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Key Points:

e High-pressure density and elasticity of FeooNiio-3 wt.% C and FegoNijo-5 wt.% C liquids
were determined by experiments and computations

e Compared to liquid Fe, Fe-Ni-C liquids were found to be less compressible and thus
possess higher v, at high pressures

e Carbon can be one of the several major light elements in Earth’s outer core, but is
unlikely to be the dominant light element in the lunar liquid core
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Abstract

The presence of light elements in the metallic cores of the Earth, the Moon, and other rocky
planetary bodies has been widely proposed. Carbon is among the top candidates in light of its
high cosmic abundance, siderophile nature, and ubiquity in iron meteorites. It is, however, still
controversial whether carbon-rich core compositional models can account for the seismic
velocity observations within the Earth and lunar cores. Here we report the density and elasticity
of FegoNijo-3 wt.% C and FegoNijo-5 wt.% C liquid alloys using synchrotron-based X-ray
absorption experiments and first-principles molecular dynamics simulations. Our results show
that alloying of 3 wt.% and 5 wt.% C lowers the density of FegoNijo liquid by ~2.9-3.1% at 2
GPa, and ~3.4-3.6% at 9 GPa. More intriguingly, our experiments and simulations both
demonstrate that the bulk moduli of the Fe-Ni-C liquids are similar to or slightly higher than
those of Fe-Ni liquids. Thus, the calculated compressional velocity (v,) of Fe-Ni-C liquids is
higher than that of pure Fe-Ni alloy, promoting carbon as a possible candidate to explain the
elevated v, in the Earth’s outer core. However, the values and slopes of both density and v, of the
Fe-Ni-C liquids do not match the outer core seismic models, and thus carbon may not be the sole
principal element in the outer core. The high v, of Fe-Ni-C liquids does not match the
presumptive v, of the lunar outer core, indicating that carbon may not be the dominant light
element in the lunar outer core.

Plain Language Summary

Light elements such as H, C, O, Si, P and S are considered to be present in the predominantly Fe-
Ni liquid cores of the Earth and the Moon. Determining whether a light element is a principal
candidate in the core relies chiefly on measuring or calculating the density and sound velocity of
the liquid alloys of Fe-Ni and the light element and comparing with results from seismological
studies. The controversies in previous studies on the sound velocity of Fe-(Ni)-C liquids have
resulted in debates on whether carbon can be the major light element in Earth’s or lunar core. In
the present study, we combined experiments and theoretical calculations to investigate the
density and elasticity of Fe-Ni-C liquids at high pressures. The results show that alloying of
carbon lowers the density while increasing the incompressiblity and the sound velocity of Fe-Ni
liquids. Compared with the seismological results on the Earth’s core, carbon can be a major light
element in Earth’s liquid core especially if it co-exists with other light elements that lower both
the density and sound velocity. Based on current models of the lunar core, our results show that
carbon may not be the dominant light element in the moon’s liquid core.



61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

78
79
80
81
82
83
84
85

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

manuscript accepted by Journal of Geophysical Research: Solid Earth

1 Introduction

The Earth’s core consists predominantly of Fe-Ni alloys [Birch, 1952; Brett, 1971]. A density
deficit of ~10% in the liquid outer core compared with Fe-Ni liquids under similar conditions
suggests that there is a considerable amount of light elements, i.e., C, S, P, Si, O, H, alloyed with
Fe-Ni [Li and Fei, 2014; Poirier, 1994]. Light elements are also likely to be present in the cores
of other terrestrial bodies such as the Moon, Mercury, Venus, and Mars, given the likely
analogous behavior of siderophile elements during planetary accretion and core formation, and
particularly iron/silicate partition coefficients of light alloying elements that are likely to be
relevant to planetary accretion [Chen et al., 2008; Fei and Bertka, 2005; Jing et al., 2014;
Steenstra et al., 2017]. The occurrence of Fe-Ni alloys with light elements including C, S, and P
in iron meteorites, regarded as fragments of the cores of differentiated planetesimals, also
implies the presence of light elements as a general feature within planetary cores. The alloying of
light elements may reduce the melting point and electrical and thermal conductivities of Fe-Ni
alloys, which are presumably the key to driving the core dynamo and generating an intrinsic
magnetic field [Li and Fei, 2014]. Therefore, the identity and concentration of light elements in a
liquid planetary core is likely pivotal for a terrestrial planet to be protected from the solar wind
by a magnetosphere and thus habitable.

Among the top candidate light elements in Earth and planetary cores, carbon has high
cosmic abundance, siderophile nature, and ubiquitous occurrence in Fe-Ni meteorites [ Dasgupta
and Walker, 2008; Wood, 1993]. Fe-C alloys and Fe carbides, such as Fe;C and Fe;Cs, have been
widely studied as potential core components in previous studies [Chen et al., 2012; Chen et al.,
2018; Chen et al., 2014; Jiachao Liu et al., 2016; Jin Liu et al., 2016; Lord et al., 2009;
Nakajima et al., 2011; Prescher et al., 2015]. For Earth’s liquid outer core, it remains
controversial whether carbon can be a major alloying light element [ Nakajima et al., 2015;
Terasaki et al., 2010]. Seismic observations of the outer core require light elements to not only

