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Abstract A compositional variety of planetary cores provides insight into their core/mantle evolution
and chemistry in the early solar system. To infer core composition from geophysical data, a precise
knowledge of elastic properties of core‐forming materials is of prime importance. Here, we measure the
sound velocity and density of liquid Fe‐Ni‐S (17 and 30 at% S) and Fe‐Ni‐Si (29 and 38 at% Si) at high
pressures and report the effects of pressure and composition on these properties. Our data show that the
addition of sulfur to iron substantially reduces the sound velocity of the alloy and the bulk modulus in the
conditions of this study, while adding silicon to iron increases its sound velocity but has almost no effect
on the bulk modulus. Based on the obtained elastic properties combined with geodesy data, S or Si content in
the core is estimated to 4.6 wt% S or 10.5 wt% Si for Mercury, 9.8 wt% S or 18.3 wt% Si for the Moon, and
32.4 wt% S or 30.3 wt% Si for Mars. In these core compositions, differences in sound velocity profiles between
an Fe‐Ni‐S and Fe‐Ni‐Si core in Mercury are small, whereas for Mars and the Moon, the differences are
substantially larger and could be detected by upcoming seismic sounding missions to those bodies.

Plain Language Summary To estimate core compositions of terrestrial planets using geophysical
data with high‐pressure physical property of core‐forming materials, we measure the sound velocity and
density of liquid Fe‐Ni‐S and Fe‐Ni‐Si at high pressures. The effect of S and Si on elastic properties are quite
different in the present conditions. Based on the obtained physical properties combined with geodesy data, S
or Si content in the core of Mercury, Moon, and Mercury are estimated. In these core compositions,
differences in sound velocity profiles between an Fe‐Ni‐S and Fe‐Ni‐Si core in Mars and the Moon are
substantially large and could be detected by upcoming seismic sounding mission to Mars.

1. Introduction

Mercury, Mars, and Earth's moon (the Moon) are reported, from geophysical observations, to have a liquid
core (Margot et al., 2007; Williams et al., 2001; Yoder et al., 2003). These planetary bodies are thought to have
a core that mainly consists of Fe‐5 ~ 10 wt% Ni and of some fractions of light elements (LEs; S, Si, O, C, and
H; Dreibus &Wänke, 1985; Smith et al., 2012; Steenstra et al., 2016). Thus, the core is one of the major reser-
voirs of LEs in planetary body. Knowledge of the composition of the core of terrestrial planets is important
not only for inferring the internal structure and thermal state of a planet, which strongly influence the
core/mantle dynamics and their evolution, but also for understanding the distribution of LE in the solar neb-
ula of the inner solar system (e.g., Rubie et al., 2015). To obtain constraints on the core composition, sound
velocity and density of liquid Fe‐alloys measured under planetary core conditions are indispensable infor-
mation together with geodesy and geophysical data, such as mean density, moment of inertia, tidal Love
number, and seismic wave velocity.
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S and Si are known to be the major candidates as the LEs in planetary
cores, as they have high solar abundance (Palme & Jones, 2005) and are
present in primordial meteorites. Fe‐Ni‐S is widely found in chondrites
and iron meteorites (Mittlefehldt et al., 1998), and Fe‐Ni‐Si is found in
enstatite chondrites (Brearley & Jones, 1998), which are one of the candi-
date building blocks for the Earth (Javoy et al., 2010), Mars (Sanloup et al.,
1999), and Mercury (Wasson, 1989). Because the solubility of S and Si in
liquid Fe strongly depends on the oxygen fugacity conditions in the plane-
tary interiors (Malavergne et al., 2010), identifying the core LEs also pro-
vides information about the redox environment inside the planet.

Recently, the compressional wave velocities (VP) of liquid Fe‐Ni, Fe‐S, and
Fe‐C have been measured in static high‐pressure experiments. These
results show that S, C, and Ni reduce the VP of liquid Fe at pressures below
10 GPa (Jing et al., 2014; Kuwabara et al., 2016; Nishida et al., 2013, 2016;
Shimoyama et al., 2016), while S and C increase the VP of liquid Fe above
10 GPa (Kawaguchi et al., 2017; Nakajima et al., 2015). To explain these
trends, a possible change in the structure and electronic properties of
liquid Fe‐S is thought to occur at around 10 GPa (Kawaguchi et al.,
2017). However, these two opposing trends were obtained by different
methods, that is, ultrasonic method below 10 GPa and inelastic X‐ray scat-
tering (IXS) method above 10 GPa. To ascertain the exact elastic behavior,
VP data should be measured using the same method in wide pressure
range, especially below and above 10 GPa. In addition, VP measurements
at high‐pressure for liquid Fe‐Ni‐Si, an important candidate for the core
material, has never been reported.

In this paper, we investigate the effects of pressure, temperature, and LEs
(S and Si) on the sound velocity and density of potential core‐forming
liquids (Fe‐Ni‐S and Fe‐Ni‐Si) by using the ultrasonic pulse‐echo overlap
method and the X‐ray absorption method. Then, the core compositions
of Mercury, the Moon, andMars are estimated based on the obtained elas-
tic properties, in conjunction with geodesy data, and hence we propose
the seismic wave velocity and density profiles of these bodies.

2. Methods
2.1. Sample Compositions

The sample compositions used were Fe73Ni10S17 in at% (S = 10.5 wt%) and Fe60Ni10S30 (S = 19.6 wt%) for
liquid Fe‐Ni‐S, and Fe61Ni10Si29 (Si = 16.9 wt%) and Fe52Ni10Si38 (Si = 23.4 wt%) for liquid Fe‐Ni‐Si. These
were composed of a mixture of powdered Fe, Ni (both were 99.99%) and FeS (99.9%) or FeSi (99.9%). The pel-
leted sample was enclosed in a hexagonal‐BN cylinder. The top and bottom of the sample pellet were sand-
wiched by a mirror‐polished single crystal sapphire buffer rod and a backing plate (Figure 1).

2.2. High‐Pressure Experiments

High pressure was generated using three different high‐pressure apparatuses generating different pressure
ranges. The sound velocity was measured using the ultrasonic pulse‐echo overlapping method. The density
was measured using the X‐ray absorption method based on the Beer‐Lambert law or using the X‐ray com-
puted tomography (CT)measurement. For themeasurements below 1 GPa, an 80‐ton portable uniaxial press
(Urakawa et al., 2010) was used combined with X‐ray computed‐tomography (CT) measurements
(Kuwabara et al., 2016) at the BL20XU beamline, SPring‐8 synchrotron radiation facility in Japan. High pres-
sure was generated using opposing cupped WC anvils (diameter of the center cup was 12 mm) with a ringed
groove. The cell assembly was a toroidal type as shown in Figure 1a. For the measurements from 1 to 5 GPa,
we used a 180‐ton cubic‐type multianvil press at BL22XU beamline, SPring‐8 (Shimoyama et al., 2016). The
truncated edge length of the tungsten carbide anvil was 6 mm. We used two different sample diameters in

Figure 1. Schematic illustrations of used cell assemblies. A monochromatic
X‐ray passes horizontally through the center of the cell. The ultrasonic sig-
nal (US) comes from the bottomside of the cell as shown by arrows. (a)
Cupped‐type cell used for P < 1 GPa at BL20XU. (b) Cell assembly of cubic‐
type multianvil press used for 1 < P < 5 GPa at BL22XU. (c) Cell assembly of
Kawai‐type multianvil press used for P > 5 GPa at BL04B1.
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the same cell (Figure 1b). The initial diameter of the sample for sound velocity measurement was 1.5 mm to
obtain a clear echo signal from the sample interfaces and that for density measurement was 0.5 mm to obtain
appropriate X‐ray absorption contrast between the sample and surrounding materials. For measurements
above 5 GPa, a 1,500‐ton Kawai‐type multianvil press was used at BL04B1 beamline, SPring‐8 (Nishida
et al., 2013). The truncated edge length of the 2nd stage tungsten carbide anvils was 5 mm. The cell
assemblies used in this study are shown in Figure 1c.

