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Introduction:  The speciation and solubilty of C-

H-O in silicate melt play an important role in de-
terming the partitioning of carbon between planetary 
atmospheres, silicate mantles, and cores [1]. Unlike 
Earth’s upper mantle, which has maintained an oxidizd 
state in much of its history, the Martian mantle has 
been comparatively reduced since the solidification of 
its reduced magma ocean; the oxygen fugacity (fO2) of 
the Martian mantle may be as reduced as one log unit 
below the Fe-FeO (IW) buffer [2]. The species of C-
H-O volatiles in silicate, which are mainly a multi-
function of fugacities of H2O, H2, and O2, have been 
studied at oxygen fugacity around FMQ±2, and it was 
found that the chief carbon species’ are carbonates [1, 
3-4]. However, both the solubility and speciation of C-
H-O in reduced silicate melt, which are more relevant 
for the reduced Martian basalts, are poorly constrained 
and are topics of active investigation and debate [5-9], 
resulting in the degassed carbon species from reduced 
Martian mantle remaining unclear and thus the role of 
carbon in modulating climate of early Mars remaining 
unclear [6, 8, 10]. The decrease of carbonate in silicate 
with decreasing fO2 implies that the carbon dissolved 
in reduced silicate melt may be dominated by reduced 
carbon species. A varity of reduced carbon species 
have been detected by Raman and/or FTIR spectrosco-
py in reduced, graphite-saturated basaltic melts, which 
include CH4 and other C-H molecules [5, 7], Si-C [9], 
and iron carbonyls Fe(CO)5 and possibly Fe(CO)6

2- [6, 
8]. However, the results of these studies are not neces-
sarily consistent with each other, and the effects of fO2 
and/or melt water content in an individual study was 
not investigated systematically, although a combina-
tion of these two parameters may dominantly control 
the speciation and solubilty of C-H-O in reduced sili-
cate melts.  

In order to better understand the solubility and 
speciation of C-H-O in the reduced Martian basalts, 
the present work aims to systematically investigate the 
effects of melt water content and fO2 on the solubility 
and speciation of C-H-O in natural, reduced basaltic 
melts.      

Experiments:  The starting silicate powder was a 
natural, alkalic Knippa basalt. To obtain a large range 
of oxygen fugacity, about 30-40 wt% metal powder of 
Fe-Ni-S, Fe-Ni-Si, or Fe-Ni-S-Si mixture was mixed 
with the starting silicate powder. Three sets of experi-
ments were conducted: The first set was conducted in 
the Knippa-Fe-Ni-S system, the second set conducted 
in the Knippa-Fe-Ni-Si system, and the third set con-

ducted in the Knippa-Fe-Ni-S-Si system.The silicate 
powder was dehydrated at 1000 °C and logfO2 of 
~FMQ-2 in order to obtain a relatively low water con-
tent. All the experiments were conducted in graphite 
capsules, using an end-loaded piston cylinder device at 
3 GPa and 1600 °C.  

Cameca SX50 and Cameca SX100 electron mi-
croprobes was used for determining the major and 
minor element compositions of silicate melt and the 
alloy melt, respectively. A Cameca IMS 1280 ion mi-
croprobe was used for determining the bulk carbon 
and water contents in silicate glasses, and Raman and 
Fourier transformed infrared (FTIR) spectroscopy 
were used for determining and quantifying the possible 
C-H-O species in the silicate glasses. 

Following previous studies [5, 7], the fO2 prevail-
ing during the experiments was calculated from the 
equilibrium of Fe-rich alloy melt and FeO-bearing 
silicate melt. Our experiments covered fO2 range of 
IW-0.6 to IW-4.7. 

