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Abstract
The density of liquid iron-nickel-sulfur (Fe46.5Ni28.5S25) alloy was determined at pressures up to 

74 GPa and an average temperature of 3400 K via pair distribution function (PDF) analysis of synchro-
tron X‑ray diffraction (XRD) data obtained using laser‑heated diamond‑anvil cells. The determined 
density of liquid Fe46.5Ni28.5S25 at 74 GPa and 3400 K is 8.03(35) g/cm3, 15% lower than that of pure 
liquid Fe. The obtained density data were fitted to a third‑order Vinet equation of state (EoS), and the 
determined isothermal bulk modulus and its pressure derivative at 24.6 GPa are KTPr = 110.5(250) GPa 
and K′TPr = 7.2(25), respectively, with a fixed density of rPr = 6.43 g/cm3 at 24.6 GPa. The change in 
the atomic volume of Fe46.5Ni28.5S25 upon melting was found to be ~10% at the melting temperature, a 
significantly larger value than that of pure Fe (~3%). Combined with the above EoS parameters and 
the thermal dependence reported in the literature, our data were extrapolated to the outer core condi-
tions of the Earth. Assuming that S is the only light element and considering the range of suggested 
Ni content, we estimated a 5.3–6.6 wt% S content in the Earth’s outer core.
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Introduction
The liquid outer core of the Earth primarily comprises iron–

nickel (Fe-Ni) alloyed with lighter elements. Recent measure-
ments of the density contrast between the liquid outer core and 
pure liquid Fe were estimated to be 7.6%, assuming an adiabatic 
temperature profile with an inner core boundary temperature of 
5400 K (Kuwayama et al. 2020). Both the nature and number of 
light elements in the core have remained to be the two biggest 
enigmas in Earth sciences for more than 60 years (Birch 1961). 
In this study, we focus on sulfur (S) as a potential light element 
in the Earth’s core. S has a high solubility in liquid Fe at low 
pressures (Fei et al. 1997, 2000; Li et al. 2001; Stewart et al. 
2007) and is missing in the mantle compared with other volatile 
elements (Murthy and Hall 1970). Owing to its high volatility, S 
was limited to ~1.7 wt% in core composition models (Dreibus 
and Palme 1996). However, recently, high-pressure partitioning 
experiments revised this value to >6wt% (Mahan et al. 2017). 
Therefore, from a geochemical perspective, S can be the primary 
light element in the Earth’s core.

The density and sound velocity of the Earth’s liquid outer 
core can be obtained from seismic observations such as the 
Preliminary Reference Earth Model (PREM, Dziewonski and 
Anderson 1981). Recently, we determined the sound velocity of 
liquid Fe-Ni-S alloys at pressures up to 52 GPa in diamond-anvil 

cells (DACs) using high-resolution inelastic X-ray scattering 
(Kawaguchi et al. 2017a). Moreover, we discussed the S content 
in the Earth’s outer core based on sound velocity data and dem-
onstrated the compatibility of seismic data using 5.8–7.5 wt% 
S in the Earth’s outer core, suggesting that S is the primary light 
element in the Earth’s core. To complete this study, we performed 
density measurements of liquid Fe-S alloys at pressures corre-
sponding to those in the Earth’s core.

The density of liquid Fe alloys under extreme conditions was 
successfully determined using Paris-Edinburgh press and DAC 
via pair distribution function analysis of liquid diffuse signals 
in X-ray diffraction (XRD) patterns (Eggert et al. 2002; Morard 
et al. 2013, 2018; Kuwayama et al. 2020). Herein, we use this 
method to determine the density of liquid Fe46.5Ni28.5S25 in DAC 
at pressures up to 70 GPa and an average temperature of 3400 K. 
Furthermore, we employ our findings to construct the isothermal 
equation of state (EoS).

Methods
We determined the density of liquid Fe46.5Ni28.5S25 via XRD measurements at the 

BL10XU beamline of SPring-8 (Hirao et al. 2020). Fe46.5Ni28.5S25 synthesized in a 
multi-anvil apparatus was used as the samples in all runs. The sample composition 
was determined using field emission-electron probe microanalysis before loading. 
The sample pellets were cut into pieces 30–50 µm in diameter and 10 µm thick. 
Samples were loaded into a sample hole drilled in a rhenium gasket with a pressure 
medium [a dry potassium chloride (KCl) powder]. The samples were compressed 
to the pressures of interest using single-crystal diamond anvils with 300 µm culets. 
Then, they were heated using a double-sided laser-heating system to minimize the 
axial temperature gradient. The heating spot sizes on the samples were 25–40 µm. 
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