reduce the density (p), but also elevate the compressional sound velocity v, (=/ Ks/p, where K;
is the isentropic bulk modulus) of pure Fe [Poirier, 1994]. It is well established that the density
of Fe-C liquid alloy decreases with increasing carbon concentration at both ambient pressure and
high pressures, and the density deficit in Earth’s outer core can be accounted for by incorporating
certain amount of carbon [Jimbo and Cramb, 1993; Sanloup et al., 2011; Shimoyama et al.,
2013; Terasaki et al., 2010]. However, Terasaki et al. [2010] reported a relatively small
isothermal bulk modulus at ambient pressure (K) for liquid Fe;C, arguing that v, of Fe-C liquid
could thus not account for the high v, of Earth’s outer core. Subsequent density measurements on
Fe-3.5 wt% C liquid also show a much lower K7 than that of liquid Fe, corroborating this
argument [Shimoyama et al., 2013]. Conversely, molecular dynamics simulations reported the
bulk moduli of Fe-C liquids with 2.8-5 wt.% C is higher than that of pure liquid Fe
[Belashchenko et al., 2011], similar to the relations between solid Fe and Fe-C alloys. Several
independent sound velocity measurements also inferred a similar or slightly higher bulk moduli
of Fe-C liquids compared to pure Fe [Kuwabara et al., 2016; Nakajima et al., 2015; Shimoyama
et al., 2016], contradicting the results from the density measurements [Shimoyama et al., 2013;
Terasaki et al., 2010]. Therefore, there is still controversy concerning whether Fe-C liquids can
account for both p and v, of the liquid outer core. The disagreement is straightforward, and
involves the fundamental question of whether adding carbon to iron-rich liquids results in an
elastic stiffening or a softening of liquid iron alloys.
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Recently, carbon has also been suggested as the dominant light element in the lunar core,
given the metal-silicate partitioning behavior of C and S [Steenstra et al., 2017]. Compared with
the Earth, the size and density of the lunar core are still poorly constrained, resulting in
difficulties in testing this hypothesis. The Apollo seismic data provides possibly the best anchor
point to date, in which the v, of the lunar liquid core was estimated at ~4.1 km/s [ Weber et al.,
2011], and its core pressure was calculated at ~5.2 GPa accordingly [Garcia et al., 2012]. This
implies that the v, of the lunar core is lower than that of pure Fe, contrary to the corresponding
property in Earth’s outer core. Due to the contradictory measurements on K and v, discussed
above, it is difficult to determine whether carbon can be the dominant, or even a plausible, light
element in the lunar liquid core.

Here, we combined synchrotron-based X-ray absorption experiments with first-principles
molecular dynamics (FPMD) simulations to study the liquid density and elasticity of FeooNiio
alloyed with 3 wt.% C (hereafter referred to as FeNi-3C) and 5 wt.% C (FeNi-5C) at high
pressures and high temperatures. Although the weight percentage of carbon in each composition
is not large, the molar percent of carbon (~13 mol% and ~20 mol%, respectively) in each liquid
is quite substantial. Combined with previous data, we aim to provide a better assessment of
carbon as the major element in the liquid cores of the Earth and the Moon.

2 Materials and Methods

2.1 Synchrotron X-ray absorption experiments

Our starting materials were mixtures of Fe (99.9+%, Sigma-Aldrich), Ni (99.99%,
Sigma-Aldrich) and graphite (99.9995%, Alfa Aesar) powders. The mixtures were ground in an
agate mortar under acetone for more than 1 h to achieve compositional homogeneity, and then

dried in a vacuum oven at high temperature (~383 K) overnight before being sealed in glass vials
[Lai et al., 2017].

Experiments were conducted at Beamline 16-BM-B, Advanced Photon Source (APS),
Argonne National Laboratory (ANL). A Paris-Edinburgh (P-E) press was employed to achieve
high-pressure and high-temperature conditions. For each run, a cold-pressed cylinder-shaped
sample (0.8 mm in diameter and 0.4 mm in height) was inserted in a densified AlbO3 tube, which
was in turn enclosed by a BN (hexagonal boron nitride) sleeve and BN disks. The Pt+MgO
(1:10) pressure standard was placed between the BN sleeve and the top BN disk. A densified
AL O3 disk with the same diameter as the Al,O3 tube was placed above the top BN disk to serve
as a reference material in the absorption measurements. Details of the sample assembly are
illustrated in Fig. S1.

The sample was first compressed to the target load, and then resistively heated to high
temperatures until fully molten. Temperature was determined by the temperature-power curve
calibrated in separate experiments using a thermocouple [Kono et al., 2014]. During the first
heating cycle of each experiment, the temperature was kept at 1073 K for 90 minutes to sinter the
capsule and the sample before attempting higher temperatures. The pressure was determined by
energy-dispersive X-ray diffraction (EDXD) measurements on the Pt and MgO pressure markers
using a white beam. EDXD data were also collected on the sample every 100 K during
continuous heating. The disappearance of all major diffraction peaks of solid phases was used as
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the criterion of sample melting (Figure 1). X-ray absorption measurements were then performed
on the molten sample as well as the reference Al>O; disk after switching to a monochromatic
beam with an energy of 40 keV.

The absorption profiles through the sample and standard were collected by moving the
press horizontally and perpendicular to the X-ray beam. The density was determined from X-ray
absorption measurements based on the Beer-Lambert law:

1
E = exp ((_.upt)sample + (_ﬂpt)enm’ronment) (1)

where Io and [ are the incident and transmitted X-ray intensities measured by ion chambers
placed at the front and rear of the press, respectively, 4 — mass attenuation coefficient, p —
density, and ¢ — thickness, with subscripts indicating sample or environment values. The ion
chambers were filled with xenon gas. Given that the measurements on the sample and AlbO3
experience the same absorption from surrounding assembly materials (including the Al>O3
sample capsule and everything outside it in Fig. S1), we have

Isample lA1203

= eXp((_ﬂpt)sample - (_.upt)AlZO3) (2)