Results:  C-solubility (11-192 ppm) in silicate melt 
is strongly controlled by fO2 and the bulk water con-
tent (Fig. 1). The C-solubility in the Knippa-Fe-Ni-S 
system is ~45-65 ppm, increasing with increasing melt 
water content. The C-solubility in silicate melt in the 
Knippa-Fe-Ni-Si and Knippa-Fe-Ni-S-Si systems de-
pends not only on water content in silicate melt but 
also on fO2. For the runs with ~0.35-0.42 wt% H2O in 
the Knippa-Fe-Ni-S-Si system, the carbon content in 
silicate melt increases from ~96 to 192 ppm with fO2 
decreasing from IW-4.2 to IW-4.6. The C-solubility in 
silicate melt in the Knippa-Fe-Ni-Si system is general-
ly lower (~10-25 ppm) and decreases with decreasing 
fO2 from IW-1.4 to IW-2.2 and decreasing water con-
tent from ~0.25 to 0.19 wt%. However, C-solubility 
trend reverses and increases with decreasing fO2 from 
~IW-4.3 to IW-4.7 and increasing water content from 
~0.07 to 0.12 wt%, as in the case of the C-solubility in 
silicate melt in the Knippa-Fe-Ni-S-Si system. 

Raman and FTIR spectra show that the silicate 
melts with fO2 around IW-0.6 contained ~10 ppm car-
bon as carbonate; however, at fO2 below ~IW-1.3 only 
methane was detected. Non-hydroxyl hydrogen con-
tent was calculated by substracting water content 
measured by FTIR from bulk water content measured 
using SIMS. Regardless of fO2, a strong, positive cor-
relation between non-carbonate carbon and non-
hydroxyl hydrogen in silicate melt was observed (Fig. 
2), indicating that methane and proably other C-H 
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complexes are the main carbon species present in the 
silicate melts. 

For calculating non-hydroxyl hydrogen content in 
silicate melt at given a fO2 and bulk water content, an 
empirical equation was derived based on the present 
data:  
H(wt%)= 0.0828 H2O (wt%) -0.0052ΔIW -0.0232  
(R2= 0.95)             (1) 
 

 
Fig. 1. Carbon solubility in silicate melt as a function 
of oxygen fugacity and water content in silicate melt. 
The labeled numbers are bulk water contents in silicate 
melt in wt%. 
 

 
Fig. 2. The correlation between non-carbonate carbon 
and non-hydroxyl hydrogen in silicate melt. The strong 
positive correlation indicates that the carbon species in 
silicate melt is mostly hydrogenated carbon (methane) 
as validated by Raman spectroscopy. 
 

Discussion:  The runs in the Knippa-Fe-Ni-S sys-
tem (Fig.1) have nearly identical fO2 and carbonate 
content, thus the positive correlation between bulk 
melt water content and the C-solubility is due to car-
bon dissolution as methane with increasing bulk water 
content. For the runs in the Knippa-Fe-Ni-Si system, 
the decrease in C-solubility with decreasing fO2 from 
IW-1.3 to IW-2.2 on one hand is because of the de-

creased carbonate dissolution with decreasing fO2, on 
the other hand is because of the lower bulk water con-
tent, which results in decreased fH2. The increase of C-
solubility with decreasing fO2 from IW-4.2 to IW-4.7 
in the Knippa-Fe-Ni-Si and Knippa-Fe-Ni-S-Si sys-
tems is owning to increased fH2 and thus enhanced 
solubility of methane in silicate melt with decreasing 
fO2 and increasing bulk water content 

The fO2 of primary Martian basalts is down to IW-
1[2] and therefore carbon is thought to be present in 
the Martian mantle as graphite/diamond. Based on 
equation (1) and the correlation in Fig.2, and based on 
the estimated water content for Martian basalts (300-
700 ppm H) [11], the calculated CH4 contents for mar-
tian basalts are between 10 and 150 ppm at 3 GPa and 
1600 °C and fO2 of IW-1, which are consistent with 
the presently measured non-carbonate carbon (CH4) 
content in silicate melt at fO2 around IW-0.6 and melt 
water content of 0.22-0.55 wt%. These suggest that 
degassing of Martian mantle may indeed have released 
considerable CH4 into the atmosphere to help maintain 
Martian surface temperature above the freezing point 
of water. 

The present study has also important implications 
for carbon in Martian magma ocean. The enhancement 
of carbon solubility in reduced hydrous silicate melt 
indicates that if Martian magma ocean contained a 
certain amount of dissolved water, degassing of Mar-
tian magma ocean may have also released considerable 
CH4 into the very early atmosphere. Further, during 
core-formation a considerable fraction of carbon may 
have been retained in Martian mantle as reduced, hy-
drous magma ocean would lead to lower 

alloy/silicate
CD values than otherwise predicted from less 

reduced (≥IW-2) experiments [e.g., 7]. 
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