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Background: MSL’s SAM-QMS atmospheric 
sampling showed that the O2 volume mixing ratio 
(VMR) in the near-surface Martian atmosphere has 
significant seasonal and interannual deviations from 
the pattern expected and observed for inert non-con-
densable trace gases (Trainer et al, 2019). Yet photo-
chemical GCM’s show that, given known chemistry, 
O2 should behave identically to inert trace gases such 
as argon (Lefevre et al., 2004; Daerden et al., 2019), 
consistent with photochemical models showing O2 
lifetimes of at least 10 years (Atreya et al., 2006; 
Lefèvre & Krasnopolsky, 2017). 

Trainer et al. (2019) argued that the magnitude of 
O2 deviation from inert trace gas behavior is too large 
to be explained by any atmospheric sources – essen-
tially because CO2 photolysis is too slow and H2O va-
por abundance is too small – which suggests that some 
kind of surface reservoir of oxygen is actively ex-
changing with the atmosphere on seasonal timescales. 
The Viking Gas Exchange (GEx) experiment’s find-
ing of O2 release from a soil sample upon humidifica-
tion (Klein, 1978; Oyama & Berdahl, 1977) supports 
the idea that such a reservoir might exist. Both super-
oxides and UV-degraded or ionizing-radiation-de-
graded chlorates & perchlorates have been proposed 
(Yen et al. 2000, Quinn et al., 2013, respectively) as 
the source reservoir for the Viking GEx O2 release, 
and both superoxides and chlorates/perchlorates have 
been proposed to form with an atmospheric source for 
their O2 (Yen et al. 2000, Carrier and Kounaves, 
2015). Thus, there are proposed mechanisms for both 
directions of a cyclical exchange of O2 between the 
atmosphere and surface. We, therefore, can consider 
a hypothetical surface-atmosphere “oxygen cycle” as 
a potential explanation for the unexpected O2 varia-
bility; although it remains unclear whether any of 
these surface-atmosphere exchange mechanisms can 
operate with the rates necessary to explain the SAM 
data. Interestingly, both the uptake and release 

mechanisms for O2 in surface soils, as they have been 
proposed, involve exposure to UV or higher-energy 
radiation, but only the release mechanisms are pro-
posed to involve water vapor humidity. This suggests 
both a relationship between atmospheric O2 and the 
water cycle, an idea that Lo et al. (2022) have already 
begun to explore, and a potentially complicated rela-
tionship with UV-blocking aerosol dust which could 
limit both uptake and release of O2. 

Understanding this apparent surface-atmosphere 
exchange of oxygen will be important for understand-
ing the formation and likely distribution in space and 
time of perchlorates and other soil oxidants, which in 
turn have implications for the preservation of organics 
on the Martian surface. In addition, having a major 
active reservoir for O2 at the surface would potentially 
complicate the traditional explanation (e. g. Lefèvre 
& Krasnopolsky, 2017) for the relative abundances of 
CO and O2 and their role in recycling CO2 photolysis 
products back to CO2 to stabilize the Martian atmos-
phere.   
 

Measurements: Both ChemCam on the MSL 
rover (e.g. Wiens et al., 2012) and SuperCam on the 
Mars2020 rover (e.g. Maurice et al., 2021; Wiens et 
al., 2021) perform “passive sky” observations follow-
ing the technique of McConnochie et al. (2018). No 
laser is used (hence “passive”) and the spectrometer 
views the sky at two different elevation angles to pro-
vide two different path lengths through the absorbing 
gases. Ratioing the signal from the two different path 
lengths eliminates instrument response and solar 
spectrum uncertainties. 

The O2 retrieval technique also follows 
McConnochie et al. (2018), but in this case fitting the 
759 – 767 nm O2 absorption and updating the molec-
ular line parameters to those from the HITRAN 2016 
database. CO2 absorption lines near 783 nm and 789 
nm are used as a reference to correct for the effect of 



 

 

aerosol scattering uncertainties on line depth. The 
depth of these O2 and CO2 absorption  
lines is about 0.05% – 0.2% relative to the continuum. 

