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Various proxies and numerical models have been used to constrain O; levels over geological time,
but considerable uncertainty remains. Previous investigations using 1-D photochemical models have
predicted how O3 concentrations vary with assumed ground-level O, concentrations, and indicate
how the ozone layer might have developed over Earth history. These classic models have utilised the
numerical simplification of fixed mixing ratio boundary conditions. Critically, this modelling assumption
requires verification that predicted fluxes of biogenic and volcanic gases are realistic, but also that the
resulting steady states are in fact stable equilibrium solutions against trivial changes in flux.
Here, we use a 1-D photochemical model with fixed flux boundary conditions to simulate the effects
atmospheric evolution on O3 and O, concentrations as O (and CHg) fluxes are systematically varied. Our results suggest that
oxygen stable equilibrium solutions exist for trace- and high-0,/03; cases, separated by a region of instability.
ozone In particular, the model produces few stable solutions with ground O, mixing ratios between 6 x 10~/
methane and 2 x 1073 (3 x 107% and 1% of present atmospheric levels). A fully UV-shielding ozone layer only
Proterozoic exists in the high-0, states. Our atmospheric modelling supports prior work suggesting a rapid bimodal
transition between reducing and oxidising conditions and proposes Proterozoic oxygen levels higher than
some recent proxies suggest. We show that the boundary conditions of photochemical models matter,
and should be chosen and explained with care.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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However, uncertainty remains regarding atmospheric O, lev-
els since the GOE (see e.g. reviews by Farquhar et al. (2014);
Kump (2008); Lyons et al. (2014)), in particular for the Protero-
zoic, where palaeo-0, proxies yield differing constraints. Proxies
for Proterozoic oxidative weathering and ocean oxygenation have
classically led to pO, estimates between 2.1 x 10~3 and 0.084
(Canfield, 1998, 2005; Holland, 1994; Johnson et al., 2014; Lenton
and Daines, 2017; Rye and Holland, 1998). The existence of an
ozone layer, indicated by the presence of mass-independently frac-
tionated oxygen isotopes (O-MIF) in sedimentary sulphates since
the GOE (Crockford et al., 2019), is thought to require pO; exceed-
ing 2.1 x 104 (Segura et al., 2003), while model interpretations of
large, negative O-MIF from 1.4 Ga sulphates (Crockford et al., 2018)
suggest an upper limit of 2.1 x 10~3 for this period (Planavsky et
al,, 2020). This upper limit is consistent with cerium anomalies
from 1.87 Ga (Bellefroid et al., 2018) and a lack of fractionation
of sedimentary chromium isotopes, interpreted to indicate pO,

1. Introduction

Improved constraints of atmospheric oxygen levels over Earth
history are important for an enriched understanding of how life
and Earth have co-evolved. Molecular oxygen (O3 ) currently makes
up 21% of the atmosphere, but this has not always been the case.
The disappearance of sulphur isotope mass-independent fraction-
ation (S-MIF) in the geological record at 2.4-2.5 Ga (Bekker et
al,, 2004; Farquhar et al., 2000; Warke et al.,, 2020) is considered
strong evidence for the Great Oxidation Event (GOE). To explain
this, models require the partial pressure of oxygen (pO-, also re-
ferred to as the O, mixing ratio) to be less than 2.1 x 10°¢ (107>
times the present atmospheric level (PAL)) for the Archaean and
more than 2.1 x 10~% after the GOE (Pavlov and Kasting, 2002).

Abbreviations: LBC(s), lower boundary condition(s).
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lower than 2.1 x 10~3 or even 2.1 x 10~ for parts of the Pro-
terozoic before 0.8 Ga (Cole et al., 2016; Planavsky et al., 2014,
2018). However, the timing of the appearance of variable §°3Cr
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(and its interpretation) in the geological record is debated, with
some studies predicting much higher pO, between 0.8 and 1.1 Ga
(Gilleaudeau et al., 2016) and even further back in the Mesopro-
terozoic (Canfield et al., 2018). Even for the Phanerozoic, where the
continuous presence of animal life indicates relatively high oxy-
gen levels, uncertainty remains (Krause et al., 2018). For the last
400 Myr, a continuous charcoal record suggests oxygen levels be-
tween 15% and 30% (Bergman et al., 2004; Glasspool and Scott,
2010; Glasspool et al., 2015).

