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Introduction:  Degassing from early magma 

oceans may be associated with profound planetary 
degassing, producing thick atmospheres and volatile-
depleted mantles.    Owing to significant solubility in 
magmas and mantle silicates, considerable H2O may 
be retained by a crystallizing magma ocean [1,2], but 
the low solubility of CO2 in magma [3] and nearly 
complete exclusion from crystallizing silicates [4] may 
allow nearly complete outgassing of C from early 
planetary interiors..  Apart from that C sequestered in 
the core (which presumably remains there throught 
subsequent planetary history), primordial carbon could 
be retained only in regions of deep mantle unaffected 
by magma ocean melting or in interstitial liquid 
trapped during compaction of cumulates at the base of 
the crystallizing magma ocean.  Therefore, if large-
scale magma oceans are important features of early 
terrestrial planets, early C-rich atmospheres may ac-
cumlate, amounting to 100s of bars of CO2, and plane-
tary mantles could be highly depleted in C.   

Importantly, mantles affected by magma ocean de-
gassing could have very high H/C ratios owing to 
comparatively efficient retention of H2O.   At least for 
Earth, observational evidence from oceanic basalts 
indicates that this is not presently the case, as terrestri-
al basalt source regions have H/C ratios that are lower 
than the exosphere [5].  This could be owing to large-
scale recycling of C into the terrestrial mantle, though 
this is not easily reconciled with sedimentary evidence 
that the exosphere C inventory has been growing 
through geologic time [6] and may point to a cata-
strophic C ingassing event on Earth soon after magma 
ocean solification [7].  Alternatively, terrestrial man-
tles may gain much of their carbon during magma 
ocean solidification. 

A Magma Ocean Carbon Pump: I propose the 
hypothesis that solidifying magma oceans can deposit 
significant carbon in the crystallizing mantle owing to 
a potentially effective carbon pump.  This pump would 
transport carbon from the atmosphere to the deep man-
tle and precipitate it there along with the solidifying 
mantle.  The essential elements of the magma ocean 
carbon pump hypothesis are (a) magmas in shallow 
portions of the ocean, equilibrate with thick C-rich 
atmospheres would have modest dissolved carbonate 
owing modest solubilities of CO2, (b) convection 
brings these magmas to the deeper mantle where (c) 
conditions are sufficiently reduced, leading to precipi-
tation of C-rich phases, possibly including diamond, 
carbide, or C-rich alloy. (d) magmas depleted in C by 
deep precipitation return by convection to the shallow 

ocean, where they are undersaturated compared to the 
prevailing atmosphere.  They therefore gain additional 
dissolved carbon and the process repeats. 

Further Considerations: Thick early atmospheres 
accumulate either from magma ocean degassing or 
simply from impact degassing on accretion.  For Earth 
or Mars-sized planets, resulting CO2 partial pressures 
may be on the order of ~100 bars [2].  Under modestly 
oxidizing conditions, carbonate solubility in a magma 
ocean underlying 100 bars of CO2 is ~0.35 wt.% [3].   
In comparison, concentrations of dissolved carbonate 
in equilibrium with graphite or diamond under condi-
tions close to metal saturation (IW-2 to IW-1) are ap-
proximately 10 ppm (as wt. CO2) [8].    Perhaps sur-
prisingly, this low concentration is not expected to 
increase with pressure, as the oversaturation of dia-
mond increases with pressure at a given oxygen fu-
gacity relative to metal-oxide buffers. Consequently, 
the dissolved CO2 concentration in a shallow oxidized 
magma ocean is approximately two orders of magni-
tude greater than that in a deep magma ocean close to 
equilibrium with alloy.  This tremendous mismatch 
strongly favors efficient operation of a magma ocean 
carbon pump and could produce an effective mecha-
nism for fixing large fractions of primordial carbon 
into planetary interiors. 

There are, however, two important considerations 
that may inhibit operation of the magma ocean carbon 
pump.  First, the scenario outlined above assumes that 
conditions are comparatively oxidized in shallow 
magma oceans and reduced at depth. Whereas reduced 
conditions in deep magma oceans are probable owing 
to association of magma-oceans with core-forming 
metal, it is less certain that shallow magma oceans are 
sufficiently oxidized to allow significant solution of C 
as carbonate.  Atmospheres degassed from chondrites 
are potentially highly reducing, producing atmospheres 
rich in CH4 and H2 and negligible partial pressures of 
CO2 [9,10] and would impose much smaller dissolved 
C in underlying magma.  On the other hand, the oxida-
ion state of the shallow magma ocean and its overlying 
atmosphere may be imposed by redox equilibria in the 
magma ocean itself, with variations in fO2 imposed by 
the influence of pressure on a well-mixed magma with 
constant Fe3+/FeT [11].  This could produce the requi-
site  oxidizing conditions in the shallow magma ocean 
and overlying atmosphere [11], but the thermodynamic 
effects of self compression on magma oxidation state 
are not known above ~3 GPa at this time.    

The second complicating factor is the possibility of 
significant solubility of reduced C-species such as CH4 
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or CH3 in magma oceans.  Preliminary experiments on 
a model basalt composition [12] indicate small but 
non-negligible solubility of CH4 at graphite-saturated 
conditions close to IW-1, amounting to 70 ppm C 
(=250 ppm CO2) at 1 GPa and 370 ppm C (=1350 ppm 
CO2) at 3 GPa.  Thus dissolved methane, rather than 
dissolved carbonate, is the chief carbonaceous mag-
matic volatile under reduced conditions.  The maxi-
mum dissolved methane content documented thus far 
remains lower than that imposed by a thick CO2-rich 
atmosphere, but further experiments and accompanyn-
ing thermodynamic modeling may show that dissolved 
methane effectively inhibits precipitation of C-rich 
solids in deep magma oceans and prevents operation of 
a magma ocean carbon pump.  

Discussion: Carbon precipitated in deeper parts of 
magma oceans may be graphite, diamond, crystalline 
carbide, carbide liquid, and C-rich alloy, depending on 
temperature, pressure, and the relative activities of Fe, 
Ni, and C.  Alternatively, if a molten metallic or sul-
fide liquid is saturated anywhere in the magma ocean, 
carbon from the silicate liquid may simply dissolve 
into the become incorporated in the alloy, sulfide, or 
carbide liquids that are ultimately segregated into 
growing cores.  Precipitated solids (crystalline car-
bides, alloy, or diamond/graphite) may be embedded in 
crystallizing lower mantle and may later become the 
principal carbon reservoir contributing to cycling of 
carbon between the interior and exosphere for the bal-
ance of planetary history.  
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