Monochromatized X‐rays (37.7 keV at BL20XU, 35 keV at BL22XU, and 51 keV at BL04B1), which were
tuned by Si (111) or Si (311) double‐crystal monochromators, were used (Shobu et al., 2007; Suzuki et al.,
2004). The energies of the X‐rays were optimized from the sample size to obtain appropriate X‐ray absorption
contrasts. The X‐ray radiography image was obtained using a complementary metal‐oxide semiconductor
camera (ORCA‐flash 4.0, Hamamatsu Photonics K. K., Japan) with an Yttrium Aluminium Garnet
(YAG) scintillator.

The X‐ray diffraction (XRD) spectra of the sample and pressure markers (MgO and hexagonal‐BN for experi-
ments at P< 5 GPa; MgO, NaCl and Au for experiments at P> 5 GPa) were collected using a complementary
metal‐oxide semiconductor flat panel detector (C7942‐CA/C7942CK‐12, Hamamatsu Photonics K. K.) to
determine density of solid phases, and the experimental pressures and temperatures, respectively. Melting
of the samples was identified by the disappearance of the XRD peaks and the appearance of a diffuse scatter-
ing signal. The experimental pressures and temperatures were obtained from the lattice volumes of a pair of
pressure markers combined with their equations of state (MgO: Tange et al., 2009; hexagonal‐BN:
Wakabayashi & Funamori, 2015; NaCl: Matsui, 2009; Au: Tsuchiya, 2003). Difference in pressure and tem-
perature between sample and pressure marker in the cell (Figure 1c) were checked by placing the pressure
marker in the sample capsule instead of the sample. Both difference in pressure and temperature between
the sample and pressure marker becomes to be quite small at higher temperature above 800 K (ΔP < 0.5
GPa and ΔT < 60 K).

2.3. Sound Velocity Measurement

Compressional wave velocity (VP) was measured using the ultrasonic pulse‐echo overlap method (Higo
et al., 2009). A 10° Y‐cut LiNbO3 transducer was attached to the backside of the anvil to generate and
receive compressional wave acoustic signals. Input electric signals of sine waves with frequencies of 35–
45 MHz were generated using a waveform generator (AWG2021/AFG3251C/AWG710B, Tektronix Inc.).

Figure 2. (a) Echo signal of the liquid Fe73Ni10S17 sample obtained at 2.8 GPa and 1600 K. The three sinusoidal signals
correspond to echoes at the Fe‐Ni‐S sample front (buffer rod/sample), sample back (sample/backing plate), and
backing plate/BN, respectively (see the assembly in Figure 1b). The time between the sample front and the back corre-
sponds to the two‐way travel time in the sample, as indicated by an arrow. (b) X‐ray absorption profile of the liquid
Fe73Ni10S17 at 2.8 GPa and 1600 K as a function of position on a horizontal axis (Y) perpendicular to the X‐ray. Black
circles and red curve denote raw data and fitted curve using the Beer‐Lambert law, respectively.
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Table 1
Experimental Conditions and Measured Sound Velocity and Density of Liquid Fe‐Ni‐S

Run no.
P

(GPa)a P errorb T (K)
VP

(m/s) VP error ρ (g/cm3) ρ error

Fe73Ni10S17
B268 2.8 0.2 1600 3,530 20 6.18 0.04

2.8 0.2 1720 3,540 20 6.19 0.05
B261 3.2 0.1 1900 3,650 20 6.13 0.03

3.2 0.2 1970 3,700 10
3.2 0.2 2040 3,720 20 5.99 0.03
3.1 0.1 2060 3,690 30
3.0 0.1 2080 3,690 30 6.05 0.03

B274 3.8 0.0 1680 4,040 80 6.37 0.05
3.8 0.1 1760 3,990 60
3.9 0.2 1840 3,990 60
3.9 0.2 1890 3,930 50
3.9 0.3 1940 3,930 50 6.35 0.05

S3069 7.5 0.5 1830 4,370 140
7.2 0.5 2040 4,380 200
7.0 0.5 2150 4,310 280
7.0 0.5 2200 4,240 320

S2991 10.0 0.1 1510 4,780 90
9.8 0.1 1570 4,830 100

S3067 10.4 0.6 2100 4,890 290
10.5 0.6 2250 4,830 260
10.5 0.6 2250 4,660 250

S3090 13.9 0.1 1610 4,950 180
Fe60Ni10S30
B277 2.4 0.2 1660 3,120 10 5.65 0.02

2.4 0.3 1740 3,130 10
2.5 0.3 1810 3,140 10 5.51 0.02
2.3 0.5 1910 3,140 10

B263 3.0 0.1 1620 3,240 20
3.1 0.1 1690 3,280 20 5.71 0.02
3.1 0.1 1690 3,290 20 5.71 0.02
3.1 0.1 1700 3,300 20
3.1 0.2 1890 3,310 20 5.58 0.02
3.1 0.2 1890 3,310 10
3.0 0.3 1960 3,270 20
3.0 0.3 1960 3,270 20

B275 3.4 0.0 1450 5.70 0.03
3.4 0.0 1560 3,360 40
3.6 0.0 1640 3,390 40
3.8 0.0 1710 3,400 30

S3070 7.3 0.7 1330 3,650 290
7.3 0.7 1410 3,700 260
7.4 0.6 1500 3,660 240
7.4 0.5 1580 3,730 260
7.5 0.4 1670 3,650 270

S3068 10.4 0.1 1490 4,110 250
10.3 0.1 1520 4,160 250
10.3 0.1 1520 4,110 220
10.1 0.0 1580 4,160 220
9.8 0.0 1650 4,220 200
9.7 0.1 1700 4,090 200

S3091 12.6 0.1 1240 4,310 120
12.4 0.1 1340 4,340 110

aUsed pressure marker pairs were BN+MgO: B268, 261, 274, 277, 263, 275; NaCl+MgO: S2991, 3067, 3090, 3070, 3068, 3091; NaCl+Au: S3069, 3067. bPressure
errors were derived from errors in lattice volumes of pressure markers.
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The echo signals from the sample were detected using a high‐resolution
digital oscilloscope (DPO5054/DPO7104, Tektronix Inc.) with a sampling
rate of 5 × 109 or 1 × 1010 points/s. The signal travel time in the sample
was obtained from the time difference in the echo signals between the
near and far sides of the sample interfaces. The length of the sample
was measured from the X‐ray radiography image (pixel size = 2.5–3.0
μm). The sample thickness ranges 330–745 μm below 10 GPa and 240–
460 μm above 10 GPa. The VP was calculated from the measured travel
time and sample length. Details of travel time and sample length ana-
lyses are described elsewhere (Kono et al., 2012). A typical example of
an echo signal from the sample interface is shown in Figure 2a. The
error in VP, listed in Tables 1 and 2, was derived mainly from estimated
errors in sample length determination, which was caused mainly by
clearness of image contrast and brightness and also by variation in sam-
ple length and from the travel time uncertainty caused by overlapping
echo signals.

2.4. Density Measurement

The density was measured from the X‐ray absorption method (Katayama,
1996) based on the Beer‐Lambert law or from volume measurement using
X‐ray CT. For X‐ray absorption method, a monochromatized X‐ray was
collimated to 50 × 50‐μm size and introduced to the sample. Intensities
of incident (I0) and transmitted (I) X‐rays, through the sample, were
measured using two ion chambers located upstream and downstream of
the press, respectively. The X‐ray absorption (I/I0) profile of the sample
was obtained by scanning the press perpendicular to the X‐ray
direction with a 10‐μm step. A typical example of an X‐ray absorption
profile of a liquid sample is shown in Figure 2b. The density (ρ) of the
sample was obtained by fitting the X‐ray absorption profile with the
Beer‐Lambert law,

I=I0 ¼ exp −μsρsts−μeρeteð Þ; (1)

where μ and t denote mass absorption coefficient and thickness of X‐
ray absorbers, respectively. Subscripts s and e represent sample and
surrounding materials, respectively. The μ of the sample, μs, can be
determined from the solid sample density measured using XRD and
its X‐ray absorption profile. Then, the sample density, ρs, and thick-
ness, ts, were deduced by fitting the profile using equation (1).
Details of this procedure were reported in previous study
(Shimoyama et al., 2016). The density error, listed in Tables 1 and 2,
was mainly derived from fitting error for the X‐ray absorption profile
using equation (1). For X‐ray CT measurement, the volume of the sam-

ple was obtained from in situ 3‐D image measured using X‐ray CT. Details of the X‐ray CT are given in
Appendix A.