Previous 1-D photochemical models (Kasting and Donahue,
1980; Kasting et al., 1985; Segura et al., 2003; Zahnle et al., 2006)
have investigated potential palaeo-atmospheres by explicitly con-
structing models with a range of pO,. These models utilised ‘fixed
mixing ratio’ lower boundary conditions (LBCs) for O,, in which
the experimenter sets the pO, and the model is allowed to vary
fluxes across the lower boundary and other species’ concentra-
tions to produce a steady-state solution which satisfies the given
boundary conditions. In a brief summary overview, these previous
studies (reproduced below) found that the ozone column density
(the number of ozone molecules in an atmospheric column with
a surface area of one square centimetre) initially increases as a
power-law with pO,, before saturating at higher O, concentrations
(Fig. 1a).

The results of these 1-D photochemical modelling studies have
been simplified, parametrised and incorporated into a number of
Earth system evolution models, which include shorter-term biolog-
ical and atmospheric feedbacks with longer-term planetary redox
fluxes, such as volcanic degassing and hydrogen escape. Intrigu-
ingly, these models have predicted bimodal behaviour with respect
to oxygen concentrations. For example, the 2-box model of Gold-
blatt et al. (2006) predicted two regions only: pO; < 2.1 x 10°6
and pO, > 1073, Similarly, the 3-box biogeochemical model of
Laakso and Schrag (2017) found stable solutions with pO; < 2.1 x
1078 and pO, > 2.1 x 10~4. Other biogeochemical models predict
a ‘GOE’ in which O, mixing ratios change from 1076 to 2 x 103
(Claire et al.,, 2006) or 10~2 (Alcott et al., 2019) relatively quickly.
While biological re-organisation to oxic conditions provides a pos-
itive feedback (Catling et al., 2007; Daines and Lenton, 2016), the
primary driver captured is the development of an ozone layer
which shields O, from photolysis (Claire et al., 2006; Goldblatt et
al,, 2006), as captured by parametrisations of 1-D photochemical
models.

Here, we revise the classic photochemical modelling calcula-
tions which relate O and Os, by utilising ‘fixed flux’ LBCs for
0, and other gases. The O, flux into the atmosphere is speci-
fied by the experimenter, and the model predicts the resulting
mixing ratio profiles in equilibrium with the radiation field, kinet-
ics, and other physical processes (e.g. lightning, particle formation,
condensation). Flux boundary conditions represent a closer con-
ceptual match to what real atmospheres do (e.g. fluxes vary and
concentrations adjust), compared to the assumption that the plan-
etary and biogenic fluxes somehow adjust in order to maintain
fixed ground-level concentrations. First, we briefly introduce the
1-D photochemical model, Atmos. In Section 3, we use Atmos with
fixed mixing ratio LBCs for O, to replicate previous results, but
observe that these models predict potentially unrealistic fluxes.
Our primary results comprise a systematic study of atmospheric
chemistry resulting from variable O, and methane fluxes across
the lower boundary. Specifically, we i) vary O, fluxes at several
fixed CH4:0, flux ratios (Section 4.1); ii) vary CH4:0; flux ratios at
several fixed O, fluxes (Section 4.2); and explore sensitivity to iii)
oxidative weathering (Section 4.4) and iv) other important redox
fluxes (Section 4.6).

Our investigation of 2067 flux-driven model atmospheres re-
veals a bimodal oxygen distribution similar to those observed in
biogeochemical models, but one that arises entirely in the atmo-
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Fig. 1. Extracted model results from suites using fixed mixing ratio lower boundary
conditions for O.

