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Introduction:  Understanding the abiotic fixation 
of nitrogen on terrestrial planets, such as the early 
Earth and Mars, is critical to understanding their habi-
tability, their planetary evolution, and their potential 
for the origin of life.  

Nitrogen is an essential biochemical element.  It is 
necessary for both enzymatic and genetic function.  
However, di-nitrogen, is to chemically reactive to be 
useful, either biologically or prebiotically.  For prebi-
otic chemistry (or for life before nitrogen fixation was 
developed) a non-biological source of fixed nitrogen, 
in a biochemically accessible form, is necessary for the 
origin and early evolution of life.  

The planetary chemistry of nitrogen can have a 
enormous effect on the habitability of a planet.  Loss of 
atmospheric nitrogen can result in an atmospheric 
pressure below the triple point of water and an inca-
pacity to sustain liquid water on the surface.  This is 
the case on Mars today.  Similarly, greenhouse gases 
(such a N2O and NH3) can impact global climates.

Under a neutral atmosphere (one composed primar-
ily of CO2/N2) nitrogen fixation starts with high energy 
processes such a meteors and lightning [1, 2].  This 
produces NO and this process has been well studied .  
Our understanding of the subsequent reactions of NO 
was,  at one time, theoretical.  It was postulated that NO 
was photochemically converted to HNO which then 
dissolves in surface waters and reacts to form nitrate 
and nitrite [3].  

Experimental Results:  The chemistry from NO, 
including reactions in both the gas phase and the liquid 
phase, has now been studied experimentally [4].   Our 
work has observed that there are multiple pathways for 
the fixation.  One pathway observed is consistent with 
the theoretically predicted route via the formation of 
HNO.  Interestingly, this pathway is coupled to photo-
chemical formation of formaldehyde from CO through 
the formation of HCO.    In the presence of liquid wa-
ter, this pathway leads to the formation of nitrate and 
nitrite.  In the presence of water vapor, but no liquid 
water, HNO appears to mostly dimerize to form N2O.   

A second pathway involves the photochemical 
formation of NO2 from CO2 and NO.  This pathway 
becomes more dominant without water, but the reac-
tion of NO2 with even adsorbed water can lead to the 
formation of nitric acid.

Our most recent results have observed that, with 
FeS suspended in liquid water, the direct reduction of 
NO to ammonia is observed.  This last pathway repre-
sents the most efficient way to reduced nitrogen, with 
product yields of up to ~50%.  

FeS also catalytically disproportionates NO into 
N2O and NO2.  The NO2 produced is also ultimately 

reduced to NH4+, though whether it is directly reduced 
or converted to nitrate/nitrite and reduced can not be 
determined.

Conclusions:  From these results, a picture of abi-
otic nitrogen fixation begins to emerge (see Figure 1.)  
This chemistry has important implications for the ori-
gin of life and habitability/planetary evolution of a 
number of planets.  For example, chemistry in the 
presence of water is relevant to the early Earth and 
Mars while chemistry in the absence of liquid water 
would be important on a later, drier, Mars .  

3 NO ⇒ N2O + NO2

Figure 1.  Simplified Outline of Nitrogen Cycling.
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This chemistry represents a way in which nitrogen 
may have been removed from the atmosphere of Mars , 
leading to it current inhability [3, 5].  It would have 
been a source of prebiotic nitrogen for the origin of 
life, including a source of reduced nitrogen.  The re-
duction of NO to ammonia represents the most effi-
cient path to reduced nitrogen known.  While ammonia 
can be formed by the formation of nitrate and nitrite, 
and their subsequent reduction [4, 6, 7], this occurs a 
number of steps from NO leading to a low overall  
efficiencies.

On young planets, about the time of the origin of 
life on Earth, it is thought that the amount of continen-
tal crust was limited,  leading a picture of a world with 
increased marine vulcanism [8].  These results also this 
a particularly interesting environment. It is known that 
Volcanic plumes can general lighting [9, 10].  This can 
put the formation of NO in close proximity to hydro-
thermal systems releasing FeS and creating a localized 
environment for the formation of reduced nitrogen.  
This is summarized in figure 2.
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Figure 2.  Cartoon Illustrating Marine Vulcanism 
and Nitrogen Fixation.
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