3. Results

The experimental conditions and obtained results are given in Tables 1 and 2. The compressional wave velo-
cities (VP) of liquid Fe‐Ni‐S (Fe73Ni10S17 and Fe60Ni10S30) and liquid Fe‐Ni‐Si (Fe61Ni10Si29 and
Fe52Ni10Si38) are shown in Figures 3a and 3b. The VP of liquid Fe‐Ni‐S increases nonlinearly and that of
liquid Fe‐Ni‐Si increases more monotonously with pressure. The VP of liquid Fe73Ni10S17 is similar to that
of liquid Fe80S20 (Nishida et al., 2016; open diamonds in Figure 3a), suggesting that the effect of Ni on the
VP of liquid Fe‐S is small. The VP of liquid Fe‐Ni‐S is less sensitive to temperature (see Table 1), which is

Table 2
Experimental Conditions and Measured Sound Velocity and Density
of Liquid Fe‐Ni‐Si

Run
no.

P
(GPa)a

P
errorb

T
(K)

VP
(m/s)

VP
error

ρ
(g/cm3)

ρ
error

Fe61Ni10Si29
HPT26 0.3 0.04 2070 3,990 50
HPT24 0.4 0.02 1590 4,070 30

0.3 0.02 1680 3,960 30
B250 2.5 0.05 1680 6.37 0.03

2.5 0.05 1730 4,360 90
2.5 0.05 1780 4,360 80 6.23 0.03
2.5 0.00 1880 4,360 60
2.5 0.00 1970 4,290 80 6.17 0.04

B247 3.3 0.09 1950 6.24 0.04
3.3 0.35 2020 4,510 170
3.3 0.22 2060 4,400 170

B251 4.2 0.05 1790 6.32 0.06
4.4 0.10 1840 6.34 0.06
4.5 0.10 1880 4,600 40 6.32 0.06
4.4 0.20 1890 4,610 50
4.3 0.29 1910 6.29 0.06

Fe52Ni10Si38
HPT23 0.5 0.12 1770 4,140 90

0.4 0.04 1910 4,180 330
B282 2.1 0.13 1630 4,530 30

2.1 0.14 1690 4,500 30
2.1 0.14 1740 4,470 30

B260 2.9 0.10 1830 5.87 0.03
2.8 0.16 1860 4,450 60
2.7 0.22 1880
2.8 0.13 2090 4,430 60 5.60 0.03

B285 3.9 0.23 1970 4,540 20
S3143 9.7 0.60 1690 5,150 100

10.0 0.54 1560 5,330 110
9.9 0.57 1630 5,220 110
9.5 0.63 1780 5,160 140
9.3 0.67 1870 5,080 110
9.1 0.71 1960 5,100 140
8.9 0.75 2060 5,030 100

S3140 11.8 0.15 1900 5,350 140
11.9 0.15 1820 5,380 140
11.7 0.15 1980 5,300 140
11.5 0.15 2050 5,280 150

Note. Used pressure marker pairs were BN+MgO: B250, 247, 251, 282,
260, 285; NaCl+MgO: S3143, 3140; BN3: HPT26, 24, 23.
aP was estimated from EoS of BN and T was calibrated from separate run
as described in Terasaki et al. (2019). bPressure errors were derived
from errors in lattice volumes of pressure markers.
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consistent with previous results for liquid Fe‐S (Jing et al., 2014; Nishida et al., 2013). On the other hand, the
VP of liquid Fe‐Ni‐Si decreases slightly with increasing temperature with dVP/dT of−0.42 to−0.57 ms−1·K−1

(see Table 2). The dVP/dT found in this study is in agreement with that measured at ambient pressure (−0.36
to −0.52 ms−1·K−1; Williams et al., 2015).

The VP of a liquid is expressed using density (ρ) and adiabatic bulk modulus (KS) as follows:

Figure 3. The effect of pressure on VP. Dashed, dotted, and solid curves represent fittings using Murnaghan, third‐order
Brich‐Murnaghan, and Vinet EoS, respectively. The VP of liquid Fe are shown by black dashed (Jing et al., 2014). (a)
Liquid Fe‐Ni‐S. Blue circles and red squares denote the VP of Fe73Ni10S17 and Fe60Ni10S30, respectively. Open diamonds
indicate reportedVP of liquid Fe80S20 (Nishida et al., 2016). As the effect of T on VP is minor (see text), we plottedVP at all T
conditions. Data at ambient pressure are taken from Nasch et al. (1997). (b) Liquid Fe‐Ni‐Si. Blue and red symbols
denote the VP of Fe61Ni10Si29 and Fe52Ni10Si38, respectively. Different symbol shapes represent different temperatures as
shown in the legend. Data at ambient pressure are taken from Williams et al. (2015).

Table 3
Adiabatic Elastic Properties

Composition EoSa T0 (K)
KS0
(GPa) KS0 error K'S K'S error

ρ0
[g/cm3] ρ0 error

α0
(10−5/K) α0 error dKS/dT dKS/dT error γ0 (fix) δS0

b

Fe73Ni10S17 M 1650 58.8 1.6 8.7 0.3 5.91 0.02
3BM 1650 56.2 3.5 11.2 0.4 5.91 0.02
V 1650 55.2 3.2 10.5 0.7 5.91 0.02 10.1 1.8 −0.01 0.001 2.30 1.8

Fe60Ni10S30 M 1650 40.8 1.0 6.0 0.2 5.21 0.02
3BM 1650 38.1 1.8 7.4 0.2 5.21 0.02
V 1650 37.1 1.9 7.8 0.4 5.21 0.02 11.0 (fix) −0.004 0.002 2.30 1.0

Fe61Ni10Si29 M 1650 98.5 1.5 8.3 0.6 6.15 0.03
3BM 1650 97.9 2.3 8.8 0.5 6.15 0.03
V 1650 96.5 2.6 9.3 0.9 6.15 0.03 9.5 3.3 −0.015 0.010 1.73 1.6

Fe52Ni10Si38 M 1550 101.9 1.3 7.0 0.2 5.95 0.07
3BM 1550 102.1 1.1 7.8 0.1 5.95 0.07
V 1550 108.4 4.1 7.1 0.5 5.95 0.07 20.4 4.0 −0.049 0.014 1.73 2.2

Fe90Ni10 Mc 1900 103.0 2.0 5.7 0.8 6.97
3BMc 1900 103.1 1.7 6.0 0.1 6.97

Fe Md 1673 105.0 2.0 6.7 1.0 6.91
3BMe 1811 109.7 0.7 4.7 0.0 7.02

Note. δS is given from α, KS, and dKS/dT using δS = −(1/αKS)(dKS/dT)P.aAbbreviations: M: Murnaghan EoS, 3BM: third‐order Birch‐Murnaghan EoS, V: Vinet EoS. bNote that δS = −(1/αKS)(dKS/dT)P.
cKuwabara et al. (2016).

dJing et al. (2014). eAnderson & Ahrens (1994).
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VP P;Tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KS P;Tð Þ
ρ P;Tð Þ

s
(2)

where ρ and KS are expressed as function of pressure (P) and temperature (T) using equations of state (EoS).
For the effect of pressure on the VP, previous studies have assumed either a linear dependence of VP on P
(Nishida et al., 2013) or a Murnaghan EoS (Jing et al., 2014), where KS is a linear function of P. In this study,
we considered three types of EoS—Murnaghan EoS (M), third‐order Birch‐Murnaghan EoS (3BM), and
Vinet EoS (V)—to assess the pressure dependence of VP. The 3BM EoS is widely used for compression
behavior of solid materials and the V EoS is reported to provide amore accurate description of compressional
behavior for highly compressible materials, such as liquids (Cohen et al., 2000). The expressions for
three EoS are given in Appendix B. The elastic properties (K0 and K') have been obtained by fitting

Table 4
Isothermal Elastic Properties

Composition EoSa T0 (K) KT0 (GPa) KT0 error K'T K'T error
ρ0

(g/cm3) ρ0 error
α0

(10−5/K) α0 error dKT/dT
dKT/dT
error γ0 (fix) δT0

b

Fe73Ni10S17 3BM 1650 40.7 1.4 10.6 0.3 5.91 0.02 10.0 1.8 −0.014 0.004 2.30 3.4
V 1650 38.5 3.1 10.0 0.6 5.91 0.02 10.0 1.8 −0.014 0.004 2.30 3.6

