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Key Points:

e  The sound velocity of liquid Fes7Ni2gS,s was measured up to 52 GPa.

e  Extrapolation of measurements and comparison with seismic models suggest the presence of
5.8-7.5 wt.% sulfur in the Earth's outer core.
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Abstract

The sound velocity of liquid Fes7Ni»gS2s and FegzNii2S;z5 was measured up to 52 GPa/2480 K
in.externally-resistance-heated and laser-heated diamond-anvil cells (DACs) using
high-resolution inelastic X-ray scattering. From these experimental data, we obtained the
elastic parameters of liquid Fes7NiggS2s, Ksp= 96.1 = 2.7 GPa and Ksp’ = 4.00 + 0.13, where
Kso and Kgp’ are the adiabatic bulk modulus and its pressure derivative at 1 bar, when the
density is fixed at po = 5.62 + 0.09 g/cm® for 1 bar and 2000 K. With these parameters, the
sound velocity and density of liquid Fes7Ni2gS2s were calculated to be 8.41 + 0.17 km/s and
8.93 + 0.19 to 9.10 + 0.18 glcm?, respectively, at the core mantle boundary (CMB)
conditions of 135 GPa and 3600—4300 K. These values are 9.4 % higher and 17-18 % lower
than those of pure Fe respectively. Extrapolation of measurements and comparison with
seismological models suggest the presence of 5.8-7.5 wt.% sulfur in the Earth's outer core if

it is the only light element.

1. Introduction

The Earth's liquid outer core is composed mainly of iron, but includes a substantial amount of
light elements. The density deficit of the outer core relative to pure iron is estimated to be 5-
—10%, depending on temperature [e.g., Anderson and Isaak, 2002]. Shock compression
experiments performed by Brown and McQueen [1986] found that the sound velocity of pure
liquid iron is about 3% slower than that of the material in the outer core. Such deviations of
the density and sound velocity of liquid iron from seismologically observed values are

reconciled' with the presence of light elements in the core. Sulfur has been considered a
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possible light element because it is commonly found in meteorites [e.g., Wasson, 1974]. In
addition, sulfur is depleted in the silicate Earth compared to other elements with similar
volatility [Palme and O’Neil, 2013], implying that missing sulfur might reside in the core

[Rama Murthy and Hall, 1970; Dreibus and Palme, 1996].

The sound velocity of liquid Fe-S alloy is important to examine the presence of sulfur in the
core. Previous shock compression experiments on liquid Fe-S-O alloys to 230 GPa by
Huang et al. [2011] indicated that a S-rich but O-poor liquid Fe alloy is consistent with both
the velocity and density of the outer core. Ultrasonic wave measurements in a large-volume
press-also reported the sound velocity of liquid Fe-S alloys, although the pressure range
examined was limited to below 8 GPa [Jing et al., 2014; Nishida et al., 2016]. Calculations
[Badro et al., 2014; Umemoto et al., 2014] suggest that liquid Fe-S is not consistent with both

the density and velocity of the Earth's outer core.

Recently, sound velocity measurements via inelastic X-ray scattering (IXS) have been
extended to liquid Fe alloy at high pressures and high temperatures, approaching conditions
in the outer core [Nakajima et al., 2015]. Here, we use this technique to measure the
velocity of liquid Fe47NizgS,s alloys in a DAC up to 52 GPa and T <2480 K. The amount of
sulfur in the Earth's outer core is discussed based on these new data on the velocity and

density of liquid alloys.
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2. Experimental Methods

