33/C11 = 0.96 is plotted as a dashed

line.

–21–



Confidential manuscript submitted to JGR-Solid Earth

Table S1. bcc Fe0.91Ni0.09 X-ray Diffraction Data – Separate file

Table S2. hcp Fe0.91Ni0.09 X-ray Diffraction Data – Separate file

Table S3. bcc Fe0.8Ni0.1Si0.1 X-ray Diffraction Data – Separate file

Table S4. hcp Fe0.8Ni0.1Si0.1 X-ray Diffraction Data – Separate file

Table S5. Conditions for each x-ray diffraction experimental run

Run Phase Composition P range Diamond Sample Experimental X-ray focus
(GPa) culet diameter size Facility size (µm2,

(µm) (µm2) FWHM)

FeNi-Run#1 bcc Fe0.91Ni0.09 0–15.2 250 20x20 APS 13-BM-C 15x15
hcp Fe0.91Ni0.09 15.2–104

FeNi-Run#2 bcc Fe0.91Ni0.09 1.4–13.1 250 20x35 ALS 12.2.2 20x20
hcp Fe0.91Ni0.09 15.1–104

FeNi-Run#3 hcp Fe0.91Ni0.09 14.6–167 100 10x10 APS 13-ID-D 3x3
FeNiSi-Run#1 bcc Fe0.8Ni0.1Si0.1 0–21.6 250 20x20 ALS 12.2.2 20x20

hcp Fe0.8Ni0.1Si0.1 21.6–88.1
FeNiSi-Run#2 hcp Fe0.8Ni0.1Si0.1 31.6–175 100 10x10 APS 13-ID-D 3x3

Table S6. Vinet equation of state parameter correlations. Correlations for bcc- and hcp-Fe are

for our fits to data from Dewaele et al. [2006].

V0 K0 K ′
0 V0 K0 K ′

0

bcc Fe0.91Ni0.09 hcp Fe0.91Ni0.09
V0 +1.00 -0.65 +0.48 V0 +1.00 -0.98 +0.93
K0 +1.00 -0.96 K0 +1.00 -0.98
K ′

0 +1.00 K ′
0 +1.00

bcc Fe0.8Ni0.1Si0.1 hcp Fe0.8Ni0.1Si0.1
V0 +1.00 -0.42 +0.30 V0 +1.00 -0.99 +0.96
K0 +1.00 -0.97 K0 +1.00 -0.99
K ′

0 +1.00 K ′
0 +1.00

bcc Fe [Dewaele et al., 2006] hcp Fe [Dewaele et al., 2006]
V0 +1.00 -0.82 +0.66 V0 +1.00 -0.98 +0.93
K0 +1.00 -0.96 K0 +1.00 -0.98
K ′

0 +1.00 K ′
0 +1.00
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Table S7. Third order Birch-Murnaghan equation of state parameter correlations

V0 K0 K ′
0 V0 K0 K ′

0

bcc Fe0.91Ni0.09 hcp Fe0.91Ni0.09
V0 +1.00 -0.65 +0.48 V0 +1.00 -0.98 +0.93
K0 +1.00 -0.96 K0 +1.00 -0.98
K ′

0 +1.00 K ′
0 +1.00

bcc Fe0.8Ni0.1Si0.1 hcp Fe0.8Ni0.1Si0.1
V0 +1.00 -0.42 +0.30 V0 +1.00 -0.99 +0.96
K0 +1.00 -0.97 K0 +1.00 -0.99
K ′

0 +1.00 K ′
0 +1.00

Table S8. Iron alloy compositional models in agreement with the density, adiabatic bulk

modulus, and bulk sound velocity of AK135-F at the ICB. Ni concentration is fixed at 0 wt%.

Temperature is fixed at 5500 K.