IOsample Ioai203

Assuming the Al2Os tube and disk remain cylindrical shapes, the thickness (#) of the cylindrical
sample or Al,O3 disk that the beam travels through is given as

t=2Jr2—(x —x)% (3)

where 7 is the radius of cylinder, x is the beam position along the scan direction, and xo is the
center position of the cylinder. By substituting # in equation (2) with equation (3), the measured
absorption profile becomes a function of the scan position x. We fitted psample, 7 and xo to
minimize the standard deviation between the left side and right side of equation (2). pao3z was
calculated using its thermal equation of state [Dubrovinsky et al., 1998]. uaino3 was calculated
from the mass attenuation of Al and O atoms at 40 keV [Hubbell and Seltzer, 1996]. pisample Was
estimated from the density of Fe-C alloy from a previous study, and corrected using the
assumption that Ni incorporation changed the molecular mass without expanding the volume
[Jimbo and Cramb, 1993]: this assumption was assumed to be independent of pressure and
temperature for a fixed composition. The fitting uncertainty of psample Was used as the uncertainty
of sample density shown below. There might be additional uncertainties on estimating mass
attenuation, calculating Al>Os density, and possible misfits due to capsule deformation, which
were estimated to cause 1-2% uncertainty on the final sample density.
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Figure 1. Representative energy-dispersive X-ray diffraction (EDXD) patterns of the FeNi-
3C sample before and after melting under an oil load of 3000 psi. The patterns were collected
at 26 = 20.1565°. The major peaks from the fcc (Fe,Ni) phase gradually disappeared upon
heating from 1273 K to 1673 K. Graphite peaks are too weak to be identified, due to its low X-
ray scattering factor. FesC formation at subsolidus temperatures is slow and its main peaks are
located below 20 keV. Partial melting at 1473 K results in the recrystallization of residual solid
phase and the relative peak intensity variation.

2.2 First-principles molecular dynamics simulations

All the FPMD calculations were carried out based on a system of 192 atoms. For FegoNiio
with 5 wt% C, the computational system with 140 Fe +14 Ni + 38 C atoms was constructed by
changing the composition of the Fe;C structure, which was initially melted at 3000 K, and then
the tempeteraure was reduced to the target temperatures at 1673 K and 1923 K, respectively. For
FeooNijo with 3 wt% C, the computational system containing 151 Fe + 17 Ni + 24 C atoms, was
generated by modifying the composition of the 5 wt% C system. The computational supercells
were scaled to different volumes for different pressure calculations. To understand the pressure
and temperature effects on the structure and properties of the alloying liquids, the compositions
and conditions were chosen as such for the convenience of comparing our results with previous
data [Lai et al., 2017; Wang et al., 2019]. The averages based on the trajectories of the FPMD
simulations were used to calculate the properties, such as the pressures and elasticity, of the
liquids.
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The FPMD modeling was based on Density Functional Theory (DFT) with plane wave
basis sets as employed in the Vienna Ab initio Simulation Package (VASP) [Kresse and
Furthmiiller, 1996]. The Projector-Augmented Wave (PAW) method and exchange-correlation
as parameterized by the Perdew—Burke-Ernzerhof (PBE) functional were applied in the
Generalized Gradient Approximation (GGA) [Blochl, 1994; Perdew et al., 1992]. For Fe and Ni,
6d and 2s electrons (total of 8 electrons) and 8d and 2s electrons (total of 10 electrons) were
treated as valence electrons, respectively, with their cores of [Ar] configurations. For C, 2p and
2s electrons (total of 4 electrons) were treated as valence electrons with its core of [He]
configuration. The cut-off kinetic energy for the plane-wave basis was 520.00 eV and the
Brillouin zone was sampled at the /" point only. The initial electronic configuration was set to
ferromagnetic but was allowed to change during the equilibration and equilibrium simulations.

The FPMD simulations were carried out with NVT and the Nosé-thermostat for up to 1
ps for the system to relax in the equilibration run for density calculations. The equilibration run
was examined by monitoring parameters including the convergences such as force and energy,
system stability, temperature, pressure, total energy fluctuation of the systems, the partition of
the individual kinetic energy for each of the Fe, Ni and C subsystems, and the displacement of
atoms. The time step was set to be 1 fs for all simulations. The total energy drift was calculated
to be ~2—5 meV/atom/ps, suggesting good convergence and simulation stability. After the
equilibration run, each of the FPMD simulations was run up to ~5 ps (5,000 steps) for statistical
analysis of the density. The Pulay stress arising from the finite kinetic energy cutoff of the plane-
wave basis set [Francis and Payne, 1990] and systematic errors from the GGA lead to an error in
the computated pressure [Perdew et al., 2008]. As a result, a correction of 3.77 GPa was applied
to the calculated pressures based on the benchmark from the experimental density at ambient
pressure from the previous data [Jimbo and Cramb, 1993; Lai et al., 2017; Wang et al., 2019].
The high pressure calculations were calibrated using experimental data on the density of iron at
similar conditions.

3 Results

Experimental densities of Fe-Ni-C liquids were determined by fitting the X-ray
absorption profiles at each P-T point. Figure 2a shows a set of representative absorption profiles
of the FeNi-3C liquid at 5000 psi oil pressure (3-5.5 GPa) and continuously increasing
temperatures. The height of the absorption peak correlates with the density of the sample. The
abrupt change in the peak height from 1673 to 1873 K reflects the melting-induced density drop,
where the melting temperature is consistent with the melting curve of the Fe-C system at ~5 GPa
[Fei and Brosh, 2014].