Circles, triangles, squares and diamonds show results using Atmos with the same
boundary conditions as previous authors. ‘1980 LBCs,’ ‘1985 LBCs,’ ‘2003 LBCs’ and
‘2006 LBCs’ refer to the boundary conditions used by Kasting and Donahue (1980),
Kasting et al. (1985), Segura et al. (2003) and Zahnle et al. (2006), respectively.
Crosses show Case 0 results, with fixed mixing ratio boundary conditions for O, and
fixed flux boundary conditions for CH4, Hz, CO and N,O. For the boundary condi-
tions used, see Table 1. (a) Ozone column densities with user-specified ground-level
0, mixing ratio. The results from previous studies are also shown (orange lines). (b)
Predicted oxygen fluxes, and (c) predicted CH4:0, flux ratios required to produce
the fixed mixing ratio model atmospheres, plotted against user-specified O, mixing
ratio. (For interpretation of the colours in the figures, the reader is referred to the
web version of this article.)

sphere itself. We explicitly demonstrate that some classic results
are unstable equilibrium solutions (Section 4.3) and argue that
many intermediate oxygen concentrations are photochemically un-
stable. In Section 5, we discuss implications for palaeo-O; con-



B.S. Gregory, M.W. Claire and S. Rugheimer

straints, provide suggestions for future work in both photochem-
ical and biogeochemical modelling, and argue that the choice of
numerical methods used by 1-D photochemical models has impli-
cations for how the Earth system science community considers the
evolution of atmospheric oxygen.

2. Model description

We use the one-dimensional photochemical model Atmos (open
source code available via https://github.com/VirtualPlanetaryLabora
tory/atmos), most recently described in Arney et al. (2016). The
‘ModernEarth+Cl’ template utilised in this study incorporates 87
atmospheric species involved in 372 reactions, whose rates have
been updated to follow recent recommendations (Table D1). An
altitude grid of 160 0.5 km layers gives a simulated atmosphere
of height 80 km, with the tropopause set at 11 km, suitable for
a mid-latitude profile. Each model presented here was run with
modern eddy diffusion and temperature profiles (Appendix E), and
we analyse only steady-state solutions. The lower boundary of
the model represents Earth’s surface, across which we prescribe
fluxes of volcanic and biogenic gases into the bottom-most model
grid layer, in addition to gaseous, aqueous and particulate depo-
sition out of the model atmosphere. LBCs are specified for each
atmospheric species (Tables B1 and C1) and discussed further be-
low.

3. Results from fixed mixing ratio photochemical modelling

We used fixed mixing ratio LBCs for O, to compare outputs
from Atmos to the results of previous studies (shown in Fig. 1a).
Kasting and Donahue (1980), Kasting et al. (1985) and Segura et
al. (2003) used fixed flux or deposition velocity (specifying the re-
moval rate from the atmosphere) LBCs for CHg4, Hy, CO and N;O.
The magnitudes of these fluxes were determined by predicted
fluxes from a fixed mixing ratio LBC model simulating the modern
Earth for these species (with the exception of Kasting and Don-
ahue’s (1980) Hy and CO, which were allocated zero flux LBCs).
Resulting negative (i.e. out of the atmosphere into the ocean) H;
fluxes led Kasting et al. (1985) and Segura et al. (2003) to use
deposition velocity and negative fixed flux boundary conditions
for Hy, respectively. Zahnle et al. (2006) used fixed mixing ratio
LBCs for CHg4, and chose large positive fluxes of Hy and CO. These
(and all LBCs used in this study) are summarised in Table 1. We
specify units of flux in ‘photochemical units’ or ‘pu’ (1 pu = 1
moleculecm™2s5~1 ~ 2.7 x 10719 Tmolyr—1).

Using Atmos, we produced suites of steady-state model at-
mospheres with O, ground-level mixing ratios varying between
2.1 x 10~"" and 0.42, choosing LBCs using the specific methods
of the previous four studies. A fifth suite (hereafter referred to as
Case 0; see Table 1) also incorporates fixed flux LBCs for CH4, CO
and N;O equal to those computed by modern fixed mixing ratio
calculations. Like the models of Kasting et al. (1985) and Segura
et al. (2003), Atmos predicts a net flux of H, out of the atmo-
sphere when run solely with modern fixed mixing ratio LBCs. This
is physically unrealistic and numerically allows models significant
leeway to mask redox imbalances by dumping hydrogen into the
(assumed) ocean. We incorporated the predicted fluxes as fixed
flux LBCs and tuned them, primarily by slightly reducing the larger
(biogenic) CH4 flux, to achieve an atmosphere predicting modern
mixing ratios for the five species, but with a net flux of H; into the
atmosphere within an order of magnitude of the modern volcanic
flux (Aiuppa et al, 2011). A fixed mixing ratio LBC for preindus-
trial CO, (280 ppmv) was used. Allowing the model to compute
CO, fluxes is justifiable here as CO; is redox-neutral, whereas O,
CHy4, Hy, CO and N3O are not (Zahnle et al., 2006).
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The ozone column density increases with specified ground-level
pO, but plateaus above a pO, of 1072, following a chemical pat-
tern discussed in previous work (Fig. 1a). Differences between our
models for trace-O, concentrations are primarily due to the dif-
ferent choices of boundary conditions. Our results are very similar
to those of previous models, with small changes due to updated
kinetic rate coefficients, which is unsurprising given that Atmos
shares a common code heritage. However, in what follows we dis-
cuss observations that led us to discover that some of the steady-
state model atmospheres predicted by fixed mixing ratio LBCs ex-
hibit behaviour of unstable equilibrium solutions.