The sound velocity, equivalent to compressional wave (P-wave) velocity, of liquid
FesssNizgsS,s (hereafter labeled as Fes7NigSzs) and FegsNipSys was determined via
high-resolution 1XS measurements at beamline BL35XU of the SPring-8 synchrotron facility
[Baron et al., 2000]. High-pressure and -temperature (P-T) conditions were generated by
using an externally-resistance-heated DAC (EHDAC) or a laser-heated DAC (LHDAC)
(Table 1) using methods similar to described in Komabayashi et al. [2015] and Nakajima et al.
[2015], respectively. Samples were compressed with flat diamond anvils with a 300 or 450
um culet size to a pressure of interest before heating. The chemical compositions of starting
specimens were Fe47Ni2gS;s and FegsNiiSos in atomic ratio. We used Ni-rich samples relative
to the proposed composition for the Earth's core [McDonough and Sun, 1995] in order to
lower melting temperatures, which facilitates melting, in particular in an EHDAC. They were
pre-synthesized as single-phase solid Fes7NixgSys and FegsNipSys using a multi-anvil
apparatus at 25 GPa and used for runs #1 and #4—7. A powder mixture of Fe, Ni, and FeS
with FeszNi»gS,s composition was employed in runs #2 and #3. The compositions of these
starting samples were confirmed by a field-emission-type electron-probe micro-analyzer
(FE-EPMA). The samples were about 20 pm and 40-50 pm thick for laser- and
resistance-heated DACs, respectively, and 80—130 um in diameter. They were loaded into a
100-150-um hole in a pre-indented rhenium gasket. For run #5-7 single-crystal sapphire
disks were placed inside the DAC to thermally and chemically isolate the sample from the
diamond anvils. FE-EPMA analysis of a recovered sample did not detect carbon in quenched
molten metal. In run #4, an Al,Os3 inner gasket was adopted. Pressure at room temperature
was determined by the Raman shift of the diamond anvils [Akahama and Kawamura, 2004].
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We consider thermal pressure to be +5% per 1000 K [Nomura et al., 2014]. The uncertainty in
pressure was estimated to be not more than 10%. In separate experiments with a sample
configuration similar to the present one, thermal pressures were measured at 15 and 40 GPa,
based on in-situ XRD observations of fcc Fe [Tsujino et al., 2013]. Our results are consistent

with the thermal pressure correction employed in that study.

In the EHDAC experiments (run #1-4), the samples were heated by a resistive heating
furnace made of a platinum wire shaped into a coil [Komabayashi et al., 2015]. In run #5-7,
we used a double-sided laser-heating system [Nakajima et al., 2015]. The heating spot on the
sample was 40 to 60 um, which was more than double the size of a probed X-ray beam. To
reduce the background in the XS spectra from air scattering in these measurements at low
momentum transfers, the DACSs in both resistance- and laser-heated experiments were placed
intovacuum chambers. The temperature was measured by an R-type thermocouple for
EHDAC and by a spectroradiometric method for LHDAC. Temperature fluctuation during
resistance- and laser-heating was less than 50 K and 10%, respectively. Melting of a sample
was judged from the disappearance of X-ray diffraction (XRD) peaks from solid alloy

collected with an X-ray flat panel detector [Fukui et al., 2013].

IXS measurements were carried out in a Si(999) backscattering geometry using 17.79 keV
X-rays with an over-all with energy resolution of about 2.8 meV. For EHDAC (run# 1-4), the
incident X-ray beam was < 90 um x 80 um (full width at half maximum, FWHM). For
LHDAC (run #5-7), the beam was focused to ~17 um x 17 um area by a Kirkpatrick-Baez
focusing-mirror optics [Ishikawa et al., 2013]. At each P-T condition, IXS spectra were
collected at different momentum transfers (Q) using an array of twelve independent spherical
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analyzer crystals. The Q range was 3.2-6.6 nm™ with resolution of ~0.4 nm™ full width. A
typical uncertainty in the Q determination was < +0.02 nm™ in the present set-up. Spectra
were measured over an energy range less than or up to -30 to 40 meV with exposure time of 1

-4'hours. = The uncertainty in the energy calibration was ~0.5% [Fukui et al., 2008].