Density of the sample, sample diameter, and its center position can be determined by
fitting the absorption profile (see Figure 2b for a representative fitting). Densities of the FeNi-3C
and FeNi-5C liquids as a function of pressure are plotted in Figure 3 (Table S1) along with data
from previous studies. The results show that the density values of different studies are generally
consistent within uncertainties. However, the compression trend shows significant scatter in all
studies including the present work [Sanloup et al., 2011; Shimoyama et al., 2013; Terasaki et al.,
2010]. In these experiments, the scatter might result from several factors. First, the sample
capsule can deform from the ideal cylindrical shape after the sample melts, which introduces
uncertainty in the data fitting. Second, the temperature determination relies on the power curve,
which contains about +100 K uncertainty. Third, the temperature uncertainties also influenced
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the pressure calibration through the thermal equation of states of MgO and Pt: this effect
involves an error of ~0.8 GPa/ 100 K at most.

The compression data of the FeNi-3C and FeNi-5C liquids were fitted by the Birch-
Murnaghan equation of state (EoS). Table 1 lists the results of the density and elasticity of liquid
Fe-(Ni1)-C obtained from this study as well as those from previous works. The densities of FeNi-
3C and FeNi-5C liquids in this study and Fe-(Ni)-C alloys with 3-7 wt% C from previous studies
are ~2-3.6% lower than that of the pure Fe or Fe-Ni at the same temperatures and this decrement
is consistent over the pressure range [Anderson and Ahrens, 1994] (Figure 3). However, fitting
the bulk moduli from the scattered p—P data shows contradicting results between different
studies. In this study, the fitting yields po= 6.86 g/cm?, K7 = 99(13) GPa, Kr'=4 (fixed) for the
FeNi-3C liquid at ~1923 K, and po= 6.77g/cm?, Ko = 97(12) GPa, K1v'=4 (fixed) for the FeNi-
5C liquid at ~1823 K. The po has an uncertainty level of 0.5-0.7% in the EoS fitting itself, but
this was then fixed to the ambient value by applying a normalization to all obtained ambient
pressure densities [Jimbo and Cramb, 1993]. If Kro' is fixed at 5.5 or 7.0 in accord with the
theoretical calculations shown below, K decreases to 90(13)/83(13) GPa and 90(12)/84(12)
GPa for FeNi-3C and FeNi-5C, respectively. Confidence ellipses showing the correlation
between K and K7o' are presented in Figure S2. A recent study suggested that the Murnaghan
EoS has better data reproducibility of Fe liquid when extrapolating to pressures greater than 100
GPa [Nakajima et al., 2015]. We also use the Murnaghan EoS to fit the data, and the results
show little difference from the Birch-Murnaghan EoS. Our determined bulk moduli of FeNi-3C
and FeNi-5C are thus slightly higher than that of pure Fe, which gives Kro= 85.1 GPa with
K71'=4.66 [Anderson and Ahrens, 1994]. This is in contrast with those in some previous density
studies, in which Fe-C liquids were characterized as significantly softer than pure Fe
[Shimoyama et al., 2013; Terasaki et al., 2010], but consistent with the results from the sound
velocity measurements [Kuwabara et al., 2016; Nakajima et al., 2015; Shimoyama et al., 2016]
and a previous theoretical calculation [Belashchenko et al., 2011]. The reasons for the
discrepancies in bulk moduli K7 are attributed to the small pressure range, limited data points
and large uncertainties in density measurements.
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Figure 2. Representative X-ray absorption profiles of the Fe-Ni-C liquids. (a) X-ray
absorption profiles of FeNi-3C at 5000 psi oil pressure and 1273-1973 K. The depression of peak
height between 1673 K and 1873 K correlates to the density drop caused by the full melting of
the sample; (b) Fitting of FeNi-3C absorption profile at 8.4 GPa and 2073 K by the Beer-

Lambert law.



279

280

281
282
283
284
285
286
287

288
289

manuscript accepted by Journal of Geophysical Research: Solid Earth

7.8
7.6 .
7.4
a8
g
S 72
—
o
2 Y
7
D
i)
6.6 F B FeyNiy-3wWt% C1923K W Fe;C 1973K (T)
FeoNij, - 3 Wt.% C2123K @ Fe- 5.7 wt% C 2273 K (SA)
6.4 ® FegNij,-5wt%C1823K < Fe-3.5wt% C 1500 K (SH)
o ® (J&C) ---- Fe 1823 K (A&A)
6.2 | | | | | 1 | | |
0 1 2 3 4 5 6 7 8 9 10

[1994].

Pressure (GPa)

Figure 3. Density of Fe, Fe-C and Fe-Ni-C liquid as a function of pressure. The red and
orange curve shows the EoS of FeNi-3C at ~1923(£50) K and ~2123(£50) K, respectively. The
blue curve shows the EoS of FeNi-5C at ~1823(+50) K. The density of Fe at the same
temperature was plotted for reference, and the density of FeqooNiio would be 0.5% higher than
pure Fe assuming Ni-Fe substitution influences only the molecular weight without changing the
molecular volume. Data sources: J & C - Jimbo and Cramb [1993], T - Terasaki et al. [2010],
SA - Sanloup et al. [2011], SH - Shimoyama et al. [2013] and A&A - Anderson and Ahrens
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290  Table 1. EoS parameters of Fe-(Ni) and Fe-(Ni)-C liquid alloys.
Composition @ /5:113) (io) ((l}i?;) ((];;(;) Ko’ Reference
Fe-(Ni)
Fe 7.019 1811 85.1° 109.7(7) 4.66(4) [Anderson and Ahrens, 1994]
Fe 6.91 1673 105(2)  6.7(10) [Jing et al., 2014]
Fe 7.014 1820 62 - [Belashchenko et al., 2011]
FeooNiro 6.97 ;Zzz- 1032) 57(8) [Kuwabara et al., 2016]
Fe-(Ni)-C
FeooNiio-3 wt%C 6.86 1923 99(13) 123" 4 this study (experiment)
90(13) 112" 5.5
83(13) 103" 7
6.77 1823 97(12) 119 4 this study (experiment)
FegoNiio-5 wt%C 90(12) 11" 5.5
84(12) 104" 7
FegoNijo-3 wt%C 6.93(4) 1673 72(6) 5.9(5) this study (FPMD-GGA)
6.84(2) 1923 72(4) 5.4(3)
- 4050 7509) 6.4(3)
FegoNijo-5 wt%C 6.91(2) 1673 89(3)" 5.4(2) this study (FPMD-GGA)
6.79(1) 1923 84(2)f 5.1(2)
- 4050 78(4) 6.4
FesC 6.46 1973 [Terasaki et al., 2010]
50(7) 4-7
(Fe-6.7wt%C)
Fe-3.5wt%C 7.012 1500  55.3(25) 5.2(15)  [Shimoyama et al., 2013]
Fe-3.5wt%C 6.91 1700 83.9 100(1) 592) [Shimoyama et al., 2016]
Fe-3.9wt%C 1500 100 [Nakajima et al., 2015]
6.505 2500 82 110(9)  5.14(30)