3.1. The restrictions of a fixed mixing ratio boundary condition

By construction, fixed mixing ratio LBCs enable the model to
vary lower boundary fluxes to produce the user-specified concen-
tration, but the required fluxes may not be physically realistic.
Fig. 1b shows the O, fluxes computed by the model to maintain
the specified O, mixing ratio boundary conditions in Fig. 1a. These
fluxes (and others not shown) vary across the experiments, making
the direct comparison of simulated atmospheres challenging, and
are not necessarily representative of how a real biosphere would
function. For example, Fig. 1c shows that though the predicted
CHy4:0; flux ratio is ~0.1 for most high-O, atmospheres, consistent
with theoretical estimates and modern measurements, the CH4:0,
flux ratio varies significantly for moderate-O, atmospheres, and is
greater than 0.5 for low-0, Archaean-like atmospheres, which ex-
ceeds the stoichiometric limit that life can extract from CO, and
H,0 substrates. Model-computed imbalances in CO and H; fluxes
into and out of the model (not shown) further complicate and oc-
casionally mask potential non-physical behaviour in other species.
A more intuitive approach is to simulate volcanism and biology as
‘fluxes’ to which the composition of the atmosphere adjusts, which
motivates our use of fixed flux LBCs.

4. Results from flux-driven photochemical modelling

We start with a ‘flux-driven modern model, which we con-
struct as the best-fit model reproducing modern conditions using
fixed flux LBCs for O2, along with our ‘Case O’ fixed flux LBCs for
CH4, Hy, CO and N,O (Table 1). The model-predicted O, flux is
8.9 x 10! pu, resulting in a CH4:0; flux ratio of 0.094. While the
modern gross O, production is much larger (~4 x 10'3 pu), our
0, flux ignores very short-term sources and sinks of atmospheric
03, while capturing the seasonal imbalance between O, produc-
tion and destruction as well as the most important components
of the short/medium-term carbon cycle (Zahnle et al., 2006). Our
methane flux (8.4 x 10!° pu) is similar to the estimated net mod-
ern methane flux to the atmosphere from natural sources, after a
large proportion of the gross methane production flux has been
oxidised in sediments (Schlesinger and Bernhardt, 2013, p. 434).

We produced suites of model atmospheres to explore a range
of non-modern biologic flux conditions, primarily by changing
the absolute O, flux and CH4:0, flux ratio. We cover a parame-
ter space designed to simulate a range of possible states of pri-
mary productivity, methane production, methanotrophy and sul-
phate reduction. Specifically, we varied the O3 flux between ~0.01
to ~40 times that of the flux-driven modern model, which we
conceptually identify with varying levels of primary productivity.
We assigned the CH4 flux at various flux ratios from 0.094 (the
CH4:0, flux ratio in the ‘flux-driven modern model’) to 0.5 (the
stoichiometrically-balanced ratio). The former is representative of
the modern Earth system, and the latter is a commonly-assumed
simplification for the late-Archaean biosphere (Catling and Claire,
2005; Daines and Lenton, 2016). Intermediate CH4:0, flux ratios
might represent biospheres with increasing anaerobic oxidation of
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Table 1
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Lower boundary conditions for the models described in this study. Units of flux are in photochemical units (1 pu = 1 moleculecm2s~! ~ 2.7 x 10710 Tmolyr—1).
Abbreviations are as follows: LBCs: lower boundary conditions; DV: deposition velocity; MR: mixing ratio. For Case 4, (a), (b) and (c) indicate the model suites with ‘modern

low,” ‘modern high’ and ‘Archaean high’ reducing fluxes, respectively.