3. Results

We investigated seven liquid (Fe,Ni)-S samples in a pressure range from 10 to 52 GPa (Table
1). These experimental P-T conditions are compared to the eutectic melting curves of the
Fe-S-and Fe—Ni-S systems in Figure 1 [e.g., Fei et al., 1997, 2000; Morard et al., 2008; Mori
et al., 2017]. We determined the melting point of a sample by the disappearance of the solid
sample peaks in XRD patterns. Figure 2 shows typical XRD patterns during and after heating
at 32 GPa in the LHDAC. In heating from room temperature to below 1800 K, we observed a
change in two-dimensional XRD image from Debye-Scherrer rings to spotty Bragg-peaks,
indicating the grain growth of the solid (Fe,Ni)3S phase. Upon further heating, the diffraction
peaks from solid (Fe,Ni)3S disappeared, indicating a molten state of the sample. At pressures
below 20 GPa, the Fes7NixgSys and FegsNipSys sample decomposed into a mixture of fcc
Fe-Ni and (Fe,Ni)S around 900 K before melting. We confirmed a fully molten state of the
sample before and after collecting IXS data. The sample Bragg peaks reappeared when the
temperature was lowered. The present experimental conditions were well above the Fe-S and
Fe—Ni-S eutectic melting temperatures (Figure 1). The compositions of liquids in the
LHDAC experiments could have been different from the starting composition but close to a

eutectic composition at each pressure. If this is the case, the sulfur content of the liquid may
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have changed from 30 to 20 at.% with increasing pressure in the present study from 10 to 52
GPa rather than being the nominal 25 at.% [Fei et al., 1997, 2000; Stewart et al., 2007;

Morard et al., 2008; Mori et al., 2017].

Typical IXS spectra of liquid samples obtained at 51.6 GPa/2480 K during laser heating and
at 20.3 GPa/1450 K with resistance heating are shown in Figure 3. The peak at zero energy
transfer is from quasi-elastic contributions. The acoustic (LA) phonon modes appear as
matching Stokes/anti-Stokes peak pairs at positive/negative energy transfers. The LA peaks
of the sample are the lowest energy clear peak; spectra at small Q show an additional peak at
high-energy from the diamond TA modes. The phonon peaks were fit with a damped
harmonic oscillator (DHO) model function [Fak and Doner, 1997], convolved with the

measured resolution function.

The phonon dispersion for all the runs is shown in Figure 4. The compressional (P-wave)
velocity (Vp), corresponds to a longitudinal acoustic velocity in the long wavelength (small
Q); limit. This was determined by making a linear fit to the data for Q < 3.5 nm™. This linear
fit use the error bars in the peak energies as determined from the fits to the spectra. The low
Q data, only, was used to avoid possible effects of "positive dispersion” [see Scopigno, 2005,

Hosokawa et al., 2008a, 2008b].

These results demonstrate that Vp of liquid Fe4;NiggS,s increased from 4.71 + 0.43 km/s at 9.5
GPa 10 6.40 + 0.61 km/s at 52 GPa (Table 1). The Vp of liquid Fe47Ni2sS,s5 and FegzNig2Sys is
plotted as a function of pressure in Figure 5. It is slower by 11 % than that of solid FesS at

2000 K at a given pressure, which is calculated, on the basis of Birch’s law [Birch, 1961],
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from the sound velocity of solid FesS at room temperature [Kamada et al., 2014] combined

with the temperature effect on its density [Seagle et al., 2006].

4. Sound Velocity and density of Liquid Fe-Ni-S at High P-T

4.1. Temperature Effect on Sound Velocity

All data are plotted on a single P-Vp curve (Figure 5), showing small temperature dependence.
This is consistent with a large body of work, suggesting the effect of temperature on Vp of
liquid iron alloy is small for T < 2480 K. Previous high-pressure ultrasonic measurements of
liquid Fe-S alloys reported a negligible temperature effect on their sound velocities over
1500 K [Jing et al., 2014; Nishida et al., 2016]. A temperature effect on the Ve of liquid Fe-C
was not found in the recent laser-heated DAC study performed by Nakajima et al. [2015].
Theoretical calculations at core pressures have also suggested that the sound velocities of
liquid Fe and Fe-S alloys are not sensitive to temperature [Vocadlo et al., 2003; Ichikawa et

al.; 2014; Umemoto et al., 2014].