11
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Fe-3.5wt%C 6.657 1600 973 [Belashchenko et al., 2011]
' (MD)
6.82 1799- Kuwab tal,2016
FeooNi1o-4 Wt%C g3 10@)  7.6(6) Kuwabaraetal,2016]

*Km and Kso are converted through Kso = Kro(1+ayT), in which a is the thermal expansion and y
is the Gruneisen parameter (fixed at 1.735 for pure Fe).
fGGA calculations may systematically underestimate the density and bulk modulus.

We performed FPMD calculations on FeNi-3C and FeNi-5C liquids at the same
temperature range and over a wider pressure range to complement our experimental results
(Figure 4a and Table 1). The calculated densities of FeNi-3C and FeNi-5C liquids were
benchmarked using the densities from experiments at ambient pressure [Jimbo and Cramb,
1993]. We found that K7y obtained from calculated data are ~6-18 GPa lower than the
experimental results, while the Ky’ values fall within a range of 5.1-5.9, and clearly are
consistently higher than 4 (Table 1). We thus performed fits to our experimental data by fixing
Kmn'to 5.5 for comparison and extrapolation (Table 1). The slightly lower calculated K values
relative to experiments is consistent with the typical underestimation of K7 by the GGA method.
Our calculated Ko for Fe-Ni-C liquids are still similar to those of liquid Fe [Anderson and
Ahrens, 1994], but significantly higher in comparison with the Kry values from previous density
measurements [Shimoyama et al., 2013; Terasaki et al., 2010]. In the calculations, the FeNi-5C
liquid appear to have a higher Kt than the FeNi-3C liquid, suggesting that adding carbon may
increase the incompressibility of Fe-Ni-C liquids. This is consistent with the trend from Fe to Fe-
Ni-C in the experiments [Anderson and Ahrens, 1994; Kuwabara et al., 2016], although
experiments do not have the resolution to distinguish an elastic difference between FeNi-3C and
FeNi-5C. The bulk modulus has a weakly negative temperature dependence in the calculations,
resulting in the density difference from 1673 K to 1923 K shrinking as pressure increases (Figure
4). This indicates the thermal expansion decreases with pressure in Fe-Ni-C liquids, which is in
accord with typical systematics of thermal expansion under compression (e.g., Duffy and Ahrens,
1993).

We also performed four additional sets of FPMD calculations to the pressure range of
Earth’s core, and at much higher temperatures of 4050 K and 5530 K (as also apropos to Earth’s
core). These calculations gave a higher K7’ = 6.4 compared with the lower pressure calculation,
which corresponds to about K7’ = 7 at ~1900 K (Figure 4b, Table 1). The fits, when back-
extrapolated to the low pressure range, are not completely consistent with the low-temperature
calculations. This mismatch might be indicative of structural changes occurring within the liquid
between the lower and higher pressure/temperature regimes: indications of such structural
changes have been derived from past molecular dynamics simulations (e.g., Wang et al., 2019).
The higher pressure simulations certainly yield a better constraint on K" at the core conditions
for density and sound velocity extrapolation. Considering the effect of temperature on the bulk
modulus, the Fe-Ni-C alloys still have a higher Ko than pure Fe within these simulations: as such
the modest stiffening of the C-bearing alloys relative to Fe appears to be a robust result.

12



330

331

332
333
334
335
336

manuscript accepted by Journal of Geophysical Research: Solid Earth

o h
(=] W
I |

3

density (g/cm )
I

FeggNijp - 3 wt.% C 1673 K
— FegoNij - 3 wt.% C 1923 K
—— FegoNijp - S wt.% C 1673 K
— FegoNijp - S wt.% C 1923 K
FegoNij, - 3 wt.% C 1923 K (exp)
FegoNijo - 5 wt.% C 1823 K (exp)

~
W

.
=
@Em o000

)
W
B

| I T T TR I T I T S TR S T
0 10 20 30 40 50 60

Pressure (GPa)

14

p—
]

3

density (g/cm )

—— FeyNij, - 3 wt.% C 4050 K
FeoNij, - 3 wt.% C 5530 K
—— FegNijg - 5 wt.% C 4050 K
FeoNij, - 5 wt.% C 5530 K

o]

l 1 I 1 I 1
0 100 200 300 400 500

Pressure (GPa)

Figure 4. Density of FeNi-3C and FeNi-5C as a function of pressure obtained from FPMD
calculations (a) at 1673 and 1923 K up to ~65 GPa & (b) at 4050 and 5530 K up to core
pressures. The curves show the 3"-order Birch-Murnaghan equations of states fits. The
uncertainties of pressures are mostly within the symbol size. The solid symbols show the
experimental data for comparison.

