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Introduction:  The release of nitrogen (N) and car-

bon (C)-bearing gases via volcanic degassing had a pri-
mary control on the chemical composition of Earth’s at-
mosphere and its resulting habitability since the Hadean 
[1]. The gaseous species released by magmatic degas-
sing is directly controlled by oxygen fugacity (fO2) of 
silicate melts [1-4]. Much attention has been paid in the 
recent years on the atmospheric volatile abundance and 
the chemical composition set by volcanic degassing dur-
ing the last ~4-4.5 Ga on the Earth and other rocky bod-
ies like Mars and Mercury. However, the dissolution 
mechanism of mixed volatiles and the resulting compo-
sitions of the early atmospheres during the early stages 
of accretion and differentiation, which was proceeded 
by large scale melting events known as Magma Oceans 
(MOs), is poorly known. Also large scale differentiation 
events like core-mantle separation on different rocky 
bodies occurred under distinctly different redox condi-
tions, therefore, dissolution mechanism also controls the 
abundances of N and C in post core formation MOs.   

Previous studies on C-O-N-H speciation in the sili-
cate melts showed that molecular CO2, , N2, H2O 
and OH- would be the dominant dissolved species in the 
silicate melts under relatively oxidized conditions (> 
DIW–1), while under increasingly reduced conditions (< 
DIW–1) dissolution of reduced forms like C-H, C=O 
and N-H becomes important [2-5]. However,  a system-
atic dataset constraining the effect of each relevant ther-
modynamic parameter, i.e. P, T and silicate melt com-
position in addition to fO2, controlling the speciation of 
C-O-N-H in silicate melts prevalent during a wide vari-
ety of MOs is still lacking. In this study we present FTIR 
data for experimental glasses from two recent studies 
(P=1-6 GPa, T=1500-2200 °C) under graphite saturated 
and fixed bulk-N conditions at a wide range of oxygen 
fugacity (log fO2 DIW –4.2 to –0.8) [6-7], along with 
bulk C and H contents via SIMS analysis and Raman 
spectroscopy for the experiments presented in [7].  

Methods:  Bulk C and H contents in the silicate 
melts that quenched to glasses or had glassy pools were 
determined by using Cameca IMS 1280 ion microprobe 
at Woods Hole Oceanographic Institution. FTIR spectra 
to determine the C-O-N-H speciation and the quantifi-
cation of dissolved H present as OH in the silicate 
glasses was obtained by using a Thermo Nicolet Fourier 

Transform Infrared Spectrometer while Raman spectra 
was obtained with a Renishaw inVia Raman microscope 
at Rice University.  

Results: C solubility in the silicate melt correlates 
with N content in the silicate melt under relatively oxi-
dizing conditions (> DIW–1.5), while under increas-
ingly reducing conditions (< DIW–1.5) it is independent 
of the amount of N dissolved in the silicate melt (Fig. 
1). Therefore, under relatively oxidizing conditions C 
solubility in the silicate melts for N-bearing systems is 
distinctly higher than in N-free systems, while under in-
creasingly reduced conditions C solubility lies in a sim-
ilar range for N-free and N-bearing systems. Whereas, 
N content in the silicate melt increases linearly with de-
crease in log fO2 (Fig. 1).  

 

 
Fig. 1: Comparison between C solubility and N content 
in the silicate melt over a wide range of logfO2 (DIW –
4.0 to –0.5)  

 
FTIR spectra shows that N-H peak area (cumulative 

area over 3100-3470 cm–1) increases with decrease in 
log fO2 (DIW –1.1 to –2.7) followed by a drop at the 
most reduced conditions (DIW –3.4) (Fig. 2). Hydroxyl 
peak intensity (3530 cm–1) decreases with decrease in 
log fO2 (DIW –1.1 to –2.7) followed by levelling off to 
the most reduced conditions. Similar correlations for O-
H bonds can also be found in the peak intensity of mo-
lecular H2O at 1630 cm–1. CºN peak (2230 cm–1) is pre-
sent only at the most oxidized conditions (DIW –1.1). 
C=O is dissolved as Fe-carbonyl complexes (2090 cm–

1) under relatively oxidized conditions (>DIW –1.8), 
while at more reduced conditions dissolution of molec-
ular C=O becomes more important. Raman spectra at 

CO3
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log fO2 > DIW–2.0 shows the additional presence of mo-
lecular N2 and C-H species in the silicate melt.  
 