Fe60Ni10S30 3BM 1650 27.7 1.0 7.8 0.2 5.24 0.02 11.0 (fix) −0.018 0.006 2.30 5.9
V 1650 28.0 2.0 7.4 0.4 5.24 0.02 11.0 (fix) −0.018 0.006 2.30 5.8

Fe61Ni10Si29 3BM 1650 76.8 1.2 8.3 0.4 6.15 0.03 9.6 3.4 −0.022 0.011 1.73 3.0
V 1650 75.9 6.1 8.6 1.0 6.15 0.03 9.6 3.4 −0.022 0.011 1.73 3.0

Fe52Ni10Si38 3BM 1550 69.0 0.1 7.5 0.1 5.94 0.07 19.7 3.5 −0.050 0.010 1.73 3.7
V 1550 70.0 4.0 7.1 0.4 5.94 0.07 19.7 3.5 −0.050 0.010 1.73 3.6

aAbbreviations: M: Murnaghan EoS, 3BM: third‐order Birch‐Murnaghan EoS, V: Vinet EoS. bNote that δT = −(1/αKT)(dKT/dT)P. Note that α0 and dKT/dT of
3BM were used from those of Vinet EoS.

Figure 4. The effect of pressure on ρ. Different symbol shapes represent different temperatures as shown in the legend.
Dashed curves indicate the calculated density from isothermal 3BM‐EoS at different temperatures. The ρ of liquid Fe is
shown by black dashed curve (Anderson & Ahrens, 1994). (a) Liquid Fe‐Ni‐S. Blue and red symbols denote the ρ of
Fe73Ni10S17 and Fe60Ni10S30, respectively. The ρ0 (density at ambient pressure) were taken from the data of Nagamori
(1969). Open triangles indicate the ρ of liquid Fe77.1S22.9 (14.6 wt%S) at 1860 K reported by Morard, Garbarino, et al.
(2013), Morard, Siebert, et al. (2013). Blue solid and dash‐dotted curves respectively represent the ρ of liquid Fe84S16 (10
wt%S) at 1700 K reported by Balog et al. (2003) and that by Sanloup et al. (2000). (b) Liquid Fe‐Ni‐Si. Blue and red
symbols denote the ρ of Fe61Ni10Si29 and Fe52Ni10Si38, respectively. The ρ0 were taken from data of Kawai et al. (1974).
Blue solid and dash‐dotted curves, respectively, represent the ρ of liquid Fe71Si29 (17 wt%Si) at 1800 K reported by Yu and
Secco (2008) and by Sanloup et al. (2004).

10.1029/2019JE005936Journal of Geophysical Research: Planets

TERASAKI ET AL. 2278



the VP and/or ρ data of Fe‐Ni‐S and Fe‐Ni‐Si liquids using the EoSs
(equations (B1)–(B7) in Appendix B) with equation (2). Isentropic
and isothermal elastic properties in Tables 3 and 4 are obtained inde-
pendently from isentropic and isothermal fittings, respectively. Details
of the isothermal and isentropic fittings are given in Appendix B.
The errors of elastic properties are derived from fitting error, in which
the errors of VP and density data are also taken into account. The
errors of all the obtained elastic properties are listed in Tables 3 and 4.

The measured VP and the fitted EoS are shown in Figure 3. The 3BM‐ and
V‐EoS reproduce the VP data well and show a similar trend within the
pressure range of the experiments (Figures 3a and 3b). On the contrary,
the M‐EoS does not reproduce the VP data adequately especially for liquid
Fe‐Ni‐S. The calculated VP using the M‐EoS deviates from the measured
VP data and from the calculated VP using the 3BM‐ or V‐EoS at pressures
greater than 10 GPa (Figure 3a). This can be attributed to the assumption
in the M‐EoS that KS is a simple linear function of P [see equation (B2)].

Thus, the 3BM‐ or V‐EoS fits are more appropriate to express the pressure dependence of VP especially for
compressible liquids such as Fe‐Ni‐S. These EoS can accurately link the VP data obtained at lower pressures
from ultrasonic method with that obtained at higher pressures from the IXS method. Although a discontin-
uous change in dVP/dP or in elastic properties at around 10 GPa was suggested by Kawaguchi et al. (2017)
who adopted the M‐EoS fit, there is no clear evidence of this discontinuous change in our data when we
use the 3BM‐ or V‐EoS fits. Thus, we do not consider such discontinuity in this study. The obtained KS0

and K′S of this study from the 3BM‐ and V‐EoS fits are almost comparable (Tables 3 and 4).

The densities of liquid Fe‐Ni‐S and Fe‐Ni‐Si are plotted as a function of pressure in Figures 4a and 4b
together with previously reported densities. The compression curve of liquid Fe73Ni10S17 in this
study agrees with the density reported at 1.8 and 3 GPa (Morard, Garbarino, et al., 2013; Morard,
Siebert, et al., 2013) and with the density at ambient pressure extrapolated from data by Nagamori
(1969). The density of liquid Fe61Ni10Si29 in this study is located between the compression curves of pre-
vious studies (Sanloup et al., 2004; Yu & Secco, 2008). Calculated compression curves using VP and KS0

− K′S data with equation (2) are drawn in Figure 4. They show an excellent agreement with the density
measured by X‐ray absorption method. This agreement demonstrates the self‐consistency of our experi-
ments in which VP and ρ were measured independently.

4. Discussion
4.1. The Effect of LEs on the Elastic Properties

The effect of LE on the elastic properties differs significantly depending on alloying LE. Addition of S reduces
the KS0 of liquid Fe (Anderson & Ahrens, 1994) or Fe‐Ni (Kuwabara et al., 2016) from KS0(Fe90Ni10) = 103
GPa at 1900 K to KS0(Fe60Ni10S30) = 39 GPa at 1650 K, suggesting that the liquid becomes more compressible
by adding S even taking into account the different temperature condition. The pressure derivative of the VP

(dVP/dP) for liquid Fe‐Ni‐S is larger than those of liquid Fe and Fe‐Ni. These elastic features indicate that the
VP of liquid Fe‐Ni‐S is lower than that of liquid Fe at lower pressures, while it increases rapidly with pressure
to be higher than that of liquid Fe at higher pressures (Figure 3a). On the other hand, addition of Si has little

Table 5
EoS Parameters of End Members

Parameter Fec FeSd FeSie

ρ0 (g/cm
3) 7.019 3.725 5.103

KT0 (GPa) 85.1 18.3 69.0
KT' 5.8 5.8 7.4
dK/dT (GPa/K) −0.035 — −0.042
δT

a
— 10.10 3.47

α0 [10
−5 K−1] —

b 12.88 17.54
γ0 1.4 1.4 1.6
T0 [K] 1811 1650 1723

aδT is Anderson‐Gruneisen parameter defined as α/α0 = (ρ0/ρ)
δT.

bρ0(T) (g/cm3) = [(1.3105 × 10−5) (T − T0) + 0.14247]−1.
cAnderson & Ahrens (1994). dNagamori (1969); Kaiura & Toguri
(1979); Nishida et al. (2016); Antonangeli et al. (2015). eKawai et al.
(1074); Dumay & Cramb (1995); Yu & Secco (2008); Williams et al.
(2015).

Table 6
Parameters for Equation (5)

Parameter

Fe‐S system Fe‐Si system

WV(Fe) WV(FeS) WV(Fe) WV(FeSi)

ai −7.469 ± 0.591 −0.011 ± 0.512 −1.679 ± 0.599 −0.405 ± 0.319
bi 1.172 ± 0.338 0.875 ± 0.287 0 0

Note. The parameters in this table depend on the EoS of Fe (Anderson & Ahrens, 1994; end member) and should only be used with this EoS.
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influence on the KS0 and K′S of liquid Fe and Fe‐Ni but reduces the density (Table 3). As a result, Si increases
the VP of liquid Fe‐Ni only moderately (Figure 3b). Differences in the elastic properties of liquid Fe‐Ni‐S and
Fe‐Ni‐Si can be well explained by a difference in the local structure of the liquid. S strongly modifies the local
structure of liquid Fe, and the poorly ordered structure of liquid Fe‐S (Sanloup et al., 2002) induces a large
effect on the bulkmodulus. In contrast, because Si does not affect the local ordering and the local structure of
liquid Fe‐Si is similar to that of liquid Fe (Sanloup et al., 2002), Si has only a minor effect on the bulk
modulus.