13



337

338
339
340

341

342

343

344
345
346
347
348
349
350
351
352
353
354
355
356
357

358

manuscript accepted by Journal of Geophysical Research: Solid Earth

We further calculated compressional sound velocities, vp, from the densities and bulk
moduli in order to assess the reliability of the estimates of the liquid bulk moduli by comparing
them with the better constrained ambient pressure v, measurements.

Up = \/Ks/p 4)

where

Ks =Kr(1+ ayT) (5)

We also calculated the thermal expansion as a=0.73x10"* K! from the experimental data of
FeNi-3C from 1923(50) K to 2123(50) K in this study. We found it to be consistent with the two
estimates, 0.76-0.86x10"* K! and 0.86x10™* K! for Fe-3.5 wt.%C [Jimbo and Cramb, 1993;
Shimoyama et al., 2013]. The Griineisen parameter y was fixed at 1.735 for pure Fe [4nderson
and Ahrens, 1994]. We tested the y with a 0.2 deviation and the v, shows little change
associated with this deviation (Fig. S3). We compare the v, calculated from experimental studies
in Figure 5. The v, range of 3.8-4.2 km/s was marked as a reference range from the sound
velocity measurement at ambient pressure at ~1600-2000 K (Pronin et al., 1964). Those v,
values corresponding to Kso similar to or higher than pure Fe match well with the ambient
measurement, while the v, values derived from low Kso values are significantly lower. This
indicates that previous density measurements might largely underestimate the bulk moduli of Fe-
(N1)-C alloys [Shimoyama et al., 2013; Terasaki et al., 2010]. The bulk moduli determined from
our density measurements with denser data coverage agree reasonably well with the sound
velocity measurements [Kuwabara et al., 2016; Nakajima et al., 2015; Shimoyama et al., 2016].

5.0 [ St »A’ \\?X -

Fe-3.9 wt% C
at 1 atm

Pressure (GPa)
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Figure 5. v, of Fe-(Ni)-C liquids calculated from bulk modulus and density. The EoS
parameters and references can be found in Table 1, referenced to chemistries (in most instances)
or dates. The current study’s results are shown in red and dark blue. The black bar at 0 GPa
covers the v, range of Fe-3.5 wt% C from ~1600 K to ~2000 K at ambient pressure as obtained
by ultrasonic measurements [Pronin et al., 1964].

4 Discussion

4.1 Effect of K’ on the v, of liquid Fe alloys and carbon in Earth’s core

Our experiments and calculations suggest that the alloying of carbon increases the bulk
modulus and thus v, of liquid Fe, contrary to previous density measurements [Shimoyama et al.,
2013; Terasaki et al., 2010]. Therefore, the prior arguments that disfavored carbon as the light
element in the outer core need to be reassessed, as these were based on previous low estimated
values of the bulk modulus and v, of Fe-C liquids [Terasaki et al., 2010]. As importantly, the
extrapolated ratio of K(Fe-alloy)/K(Fe) at core pressures can significantly differ from Ko(Fe-
alloy)/Ko(Fe) at ambient pressure, because the increment of K derived from the K'P term largely
diminishes the contribution of Ko. In short, the bulk modulus of iron-rich core alloys at core
conditions are largely modulated by K, rather than Ky, and a relatively small difference in Ko’
can lead to a significant difference in K and thus v, at core pressures. However, Ko' values of the
liquids are usually poorly constrained due to the limited pressure range and sparse data coverage
in experiments on liquids. For instance, our compression data at <10 GPa can be reasonably fit
using the Birch-Murnaghan / Murnaghan EoS by fixing Ko at 4, 5.5 or 7; however, using a
Ko'=5.5 or 7 for extrapolation can result in significantly different K and v, values along the
adiabatic P-T conditions of the liquid outer core (Figure 6a). If the inner core boundary (ICB)
temperature is fixed at 5000 K, the difference in v, between fixing K¢'=5.5 and 7 is about —0.59
km/s at 0 GPa, due to the difference in temperature and Ko, but reverses to ~1 km/s near core
mantle boundary (CMB), and reaches ~1.8 km/s at the inner-core boundary (ICB). This reversal
is essentially entirely controlled by the difference in K'. We tried to tune the ICB temperature
from 5000 to 6000 K, and found the v, deviation is <0.1%. Thus, the uncertainty in fitting K’
introduces major challenges in quantifying the light element in the outer core during data
extrapolation.

