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Introduction: Isotopic analyses of secondary min-

erals in several SNC meteorites exhibit a mass-

independent fractionation (MIF) (i.e., an excess in 17O) 

in oxygen isotope abundances relative to SNC silicates 

[1]. Processes that can produce an MIF signature in-

clude photodissociation, a few chemical reactions, and 

possibly other processes such as atmospheric escape 

[2]. Because O atoms escape from Mars as a result of 

dissociative recombination of the predominant iono-

spheric ion, O2
+, which imparts excess kinetic energy 

to the resulting neutral O atoms [3], [4], it is possible 

that O escape over time has modified the O isotope 

composition of Martian volatiles.  

To address the possibility that escape is responsible 

for the MIF signature in Martian volatiles, I use a Ray-

leigh distillation model. However, rather than applying 

this model from the homopause to the exobase, as is 

usually done, I apply it from the homopause to the 

escape altitude of hot O atoms, which is generally be-

low the usually defined exobase. Additionally, because 

there is evidence from MAVEN observations for varia-

tion in the altitude of the homopause [5], I consider 

how O isotope ratios in the non-escaping fraction of 

the atmosphere could vary as a function of homopause 

altitude. 

Mars atmosphere: I use the temperature, number 

density and eddy diffusion coefficient profiles from the 

baseline model of Nair et al. [6]. The homopause, the 

altitude at which eddy and molecular diffusion coeffi-

cients are roughly equal, occurs at about 120 km in that 

model. Above the homopause diffusive separation 

causes a depletion of the heavier isotopes [7]. Escape 

of O*, a hot O atom produced by O2
+ + e → O* + O*, 

occurs down to about 175 km according to Monte Car-

lo simulations [8]. I also consider escape from 145 km 

as a lower limit for simpler collisional estimates of hot 

O escape [9]. Homopause altitude has been inferred to 

vary from about 70 to 125 km from measurements of 

number densities in MAVEN NGIMS data [5]. The 

exobase altitude is observed to be roughly correlated 

with homopause altitude, suggesting contract and infla-

tion of the entire upper atmosphere perhaps due to var-

ying degrees of gravity wave dissipation. 

Rayleigh distillation model: Rayleigh distillation 

describes isotopic fractionation in a well-mixed system 

as material moves between 2 reservoirs, in this case 

material lost to space and the fraction of retained at-

mosphere. To be applicable to the upper atmosphere of 

Mars, the timescale for molecular diffusion must be 

shorter than the loss timescale for loss of O from the 

upper atmosphere. This can be shown to be valid for O 

above the homopause for the conditions considered 

here. The Rayleigh distillation equation is 1

0R R f −=  

where R is the ratio of heavy to light isotope in the 

atmosphere, f is the fraction of atmosphere remaining, 

and  is the fractionation factor. The fractionation fac-

tor at altitude z is the ratio of xO/16O at z divided by the 

same ratio at zh, the homopause altitude, 
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GM/r2 is local gravity at r = RMars + z and mx = mx – 

m16 for x = 17 or 18. Fractionation factors are plotted 

in Figure 1. 

Results: The O isotopic ratios of the atmosphere 

expressed as delta-values are given in Figures 2 and 3 

as a function of the fraction of atmosphere remaining. I 

have assumed a starting isotopic composition of 

SMOW for Martian volatiles. This assumption is clear-

ly open to debate, but it provides a convenient refer-

ence point for illustrating the effects of atmospheric 

loss within the Rayleigh model. For O escape at 175 

km, enrichment comparable to the observed -values 

for CO2 near the Martian surface (gray bars, Fig. 2a, 

[10]) requires loss of 15 – 30% of the atmosphere for 

homopause altitudes from 70 – 125 km, respectively. 

Enrichment of 17O from a SMOW value of zero to 

about 0.8 ‰, a typical value from SNC secondary 

minerals (gray bar, Fig. 2b, [1]) requires loss of about 

15% of the atmosphere for a homopause at zh = 70 km, 

and 75% loss for zh = 100 km. For the homopause at 

125 km, a depletion occurs for  zh = 125 km, so agree-

ment with the SNC data is not possible. A homopause 

altitude of 70 km yields consistent enriched values for 

17O, 18O and 17O for O escape from 175 km. For O 

escape from 145 km, the solutions are more divergent 

with atmospheric loss spanning 15 – 45% for zh = 70 – 

125 km (Fig. 3) for 17O and 18O, and a loss of 20% 

for zh = 70 km for 17O. Depletions in 17O are pre-

dicted for zh = 100 and 125 km (not shown). Again, the 

most consistent solution is for a quite deep homopause 

altitude of 70 km. The loss of about 20% of O predict-

ed from this model is lower than the 66% loss of at-

mospheric Ar derived from MAVEN measurements of 
38Ar/36Ar [11]. 

Conclusions: Using a Rayleigh distillation model 

and O escape altitudes below the exobase, I have 

shown that O isotope ratios consistent with modern 
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atmosphere CO2 and SNC secondary minerals occur 

for ~ 20% oxygen loss from the atmosphere and for a 

homopause altitude of ~70 km. This result assumes 

initial isotope ratios similar to SMOW. Evolution 

models that include early high solar EUV are the next 

step to fully address the evolution of O isotope ratios.  
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Figure 1. Fractionation factors for 17O (solid) and 18O 

(dashed) for 3 model homopause altitudes of 70, 100, 

and 125 km.  

 

 

Figure 2a. Delta-values for the remaining fraction of 

bulk atmosphere oxygen assuming hot O escape from 

an altitude of 175 km. Three homopause altitudes are 

considered, 70, 100 and 125 km. The vertical gray bars 

are the 17O and 18O values for CO2 measured by the 

SAM instruments on the Curiosity rover [10].  

 

 
Figure 2b. The corresponding mass-independent delta-

value, 17O, for O escape from 175 km. A fractiona-

tion law exponent of 0.528 is used. The vertical gray 

bar is the approximate enrichment seen in SNC sec-

ondary minerals (sm), including carbonates and water 

[1].  

 

 

 
Figure 3. Same as Figure 2a but for O escape at 145 

km. 
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