4.2. Mixing Models

In the next step, we need to understand accurate mixing behaviors of liquid Fe‐Ni‐S and Fe‐Ni‐Si under
pressure for modeling the planetary cores. In previous studies on planetary core modeling, ideal mixing
behavior has been assumed to obtain the core thermoelastic properties as a function of LE content.
However, the nonideality of the Fe‐S and the Fe‐Ni‐Si systems are suggested from phase relations and
density measured at ambient and moderate pressures (Buono & Walker, 2011; Kawai et al., 1974;

Figure 5. Comparison of mixing models. (a) Density of Fe‐Ni‐S liquid as a function of S concentration at 25 GPa and 1900
K. The blue, green, and black dashed curves represent ideal solution between Fe‐Fe73Ni10S17 (labeled as Fe‐S17), Fe‐
Fe60Ni10S30 (as Fe‐S30), and Fe‐FeS (labeled as Fe‐FeS), respectively. The solid red curve represents the nonideal Fe‐FeS
solution model of this study. (b) Density of Fe‐Ni‐Si as a function of Si concentration at 25 GPa and 1900 K. The dashed
blue and black curves represent ideal solution between Fe‐Fe52Ni10Si38 (labeled as Fe‐Si38), and Fe‐FeSi (labeled as
Fe‐FeSi), respectively. The solid red curve represents the nonideal Fe‐FeSi solution model of this study. (c) VP plot as a
function of pressure. Calculated VP of liquid Fe‐Ni‐S from ideal and nonideal mixing models at 1811 K are shown by
dashed blue (Fe‐S17) and green (Fe‐S30) curves and solid red curve, respectively. Black squares represent VP data of
Fe46.5Ni28.5S25 of Kawaguchi et al. (2017; the composition at 15.9 GPa was Fe63Ni12S25). Red open squares indicate the
calculated VP at the temperature of Kawaguchi et al. (2017). (d) The ρ plot as a function of pressure. Calculated ρ of liquid
Fe‐Ni‐S from ideal and nonideal mixing models at 2300 K are respectively shown by dashed blue or green curves and
solid red curve. Black diamonds represent ρ data of Fe76.4Ni4.4S19.2 of Morard, Siebert, et al. (2013). Red open triangles
indicate the calculated ρ at the temperature of Morard, Siebert, et al. (2013).
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Nagamori, 1969; Nishida et al., 2008; Williams et al., 2015), and ab initio calculations at the Earth's core
conditions (Alfè et al., 2003). Thus, we examine the effect of different mixing models (ideal and nonideal
mixing) on density and VP for Fe‐Ni‐S and Fe‐Ni‐Si liquids in order to assess which model can best sum-
marize the present data.

In a binarymixingmodel (endmember components 1 and 2), the molar volume of the solutionmixture (V) is
generally given as

V ¼ 1−x2ð ÞV1 þ x2V2 þ V ex (3)

where V1 and V2 denote molar volumes of end members 1 and 2 and x2 is a molar fraction of end member 2.
Vex is the excess molar volume (for ideal‐mixing case, Vex = 0). For the ideal mixing, we consider the follow-
ing end members: (1) Fe and Fe73Ni10S17 or Fe and Fe60Ni10S30 for the Fe‐Ni‐S and (2) Fe and Fe52Ni10Si38
for the Fe‐Ni‐Si. The expressions for the thermoelastic properties in an ideal mixing model are described
elsewhere (Rivoldini et al., 2011).

For the nonideal mixing model, an asymmetric Margules formulation (e.g., Buono & Walker, 2011) is
adopted. Solution end menbers are set to Fe and FeS for the Fe‐S system and Fe and FeSi for the Fe‐Si. We
assume that the effect of Ni on the mixing can be approximated to that of Fe. The V1 and V2 at high pressures
and high temperatures are calculated using Vinet EoS with the EoS parameters of the end members listed in
Table 5. For the excess molar volume Vex, we have used an asymmetric Margules formulation (Buono &
Walker, 2011) written as

V ex ¼ x2 1−x2ð Þ x2WV1 þ 1−x2ð ÞWV2ð Þ (4)

whereWV1 andWV2 are the volume interaction (or Margules) parameters for end members 1 and 2, respec-
tively. The interaction parameters have been obtained by fitting the VP and ρ data of this study (Fe73Ni10S17
and Fe60Ni10S30 data for the Fe‐Ni‐S and Fe61Ni10Si29 and Fe52Ni10Si38 data for the Fe‐Ni‐Si) to equations (3)
and (4). It is found that the measured VP and ρ data of this study can be represented correctly with interac-
tion parameters of the following form

WVi ¼ ai þ bi log 3=2þ Pð Þ (5)

where P is pressure in GPa and the ai and bi are constants. These constants for end members are given in
Table 6. The Grüneisen parameter (γ) of the solution can be calculated from the isobaric heat capacity of
the solution; CP = (1 − x2) CP1 + x2 CP2 (from equation 6 of Buono & Walker, 2011) and by using the ther-
modynamic identities γ ¼ αKSV

CP
and KS =(1 + αγ T)KT. Then, from the γ of the solution, KS and VP= (KS/ρ)

1/2

of the solution can be computed.

Calculated densities from ideal and nonideal mixing models are plotted in Figures 5a and 5b at the condition
of 25 GPa and 1900 K, an example condition which is near the Martian core‐mantle boundary (CMB). For
Fe‐Ni‐S liquid, the ρ of the nonideal mixingmodel decreases effectively with S than that of ideal mixingmod-
els at S < 17 at% (10.5 wt%) and it is bracketed by that of the two ideal mixing (Fe‐S17 and Fe‐S30) models at S
> 17 at% (Figure 5a). For Fe‐Ni‐Si liquid, density from nonideal mixing is almost consistent with that from
ideal mixing in Fe‐rich side (up to Si < 30 at%), but it tends to differ in Si‐rich side (Si > 30 at%; Figure 5b).
Therefore, nonideal mixing behavior is necessary to be considered both for Fe‐Ni‐S and Fe‐Ni‐Si systems in
order to estimate the elastic properties of Fe‐alloys with various S and Si contents. When we extrapolate the
VP and ρ to higher pressures relevant for large planetary cores using both the ideal and nonideal mixing
models, the nonideal mixing model well supports recently reported high‐pressure data of VP (Kawaguchi
et al., 2017; Figure 5c) and ρ (Morard, Siebert, et al., 2013; Figure 5d). This suggests that the nonideal mixing
model combined with Vinet EoS usingmeasured elastic data of this study can accurately link between elastic
data obtained at lower pressures and those obtained at higher pressures. This is important when we consider
the planetary core which pressure ranges from moderate to high pressures, such as Mercury's core (5–40
GPa) and Martian core (20–40 GPa).

5. Implication to Planetary Cores

Here, we model the planetary cores using the thermoelastic properties of liquid Fe‐Ni‐S and Fe‐Ni‐Si alloys
to constrain the composition of the cores of Mercury, the Moon, and Mars. To compute the thermo‐elastic

10.1029/2019JE005936Journal of Geophysical Research: Planets

TERASAKI ET AL. 2281



properties (such as density, bulk modulus, and thermal expansivity) of these alloys, we used the nonideal
mixing model for both the Fe‐Ni‐S and Fe‐Ni‐Si systems. All models fit the planet mass (M) exactly, and
the LE concentration is calculated from the radius and average density of the core. The range of
considered core radii is chosen such that it includes the measured mean moment of inertia (MOI). For all
models, we assume a silicate shell structure and a liquid core with an adiabatic temperature profile.
Details of the interior models of each body are given in Appendix C.