Model 0, CHy4 CHy4:0; flux Hy Cco N,O CO, Solar
ratio zenith
angle
Atmos with Kasting MR: Varying Flux: N/A Flux: 0 pu Flux: 0 pu Flux: MR: 45°
and Donahue 1.34x 10! pu 4.71 x 108 pu 2.57 x 1074
(1980) LBCs
Atmos with Kasting MR: Varying Flux: N/A DV: 7.72 x 1074 Flux: Flux: MR: 50°
et al. (1985) 1.13x 10" pu cms! 2.35 x 10! pu 4.21 x 108 pu 3.4x10°*
LBCs
Atmos with Segura MR: Varying Flux: N/A Flux: Flux: Flux: MR: 45°
et al. (2003) 1.13 x 10" pu -1.02x 102 pu  2.35x10'! pu 4.21 x 108 pu 3.55 x 1074
LBCs
Atmos with Zahnle MR: Varying MR: 104 N/A Flux: Flux: 3 x 10° pu MR: 3.1 x 1077 MR: 0.01 50°
et al. (2006) 3% 10'° pu
LBCs
Case 0 MR: Varying Flux: N/A Flux: Flux: Flux: MR: 50°
(2.1x 1071 - 8.4 x 1010 pu 1.22 x 10® pu 2.65 x 10'! pu 4.11 x 108 pu 28x1074
0.42)
Flux-driven modern Flux: Flux: 0.094 Flux: Flux: Flux: MR: 50°
model 8.9 x 10! pu 8.4 x 100 pu 1.22 x 108 pu 2.65 x 10'! pu 4.11 x 10% pu 2.8x1074
Case 1 Flux: Varying Flux: Varying Varying: Flux: Flux: Flux: MR: 50°
(3x10'0 - 0.094, 0.3, 1.22 x 10% pu 2.65 x 10! pu 4.11 x 108 pu 2.8x107*
4% 10" pu) 0.45, 0.49
Case 2 Flux: Varying Flux: Varying Varying Flux: Flux: Flux: MR: 50°
(10", 3 x 101, (0.1-0.5) 1.22 x 108 pu 2.65 x 10'! pu 4.11 x 108 pu 2.8x107%
5x 10'1, 102,
5 x 10'2 pu)
Case 3 Flux: Varying Flux: Varying 0.094 Flux: Flux: Flux: MR: 50°
(6 x 1010 - 1.22 x 108 pu 2.65 x 10'! pu 4.11 x 108 pu 28 x 107
4x10'3 pu),
and DV (see
Section 4.4)
Case 4 Flux: Varying Flux: Varying (a): 0.16 Flux: Flux: Flux: MR: 50°
(10°-10'2 pu) (b): 016 (a): 2 x 10° pu (a): 2 x 108 pu (a): 4.1 x 108 pu 2.8x107%
(c): 015 (b): 100 pu (b): 10° pu (b): 4.11 x 108 pu
(c): 3x 100 pu (c): 3x10° pu (c): 4.11 x 108 pu
Case 5 Flux: Varying Flux: Varying 0.094 Flux (3.4 x 10°) Flux Flux: MR: 50°
(10° - 10'2 pu) and DV (2.65 x 10'1) 411 x 108 pu 2.8x107*
(2.5x107* and DV
cms™!) (1.2x 1074
cms )
Case 6 Flux: Varying Flux: Varying Varying MR: 5.3 x 10~/ MR: 1.1 x 107 MR: 3.1 x 1077 MR: 45°
(3x 1010 - (0.1-0.5) 4x10*
4x10'3 pu)

methane in sediments resulting from increasing sulphate concen-
trations (Catling et al., 2007; Daines and Lenton, 2016; Habicht et
al., 2002).

4.1. Case 1: varying O, fluxes at fixed CH4:0, ratios

For a first test case, we varied O, flux between 10'° pu and
4 x 10" pu. We produced 5 suites of up to 372 model atmo-
spheres with O, fluxes between these values, with corresponding
CH4 fluxes set to maintain CH4:0, flux ratios of 0.094, 0.3, 0.45
and 0.49. The model results, summarised in Fig. 2, are strikingly
different to those using fixed mixing ratio LBCs.

