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Figure 2. The range of fO2 conditions prevailing in the basal and surficial MO. The three top-171 

boxes illustrate the three cases discussed in the text, from high to low fO2: Armstrong et al 172 

(2019) propose high fO2 conditions in the surficial MO based on high pressure 173 

disproportionation reactions involving iron, Sossi et al (2020) propose a moderately reduced 174 

MO based on low pressure ferric-ferrous equilibria, and finally, assuming graphite floatation 175 

(Keppler and Gobalek, 2019), we consider the most reduced case when the CCO buffer prevails 176 

at low pressure. At low pressure, the CCO buffer can be as reduced as IW-5 (calculation done 177 

at 1750°C). One can nevertheless see that, at high pressure, the fO2 of the CCO buffer can be 178 

reconciled with that of metal-silicate equilibration implying that graphite saturation imposes 179 

very low fO2 at the surface of the MO, while the mantle body itself can remain more oxidized.  180 
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4. Mass balance and chemical equilibria calculations 233 

The mass of the system (�/ �ç�â�ç) is the sum of masses of both MO (�/ �Æ�È) and its atmosphere 234 

(�/ �Æ�È�º�Í�Æ): 235 

�/ �ç�â�ç��L���/ �Æ�ÈE���/ �Æ�È�º�Í�Æ         (1) 236 

The total mass fractions in C-H-N-S of the system were calculated as: 237 

�5�Ü
�ç�â�ç��H�/ �ç�â�çL���5�Ü

�ÆH�/ �ÆE���/ �Ü
�º�Í�Æ L���5�Ü

�Æ�ÈH�/ �Æ�ÈE���5�Ü
�Æ�È�º�Í�ÆH�/ �Æ�È�º�Í�Æ  (2) 238 

where i is the element,���5�Ü
�ç�â�ç��is the total mass fraction of the element i in the system, �/ �Æ 239 

represents the mass of the considered mantle (respectively BSM for case #2 and DM for case 240 

#1), �5�Ü�Æ is the mass fraction of i in the considered mantle, and �/ �Ü
�º�Í�Æ the mass of element i in 241 

the present-day atmosphere+ocean+crust. �5�Ü
�Æ�Èand �5�Ü

�Æ�È�º�Í�Æcorrespond to the mass fraction of 242 

the element i in the MO and its atmosphere, respectively.  243 

In Case 1, we assumed �/ �Æ�È= �/ �½�Æ, implying that variable MO sizes change the total mass 244 

fractions of C-H-N-S of the system: the larger the DM (or MO) the larger the quantity of 245 

CHONS available to partition between the MO and its atmosphere (Table 1).  246 

A gas-melt equilibrium is assumed to occur at the MO-atmosphere interface. This interface is 247 

characterized by a fixed temperature (1500°C, see figure S1 for a test on the effect of higher 248 

T), a varying oxygen fugacity (from IW-6 to IW+4) and a pressure (PMOATM) given by: 249 

�2�Æ�È�º�Í�Æ��L��
�ÚH���à �Ò�Ì�ÞH�Æ�¾�ß�Ú�ß

�8H�� H�å�.
         (3) 250 

Where g is the gravitational acceleration, 9.8 m.s-2, mgas is the mass fraction of gas in the system 251 

and r the radius of the planet. There is therefore no a priori assumption about the mass of the 252 

atmosphere formed, which is calculated from the abundances of volatile species in the system, 253 

the size of the planet and its MO, and g. 254 

The relationship between the atmospheric pressure and the composition of the atmosphere is 255 

given as: 256 

�2�Ô�ç�à��L �Ã�2�ÜL �2�¼�È�6 E�2�¼�ÈE�2�¼�Á�8 E�2�Á�6�È E�2�Á�6 E�2�Ç�6 E�2�Á�6�Ì E�2�Ì�6 E�2�Ì�È�6   (4) 257 

The relationship between gas partial pressure (Pi) and the content of dissolved species (Si) in 258 

the melt is simplified to: 259 

�5�Ü��L���Ã�=�Ü��H�2�Ü
�Õ�Ô��          (5) 260 
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decreases. This implies high atmospheric pressures at high T, even for very low fO2 conditions, 518 

in contrast to the data shown in Figure 4. Maintaining high atmospheric pressure makes 519 

hydrogen less volatile. However, we must keep in mind that there is no constraint on the effect 520 

of T on H2 and H2O solubility in mafic compositions. 521 

The question of the extent of CHONS outgassing or ingassing during solidification of the MO 522 

is beyond the scope of this study. Nevertheless, some aspects must be discussed here because 523 

the incompatible nature of hydrogen might have enhanced its degassing during MO 524 

crystallization. Figure S2 shows the calculation of an upper bound assuming perfect crystal 525 

settling and incompatible behaviour for C-H-N during the solidification of the MO. Following 526 

90% crystallisation in an extreme configuration such as this, the H-content in the residual melt 527 

can reach 0.5-0.7wt%, but H outgassing would remain moderate. Furthermore, Hier-Majumder 528 

and Hirschmann (2017) calculated that the entrapment of water-rich interstitial melt at the MO 529 

crystallization front could limit the extent of H-enrichment in the residual liquid of a solidifying 530 

MO. It therefore appears that the process of MO solidification itself would not necessarily 531 

enhance hydrogen outgassing. Significant hydrogen degassing at the MO stage seemingly 532 

requires strongly reduced conditions and the entrapment of a major part of the primordial water 533 

in the deep mantle is very likely. This implies that early hydrated komatiites (3.3 Ga, Sobolev 534 

et al., 2019) may not require early subduction processes. 535 

 536 

6.5. Post-MO outgassing  537 

Once the MO solidified, mantle convection and associated volcanism may have contributed to 538 

the degassing of the planetary interior. Gaillard and Scaillet (2014) have shown that the 539 

degassing of magmatic water is limited by a dense atmosphere such as that formed by the MO. 540 

If water remained trapped in the mantle after the magma ocean stage, the basalt produced by 541 

melting of post-magma-ocean mantle containing 300-600 ppm (Table 1), could emit a gas phase 542 

containing ca. 10% H2O at ca. 100 bar. In contrast, in a 1-bar atmosphere, the gas phase would 543 

be dominated by H2O. Carbonate precipitation may reduce the amount of atmospheric CO2 and 544 

decrease the atmospheric pressure, but this would require the presence of oceans (Sleep, 2011) 545 

and therefore the outgassing of H at an earlier stage. This should be addressed by specific 546 

studies in the future, but it appears that if hydrogen was not degassed from the MO, the 547 

atmosphere would have likely remained dry.  548 
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Figure S1. The effect of temperature on the mass of outgassed CHNS from the MO. We 753 
illustrate here Case 1 with ½ BSM, (see table 1) at 1500°C - 1927 °C. We see that the calculated 754 
effect of T is moderate, which we must essentially attribute to our poor knowledge of the T-755 
dependence of volatile solubility in basalts. In detail, we see that the low fO2 domain of graphite 756 
saturation tends to disappear as T increases. This is because C dissolves more in both gas and 757 
silicate melt with increasing T. 758 