5.1. Mercury's Core

The calculated LE (S or Si) content in the Mercury core is shown as a function of a core radius (RC) in
Figure 6a. The range of core radii plotted in Figure 6a is in accord with measured MOI data (Mazarico et al.,
2014; Table C2 ). To constrain the LE content more precisely, we take a value range for the RC of 1,965–2,050
km, as estimated from gravity field and spin state data (Hauck et al., 2013; Rivoldini & Van Hoolst, 2013).
Our best estimates for the LE content in the core are S = 4.6 + 2.5/−2.0 wt% or Si = 10.5 +3.3/−3.7 wt%.
The present estimate of S content is comparable with previously reported S content (4.5 ± 1.8 wt%;
Rivoldini & Van Hoolst, 2013). Based on the estimated core compositions, the profiles of VP and ρ in the

Figure 6. Relations between core radius (RC) and S or Si content (X) in the core. The results of Fe‐Ni‐S and Fe‐Ni‐Si core
models are respectively shown in red and blue curves (solid thick curve: elastic data of this study with nonideal mixing
model, dotted curve: previous elastic data of Fe‐10wt% S (Balog et al., 2003) or that of Fe‐17wt% Si (Yu & Secco, 2008) with
ideal mixing model). Possible RC range from MOI and geodesy data are indicated by gray hutch. (a) Mercury's core.
Possible RC range indicated by gray hutch corresponds to 1,965–2,050 km (Mazarico et al., 2014). The green‐hatched area
indicates the 68% confidence interval for the reported liquid Fe‐S core model (Rivoldini & Van Hoolst, 2013). (b) Lunar
core. PossibleRC range is 320 ± 20 km (Weber et al., 2011). (c) Martian core. Possible RC range from theMOI and tidal Love
number corresponds to 1,729–1,859 km (Rivoldini et al., 2011).
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Mercury molten core are shown in Figures 7a and 7b. The differences in VP and density between Fe‐Ni‐
4.6wt% S and Fe‐Ni‐10.5wt% Si are found to be small (ΔVP ~ 150 m/s, Δρ ~ 0.01 g/cm3) over the entire
core range. Even if we take into account the error of LE content, the difference in VP and ρ between S‐
rich and Si‐rich cores are still small (ΔVP ~ 290 m/s, Δρ ~ 0.03 g/cm3).

5.2. Lunar Core

The relationship between estimated LE content and core radius (RC) is shown in Figure 6b. If the RC of 320 ±
20 km (Weber et al., 2011), deduced from Apollo seismic data, is adopted, the estimated LE concentration in
the core is S = 9.8 + 8.8/−7.9 wt% or Si = 18.3 + 7.7/−10.4 wt%. The seismic and density profiles of the lunar
core are shown in Figures 7c and 7d. The VP of an Fe‐Ni‐S core ranges from 4,070 to 4,130 m/s. The VP of an
Fe‐Ni‐Si core ranges from 4,610 to 4,660 m/s, which is clearly larger than in a S‐rich core. However, the VP

profile of the lunar core has a large uncertainty due to relatively large errors of estimated LE content which
derives from RC error. If the RC is strictly constrained by geophysical measurements, the VP profile and thus
LE chemistry in the lunar core could be determined. If the outer core VP of 4,100 ± 200 m/s reported by
Weber et al. (2011) is adopted, this is consistent with the VP of Fe‐Ni‐S core of this study (4,070–4,130
m/s) whereas the VP of Fe‐Ni‐Si core (4,610–4,660 m/s) is significantly larger.

5.3. Martian Core

The LE content associated with core radii of Mars are shown in Figure 6c. For RC = 1,794 ± 65 km,
which is estimated from the MOI and tidal Love number (Rivoldini et al., 2011), we find that the core
contains either 32.4 + 1.8/−2.4 wt% of S or 30.3 + 2.4/−2.8 wt% of Si. This estimation of S concentra-
tion is larger than the previous estimates ranging from 14 to 36 wt% (14.2 wt%: Bertka & Fei, 1998;

Figure 7. VP and density profiles of the planetary cores. Red and blue curves respectively represent profiles of Fe‐Ni‐S and
Fe‐Ni‐Si core. Dotted curves indicate errors of the VP profile derived from the error of estimated S or Si content. (a,b)
Mercury, (c,d) the Moon, and (e,f) Mars.
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16.2–17.4 wt%: Sanloup et al., 1999; 20–36 wt%: Zharkov & Gudkova, 2005; 22–25 wt%: Khan &
Connolly, 2008; 16 + 1/−2 wt%: Rivoldini et al., 2011). Difference in estimated S amount in the
Martian cores between this study and these previous studies results from significant difference between
the elastic properties (in particular, density) of Fe‐Ni‐S of this study and those used in previous studies.
The previous estimates of S content used the elastic properties of solid Fe and FeS (Bertka & Fei, 1998;
Khan & Connolly, 2008; Sanloup et al., 1999; Zharkov & Gudkova, 2005), or liquid Fe and Fe‐10wt%S
(Rivoldini et al., 2011). The newly obtained elastic properties of liquid Fe‐Ni‐S in this study give an
important update to the estimation of S content in Martian core. In addition, the present is also larger
from chemical composition deduced from Martian meteorite (XS =14.2 wt%, Dreibus & Wänke, 1985; XS

= 21.4 wt%, Taylor, 2013). If such large fractions of S in the core are discrepant from a geochemical
perspective, then S may not be the sole LE in the Martian core.

Note that the liquidus phase of the Martian core, at the compositions found in this study, is either (Fe,Ni)3‐
xS2 (Fei et al., 2000; Stewart et al., 2007; Urakawa et al., 2018) or (Fe,Ni)Si (Kuwayama & Hirose, 2004)
because the S or Si content in the core is richer than the eutectic composition (S = 16 wt% or Si = 25 wt%)
at the Martian CMB. These phases will crystallize first and comprise the solid core when the temperature
drops below the liquidus. This crystallization scheme will affect dynamo action in the Martian core.

The VP and ρ profiles of the Martian core are shown in Figures 7e and 7f. The VP of an Fe‐Ni‐S core (4,320–
5,180 m/s) is much smaller than that of an Fe‐Ni‐Si core (6,100–7,020 m/s), and the difference is large
enough to be detected (ΔVP ~ 1,780–1,840 m/s) even if we consider the error in VP profile. NASA's InSight
mission will soon explore the interior structure of Mars through seismic sounding (Banerdt et al., 2013).
The seismometers installed on the surface could observe core‐interacting body wave phases if the magnitude
of seismic events is large enough (Panning et al., 2016). Therefore, by comparing forthcoming seismic data
with the present VP and density profiles, the plausible Martian core composition could be constrained.

6. Conclusions

The effect of pressure, temperature, and composition on sound velocity and density of liquid Fe‐Ni‐S and Fe‐
Ni‐Si have beenmeasured up to 14 GPa. The pressure dependence of sound velocity is well fitted by using the
Birch‐Murnaghan or Vinet equation of state. Obtained bulk modulus reduces with increasing S content,
whereas it stays constant with variation of Si content. Based on measured elastic properties with the noni-
deal mixing model, we estimated the S or Si content in the cores of Mercury (4.6 wt% S or 10.5 wt% Si),
the Moon (9.8 wt% S or 18.3 wt% Si), and Mars (32.4 wt% S or 30.3 wt% Si). In the core compositions of
Mars and probablyMoon, difference in sound velocity between the Fe‐Ni‐S and Fe‐Ni‐Si core is large enough
to be detected.

In the case that a solid (inner) core exists and the outer core radius is assumed to be constant, LE content in
the liquid core is considered as follows. If the core contains less LE than the eutectic composition in total, the
LE content in the liquid core is more than that in total molten core because that LE generally partitions into
the liquid phase. Hence, the estimated LE content in total molten core corresponds to a lower limit of LE
content in the liquid core. In contrast, if the core contains LE more than eutectic composition, LE content
in the liquid core would be less than that in total molten core. Thus, the LE content in this study shows upper
limit. Mercury andMoon cores correspond to the former case. However, Mars requires muchmore LE in the
core, suggesting that Mars corresponds to the latter case.

The LE contents in planetary cores tend to increase with heliocentric distance, that is, distance from the Sun.
This trend highlights the important aspect that the outer terrestrial planet has formed in an environment
richer in S or Si, suggesting that chemical zoning or variation in redox state may exist in the early inner
solar system.

