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Introduction:  The modern Earth surface environ-

ments contain a plentiful oxygen (O2) − from upper 
atmosphere to the abyssal oceans. The prevalence of 
O2 exerts a fundamental control on biological metabo-
lisms on a planetary scale that have fundamentaly 
shaped the surface chemistry throughout the Earth’s 
history. A better understanding of the interplay be-
tween life and surface O2 levels is therefore a funda-
mental topic in the field of Earth and Planetary scienc-
es. 

In a last decade, a range of geochemical observa-
tions have created a broad picture of Earth’s surface O2 
history. The emerging model demonstrates a more dy-
namic trajectory than previously thought [1]: atmos-
pheric O2 levels may have risen and falls during the 
early- and mid-Proterozoic, then remaind surprisingly 
low (<1% present atmospheric level) until the late-
Proteorozic. However, the regulatory mechanism(s) 
responsible for such a low but ‘post-biotic’ O2 levels 
during the Earth’s middle age remains enigmatic. One 
possible explanation would be essentially a less active 
oxygenic biosphere, but O2 production/removal fluxes 
remain poorly constrained, leading to concomitant un-
certainties in O2 budget.  

Methods:  Here we examine this problem using an 
Earth system biogeochemical model that includes a 
series of redox reactions in ocean-atmosphere sytem. 
The numerical model (named CANOPS♯) is an im-
proved version of CANOPS ocean biogeochemical 
model developed by [2,3]. The ocean model is a 1-D 
intermediate-complexity model that has a general and 
robust ocean circulation shceme. For our Proterozoic 
simulations, we have improved upon the CANOPS’s 
biogeochemical processes by including open-system 
marine sulfur cycle: the reservoir size and distribution 
of oceanic sulfur species (SO4

2- and ∑H2S) are explicit-
ly evaluated. Global CH4 cycle is also taken into ac-
count: biogenic CH4 generation via methanogesis and 
its oxidation reactions via mthanotrophy and anaerobic 
oxidation of methane in the ocean interior, as well as 
its photooxidation in the atmosphere. The CANOPS♯ 
model allows us to explore the mechanistic processes 
at play in Earth’s mid-Proteorozic ocean-atmospehre 
system. 

To account for the uncertainty in the model results, 
the Monte-Carlo (MC) approach was applied, with 
focusing on following 8 parameters; (1) atmospheric 

O2 level, (2) a half-saturation constant for microbial 
sulfate reduction, (3) riverine reactive P input rate to 
the oceans, (4, 5) crustal reservoir sizes of pyrite sulfur 
and gypsum sulfur, (6) sinking velocity of particulate 
organic matter in the water column, (7) global 
erosin/sedimentation rate, and (8) P scavenging effi-
ciency by iron-oxides. The parameter space for the MC 
simulation is defined by the prior probability density 
function (pdf). For the sake of objective analysis, we 
adopted uniform (non-informative) prior distributions, 
except for crustal sulfur reservoirs for which Gaussian 
pdfs were assumed. In this study, total 8,702 samplings 
were conducted, and the model was integrated to 
steady state. Then, only if the calculated [SO4

2-] at sur-
face ocean locates in the range of 0.1−1.0 mM (con-
strained by the geological data [4,5]), the calculation 
result was adopted. Based on the protocol described 
above, the adoption rate was approximately 11.5%, 
yielding total 1,000 cases for analysis. 

Result & Discussion:  The obtained probability 
disturibution of burial rate of organic carbon shows 
that the most probable rate would be ca. 2−4 Tmol C 
yr-1, wih a median of 3.1 Tmol C yr-1and a 95% credi-
ble interval of 0.42−11.6 Tmol C yr-1. The most proba-
ble rate of pyrite sulfur burial rate would be ca. 1.4 
Tmol S yr-1 with a 95% credible interval of 0.81−2.36 
Tmol S yr-1. Given the stoichiometric relationship be-
tween organic carbon, pyrite sulfur, and oxygen of 
1:1:2, these results indicate that oxygen production via 
organic carbon burial would have been substantially 
lower than present and that O2 production via pyrite 
sulfur burial might have been compalrable to (or lager 
than) that of organic carbon, highlighting the critical 
role of sulfur cycle as a regulation mechanism of O2. 

Conclusion:  Based on the above and additional 
sensitivity experiments, we conclude that the low at-
mospheric O2 levels during the mid-Proterozoic can be 
attributed to the limited oxygen production at that time. 
This study provides a quantitative underpinning toward 
a better understanding of the O2 budget in deep time. 
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