Existing experimental data on liquid iron-alloy densities are scattered and, with the
exception of sparse shock Hugoniot data that access the liquid field at extreme pressure and
temperature conditions, are limited to only pressures below 10 GPa. Therefore, Ko’ is typically
fixed to 4 or 4.66 of liquid Fe in EoS fitting in most of these studies (4.66 is the default value
arrived at by Anderson and Ahrens, 1994). Our DFT calculations over a larger pressure range
provide a more realistic constraint on Ko', although systematic errors may be introduced by the
approximations adopted in the calculation. If we use Ko'=7.0 for the FeNi-3C and FeNi-5C
liquids, and assume a linear relation between the sound velocity and the carbon content, the
carbon content in the outer core is estimated at 0.45 wt% (mixing Fe and FeNi-3C) or 0.75 wt%
(mixing Fe and FeNi-5C) in order to match the PREM model at CMB conditions, which is
slightly lower than the previous estimate at 1.2—0.9 wt% from a sound velocity measurement
[Nakajima et al., 2015]. On the other hand, the carbon required to match the density is higher,
~1.7-2.5 wt% at CMB conditions (Figure 6b). Nakajima et al. [2015] suggested that the Earth’s
outer core is carbon-depleted with <1.2 wt% C, based on the difficulty of carbon as the sole light
element to match both the sound velocity and density of Earth’s outer core. Since the outer core
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could contain more than one light element, we would argue that a carbon content higher than 1.2
wt% may not be ruled out as the primary light element in the core, if the outer core contains
another light element which lowers both p and v, of Fe. In this case, the carbon content will be
lower than 1.7-2.5 wt% if the p and v, of the mixture follow a linear extrapolation. A key feature
of our new data is that small weight percentages of carbon are highly efficient at both increasing
the sound velocity and decreasing the density of iron: the effect of carbon on the elasticity of
liquid iron alloys is augmented relative to prior studies [e.g., Nakajima et al., 2015]. This marked
effect of carbon is likely produced by its low atomic number and hence comparatively high
molar content at low weight percentages. These molar mass abundance effects are particularly
notable for carbon because of its generation of highly incompressible Fe/Ni-C bonds within the
alloy (e.g., Wang et al., 2019). Indeed, while 1-2% carbon may be present in the outer core, it
remains quite possible that if smaller quantities of carbon are present, the notable elastic effects
of carbon could markedly shift the amount of other lighter alloying elements in the core required
to generate the core density-sound velocity trends. This conclusion is in general accord with past
theoretically based inversions of core composition [Badro et al., 2014].

Notably, Ko’ becomes dominant in determining the slope of the vp-P curve, given the
increased effect of Ko’ on the v, calculation at high pressures. In an adiabatic Murnaghan EoS,

Ks = Kgo + KsP - (6)
and
o
p=po(1+2P) ()

thus

1 1
_ [Ks_ [Kso(q 4 Ks p)? 2Ks
vp_\/:_ /po (1+2p) ®)

its pressure derivative

vy 1, 1 1, 1
- = ;& -1 ) 1+K%_5(K5_1) s ©
S

Ksol 14—5p
PoKso Kso

In addition to (Ks'-1), Ks' will also have much larger influence on Ks and p terms compared with
Kso at elevated pressures, which makes Ks’ a dominant factor in determining the slope of v, from
the CMB to the ICB. Liquid Fe with Ko'=4.66 from a shockwave EoS [4nderson and Ahrens,
1994] has a slope very close to the seismic PREM model, and thus the Fe-light element alloy in
the outer core may need a Ko’ close to that of PREM with a higher v, at ambient pressure to
match both the slope and value of v, in the PREM model. While carbon can increase v, at
ambient pressure, the Ko’ values of 5.5 or 7 in an adiabatic Murnaghan EoS appear to be too high
to match the vy, of CMB and ICB simultaneously (Fig. 6a). Note that the two types of EoSs do
not yield consistent elastic values, resulting in the adiabatic Murnaghan EoS requiring a Ko" of
~3.7 instead of ~4.6 to match the PREM slope. Again, this indicates tbat carbon cannot be the
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437  only dominant light element in the outer core. If carbon plays the role to elevate the v, of the
438 core, one or more light elements are needed to soften the Fe alloy to match the slope of PREM
439  over the outer core pressure range.
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Figure 6. Extrapolation of v, and density of FeNi-3C and FeNi-5C to Earth’s outer core
conditions along isentropes. (a) Calculated v, to outer core conditions. Inner core boundary
(ICB) temperatures of 5000 K at 330 GPa were considered as the anchor point. The v, deviations
from a 2 wt% C compositional variation are <0.12 km/s in the entire outer core P-T range
(red/blue solid/dashed lines). The deviation caused by changing Ko’ from 5.5 to 7 at 1923/1823 K
in the EoS fitting results in a large v, deviation of ~1.9 km/s at ICB conditions (orange double
arrows), which shows that the K’ difference induces a major deviation during data extrapolation.
(b) Calculated density to outer core conditions. The experimental and simulated results are both
anchored at an ICB temperature of 5000 K, corresponding to the velocity curve in (a). The black,
grey dashed and grey dotted dashed lines show the PREM reference [Dziewonski and Anderson,
1981] and previous results on Fe [Anderson and Ahrens, 1994] and FesaCi6 [Nakajima et al.,
2015] for comparison. Temperature dependences of Ko, K’ and o of Fe-Ni-C liquid are from
previous density and sound velocity measurements [ Nakajima et al., 2015; Ogino et al., 1984].

While the adiabatic Murnaghan EoS has been widely applied in the study of liquid
density and sound velocity [Jing et al., 2014; Kawaguchi et al., 2017; Nakajima et al., 2015], it
should be noted that the absence of 2" and higher pressure derivatives within this simple EoS
likely results in the overestimation of v, at extremely high pressure and lead to some
unreasonable results. For example, when a liquid adopts a higher Ko’ than its corresponding solid
phase, which is usually the case since materials with a positive Clapeyron slope on melting have
a lower density and likely more compressible liquid, the v, of the liquid could ultimately
intersect the bulk sound velocity of the solid (which neglects, of course, the shear modulus). The
v, of Fe-Ni-C liquid in this and previous studies both become higher than the bulk sound velocity
of Fe;C at ~140-220 GPa [Chen et al., 2018; Nakajima et al., 2015], indicating that higher-order
pressure derivatives of the bulk modulus are likely essential to properly calculate the v, above
this pressure. The v, extrapolation, especially above CMB pressurse, might thus be
overestimated (Fig. 6a), which in turn would underestimate the carbon content needed to match
the v, in PREM model.