In contrast, large positive temperature dependence was observed in FegsS16 at 1 bar [Nasch et
al.,.1997]. Depending on the sulfur content, solid Fe-S alloys are known to be semi-metal
[Kusaba et al., 1997], suggesting that sulfur-rich liquid Fe might be semi-metallic rather than
metallic at 1 bar. Indeed, positive or anomalous temperature dependence has been observed in
liquid semi-metals such as silicon and germanium at ambient pressure [Hayashi et al., 2007].
The-positive temperature effect found by Nasch et al. [1997] is possibly a result of the

semi-metallic nature at ambient pressure. Such semi-metallic feature disappears upon
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transition to a compact structure in liquid FeS above 1 GPa [Nishida et al., 2011] and in liquid

Fe containing ~30 at.% S at 13-17 GPa [Morard et al., 2007].
4.2. Pressure Dependence of Sound Velocity

The present results, all above 10 GPa, show a different pressure slope than ultrasonic
measurements carried out below 8 GPa [Jing et al., 2014; Nishida et al., 2016] (see Figure 5).
The pressure dependence we observe here is more gentle, similar to what has been observed
previously for liquid iron and alloys [Anderson and Ahrens, 1994]. Given this, and the rather
large difference between the results of Jing et al. (Fegz8S162) and Nishida et al. (FegySzo), and
several previous reports pointing to structural [Nishida et al., 2011; Morard et al., 2007] and
electronic [Kusaba et al., 1997] phase transitions in the Fe-S system, we expect the

differences in slope are due to phase changes of the melt in the low-pressure region.

The present experimental data was measured in conditions closer to those of the Earth's core
than previous work, and provides improved constraints on the pressure dependence of the
sound velocity there. We employed the adiabatic Murnaghan equation of state (EoS) [e.g.,

Jing et al., 2014]:
K 1/1(’
p(P) = po [1 + P (K—zz)] 5, 1)

where p, Ks, and Ks’are the density, adiabatic bulk modulus, and its pressure derivative,
respectively. Zero subscripts denote values at 1 bar and T, (temperature at 1 bar isentropic to T

at high P). The P-wave velocity is written as:
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Vp — ,KS+;1-G/3 ’ (2)

where G is shear modulus. For the liquid, the shear modulus can be neglected, and so the

Murnaghan EoS (Eq. 1) becomes:

/ 1-1 2
o= [ (o) o

po Of liquid Fes7NiggS,s was estimated to be 5.62 + 0.09 g/cm3 at 1 bar and 2000 K based on
the EoSs for Fe [Anderson and Ahrens, 1994] and FeS [Nishida et al., 2011] assuming an
ideal mixing. The uncertainty was derived from the uncertainties in the EoS parameters for
liquid Fe and Fe-S. The effect of Ni was taken into account by following Brillo and Egry
[2004]. The EoS parameters for liquid FeS were from data at pressures above 0.5 GPa, where
a structural transition occurs in liquid [Nishida et al., 2011]. As we discussed above, we
consider that Vp is not directly sensitive to temperature but p is temperature dependent. With
a fixed 1 bar density, the fitting of Eq. 3 to the present P-Vp data yields Ksp = 96.1 + 2.7 GPa

and Kso’ =4.00 = 0.13 for liquid Fes7NizgSys at 2000 K (Table 2).
4.3. Effect of Nickel

We find the effect of nickel on the sound velocity of liquid Fe-S alloys to be very small. The
sample used in run #1 included 63 at.% Fe and 12 at.% Ni, whereas others contained 48 at.%
Fe and 27 at.% Ni. The velocity obtained for the former is consistent with the P-Vp relation
for the latter (Figure 5). This is consistent with sound velocity measurements of liquid Fe—Ni

alloys at 1 bar [Nasch and Manghnani, 1998], which showed that elastic properties are very
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similar for liquid Fe—Ni alloys with nickel contents ranging from 0 to 34 at.%. A similarly
small effect of Ni on elastic parameters was also reported for solid Fe—Ni alloys [Mao et al.,

1990].

