Bistability in atmospheric oxygen and the Great Oxidation
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'IG Earth history has been characterised by a series of major transitions E We have constructed a conceptual model of the global redox system
o] separated by long periods of relative stability’. Chemically the largest "0 following the advent of oxygenic photosynthesis with methane (M)
= transition was the “Great Oxidation” at 2.4 Ga, when atmospheric © and oxygen (O) in atmosphere and surface ocean and buried organic
2 oxygen rose from < 10— PAL (Present Atmospheric Level) to > 0.01 E carbon in the crust (C).

PAL and possibly? > 0.1 PAL. This occurred long after the origin of
oxygenic photosynthesis®®, >2.7 Ga. The cause of this delay and the
subsequent Great Oxidation are hotly debated’~'2. Here we show
that the origin of oxygenic photosynthesis gave rise to two
simultaneously stable steady states for atmospheric oxygen. The
existence of a low oxygen (< 10— PAL) steady state explains how a
reducing atmosphere persisted for =300 million years after the origin
of oxygenic photosynthesis. The Great Oxidation can be understood
as a switch to the high oxygen (> 5 x 10-3 PAL) stable steady state.
The bistability arises because ultraviolet shielding of the troposphere
by ozone becomes effective once oxygen exceeds 10—~ PAL,
causing a nonlinear increase in the lifetime of atmospheric oxygen.
Our results show that the existence of oxygenic photosynthesis is
not a sufficient condition for an oxygen rich atmosphere or the
existence of an ozone layer, which has implications for detecting life
on other planets by atmospheric analysis’® 4.

a conceptual

The Great Oxidation describes the rise of atmospheric oxygen from < 10— PAL to >
0.01 PAL at 2.4 Ga.
- Before the origin of life, photochemical models™ predict O, < 102 PAL.

* Evidence of mass independent fractionation (MIF) of sulphur isotopes’®==® prior to
2.45 Ga, constrains** O, to < 10° PAL. The MIF signal is absent in samples*° 2.33

Ga and younger.
+ Geological and biological constraints=>=°, particularly palaeosols® indicate O,

consistently > 0.01 PAL after 2.4 Ga, and possibly > 0.1 PAL.
Oxygenic photosynthesis originated >2.7 Ga, at least 300 million years before the
Great Oxidation. The cause of this delayed oxidation is hotly debated”%-12:30.32,
Recent hypotheses assume that the Great Oxidation will be triggered when the
oxygen source exceeds the input of volcanic and metamorphic reductants’'° 2,
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Constraints on palaeo-oxygen. a Compilation of evidence of MIF in sulphur isotopes for the Precambrian'®23, Deviations from A33S = 0 indicate
O, < 10-° PAL*. Note the abrupt end of the strong MIF signal at 2.4 Ga. b Compilation of proxies for palaeo-oxygen. Upward arrow indicates lower

bounds and downward arrows indicate upper bounds. Solid black lines are duration of the constraint. Dashed black line means that oxygen is
thought to have crossed the given threshold in that time. Grey lines are error bars. Circles represent palaeosols®. The oxygen constraint for these
is from an O, : CO, ratio and assumed pCO,; these constraint would be affected by any change from the assumed pCQO,. Open circles are weakly

constrained. Ediacaran?® is a constraint from the oxygen demand of fauna in this period, Beggiatoa refers to oxygen constraints from this organism
together with changes in the sulphur cycle?®. Charcoal requires sufficient oxygen for combustion?®.
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The steady state solutions for methane and carbon are

_r Czﬁ(N+r)

Marine Biosphere
* Net primary productivity from

* Net input of reductant to the surface, r (an electron donor for anoxygenic

photosynthesis)
* Pathway for decomposition o

Atmospheric methane oxidation
oxygenic photosynthesis, N CH, + 20, — CO, + 2H,0
* Takes place as a series of reactions, some are photochemically mediated.

* We parameterise this rate by fitting the results of detailed photochemical

f organic matter depends on available oxygen: models33-3.

aerobic respiration with high oxygen, otherwise fermentation and * ¥(O,) is a polynomial function of oxygen concentration. Once the is

metanogenesis
* Methane can be used by met
* Oxygenic photosynthesis fo
contributes both oxygen and

enough oxygen an ozone layer forms, shielding the troposphere from UV
radiation. This reduces the rate of photolysis of water which decreases
OH availability, thus suppressing the rate of methane oxidation3+ 3.

hane oxidising bacteria with sufficient oxygen.
llowed by fermentation and methanogenesis
methane to the atmosphere:

CO, + H,O + hv—-%%CH, + 2CO, + O,
* Q(0,) is the fraction of productivity transferred to the atmosphere as Hydrogen escape is diffusion limited, with methane as the

methane and oxygen.

dM
dt
dO
dt
dC
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sole source of hydrogen in the upper atmosphere and s as
a limiting flux constant.
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Buried organic carbon.

* Fraction B of ocean productivity is buried.

* Weathering rate wis determined mechanically.

* Exposed organic carbon is decomposed by organisms.

Thus we explain the dynamics of the Great Oxidation: Wider implications

Our results are relevant to the search for life on other

in atmospheric oxygen. . .
y P y9 planets by atmospheric analysis. It has been assumed

- ®The low oxygen stable steady state for oxygen explains the that a planet which hosts oxygenic photosynthesis
prolonged existence of reduced conditions after the origin of should have high oxygen and an ozone layer. The low

—0 oxygenic photosyn

@ The Great Oxidati

steady states for oxygen. This could have happened in response to

thesis. oxygen stable steady state in the presence of oxygenic
photosynthesis suggests that low oxygen, and no ozone

on was the switch between the two stable layer, could continue indefinitely
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