Model-predicted O, (Fig. 2a) and CH,4 (Fig. 2b) surface mixing
ratios are shown with the O, flux as the independent variable. For
CH4:07 flux ratios of 0.094, 0.3 and 0.45, pO, remains low (less
than 10~7) until the O, flux reaches a critical value, at which point
pO, jumps to a new value above 4 x 10~* within a trivial flux
range. Computed methane mixing ratios drop just before the jump
in pO,, supporting suggestions that a collapse of methane might
be a prerequisite for the GOE (Claire et al., 2006; Warke et al.,
2020; Zahnle et al., 2006). Ozone column densities exhibit similar

patterns to pOy, with clusters of solutions at low and high column
densities without intermediates (Fig. 2c).

When a CH4:0; flux ratio of 0.5 was used (results not shown
in Fig. 2), the greater total flux of reductants (including Hy, CO
and N;O) than oxidants into the atmosphere resulted in a pO, al-
ways less than the CH4 mixing ratio. For the 0.49 CH4:0; flux ratio
suite (Fig. 2a-c), the O, flux was eventually increased sufficiently
such that it exceeded the total reductant flux, despite co-increasing
methane fluxes. For this suite, there are ‘Archaean-like’ solutions
with O, concentrations up to 10~% and one steady-state atmo-
sphere with an O, mixing ratio of 4 x 107, followed by a series
of solutions with pO; exceeding 3 x 10~3 (1.5% PAL).

To summarise, our 1222 ‘Case 1° models predict that oxygen,
methane and ozone levels exist in one of two states — trace-0,/03
solutions, and high-0,/03 solutions - separated by a ‘gap’ in which
there is only one (very specific) solution for intermediate O, sur-
face mixing ratios. To better understand, we explored the detailed
altitude-dependent chemistry of models spanning these states.

4.1.1. Two stable states of atmospheric chemistry?
We present mixing ratio profiles (Fig. 2d) and ground-level UV
fluxes (Fig. 2e). Panels (i)-(iv) in Fig. 2d show O3, O3 and CH4 mix-
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iv) show two

high-0;/high-03 atmospheres, also with a CH4:0; flux ratio of 0.3. Panels (v) and (vi) are for two atmospheres with a CH4:0; flux ratio of 0.49. Ozone column densities are
shown in the top left corners (units = moleculescm™2). (e) UV ground flux with wavelength for the six example solutions shown on (a)/(d). The ‘top of the atmosphere’
(TOA) flux is also shown (black line). The labels for each model atmosphere refer first to the CH4:0, flux ratio, and then to the O flux across the lower boundary.

ing ratio profiles for four atmospheres with O, fluxes from the 0.3
CH4:0; ratio suite, illustrating how vertical distributions change
as 0y and CHy fluxes increase. Panels (v) and (vi) show profiles
of two atmospheres with CH4:0; flux ratios of 0.49, isolating our
only model atmosphere with ground-level pO, between 10~¢ and
10=%. The corresponding fluxes of UV photons that pass through
the entire atmosphere and reach the surface are shown in Fig. 2e.

In the ‘high-0,/03’ atmospheres (panels (iii) and (iv) in Fig. 2d),
0, is well-mixed and more abundant than methane. In panel (iii),
a modern-like stratospheric ozone layer is emerging, which is fully
developed by panel (iv). The significant ozone shielding results in
increased methane mixing ratios and low UV fluxes at the surface,
with modern-like behaviour where no photons shortward of ~290
nm reach the ground (Fig. 2e). The other high-O, atmosphere
(panel (iii) in Fig. 2d) blocks substantial UV within the 200-320 nm
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range, but some photons at DNA-damaging wavelengths (200-220
nm) will reach the ground. This case is similar to the Segura et al.
(2003) (fixed mixing ratio boundary condition) model of 2.1 x 103
for 0y, which was argued to be the tipping point at which ozone
shielding significantly impacts ground UV fluxes.

