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Introduction:  Mars has a thin (6 mbar) CO2 atmos-

phere currently. There is strong evidence for paleolakes 

and rivers formed by warm climates on Mars, including 

after 3.5 billion years (Ga) ago [1-6], which indicates 

that a CO2 atmosphere thick enough to permit a warm 

climate was present at these times. Since Mars no longer 

has a thick CO2 atmosphere, it must have been lost. One 

possibility is that Martian CO2 was lost to space. CO2
+ 

ion loss from Mars has been shown to be negligible over 

the last 3.5 Ga [7-8]. Escape of C and CO has yet to be 

quantified but can be indirectly probed through study of 

the loss of accompanying CO2-derived O. O escape 

rates from Mars are high enough to account for loss of 

a thick CO2 atmosphere, if CO2 was the main source of 

escaping O [9-10]. There is degeneracy to this problem 

in that escaping O may ultimately derive from either 

CO2 or H2O. This degeneracy can be broken by using 

evolution of Martian D/H ratio as a proxy for water loss 

to space [11]. We present an error-propagation approach 

to estimate upper limits for Martian pCO2 at 3.5 Ga ago 

that accounts for loss of O and H to space, and includes 

an updated assessment of the surface O budget resulting 

from oxidation of soil and young sediments [11].   

Methods: The expression for the upper limit of 

CO2-derived C atoms escaped from Mars to space is 

given in the equation at the bottom of Fig. 1, where #C, 

#O, and #H, and #CO2
+ are the number of C, O and H 

atoms and CO2
+ ions that are lost from the Martian hy-

drosphere-atmosphere system through escape to space, 

or oxidation of surficial rock reservoirs, denoted by the 

subscripts esc, and ox, respectively.  

We calculate O loss to space over the past 3.5 Ga by 

extrapolating modern loss rates measured by MAVEN 

Figure 1: Sketch of Martian H, C, 

and O fluxes considered in our study. 

C species can be lost to space. At-

mospheric CO2 can be sequestered 

into (sub)surface carbonates, CO2 

liquids and ices, and clathrates. H2O 

is sourced from polar caps and 

ground ice, and H and O can be lost 

to space. O not lost to space can be 

sequestered in soils and layered sed-

imentary rocks during oxidation.  

back in time following the method of Lillis et al. [9] for 

photochemical escape, and Jakosky et al. [10] and 

Chassefière et al. [12] for sputtering and ion escape 

channels (Fig. 2) and integrating the total loss. We cal-

culate H loss using a Rayleigh distillation model for 

D/H ratios, where time zero and 3.5 Ga ago D/H, a mod-

ern global exchangeable H2O reservoir, and fractiona-

tion factor are input parameters [13]. We assumed a lay-

ered sedimentary deposit-like composition of young 

sediment and soils [14] to calculate the oxidative O sink 

associated with oxidation of Fe2+ to Fe3+ and reduced S 

species to SO3. The 3.5 Ga-ago pCO2 allowed by these 

sinks was calculated using the master equation (Fig. 1) 

Figure 2: Martian oxygen loss over time. The dissociative re-

combination (DR) loss flux was extrapolated assuming an 

power law exponent γ=1.7 for solar EUV dependence, and so-

lar EUV evolution βrot following models of stellar rotation 

evolution. recombination loss rates inferred over Mars obser-

vational history.
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in a Monte Carlo error propagation by resampling 

10,000 times within the uncertainty distributions of the 

all the input parameters [11]. Negative 3.5 Ga ago pCO2 

estimates in our models would indicate that all sinks for 

O are required to balance H loss to space implied by 

D/H evolution. In these cases, negligible loss of CO2 

would be allowed, such that loss to space would not ac-

count for the depletion of a thicker CO2 atmosphere in 

the past.  

Figure 3: Probability distributions of 3.5 Ga paleo-pCO2, for 

different O loss scenarios incorporating different γ and β val-

ues (see Fig. 2 for explanation).  

 

Results: Monte Carlo estimates of 3.5 Ga ago Mar-

tian paleo-pCO2 are shown in Figure 3 for 6 different O 

loss scenarios. Large uncertainty in extrapolated O loss 

rates from photochemical escape (dissociative recombi-

nation), shown in Fig. 2, propagates to a large range of 

pCO2 estimates. However, all central estimates for 3.5 

Ga ago pCO2 are strongly negative by at least 300 mbar, 

over 500mbar less than the 250 mbar minimum required 

for temperatures above 273 K and sustained runoff at 

this time [15]. We emphasize that the O loss scenarios 

that represent the best current understanding of Martian 

O loss are the more conservative ones that result in the 

most negative paleo-pCO2.  

Discussion and Conclusions: Our central estimates 

of 3.5 Ga Martian pCO2 are negative. This is physically 

unrealistic. Therefore, either an important term is miss-

ing from our model, or one of our terms must take a 

value near the edge of its uncertainty range. Our nega-

tive central pCO2 estimates suggest either i.) a missing 

component of the volatile loss model, such as a large, 

unaccounted for volatile sink on Mars; ii.) that post-3.5 

Ga atmospheric loss processes were more vigorous than 

currently thought, such that model runs with positive 

pCO2 outputs are the only ones with physically 

reasonable combinations of input parameters. In this lat-

ter cases, A 3.5 Ga pCO2 ≥0.25 bar was possible, but 

unlikely; particularly considering that the model runs in 

our study which give the most positive pCO2 results 

used input parameters have been revised downward 

with larger datasets.   

Missing volatile sinks: In case i.) the apparent defi-

ciency of the escape-to-space sink for CO2 implies that, 

if a >250 mbar required by climate models to cause late 

runoff on Mars was ever present, it must have been lost 

to another sink on Mars itself. The required missing sink 

could be a CO2 reservoir fixed at or below the Martian 

surface, such as voluminous deposits of CO2 ice, liquid, 

or clathrates; or CO2 adsorbed on dust or carbonates 

[16-19]. Observed Martian crustal carbonate formed af-

ter 3.5 Ga ago accounts for <50 mbar CO2-equivalent 

globally [20]. We calculate an optimistic estimate of the 

carbonate content in young soils and layered sediments 

of ≈ 41 mbar CO2 equivalent. Combined, these car-

bonate reservoirs are insufficient to meet the minimum 

requirements of runoff-producing climate models. Fro-

zen CO2 may have been in sequestered in large volumes 

deep in the Martian regolith as a result of basal melting 

of CO2 ice in the polar caps in earlier periods with 

greater geothermal heat flow [18], and it could provide 

a large missing C sink in the context of our modeling.  
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