The small impact of Ni substitution is confirmed by considering Eg. (3) Changing po from
that of Fes7NixsSysto that of FegsNioSys (as given by Brillo and Agry, 2004) leads to the
difference in sound velocity by only ~1.2%. Similar considerations suggest the velocities of
liquid Fe47NizgSs and FegsNipoSys are lower than that of Ni-free FessS,s5 by 0.8-1.8 %. These

fall within the error bars of the present measurements.
4.4. Liquid Density Profiles

The P-p relation is given by Eq. (1) along an adiabatic temperature profile (solid pink curve
in Figure 6). The adiabatic temperature gradient is written as (oInT / dlnp) =y, where y is the
Gruneisen parameter. We assume y is simply related to density as y = yo X (po/p). We use yo =
1.74 from the Griineisen parameter of pure liquid iron at 1 bar and 1811 K [Anderson and
Ahrens; 1994]. Then, the adiabatic temperature profile can be described as:

T =Tyexp [yo (1 — %)]. 4)

Note that po is the 1 bar density, not at 300 K, but at To. For the present sample Fe47NizgSzs, po
at each temperature can be calculated from literature data [Anderson and Ahrens, 1994; Brillo
and Egry, 2004; Nishida et al., 2011]. Assuming that velocity profile is independent of

temperature, the high-pressure isothermal density profile of liquid Fes7Ni»gS,s is obtained and
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illustrated in Figure 6.

Previous experiments performed by Sanloup et al. [2000] and Morard et al. [2013] reported
the isothermal density profiles of liquid FegzgSis2 at 1770 K and FezNisSi9 at 2600 K,
respectively. Here we calculated the densities of those two liquids using data from the present
study for liquid Fes7Ni2gS,s and of pure Fe [Anderson and Ahrens, 1994], assuming a linear
relation between these two (Figure 6). The effect of Ni was included by changing po based on
Brillo and Agry [2004]. Our estimate for liquid Fe;sNisSio agrees very well with the
measurements above 28 GPa by Morard et al. [2013] using an X-ray diffuse scattering signal
from-liquid. On the other hand, our estimate is not consistent with low-pressure
measurements (< 6.2 GPa) by Sanloup et al. [2000]. This may be the result of the structural

transition as discussed above.

5. Implications for the Core Composition of Earth and, eventually, Mars

According to seismological observations (Preliminary Reference Earth Model, PREM)
[Dziewonski-and Anderson, 1981] and shock compression experiments [e.g., Anderson and
Ahrens, 1994], Vp in the outer core is higher than that of pure iron. In order to examine the
presence-of sulfur in the Earth's liquid core, we extrapolate the present sound velocity and
density data for liquid Fes7NipgS2s to core pressures, using elastic parameters obtained above
(Table 2). The uncertainties in extrapolated velocity and density were estimated by
propagating the uncertainties in elastic parameters listed in Table 2. We also added a possible
systematic, uncertainty due to the use of the Murnaghan EoS rather than a higher ordered EoS

such as the Birch-Murnaghan EoS [Nakajima et al, 2015]. Those uncertainties in velocity and
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density are illustrated in Figures 7 and 8. The calculated density based on the Murnaghan EoS
IS In reasonable agreement with the density measured to 100 GPa by Morard et al. [2013],

which supports the validity of the present extrapolation to at least 100 GPa.

The extrapolated sound velocity for liquid Fes7NiygSys is approximately consistent with
theoretical calculations on Fe;sSys reported by Badro et al. [2014] and Umemoto et al. [2014]
(Figure 7). Figure 8 shows our calculated density along adiabatic temperature profiles with Ty
= 1876 K and 2212 K, which corresponds to the temperatures at CMB, Tcvs = 3600 K and
4300 K, respectively (Figure S1). The sound velocity and density of liquid Fe47NigS,s are
found to be 8.41 + 0.17 km/s and 8.93 + 0.19 to 9.10 + 0.18 g/cm?, respectively, at 135 GPa

and 3600—4300 K.