The panel (v) atmosphere is similar to those in panels (i) and
(i), while panel (vi) shows an atmosphere with tropospheric O,
and CH4 mixing ratios both approximately 80 ppm - on the cusp
of the reducing/oxic divide. However, there is not sufficient ozone
to provide tropospheric UV shielding of O, (Fig. 2e). While being
a steady-state solution, it seems unlikely that this kind of atmo-
sphere would be stable against small perturbations to the oxygen
flux. The dearth of stable solutions between the trace-O, and high-
0, attractors appears primarily due to positive feedbacks between
increasing O, and O3, which result in decreasing O, photolysis
rates (Claire et al., 2006; Goldblatt et al., 2006). O, photolysis oc-
curs only at wavelengths of 242 nm and below. The most abundant
and effective absorbing molecule in the 200-300 nm wavelength
range is O3, with peak absorption at 240 nm. Increasing O3 con-
centrations (Fig. 2c) therefore shield O, in the lower atmosphere
from photolytic destruction (Figure A1), enabling O, concentrations
to rise for a given flux. We explore this further in Section 4.3.

4.2. Case 2: varying CH4:0; ratios at fixed O, fluxes

A second set of experiments designed to expand the parameter
space of modelled fluxes investigates the reproducibility of our re-
sults under different conceptualisations of biogenic flux evolution.
In the Case 2 suites, we fixed the absolute O, flux at five values
(10", 3 x 10", 5 x 10", 10’2 and 5 x 10'2 pu), while decreasing
the CHg4:0; flux ratio systematically from 0.5 to 0.1. These experi-
ments might roughly capture the effects of increasingly sulphate-
rich waters driving the locus of methane oxidation into sediments
at a given primary productivity, but are admittedly a vast simplifi-
cation of biospheric processes (Daines et al., 2017). The computed
0, and CH4 mixing ratios and corresponding O3 column densities
are shown in Fig. 3. As the CH4:0 flux ratio is decreased from 0.5
to a critical value dependent on the absolute O, flux, an abrupt
transition from reducing to oxidising atmospheres occurs (other
than for an O, flux of 10'! pu, which is sufficiently low that this
critical value is not reached for any CH4:0, flux ratio less than
0.1). The Case 2 experiments demonstrate a wider ‘gap’ in solu-
tions than Case 1, with no predicted model atmospheres with O,
mixing ratios between 4 x 10~7 and 1073,

4.3. The photochemical (in)stability of atmospheres ‘in the gap’

Atmospheres with O, mixing ratios between 4 x 10~/ and
4 x 10~* are not produced in the flux-driven experiments de-
scribed so far in this study, barring one case highlighted. By con-
trast, the identical numerical model utilising fixed mixing ratio
boundary conditions produces results for all surface O, mixing ra-
tios between 2.1 x 10~'! and 0.42 (Fig. 1). As all results in this and
previous efforts are steady-state equilibrium solutions, it should
be possible, numerically speaking, to carefully specify fixed flux
boundary conditions to reproduce model atmospheres with any
ground-level O, mixing ratio, even within the ‘gaps’ identified in
Cases 1 and 2. To explore this, we chose three of our Case 0 fixed
mixing ratio LBC models, with pO, values of 2.1x 1076, 2.1 x 1073
and 2.1 x 10~4. We entered the predicted fluxes of O (to 12 sig-
nificant figures) as fixed flux boundary conditions and used the
predicted species densities as initial values.

For each case, the flux-driven models did not converge when
using the fluxes predicted by the fixed mixing ratio models. As
fluxes were perturbed incrementally (at constant CH4:07), no mod-
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Fig. 3. Case 2 model results.

Model-predicted (a) O, ground-level mixing ratios, (b) CH4 ground-level mixing ra-
tios, and (c) O3 column densities of model atmospheres, with decreasing CH4:02
ratio. Five O, flux cases are shown, with the magnitude of the O, fluxes indicated
by the legend, in photochemical units (1 pu = 1 moleculecm=2s~").

els converged until the O, fluxes were ~6%, ~6% and ~3% higher,
or ~1%, ~1% and ~4% lower than Case 0, respectively (Fig. 4). Sub-
sequently, model solutions with 3 x 1078 < p0O, <5 x 10~* were
not produced. Rounding our input fluxes to three significant fig-
ures for the 2.1 x 10~ case to test for numerical precision issues
made no significant difference to the results.
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Fig. 4. Model-predicted ground-level O, mixing ratios of model atmospheres with
fixed flux boundary conditions for Oy, where the user-specified flux is equal to pre-
dicted fluxes from the fixed mixing ratio-driven models (Case 0).

