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Methods
Calculation of the dynamic stability of graphite particles at the surface of a magma ocean

We studied the potential rise of graphite particles in a magma ocean following the method described in detail in Solomatov (2015).
The convective heat flux g of the magma ocean can be calculated as
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and the thermal expansivity of the silicate melt asi, gravity acceleration g= 4/37pGR, with silicate melt density psi# 2700 kg/m?, G
being Newton’s constant, R the radius of the planetary object, potential temperature Tm , assumed surface temperature of space To =
290 K, thermal diffusivity x = k/(psicr), thermal conductivity of silicates k, silicate melt heat capacity cr and depth of the magma D.
For the calculation of the gravity acceleration g close to the surface of each planetary object we use an average density p = psi + (ore-
psi) (D/R)? assuming that each object is differentiated into an iron core with radius R/2 and density pre and a magma ocean on top
with silicate melt density psi and thickness D = R/2. At the rheological transition (melt fraction ¢> 0.4-0.6) the viscosity #nin a
magma ocean drops by orders of magnitude from »n = 10" Pa s to #102 Pa s (Rubie et al., 2003; Liebske et al., 2005). The convective
velocity in the magma ocean (Priestly, 1959; Kraichnan, 1962) is given as
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with mixing length [ = D = R/2.

We used the results of two laboratory experiments to estimate the size of graphite particles that can be suspended by convective
flow. Based on Shraiman and Siggia (1990) the largest entrained graphite particles have a diameter given as

Vg
ds— P (x) (Eq. S-4)
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with graphite density pc = 2250 kg/m?® and constant factor x*= 60. Using the results by Solomatov et al. (1993) we obtain the
following equation for the diameter of the largest entrained graphite particles
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where 1 is the viscosity of silicate melt set to 102 Pa s (Rubie et al., 2003; Liebske et al., 2005).

Thermodynamic calculation of carbon solubility in a magma ocean in equilibrium with graphite
The fugacities of CO and CO:2 in equilibrium with graphite are controlled by the two equilibria
C+% 02=CO (Eq. S-6)
C+0:=C0O:2 (Eq.S-7)

Obviously, if the oxygen fugacity is imposed by the oxidation state of the magma ocean, the fugacities of both CO and CO: are
fixed at a given temperature and can be readily calculated using the thermodynamic data for CO and CO: tabulated in Robie and
Hemingway (1995). The oxygen fugacity of the IW (Fe-FeO buffer; Fig. 1) was calculated from the thermodynamic data of FeO in
Robie and Hemingway (1995).

The solubilities of CO and CO: in a silicate melt follow Henry's law, i.e. the dissolved concentrations ¢ of CO and CO: are directly
proportional to their fugacity in the gas phase. Therefore

ccmelt = Ko fco + Keoz feoz (Eq. S-8)

where Kco and Kco: are the Henry constants of CO and CO, respectively, expressed as ppm carbon per bar, and fcoand fcoz are the
fugacities of CO and COz. The solubility of CO: in silicate melts may be described by Kco2 = 0.155 ppm C/bar for a wide range of
compositions (Ni and Keppler 2013). Yoshioka et al. (2019) found that the CO solubility in MORB melt may be described by the
equation log cco =-5.20 + 0.80 log fco (R? = 0.83) with cco being expressed as carbon in wt. %. Since the coefficient in front of the log
fco term is close to 1, at low pressures this relationship may also be approximately described by a Henry constant of Kco = 0.016
ppm C/bar. While this Henry constant is based on experiments with MORB melt, the study of Yoshioka et al. (2019) suggests that
the solubility is not very dependent on melt composition and therefore, the same solubility law may be used as a reasonable
approximation for a peridotite melt. With these assumptions, the carbon solubilities in Figure 2 were calculated from equation S-8.
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Calculation of carbon extraction from the magma ocean during core formation

The maximum carbon concentration that may be reached in the core of a growing planet, if the accreted metal only extracts the
carbon present in the silicate melt phase of the magma ocean can be easily calculated. We assume that the accretion of a planet with
final mass M occurs in N equal steps; i.e. there are N impact events, which cause the planet to grow. This means that the mass mu of
metal added during each step is

m —ﬂf (Eq. S-9)
N T

m

where fis the fraction of metal in the impactor, which we assume to be constant. The metal added rapidly sinks to the core; after
reaching the core, there is no further equilibration, as assumed in all current models of core formation (e.g. Rubie et al. 2011, 2015).

The mass of the silicate melt ms in a deep magma ocean extending down to the mantle core boundary after the nth impact event is
then

m _—nM(l—f) Eq. S-10
s N (q - )

The equilibrium concentration of carbon in the silicate melt, as adjusted by the equilibrium with graphite and the gas phase on the
surface is cs; due to the very high metal/silicate partition coefficients of carbon under reducing conditions (see Fig. 3b), one may
assume in good approximation that almost all of the carbon originally present in the melt is sequestered by the metal phase,
yielding the carbon concentration in the metal ¢ for the nth impact

m, 1-f
Cm = (.,\' —= C.\'” N (Eq S'll)
m f

m

The average carbon concentration in the core after complete accretion is then
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Discussion
Carbon solubility in a magma ocean in the presence of methane

The model calculations for the behavior of carbon in a magma ocean as outlined in this study are based on the simple C-O system,
where the fugacities are controlled by the equilibrium of the gas phase with graphite and the magma ocean. These fugacities will
not change if other volatile components are present. However, in the presence of water or hydrogen, some methane may form as
additional species, which may contribute to bulk carbon solubility. According to the equilibrium

C+2H.=CH: (Eq.S-13)

the fugacity of methane in equilibrium with graphite is controlled by the fugacity of hydrogen (H:). In Figure S-1a, we calculated
methane fugacity for a range of temperatures and H: fugacities from 1 to 1000 bar, using the thermodynamic data from Robie and
Hemingway (1995). The diagram shows that in order to stabilize appreciable amounts of CHs, very high hydrogen fugacities are
required. This is due to the fact that the Gibbs free energy of formation of methane at high temperature is distinctly positive.