             
Fig. 2: Baseline corrected and thickness normalized 
(100 µm) FTIR spectra (solid lines) at a fixed P-T (3 
GPa-1800 °C) and a wide log fO2 range (DIW –3.4 to –
1.1). Dashed lines show the peak intensity of the hy-
droxyl (O-H) species. 
 

Discussion: Fig. 3A shows that C solubility in sili-
cate melt, irrespective of P-T, decreases with decrease 
in logfO2 up to DIW of –1.8. As the C solubility in the 
silicate melt directly correlates with the N content in the 
silicate melt under these oxidized conditions, CºN is the 
predominant C species in the silicate melt followed by 
C=O. Because C dissolution decouples from N under 
increasingly reduced conditions (DIW –2.9 to –1.8), 
there is no contribution of CºN species while the abun-
dance of C=O also drops due to decrease in fO2, thereby 
explaining the drop in C solubility in this fO2 range. A 
small increase in C solubility for log fO2 < DIW –2.9 
despite the expected decrease in abundance of  C=O is 
due to the presence of C-H complexes under these ex-
tremely reducing conditions.        
 

 
Fig. 3: C solubility in the silicate melt (A) and cumula-
tive N-H peak intensity area (B) as a function of log fO2 
at three P-T conditions. 

Fig. 3B tracks the cumulative N-H peak intensity 
area over the entire  fO2 range. Under the most oxidized 
conditions (>DIW –1.6), N content in the silicate melt 

can be explained by the presence of N-H and CºN spe-
ciation along with the presence of isolated N2 mole-
cules. With decrease in log fO2 (DIW –2.9 to –1.6), N-H 
becomes the dominant species which also explains the 
increase of bulk N content in the silicate melt with de-
crease in fO2. However, at the most reducing conditions 
(< DIW –2.9), N-H peak intensity area drops. This is in 
contrast to the N content in the silicate melt, which con-
tinues to increase under such reducing conditions. These 
results can only be explained if N predominantly dis-
solves as anhydrous N3– which replaces bridging oxy-
gen from the silicate melt network.  

Our study shows that depending upon the redox con-
ditions, a complex interplay between C-O-N-H species 
controls the abundances of these volatiles in the post 
core formation MOs. As the core-mantle differentiation 
of the three inner Solar System planets, i.e., Mercury, 
Earth, and Mars is presumed to have taken place at 
widely different conditions, therefore the amounts of 
volatiles retained in their MOs post core formation as 
well as the resulting chemical compositions of the early 
atmospheres formed by MO degassing and mantle melt-
ing could be completely different.  

As alloy-silicate differentiation in Mercury is pre-
sumed to have taken place under extremely reduced 
conditions (< DIW–5) [8], most of its N could be locked 
as N3– as  a part of the silicate melt structure. While, its 
early atmosphere would be primarily composed of N-H 
and C-H species like NH3 and CH4. Mars, which is sup-
posed to have undergone core-mantle differentiation at 
more oxidizing conditions (~ DIW–1) [9], could form an 
early atmosphere that is composed of more oxidized 
forms of N and C-bearing gases, i.e., N2, CO, CO2 as 
well as CºN. While, the final stages of Earth’s differen-
tiation suggests alloy-silicate equilibration at log fO2 ~ 
DIW –2 [10]. Under those set of conditions, N-H and 
CºN species could be the pre-dominant species in the 
early atmosphere. Presence of these reduced abiotic pre-
cursors could have played an important role in shaping 
the habitability of our planet.   
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