In this spectral region SuperCam uses a transmis-
sion spectrometer and an intensifier, while ChemCam 
uses a reflection grating and no intensifier. Both use 
nearly-identical CCD detectors. The SuperCam oxy-
gen retrieval precision appears to be limited mainly 
by fluctuations in intensifier throughput, while for the 
non-intensified ChemCam it is clear that both system-
atic and random uncertainties are dominated by detec-
tor background. SuperCam and ChemCam thus re-
quire very different data processing for passive sky, 
and with an 8-year head start the ChemCam data pro-
cessing is relatively mature although some improve-
ments are still planned. SuperCam data processing for 
filtering intensifier throughput feature is still prelimi-
nary and so the results that follow are based solely on 
the ChemCam passive sky data set.  

Both ChemCam and SuperCam passive sky obser-
vations are acquired irregularly to minimize conflicts 
with other rover operations, but we are currently tar-
geting an average sampling interval of 14 sols with 
both instruments. Over the course of the MSL mis-
sion, the ChemCam passive sky average sampling in-
terval has been as small as ~7 sols in some periods and 
as large as ~50 sols in other periods. Since September 
2020, we have been adjusting the timing of ChemCam 
passive sky measurements (without altering the aver-
age sampling interval) to occur within 1-2 sols of a 
Trace Gas Orbiter ACS occultation observation (e.g. 
Korablev et al., 2018) in the vicinity of Gale Crater 
whenever feasible.  

 
Results: 
Long-term Averages.  ChemCam O2 retrievals 

give 2000 +/- 60 ppm averaged over roughly 180 in-
dividual observations spanning about 4.5 Martian 
years. This is comparable to Trace Gas Orbiter (TGO) 
ACS occultation results which give ~1900 ppm on av-
erage for 15 – 25 km altitudes in the low-to-mid- lati-
tudes (Fedorova et al., EGU General Assembly 2021 
presentation materials). MSL’s SAM Quadrupole 
Mass Spectrometer atmospheric samples show nota-
bly less O2 than ChemCam, giving 1610 ± 90 ppm av-
eraged over Mars Years 31-34. Herschel Space Ob-
servatory’s HIFI observed even less O2 in Mars Year 
30 (@ Ls = 77) reporting a value of only 1400 ± 120 
ppm (Hartogh et al., 2010), which was comparable to 
the previous canonical value of ~1300 ppm from 
ground based measurements (Barker, 1972; Carleton 
and Traub, 1972). 

Thus, understanding of Martian O2 abundances 
has evolved significantly in recent years from a gen-
erally-accepted value near 1300 ppm to a new para-
digm of average abundances in the 1600 – 2000 ppm 
range. Furthermore, the difference between the long 
term average near-surface SAM O2 (Trainer et al. 
2019), and the long term average column measure-
ment from ChemCam, is statistically robust, and 

TGO-ACS (Fedorova et al., 2021) tends to corrobo-
rate ChemCam. Consequently, there is a strong sug-
gestion that O2 tends to be depleted near the surface at 
the equator, which is further evidence of O2 lifetime 
being much shorter than the > 10 years in existing 
models and also fits with a hypothesis that release of 
O2 from soil is disfavored at the surface near the equa-
tor compared to other locations on Mars due to lower 
humidity. 

Seasonal cycles and interannual changes.  In pre-
vious reports on ChemCam O2 results we had low 
confidence in the ChemCam evidence of interannual 
and seasonal variability because the amount of scatter 
and frequency outliers in the times series was not well 
explained by our predicted uncertainties. This situa-
tion has now changed because the data set has grown 
sufficiently large and because we have improved the 
statistics of our smoothed time series by adopting a 
local regression approach. The local regression finds 
a smoothed value at a given time by fitting a linear 
regression to nearby observation points, weighting 
each observation point by its distance as well as its 
estimating uncertainty. 

