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Introduction: Modeling the abundance of nitrogen 

in the Martian atmosphere over  time  has  been  an 

important and challenging endeavor over the last few 

decades. We sought after a successful model because it 

has two significant implications: 1) it improves our 

understanding of the processes that drive changes of the 

atmosphere, and 2) it provides constraints on the early 

Martian atmosphere that can be used for climate models.  

Here we show that after carefully analyzing the 

processes that impact the abundance and isotopic 

composition of nitrogen, we can construct a model of 

atmospheric evolution consistent with present-day 

atmospheric 15N measurements and the knowledge of 

volcanic outgassing and nitrate deposition. Specifically, 

we consider photochemical loss (photodissociation and 

dissociative recombination), ion loss, pickup-ion 

sputtering, nitrate deposition, and volcanic outgassing. 

We constrained the model using in situ measurements 

of the 15N/14N ratio from Curiosity’s mass spectrometer 

[1]. 

Photochemical Loss: Despite  heavily  enriching  

the  atmosphere  in 15N  on a  per  reaction  basis,  we 

find that photodissociation of N2  at  the  exobase  is  not  

significant for the long term evolution of the 

atmosphere.  It was previously thought that during the 

photodissociation of N2, the two resulting N atoms will 

be left in the N(4S) and N(2D) states [2,3]; however, this 

reaction does not provide the required energy, 15.61 eV, 

for N to escape using photons below the ionization limit. 

Refs.  [4] and [5] solved this problem by including 

photons beyond the ionization limit, and also 

incorporating thermal velocity into the calculation, 

which added enough energy to cause escape.  We revisit 

the escape rate calculations using  new  and  more  

precise  measurements  of the quantum yield of N2 

dissociation [6]. We now know that the yield of N(2S), 

N(2D), and even higher excited  states  is  effectively  

unity  when  it  is  energetically  allowed.  This means 

that the extra kinetic energy that was thought to drive 

escape is actually used to excite the N atoms into higher 

states.  We thus find that photodissociation of N2 

virtually does not lead to any escape, leaving 

dissociative recombination as the dominant 

photochemical loss process.  

Pick-up ion Sputtering: Sputtering is a dominant 

process in the early history and can significantly remove 

nitrogen. This process systematically ejects the light 

nitrogen isotope from the atmosphere due to the mass-

dependent separation of species above the homopause. 

Because the mass difference in 15N and 14N is small, 

sputtering weakly enriches the atmosphere in 15N on a 

per reaction basis; however, this process is dominant 

enough in the 700 – 2500 Myr time period to heavily 

enrich the atmosphere anyway. To estimate the flux of 

incoming pick-up ions we use the calculations in Ref. 

[7] since better estimates are not available.  

Volcanic Outgassing: Almost all previous models 

require large amounts of volcanic outgassing in order to 

produce a scenario that is consistent with the current 

atmospheric 15N. Due to the revised photochemical 

loss rate, we find this excess outgassing unnecessary 

and our model only requires a reasonable amount of 

outgassing in agreement with the constraints from the 
38Ar/36Ar ratio [8].  We incorporate the model of 

outgassing used in Ref. [8], which  is  a  combination  of 

photogeological analysis of Viking images [9] and a 

model of the thermal evolution of Mars [10] . Whereas 

previous efforts cannot find a solution without 

drastically scaling the outgassing rate, we find a family 

of solutions that is consistent with this outgassing 

model.  Notably, our evolution scenarios do not require 

substantial outgassing in the Amazonian, which  is 

consistent with the more recent photogeological 

analyses of Viking images [11]. 

Coupling with Carbon Evolution: Coupling the 

evolution of nitrogen to the evolution  of  carbon  (using 

the model in  Ref. [12]) has a significant effect and is an 

important factor in this analysis. This is because,  the 

photochemical and sputtering escape rates depend on 

the mixing ratio at every moment in time. We device a 

novel model to couple the evolution histories of 

nitrogen and carbon, by iterating and converging on a 

time dependent mixing ratio of N2 vs. CO2. For 

example, pickup-ion sputtering is heavily impacted by 

changes in the mixing ratio and will lead to very 

different results if the time dependency is not factored 

in.  In the coupled model, because the CO2 partial 

pressure at early epochs is higher, the escape rate of N2 

becomes lower, and fractionation becomes less 

significant.  

Other processes: In the above sections we have left 

out a discussion of ion loss and nitrate deposition. These 

two processes are very important for the evolution of the 

atmosphere. To model ion escape, we adopt the 
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parametric model constructed in Ref. [13]. To model the 

rate of nitrate deposition we use the concentration of 

nitrate in Martian soil and rock found with SAM on 

Curiosity. Based on the concentration results of 

different samples (e.g., Rocknest and Cumberland), the 

nitrate content in the crust is likely highly variable. 

Because of this, we use a weighted average of all 

samples in this study, assuming that nitrate is evenly 

distributed in 500 m of crust. We also explore the effects 

of changing this assumption in the nitrogen evolution.  

Discussion: In our treatment of the atmosphere, we 

have constructed a nitrogen evolution model that is fully 

consistent with present-day measurements and the 

history of outgassing, nitrate formation, and carbon 

evolution. As stated previously, many past models 

require a large amount of volcanic outgassing close to 

the present day. This requirement comes about when 

trying to meet the constraint on isotopic composition; 

loss in the upper atmosphere overly enriches the 

atmosphere in 15N, which is then balanced out by an 

excess amount of outgassing which has the opposite 

effect. The excess outgassing is often at odds with argon 

isotopic constraints [8], and is not supported by surface 

imageries. Since the beginning of the Amazonian, 

volcanic activity on Mars is shown to be steadily 

decreasing over time – a spike in activity late in this era 

is unlikely. The evolution of δ15N is shown in Figure 1. 

In Figure 1, the steady incline in the early Amazonian 

and Hesperian is due to the strong presence of 

atmospheric escape, namely sputtering, which strongly 

enriches the atmosphere. In the late Amazonian it then 

begins to decrease as atmospheric escape declines. In 

this regime, outgassing is responsible for the “anti”-

enrichment despite its low rate at this time. This occurs 

because the amount of N2 in the atmosphere is depleted, 

so the N2 that is outgassed (which has a lower δ15N than 

the N2 in the atmosphere)  has a larger impact on the 

isotopic composition of the atmosphere.  

Furthermore, the strength of each process is shown 

in Figure 2. The three loss processes that occur in the 

upper atmosphere (photochemical loss, sputtering, and 

ion loss) all decline with time due to the dependence on 

the solar EUV flux, however sputtering is much more 

dominant than the other two processes. Nitrate 

deposition and volcanic outgassing are treated as step 

functions, and when entering the Amazonian they are 

both constant for the most part. We estimate that at 3.8 

Ga, there were 28.58 mbar of N2 in the atmosphere,  and 

since then, 28.44 mbar were lost due to photochemical 

loss, sputtering, ion escape, and nitrate deposition. 

Overall, more than 99% of N2 has been lost since 3.8 

Ga, and nitrogen is yet another signpost for significant 

evolution of the Martian atmosphere in both abundance 

and in isotopic composition. 
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Figure 1. A scenario of the evolution of δ15N in Mars’ 

atmosphere since 3.8 Ga.   

 

 
Figure 2. Modeled processes affecting N2 in Mars’ 

atmosphere. Outgassing is the only process that adds N2 

to the atmosphere; photochemical loss, sputtering, 

nitrate deposition, and ion loss remove N2 from the 

atmosphere. This graph shows the equivalent pressure 

of N2 added to or lost from the atmosphere by each 

process per million year. 
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