Our measurements indicate that incorporation of carbon in liquid Fe lowers its density,
but the Fe-Ni-C liquids have similar or slightly higher bulk modulus compared to liquid Fe,
which leads to higher v, than Fe liquid. Therefore, carbon may still account for a portion of the
seismic observations of Earth’s outer core, as might other light elements like S and Si
[Kawaguchi et al., 2017; Terasaki et al., 2019]. It also agrees with a recent FPMD simulation, in
which all light elements including O, Si, S and C were shown to elevate the v, of Fe at CMB to
ICB conditions [Badro et al., 2014]. However, from the very similar K values (= pv,?) for all
different Fe-light element alloys at the same pressure, we inferred the Ko’ in the Birch-
Murnaghan EoS fittings were fixed or narrowly constrained, resulting in the calculated v, being
roughly proportional to p™'"2 at core pressures while p decreases linearly with light element
concentration. This similar K’ of all Fe-light element alloy is not consistent with our FPMD
calculations that start from 0 GPa, but might be reasonable when the pressure is extremely high
which may make the compressibility of all alloy liquids approach those of closely-packed Fe.
Giving the dominant influence K’ has on calculating vpunder core conditions, further study might
still be needed to testify the adopted EoS and Ko’ treatment in our and previous FPMD
calculations. Overall, giving the uncertainties from the numerical fittings and effects from other
light elements, the effect of carbon is clear. Both experimental results and computer simulations
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suggest that carbon effectively reduces the density while it increases the v, of Fe-Ni alloy, which
may qualitatively account for a portion of the seismic observations of Earth’s outer core.

4.2 Carbon in the lunar outer core

Carbon has also been suggested as the dominant light element in the lunar outer core
[Steenstra et al., 2017]. Since the pressure range of the lunar core was experimentally reached in
the present study, our experimental results can be directly used to understand the role of carbon
in the lunar outer core. It is noteworthy that the size and density of lunar core have not been well
constrained, and that the current estimates of the size and density at 380 km and 5.1 g/cm?, or
250-290 km and 6.5 g/cm® were based on the assumption that S is the dominant light element
component [Garcia et al., 2012; Jing et al., 2014]. Therefore, the density of Fe-(Ni)-C liquid
cannot be directly compared to these estimates due to the S-rich assumption. Instead, the v,
calculated from the obtained density and bulk modulus can be compared directly with inversions
of the Apollo seismic data [ Weber et al., 2011]. We plotted the v, of Fe alloys as a function of
pressure in Figure 7 with the current estimated v, range at ~5.2 GPa in the lunar core model. The
pressure interval of the lunar core is fixed to a single pressure due to its small size. The estimated
lunar core v, at 4.1 km/s [Weber et al., 2011] is slightly lower than that of pure FeooNiio, and thus
any light element needs to lower the v, of pure Fe-Ni alloy. At a temperature near the melting
point of Fe-Ni-C alloy, the incorporation of 3-5 wt.% carbon both increases the v, of pure Fe-Ni
alloy around 5.2 GPa. This result, based on the core v, estimate, suggests that Fe-Ni-C liquid
does not match well with the v, of lunar outer core. The same problem applies to Fe-Si [Terasaki
et al.,2019; Williams et al., 2015]. However, the Fe-S liquid reduces the v, at low pressure,
which can better match with the anchored cross point of pressure and v, [Jing et al., 2014;
Terasaki et al., 2019]. The uncertainty of the only seismic data, however, can be significant and
the possibility that the v, is 4.3 km/s or higher cannot be ruled out, which would make the
incorporation of carbon potentially plausible. Nevertheless, based on the available data and
current seismic velocity estimate for the lunar core, we suggest that the incorporation of carbon
as major light element in lunar outer core is less possible with the current v, estimation, but
further seismic constraints are still needed to constrain the light element specie(s).
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Figure 7. Compressional sound velocity vp of FeooNiio, FeNi-3C and FeNi-5C in comparison
with lunar core model. The vertical and horizontal gray dashed lines mark the estimated lunar
core pressure and vp, which cross at 5.2 GPa and 4.1 km/s. The shaded area around shows the
potential uncertainty for these two estimations. The EoS of FeooNiio used the data of pure Fe with
a density correction taking into account the change in molecular weight.

5 Conclusions

We have carried out density measurements on Fe-Ni-C liquids and demonstrated that
carbon incorporation lowers the density of liquid Fe-Ni alloys with slightly increases or minimal
changes in the bulk moduli, leading to a higher compressional sound velocity than Fe-Ni liquids.
At present, a precise determination of the species and amount of light elements in Earth’s outer
core is difficult due to the large uncertainty inherited from the uncertainty in K" during data
extrapolation and potentially complex coupling among multiple light elements. This uncertainty
is significantly larger on v, than on the density, thus matching the density is possibly a more
useful way to estimate the content of light element when extrapolating from low pressure.
Increasing the measurable pressure range of liquid density can significantly improve the error of
K' determination, which is needed for studying planetary liquid cores. In this sense, well-
benchmarked computational approaches such as first-principles molecular dynamics can
complement experimental investigations.

The effect on sound velocity by incorporating C from the present study is in contrast with
the results from some previous experimental measurements on density, but consistent with the
results on sound velocity based on ultrasonic, inelastic X-ray scattering measurements and
theoretical calculations. The tendency of carbon to increase the v, of Fe makes it a strong
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candidate light element in Earth’s outer core with higher v, than liquid Fe. Carbon may not be a
major light element in the lunar outer core and other terrestrial bodies with low v, in their liquid
cores. The different trend in seismically determined v, compared with Fe-Ni liquids may indicate
different major light elements in the liquid cores of Earth and Moon, which is a potential result
from the distinct partition behavior of siderophile elements under different pressure-temperature
conditions [Dasgupta et al., 2013], or from the extent that carbon is crystallized and concentrated
in the solid inner core [ Wood, 1993].
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