We compare our results with shock compression results for the density of liquid pure Fe
[Anderson and Ahrens, 1994] and liquid Feg;S19 [Huang et al., 2013] (Figure 8). The density
of liquid -Fe47Ni2gSys calculated here is 17% less than that of pure Fe in the core pressure
range. Compared with that of Feg;Si9, Fe47NizgSos is less dense by 11% at 135 GPa and by
8% at 200 GPa. When recalculating the Feg;S19 density based on additive law by mixing the
densities of Fes7Ni»gS2s and Fe [Anderson and Ahrens, 1994], our results are still lower by 7%
than that.of Huang et al. [2013]. On the other hand, our results agree with those of Morard et

al. [2013] within uncertainty. The origin of the difference is not clear.

Finally, we consider the amount of sulfur in the Earth's liquid core on the basis of the present
study. First of all, the Vp profile of the PREM is best explained with 5.8 £ 2.5 wt.% S

(Fegs9Nis 4S9 7 In atomic ratio) over the whole outer core (Figure 7), if we assume that the
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substitution of iron by nickel does not affect the velocity. In addition, when considering 5.4
at.% Ni, the PREM density profile is well explained with 6.5 + 0.7 to 7.5 = 0.8 wt.% S
(Fess.7Nis4S10.9—Fes22Nis 4S12.4) depending on the CMB temperature ranging from 3600 to
4300 K (Figure 8). We therefore conclude that the density and velocity of the outer core
suggest the presence of 5.8-7.5 wt.% S if sulfur is the only light element. The sulfur content
obtained in this study is lower than the ~10 wt.% from previous density measurements of
liquid Fe—Ni-S [Morard et al., 2013]. However, such estimate is recalculated to be 7.5-7.7
wt.% when employing the density of liquid Fe from Anderson and Ahrens [1994] same as

used here.

It has been suggested that the bulk Earth contains only a limited amount of sulfur because of
its-high volatility. Considering zinc is an absolute lithophile element and similar in volatility
to sulfur,. Dreibus and Palme [1996] estimated on the basis of S/Zn ratio in the silicate mantle
that the sulfur content in the bulk Earth is only 0.6%. This gives the maximum sulfur
concentration in the core to be 1.7 wt.%. However, recent metal-silicate partitioning
experiments [Corgne et al., 2008] indicated that zinc is not highly lithophile at high pressure,
suggesting that the core may include much more sulfur. It is therefore possible from
geochemical point of view that 5.8-7.5 wt.% sulfur is present in the liquid outer core as

estimated above.

The present experimental data are relevant to understanding to composition of the Martian
core, as it is widely believed to be sulfur rich [e.g., Dreibus and Wénke, 1985]. According to
the Mars.composition models derived from SNC meteorite [e.g., Dreibus and Wanke, 1987],
the Martian mantle is depleted in chalcophile elements and enriched in volatile and
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moderately siderophile elements compared to the Earth's mantle. It suggests that the Mars
was under more oxidized conditions during accretion and core formation [Halliday et al.,
2001; Rai et al., 2013]. In oxidative conditions, sulfur tends to be more readily incorporated
into iron than silicate [Francis, 1990]. Therefore, it has been considered that sulfur is the
predominant light element in the Martian core. Figures 9a and b show the sound velocity and
isothermal density profiles (at 1500, 1900, and 2300 K) of Fe-10 wt.%S (Fe77.0NigsS162) and
Fe-16 wt.%S (FegssNigsS2s) in the Martian core pressure range (20-50 GPa, Tsujino et al.
[2013] and references therein) assuming 7.6 wt.%Ni [Dreibus and Wanke, 1987]. Since the
present data extends to more than 19 GPa [e.g., Rivoldini et al., 2011], it is more relevant to
discuss the Martian core composition than that of previous studies below 8 GPa [Jing et al.,
2014; Nishida et al., 2016]. As discussed above, elastic properties and thus sound velocity at
lower pressures are different from those above 10 GPa because of the changes in liquid
structure and electronic properties [Morard et al., 2007; Nishida et al., 2011]. The present
results will therefore be useful to investigate the amount of sulfur in the Martian core, when

its seismic data becomes available from upcoming explorations.