Appendix A: X‐ray CT Measurement
The X‐ray radiography image was obtained with a pixel size of 1.43–1.51 μm. The CT measurement was car-
ried out by rotating the press in 0.25–0.50° steps. The exposure time for each image was 150 ms. This setup
enables a fast CTmeasurement (within ~3 min), which is advantageous for molten samples at high tempera-
tures. The volumes of the samples were obtained from vertical stacking of the sample areas in the horizontal
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plane. The sample areas were measured, in horizontal cross section image (CT slice), by thresholding the
clear contrast between the sample and surrounding BN using image processing software (Image J). The den-
sity of the sample was calculated from the sample volume and its weight. The density error estimate is
mainly derived from uncertainty in selection of the image processing threshold. Details of density measure-
ment using X‐ray CT method are described elsewhere (Kuwabara et al., 2016). As shown in Figure 1a, high
temperatures were generated using a cylindrical graphite furnace. Experimental temperatures were esti-
mated from the electric power‐temperature relationship at each load condition, which was calibrated in
separate experiments with a thermocouple.

Appendix B: Equations of State and Parameter Fitting

B1. Murnaghan EoS

The effect of P on the VP of liquid Fe‐alloys has been expressed with the Murnaghan EoS (Jing et al., 2014). If
the bulk modulus, K, is approximated by a linear function of pressure, ρ and K are described as follows
(Murnaghan, 1937):

P ¼ K0

K0′

ρ
ρ0

� �K′0

−1

" #
(B1)

K ¼ K0 þ K 0
0P (B2)

where ρ0, K0, and K′0 indicate density, bulk modulus at ambient pressure, and its pressure derivative,
respectively.

B2. Birch‐Murnaghan EoS

Based on the 3BM EoS, which is widely used for compression behavior of solid materials, P and bulk mod-
ulus (K) are described as follows (Birch, 1952):

P ¼ 3
2
K0

ρ
ρ0
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K ¼ K0
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� �2=3

−1

( )2" #
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where K′0 is the derivative of the bulk modulus with respect to pressure, and the subscript 0 indicates values
at ambient pressure.

B3. Vinet EoS

The Vinet equation is written as (Vinet et al., 1989):

P ¼ 3K0
ρ
ρ0

� �2=3

1−
ρ
ρ0

� �−1=3
" #

exp
3
2

K′0−1ð Þ 1−
ρ
ρ0

� �−1=3
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; (B5)

K ¼ 3
2
K0

ρ
ρ0

� �2=3 4
3
þ K′0−

5
3

� �
ρ
ρ0

� �−1=3

þ 1−K′0ð Þ ρ
ρ0

� �−2=3
" #

exp
3
2

1−K′0ð Þ ρ
ρ0

� �−1=3

−1

" #( )
; (B6)

The thermal effect on ρ is expressed as

ρT ¼ ρT0exp −α T−T0ð Þ½ �; (B7)

where ρT is ρ at temperature T, and T0 is reference temperature. The temperature‐corrected bulk modulus is
calculated as
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K P0;Tð Þ ¼ K0
ρT
ρT0

� �δ

; (B8)

where δ represents the Anderson‐Grüneisen parameter, δ = −(1/αK)(dK/dT)P (Anderson, 1967).

For the isothermal settings, VP and/or ρ data at each P‐T condition are fitted using a combination of
equations of state ((B1), (B3), and (B5)) and finite strain equations ((B2), (B4), and (B6)) taking into
account the thermal effect on density (equation (B7)) using the Anderson‐Grüneisen relation (δT =

Table C1
Mercury Mantle Profile

R (km) P (GPa) T (K) ρ (kg/m3)

2,431 0.1 482 2,900
2,423 0.2 524 2,900
2,414 0.3 566 2,900
2,405 0.4 608 2,900
2,397 0.5 650 3,201
2,388 0.6 692 3,200
2,380 0.7 734 3,198
2,371 0.8 776 3,197
2,362 0.9 818 3,196
2,354 1.0 860 3,195
2,345 1.1 903 3,194
2,336 1.2 945 3,192
2,328 1.3 987 3,191
2,319 1.4 1029 3,190
2,310 1.5 1071 3,189
2,302 1.6 1113 3,187
2,293 1.7 1155 3,186
2,284 1.8 1197 3,185
2,276 1.9 1239 3,183
2,267 2.0 1281 3,182
2,259 2.1 1323 3,181
2,250 2.2 1365 3,179
2,241 2.3 1407 3,178
2,233 2.4 1449 3,176
2,224 2.6 1491 3,175
2,215 2.7 1533 3,174
2,207 2.8 1575 3,172
2,198 2.9 1617 3,171
2,189 3.0 1659 3,169
2,181 3.1 1701 3,168
2,172 3.2 1743 3,166
2,164 3.3 1786 3,165
2,155 3.4 1828 3,163
2,146 3.5 1870 3,162
2,138 3.6 1900 3,162
2,129 3.7 1900 3,165
2,120 3.8 1900 3,169
2,112 3.9 1900 3,172
2,103 4.0 1900 3,175
2,094 4.1 1900 3,179
2,086 4.3 1900 3,182
2,077 4.4 1900 3,186
2,068 4.5 1900 3,189
2,060 4.6 1900 3,192
2,051 4.7 1900 3,196
2,043 4.8 1900 3,199
2,034 4.9 1900 3,202
2,025 5.0 1900 3,206
2,017 5.1 1900 3,209
2,008 5.3 1900 3,212
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−(1/αKT)(dKT/dT)P). For the fit to VP, equation (2) and the relation KS = (1+αγT)KT was used. As a result
of the fitting, KT0 and K′T are obtained together with α0 and δT as listed in Table 4. Since temperature
conditions of the data are taken into account in the fitting procedure, no prior temperature correction
is applied to the data.

For the isentropic setting, no temperature correction is applied to the data prior to the fitting. To describe VP

and ρ at (P, T) using the elastic parameters, we consider following a P‐T path starting from reference condi-
tions (P0, T0). In the P‐T path for isentropic setting, we start with an isobaric heating at P0 from T0 to T1 (a
foot of isentrope), followed by an isentropic compression from (P0, T1) to (P, T) with an isentropic EoS for the
compression along isentrope. Details of the isentropic setting are described in Verhoeven et al. (2005). All the
elastic parameters (KS0, K′S, ρ0, α0, δS, and γ) that follow the P‐T path described above are estimated simul-
taneously by fitting the equations describing the isentropic setting to the VP and ρ data (see Appendix A of
Verhoeven et al. (2005) for details). In this study, the elastic parameters (KS0, K′S, ρ0, α0, and δS) are obtained
from the isentropic fitting as listed in Table 3 assuming fixed γ.

Isothermal and isentropic elastic properties were obtained independently from each fit. To check the consis-
tency between isothermal and isentropic elastic properties, we calculated isentropic KS0 and K′S from
obtained KT0 and K′T based on the conversion relation of KS0 = (1+α0γT)KT0 using α0, γ, and T listed in
Table 4. The KS0 and K′S obtained from isentropic fit are quite consistent with those calculated from the con-
version of isothermal properties, suggesting that elastic properties obtained from isentropic fit and from iso-
thermal fit in this study are consistent each other.

Table C2
Models of Mercury Core

RC (km) S content (wt%) MOI

Fe‐Ni‐S Core Model
1,960 2.5 0.337094
1,970 2.9 0.338128
1,980 3.3 0.339163
1,990 3.8 0.340200
2,000 4.2 0.341238
2,010 4.7 0.342275
2,020 5.3 0.343312
2,030 5.8 0.344347
2,040 6.4 0.345379
2,050 7.1 0.346406
2,060 7.8 0.347426
2,070 8.5 0.348437
2,080 9.3 0.349437
2,090 10.2 0.350424
2,100 11.1 0.351394
Fe‐Ni‐Si Core Model
1,960 6.4 0.337068
1,970 7.3 0.338107
1,980 8.2 0.339151
1,990 9.0 0.340200
2,000 9.9 0.341255
2,010 10.7 0.342316
2,020 11.5 0.343383
2,030 12.3 0.344455
2,040 13.1 0.345533
2,050 13.9 0.346616
2,060 14.6 0.347706
2,070 15.3 0.348801
2,080 16.0 0.349902
2,090 16.7 0.351009
2,100 17.3 0.352122

Note. MOI = moment of inertia.
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Appendix C: Interior Models of Planets