The solubility of methane in a basaltic melt at 1400 °C was studied by Ardia et al. (2013). At low pressures, their data suggest a
Henry constant for methane of 138.4 ppm C/GPa, which equals 0.0138 ppm C per bar of CH4 partial pressure. This number is
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actually rather similar to that for CO (see above). If one assumes that the solubility data of Ardia et al. (2013) may also be applied to
a peridotitic melt and neglects a possible temperature dependence, the solubility of methane in a magma ocean may be calculated,
as shown in Figure S-1b. The contribution of methane to bulk carbon solubility is very low, below 1 ppm for hydrogen fugacities
up to several 100 bar. Such high hydrogen fugacities are, however, implausible for magma ocean temperatures. At a temperature of
2000 K, the average velocity v of a H2 molecule would be 4.1 km/s, according to the relationship 1/2 mv? = kT, where k is the
Boltzmann constant and m is the mass of Hz. This value is close to the planetary escape velocity for smaller planets such as Mercury
(4.2 km/s), but below that for Earth (11.2 km/s). Since there is a statistical distribution of molecular velocities, a significant fraction
of H> molecules will reach velocities even above the terrestrial escape velocity, such that even for an Earth-size planet, rapid loss of
hydrogen to space will occur (e.g. Volkov et al. 2011). We therefore conclude that the contribution of methane to bulk carbon
solubility in a magma ocean can be ignored under all plausible circumstances.
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Figure S-1 Methane (CH,) fugacity (a) and methane solubility in a magma ocean (b) for H, fugacities from 1 to 1000 bar and temperatures from 1800 to 2200 K
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Possible graphite floatation and formation of a graphite-rich crust on Mercury

Due to its highly reducing nature, planet Mercury may provide a good example for the process of graphite floatation. Namur et al.
(2016) compared the sulfur concentration in lavas on the surface of Mercury with experimentally determined sulfur solubilities in
silicate melts and concluded that they record a log fO: of IW-5.4. Somewhat less reducing conditions may be inferred from the low
FeO content of the corresponding magmas, with log fO: ranging from IW-2.8 to IW-4.5 (Cartier and Wood 2019). At these low
oxygen fugacities, our models predict that a large fraction of the total carbon in the planet should precipitate as graphite, rather
than being sequestered into the core (Fig. 4 of main text) and floatation of this graphite on the surface of the magma ocean is
plausible (Fig. 2 of main text), in particular, if one allows for some sintering of graphite into larger aggregates. This is entirely
consistent with the direct detection of a graphite-rich crust on the surface of Mercury by remote-sensing techniques (Peplowski et al.
2016).

The possibility of graphite floating on the surface of a Mercurian magma ocean was already raised by van der Kaden and
McCubbin (2015) based on simple density arguments. However, they did not investigate the dynamic stability of graphite in a
convecting magma ocean, nor did they provide a thermodynamic reason for abundant graphite precipitation. Cartier and Wood
(2019) suggested that the carbon enrichment on the surface of Mercury may be due to carbon becoming more lithophile at very
reducing conditions. It should be noted that the mechanism in the model presented here is very different. As shown in Figure 3
(main text) and following the model of Chi et al. (2014) Dcretalsiticate actually increases continuously under more reducing conditions.
The inefficient segregation of carbon into the core is in our model caused by the very low carbon solubility in the silicate melt in
equilibrium with floating graphite. The near constancy of the carbon content in metal coexisting with graphite (Fig. 3b, main text)
provides an independent thermodynamic test that verifies the assumptions in our model.

The importance of graphite relative to diamond in sequestering carbon from a magma ocean.

Hirschmann (2012) proposed that diamond may precipitate from a magma ocean at greater depth; the diamond may then sink
until it remains neutrally buoyant in the magma ocean. In this way, a carbon-enriched layer could be produced in the mantle.
While such a process may be conceivable, we consider it to be unlikely for two reasons. (1) The difference in Gibbs free energy
between graphite and diamond is small at upper mantle conditions. At given oxygen fugacity, the solubility of solid carbon
(graphite or diamond) will therefore be primarily controlled by temperature und pressure. At graphite or diamond saturation,
carbon solubility in the melt probably gently decreases with pressure (e.g. Eguchi and Dasgupta 2018), but increases with
temperature (see Fig. 3 of the main text). Since the temperature at the surface of the magma ocean is expected to be much lower
than deep in its interior, the surface is the most plausible place for carbon precipitation in the form of graphite. Moreover, most of
the carbon will be delivered from the beginning as graphite-like material, which is likely dynamically stable on the magma ocean
surface (Fig. 2 of the main text). (2) Due to the vanishing density difference between diamond and peridotite melt at the depth of
neutral buoyancy, it would likely be re-entrained into the convective currents of the magma ocean, thus no carbon-enriched layer
could form.
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