6. Summary and Conclusions

We have measured the sound velocity of liquid Fes7Ni2sSzs and FegsNipSos to 52 GPa using
high-resolution  inelastic ~ X-ray scattering to investigate samples in  both
externally-resistance-heated and laser-heated DACs. The P-wave velocity is determined to be
6.4 £ 0.3 km/s at 52 GPa, and to be insensitive to temperature within 1.5% at T < 2480 K.

The pressure derivative of the sound velocity of liquid (Fe,Ni)75S,s is found to be smaller than
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that of previous studies at lower pressures [Jing et al., 2014; Nishida et al., 2016], possibly
due to a transition to a compact liquid structure occurring just above the pressure of the
earlier works [see Morard et al., 2007; Nishida et al., 2011]. The effect of nickel content on
the sound velocity, after correction for the density change [Brillo and Egry, 2004] was
observed to be < 1.5%. We extrapolate our data to the conditions of the outer core using also
literature data on thermoelastic properties [Anderson and Ahrens, 1994; Brillo and Egry,
2004; Nishida et al., 2011]. Extrapolation of measured sound velocity and density and
comparison with seismological models suggest that the composition of Earth's outer core may
be Fe + 5.8-7.5 wt.% S (Fegs9Nis4Se7—Feg22Nis4S124 in atomic ratio) if sulfur is the only

light alloying component.
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Figure 1. Eutectic melting curves in Fe-S and Fe—Ni-S systems [Fei et al., 1997, 2000; Li et

al., 2001; Stewart et al., 2007; Zhang and Fei, 2008; Morard et al., 2007, 2008]. Closed and

open symbols show our experimental P-T condition with resistance- or laser-heating DACs,

respectively.
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Figure 2. Typical solid, molten, and quenched XRD patterns for (Fe,Ni)sS at 32 GPa.
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Figure 3. IXS spectra of liquid Fes7Ni»gSos used for velocity determination collected at Q =
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with_resistance heating (b). Blue and pink lines show quasi elastic peak and longitudinal
acoustic (LA) phonon peak of a liquid sample, respectively. Green solid and broken lines

represent, respectively, transvers acoustic (TA) and LA phonon peaks of a diamond.
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bar [Nasch et al., 1997]. Previous ultrasonic high-pressure measurements are given by open
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blue line indicates the velocity of solid FesS at 2000 K calculated from those measured at
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K (red curves) in the Martian core pressure range.
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Table 1. Experimental Condtions and Obtained Sound Velocity of Liquid (Fe,Ni)sS

Run no. Composition Initial condition P (GPa) T (K) Vp (km/s)

Resistance heating

1 FegsNiypSos Synthesized 15.9(16) 1390(50) 4.94(12)
2 FesssNizg5Sos Powder mixture 10.4(10) 1390(50) 4.78(70)
3 Fes6.5Nizg5Sss5 Powder mixture 11.5(11) 1480(50) 4.76(80)
4 Fess5Nizg5Sos Synthesized 20.3(20) 1450(50) 5.12(19)

Laser heating

5 Fess5Nizg5Sos Synthesized 9.5(10) <2000? 4.71(30)
6 FE46_5Ni28_5825 SyntheSiZEd 324(32) 2490(250) 566(18)
7 Feus sNizs 555 Synthesized 51.6(52) | 2480(250) | 6.40(31)

Numbers in parentheses indicate the pressure uncertainty in the last digits.

*Temperature could not be measured due to low temperature.
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Table 2. Fitting Results Using Murnaghan Equation of State

To (K) Kso (GPa) Kso' po* (g/cmS)

2000 96.1(27) 4.00(13) 5.62 (91)

* Density at 1 atm and T, was calculated from literature data of pure Fe [Anderson
and Ahrens, 1994], FeS [Nishida et al., 2008], and Fe—Ni alloys [Brillo and Egry,
2004].
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