In Figure 1 we have suppressed individual obser-
vation points in order to show 5 Martian years of the 
smoothed ChemCam O2 results with 1-sigma uncer-
tainties represented by the shaded area around each 
dashed line. Thinner lines with no uncertainty shading 
are outputs from the LMD (Lefèvre et al., 2004) and 
GEM (Daerden et al., 2019) photochemical GCM 
models for comparison. Red points with error bars are 
SAM O2 measurements from Trainer et al. (2019), 
and the green points are Ar from Trainer et al. (2019) 
to show that the GCM models perform very well for 
truly inert gases. The season around Ls = 90 stands out 
as having clearly significant interannual variability in 
ChemCam O2 results. Mars Year 34 also shows nota-
bly lower ChemCam O2 than in other years in the Ls 
= 180 season, just before the Mars Year 34 global dust 

Mars Atmosphere O2 Measurements 
O2 VMR Type and Timing Reference 

2000± 60 ppm  MSL ChemCam, 
average of MY 31–
36 

this work 

~1900 Trace Gas Orbiter 
ACS, average of 15-
25 km altitudes in 
low-to-mid-lati-
tudes, MY 3435 

Fedorova et 
al., 2021  

1610 ± 90 ppm MSL SAM, average 
of MY 31  34 

Trainer et al. 
2019 

1400 ± 120 ppm Herschel Space Ob-
servatory, MY 30, 
Ls = 77) 

Hartogh et 
al., 2010 

1300 ± 130 ppm Ground based 
MY 9, L_s ~ 300 - 
340 

Barker, 
1972; Car-
leton and 
Traub, 1972 



storm. The very high value in the post-dust-storm pe-
riod of Mars Year 34 is based on only one ChemCam 
passive sky observation with relatively poor precision 
so its large apparent difference from the values in 
other years is not actually statistically significant, as 
is apparent from the uncertainty represented by the 
shading. 

One consequence of the large interannual variabil-
ity in the Ls = 90 season is that the Herschel O2 meas-
urement, which happened to occur at Ls = 77, turns 
out to not be an outlier. Factoring in its uncertainties, 
it is only slightly smaller than what was observing by 
ChemCam in MY 35, and, given the wide interannual 
dispersion, it’s entirely plausible that ChemCam 
might have observed even less in that same season in 
MY 30 had it been in operation at that time. 

 
Discussion:  
The large deviation of ChemCam O2 from the 

model expectations, and the lack of a strong correla-
tion and different average values between SAM and 
ChemCam O2 are further evidence of oxygen chemis-
try being more active than in current model expecta-
tions because they mean that the O2 chemical life-
times cannot be much larger than advections or verti-
cal mixing time scales. ChemCam and SuperCam are 
sensitive only to the bottom 25 km of the atmosphere, 
with a 75% weight on the bottom 10 km. 

A more novel implication comes from the large 
interannual variability of O2 in certain seasons. This 
suggests that the hypothesized oxygen cycle would be 
quite sensitive to environmental conditions that are 
themselves quite variable. The primary season of ob-
served O2 interannual variability happens to coincide 
with peak water vapor abundance over northern high 
latitudes, so, speculatively, variability in that peak hu-
midity and its interaction with surface materials or 
aerosol opacity could drive variable release of O2 
from the soil, which is then rapidly advected into the 
column over Gale Crater but perhaps less rapidly 
transported to the near surface atmosphere in Gale as 
sampled by SAM. 

Adding O2 measurement over Jezero Crater from 
SuperCam will serve to further constrain such 

hypothetical processes. Continuing coordinated ob-
servations with TGO-ACS will do so as well. Ulti-
mately, however, the path forward for interpreting O2 
at those multiple sites in terms of processes and pre-
ferred locations for surface-atmosphere oxygen ex-
change will require a GCM that incorporates some 
representation of the hypothesized surface processes. 
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