C1. Mercury

Mercury has been considered to have a relatively large core compared with other terrestrial planets.
Although sulfur has usually been assumed to be the core LE, a significant amount of silicon could be present
in Mercury's core because of the highly reducing formation conditions of Mercury (Nittler et al., 2011). The
modeling related to the interior structure ofMercury follows that of previous studies (Dumberry & Rivoldini,

Table C3
Models of Lunar Core

RC (km) S content (wt%) MOI

Fe‐Ni‐S Core Model
310 5.8 0.3931131
315 7.7 0.3931153
320 9.8 0.3931176
325 12.2 0.3931200
330 14.5 0.3931223
335 16.7 0.3931248
340 18.7 0.3931272
345 20.4 0.3931297
350 21.9 0.3931322
355 23.2 0.3931347
360 24.5 0.3931373
365 25.5 0.3931400
370 26.5 0.3931426
375 27.4 0.3931453
380 28.3 0.3931480
Fe‐Ni‐Si Core Model
310 13.3 0.3931131
315 15.9 0.3931154
320 18.3 0.3931177
325 20.5 0.3931200
330 22.5 0.3931224
335 24.4 0.3931248
340 26.0 0.3931273
345 27.6 0.3931298
350 29.1 0.3931323
355 30.4 0.3931349
360 31.7 0.3931375
365 32.9 0.3931401
370 34.0 0.3931428
375 35.1 0.3931455
380 36.1 0.3931483

Note. MOI = moment of inertia.

Table C4
Major Element Composition Models of Martian Mantle

Element DW(85)a MM(03)b

CaO 2.4 1.9
FeO 17.9 16.9
MgO 30.2 29.1
Al2O3 3.0 2.5
SiO2 44.4 47.1
Na2O 0.5 1.2

Note. Numbers correspond to wt%.
aDreibus and Wanke (1985). bMohapatra and Murty (2003).
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2015; Rivoldini & Van Hoolst, 2013). We assumed a thickness of 35 km (Padovan et al., 2015) and an average
density of 2,900 kg/cm3 for the crust, and a mixture of olivine (60 wt%) and ortho‐pyroxene (40 wt%) for the
mantle. The temperature in the mantle is conductive and anchored at the CMB (1900 K) and at the surface
(440 K). The density profile of Mercury crust and mantle is listed in Table C1. The calculated results for the
Mercury core model are listed in Table C2.

Table C5
Mars Mantle Profile

R (km) P (GPa) T (K) ρ (kg/m3)

3,358 0.3 446 2,700
3,326 0.6 620 2,700
3,294 1.0 788 3,486
3,262 1.4 930 3,482
3,230 1.8 1062 3,479
3,198 2.2 1184 3,476
3,166 2.6 1298 3,475
3,134 3.0 1401 3,475
3,102 3.4 1496 3,476
3,070 3.8 1581 3,478
3,038 4.2 1656 3,482
3,007 4.6 1722 3,486
2,975 5.0 1779 3,492
2,943 5.4 1818 3,499
2,911 5.8 1827 3,511
2,879 6.2 1835 3,522
2,847 6.6 1844 3,532
2,815 7.0 1853 3,543
2,783 7.4 1862 3,554
2,751 7.7 1871 3,564
2,719 8.1 1879 3,574
2,687 8.5 1888 3,585
2,656 8.9 1897 3,595
2,624 9.3 1906 3,605
2,592 9.7 1914 3,615
2,560 10.1 1923 3,626
2,528 10.4 1932 3,636
2,496 10.8 1941 3,647
2,464 11.2 1950 3,659
2,432 11.6 1958 3,672
2,400 12.0 1967 3,689
2,368 12.3 1976 3,702
2,336 12.7 1985 3,719
2,305 13.1 1994 3,743
2,273 13.5 2002 3,828
2,241 13.9 2011 3,866
2,209 14.3 2020 3,878
2,177 14.7 2029 3,889
2,145 15.1 2038 3,900
2,113 15.5 2046 3,911
2,081 15.8 2055 3,923
2,049 16.2 2064 3,938
2,017 16.6 2073 3,956
1,985 17.0 2081 3,976
1,954 17.4 2090 3,992
1,922 17.8 2099 4,004
1,890 18.2 2108 4,019
1,858 18.6 2117 4,038
1,826 19.0 2125 4,046
1,794 19.4 2134 4,053
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C2. Moon

Interior structural models of the Moon have been updated recently from high‐resolution lunar gravity data
(Williams et al., 2014), Apollo seismic data (Garcia et al., 2011; Weber et al., 2011), and a combination
thereof (Matsumoto et al., 2015). Taken together, these studies proposed that the Moon's core radius ranges
from 200 to 420 km, and with LE, assuming sulfur, below 25 wt%. Here, we model the interior structure of
the Moon using the silicate shell structures inferred by Weber et al. (2011), which has been deduced from
Apollo seismological data. To have fully liquid cores in our models, the temperature at the CMB was set
to 1800 K. The calculated results of the lunar core model are listed in Table C3.

Table C6
Models of Martian Core

RC (km) S content (wt%) MOI

Fe‐Ni‐S Core Model
1,700 28.6 0.363143
1,710 29.1 0.363225
1,720 29.6 0.363308
1,730 30.0 0.363392
1,740 30.5 0.363476
1,750 30.9 0.363560
1,760 31.2 0.363645
1,770 31.6 0.363730
1,780 31.9 0.363816
1,790 32.3 0.363902
1,800 32.6 0.363988
1,810 32.9 0.364075
1,820 33.2 0.364162
1,830 33.5 0.364250
1,840 33.7 0.364338
1,850 34.0 0.364426
1,860 34.3 0.364515
1,870 34.5 0.364604
1,880 34.7 0.364693
1,890 35.0 0.364784
1,900 35.2 0.364874
Fe‐Ni‐Si Core Model
1,700 26.1 0.363260
1,710 26.6 0.363349
1,720 27.1 0.363439
1,730 27.6 0.363530
1,740 28.0 0.363621
1,750 28.5 0.363713
1,760 28.9 0.363805
1,770 29.3 0.363898
1,780 29.7 0.363991
1,790 30.2 0.364085
1,800 30.6 0.364180
1,810 30.9 0.364274
1,820 31.3 0.364370
1,830 31.7 0.364466
1,840 32.1 0.364563
1,850 32.4 0.364660
1,860 32.8 0.364758
1,870 33.1 0.364856
1,880 33.4 0.364955
1,890 33.8 0.365055
1,900 34.1 0.365156

Note. MOI = moment of inertia.

10.1029/2019JE005936Journal of Geophysical Research: Planets

TERASAKI ET AL. 2290



C3. Mars

Because seismic measurements for Mars are not yet available, constraints on interior structure models of
Mars are usually obtained from geodesy data and assumptions of the planet's thermal state and composition
(Sohl & Spohn, 1997; Zharkov & Gudkova, 2000; Urakawa et al., 2004; Khan & Connolly, 2008; Rivoldini
et al., 2011). Bulk composition models of Mars deduced from Martian meteorites show that sulfur is likely
the most abundant LE in its core (Dreibus & Wänke, 1985). Other LEs that could be present, together with
sulfur, in smaller amounts are hydrogen (Zharkov &Gudkova, 2000) and silicon (Mohapatra &Murty, 2003).

Here, we consider two model settings for the Martian core and mantle composition: (i) an Fe‐Ni‐S core with
the mantle composition suggested by Dreibus and Wänke (1985) and (ii) an Fe‐Ni‐Si core with the mantle
composition suggested byMohapatra andMurty (2003). The mantle compositions according to these models
are listed in Table C4. Mantle mineralogies for the two compositions have been computed with the Perple_X
program (Connolly, 2009) using thermodynamic data derived by Stixrude and Lithgow‐Bertelloni (2011).
The crust thickness and average density were fixed to 55 km and 2,700 kg/cm3 (Wieczorek & Zuber,
2004). We have adopted a temperature profile of the mantle deduced from a recent study about the thermal
evolution of Mars (Case 21 in Plesa et al., 2016) and set the temperature at the CMB to 2105–2160 K, depend-
ing on the RC. For these models, we provide a range of core radii and compositions that agree with the most
recent mass andMOI estimates ofMars (Konopliv et al., 2016). The density profile of Martian crust andman-
tle is listed in Table C5. The calculated results of the Martian core models are listed in Table C6.
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