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Abstract
We report the thermal Equation of State (EoS) of the non-magnetic Fe3C phase based on in situ 

X‑ray diffraction (XRD) experiments to 117 GPa and 2100 K. High‑pressure and temperature unit‑cell 
volume measurements of Fe3C were conducted in a laser-heated diamond-anvil cell. Our pressure-
volume-temperature (P-V-T) data together with existing data were fit to the Vinet equation of state with 
the Mie‑Grüneisen‑Debye thermal pressure model, yielding V0 = 151.6(12) Å3, K0 = 232(24) GPa, K′0 
= 5.09(46), γ0 = 2.3(3), and q = 3.4 (9) with θ0 = 407 K (fixed). The high‑T data were also fit to the 
thermal pressure model with a constant αKT term, PTh = αKT(ΔT), and there is no observable pressure 
or temperature dependence, which implies minor contributions from the anharmonic and electronic 
terms. Using the established EoS for Fe3C, we made thermodynamic calculations on the P-T locations 
of the breakdown reaction of Fe3C into Fe7C3 and Fe. The reaction is located at 87 GPa and 300 K and 
251 GPa and 3000 K. An invariant point occurs where Fe, Fe3C, Fe7C3, and liquid are stable, which 
places constraints on the liquidus temperature of the outer core, namely inner core crystallization 
temperature, as the inner core would be comprised by the liquidus phase. Two possible P-T locations 
for the invariant point were predicted from existing experimental data and the reaction calculated in 
this study. The two models result in different liquidus “phases” at the outer core‑inner core bound-
ary pressure: Fe3C at 5300 K and Fe7C3 at 3700 K. The Fe7C3 inner core can account for the density, 
as observed by seismology, while the Fe3C inner core cannot. The relevance of the system Fe-C to 
Earth’s core can be resolved by constructing a thermodynamic model for melting relations under core 
conditions as the two models predict very different liquidus temperatures.
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Introduction
Earth’s liquid outer core and solid inner core are known to be 

less dense than pure iron by 7–10 and 3–5%, respectively (Dewaele 
et al. 2006; Komabayashi 2014; Fei et al. 2016; Kuwayama et al. 
2020). Carbon is a possible candidate as a light-alloying element 
in the Earth’s core, along with S, Si, O, and H (Hirose et al. 2013). 
Cosmochemical evidence suggests that carbon was abundant in 
the solar nebula during planetary accretion, and it is present in 
CI chondrites at 3.4 wt% (Wood 1993; McCammon et al. 2020). 
The fate of carbon during Earth’s accretion and core formation 
is open to debate. Earth’s mantle is depleted in carbon compared 
with chondrites (McDonough and Sun 1995; Palme and O’Neill 
2003), leading to the possible conclusion that carbon was either 
lost from Earth by volatilization during impacts or that carbon 
was incorporated into a magma ocean during accretion, but lost 
from the mantle by sequestration into the core. At high pressures 
corresponding to Earth’s upper mantle, carbon volatility decreases, 
lending support to the hypothesis that carbon should be incor-

porated into a magma ocean in terrestrial planets (Wood 1993). 
Metal/silicate partitioning experiments at pressures correspond-
ing to a shallow magma ocean support the assertion that carbon 
is likely to partition into the metal phase during core-formation 
(Nakajima et al. 2009; Siebert et al. 2011; Dasgupta et al. 2013). At 
higher pressures corresponding to a deep magma ocean, delivery 
of carbon to the core may be enhanced by clustering of carbon 
around iron atoms in silicate melt (Solomatova et al. 2019). These 
lines of reasoning lead us to consider the possibility that carbon is 
present in Earth’s core as a significant (>1.5 wt%) light element.

Phase relations in the system Fe‑C under high pressure and tem-
perature have been examined by experiment and first-principles 
calculations. Wood (1993) suggested that Fe3C may compose the 
inner core from thermodynamic calculations to 330 GPa based 
on his own melting experimental data to 5 GPa. Experiments at 
higher pressures up to 29 GPa showed instead that Fe7C3 would 
be the first phase to crystallize out of a carbon-rich liquid core 
(Nakajima et al. 2009). Fe3C and Fe7C3 phases have different 
carbon contents, thermoelasticity, and physical properties, and 
therefore their stability relations are critically important for models 
of a carbon-bearing inner core. Both of these iron carbides have 
been shown to plausibly match some solid-state physical proper-
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