Corresponding Bulk aggregate Linear mixing
Panel in S C Si O Si O
Figure S7 (wt%, fixed) (wt%, fixed) (wt%) (wt%) (wt%) (wt%)

A 0 0 5.0-6.5 0.0-1.6 4.9-6.3 0.0-1.8
B 0 0.5 5.7-6.9 0.0-0.7 5.5-6.6 0.0-1.0
C 0 1 — — 6.2-6.6 0.0-0.1
D 3 0 3.3-4.4 0.0-0.8 3.2-4.3 0.0-1.0
E 3 0.5 — — 3.9-4.3 0.0-0.1
F 3 1 — — — —
G 6 0 1.8-2.0 0.0 1.7-2.0 0.0-0.1
H 6 0.5 — — — —
I 6 1 — — — —

Table S9. Iron alloy compositional models in agreement with the density, adiabatic bulk

modulus, and bulk sound velocity of AK135-F at the ICB. Ni concentration is fixed at 10 wt%.

Temperature is fixed at 5500 K.

Corresponding Bulk aggregate Linear mixing
Panel in S C Si O Si O
Figure S7 (wt%, fixed) (wt%, fixed) (wt%) (wt%) (wt%) (wt%)

A 0 0 3.7-5.6 0.0-2.4 3.7-5.3 0.0-2.7
B 0 0.5 4.4-5.9 0.0-1.5 4.2-5.6 0.0-1.9
C 0 1 5.1-6.2 0.0-0.6 4.8-5.9 0.0-1.0
D 3 0 1.9-3.5 0.0-1.6 1.9-3.3 0.0-1.8
E 3 0.5 2.7-3.8 0.0-0.7 2.5-3.6 0.0-1.0
F 3 1 — — 3.2-3.6 0.0-0.1
G 6 0 0.2-1.4 0.0-0.8 0.2-1.3 0.0-1.0
H 6 0.5 1.3-1.3 0.0 0.9-1.3 0.0-0.1
I 6 1 — — — —
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Table S10. Iron alloy compositional models in agreement with the density, adiabatic bulk

modulus, and bulk sound velocity of AK135-F at the ICB. Ni concentration is fixed at 5 wt%.

Temperature is fixed at 5000 K.

Corresponding Bulk aggregate Linear mixing
Panel in S C Si O Si O
Figure S8 (wt%, fixed) (wt%, fixed) (wt%) (wt%) (wt%) (wt%)

A 0 0 4.1-5.9 0.0-2.6 4.0-5.6 0.0-3.0
B 0 0.5 4.7-6.2 0.0-1.7 4.4-5.9 0.0-2.1
C 0 1 5.4-6.6 0.0-0.9 5.0-6.2 0.0-1.3
D 3 0 2.2-3.8 0.0-1.8 2.2-3.6 0.0-2.0
E 3 0.5 3.0-4.1 0.0-0.9 2.8-4.0 0.0-1.2
F 3 1 3.9-4.1 0.0 3.3-4.1 0.0-0.3
G 6 0 0.5-1.8 0.0-1.0 0.5-1.7 0.0-1.1
H 6 0.5 1.4-1.8 0.0-0.1 1.1-1.8 0.0-0.3
I 6 1 — — — —

Table S11. Iron alloy compositional models in agreement with the density, adiabatic bulk

modulus, and bulk sound velocity of AK135-F at the ICB. Ni concentration is fixed at 5 wt%.

Temperature is fixed at 6000 K.

Corresponding Bulk aggregate Linear mixing
Panel in S C Si O Si O
Figure S9 (wt%, fixed) (wt%, fixed) (wt%) (wt%) (wt%) (wt%)

A 0 0 4.8-6.2 0.0-1.3 4.7-6.1 0.0-1.5
B 0 0.5 5.5-6.5 0.0-0.4 5.3-6.4 0.0-0.6
C 0 1 — — — —
D 3 0 3.0-4.1 0.0-0.6 3.0-4.0 0.0-0.7
E 3 0.5 — — — —
F 3 1 — — — —
G 6 0 — — — —
H 6 0.5 — — — —
I 6 1 — — — —
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