Large, filled yellow plus, red cross and pink diamond indicate the three chosen O,
surface mixing ratios (2.1 x 1074, 2.1 x 107> and 2.1 x 1075, respectively), and
the O, fluxes required by the fixed mixing ratio-driven model to produce these at-
mospheres. Small yellow plus, red cross and open pink diamond symbols indicate
0, mixing ratios of atmospheres produced when fluxes for each case are perturbed
slightly. Note that the x axis has a linear scale.

These tests supplement the preliminary conclusions from Cases
1 and 2, demonstrating that some steady-state model solutions
computed using fixed O, mixing ratio LBCs between 4 x 10~7 and
5 x 10™* are in fact unstable equilibrium solutions. They adjust
to new solutions given trivial changes in lower boundary fluxes.
This suggests, but does not fully prove, that fixed mixing ratio
LBCs produce unstable equilibrium solutions in some (potentially
large) regions of parameter space. A full stability analysis requires
time-dependent computations beyond the scope of this effort, but
will be forthcoming. Users of 1-D photochemical models (who
must already carefully choose boundary conditions (e.g. Domagal-
Goldman et al.,, 2014; Harman et al.,, 2018) are further cautioned
to consider the stability of model results against small variations
in flux, especially if using fixed mixing ratio boundary conditions.

4.4. Case 3: including negative feedbacks from oxidative weathering

Photochemical models to date have ignored a key negative feed-
back on oxygen fluxes at Earth’s surface: as atmospheric O, con-
centrations build up, the removal rate via oxidative weathering
increases. To test whether this could stabilise atmospheres with
lower pO,, we ran suites of models with the inclusion of deposi-
tion velocity boundary conditions that remove O, from the lower
boundary at a rate proportional to the O, mixing ratio. Numeri-
cally, this requires the photosynthetic O, flux to be delivered into
the atmosphere at 0.5 km above the surface, but this has a neg-
ligible effect on the vertical profiles because large eddy diffusion
coefficients rapidly mix near-surface layers.

Firstly, we defined the O, lower boundary flux as Fou =
Vaep[O2]N1, where Vg, is the deposition velocity (cms™1), Ny
is the atmospheric density in the first grid step, and [03] is the
ground-level O, mixing ratio. In a second suite, we used Fo, =
Vdep[02]0'5N1, following pyrite oxidation kinetics experiments that
show a half-power law relation (Johnson et al., 2019). We focus on
pyrite rather than organic carbon oxidation (which we consider a
redox-neutral part of the reversal of photosynthesis in our concep-
tualisation), but conveniently carbon oxidation rate laws are also
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Fig. 5. Case 3 model results.

Model results showing the effects of the inclusion of an oxidative weathering flux
of Oy out of the atmosphere (Case 3 results; circles, triangles and squares) com-
pared to the Case 1 model atmospheres, for which there is no drawdown O, flux
(diamonds). Model-predicted ground-level O, (filled, teal symbols) and CH4 (open,
orange symbols) mixing ratios are plotted against user-specified O, flux into the
model atmosphere across the lower boundary. The ratio of the CH4 flux to the up-
ward (into-the-atmosphere) O, flux is 0.094 for each model suite (Table 1). The
equation for the drawdown flux is shown in the legend, where [03] is the mixing
ratio of O, and N; is the number density of the atmosphere in the lowermost grid
step.

approximately half-power in O, (e.g. Daines et al., 2017). We tuned
values of Vgep to 5x 107 ecms~! and 2.3 x 1079 cms~!, respec-
tively, in order to reproduce the modern oxidative weathering flux
of ~2.6 x 10'% pu (Holland, 2002) and modern pO,, when using
the fixed-flux modern model. For a third suite, we increased Vg
by an order of magnitude for the half-power law case.

The results (Fig. 5) reveal that the two-state behaviour observed
in Cases 1 and 2 persists in the Case 3 suites, despite the inclu-
sion of a negative feedback flux. Increasing Vgep by an order of
magnitude produces several steady-state model atmospheres with
0, mixing ratios between 10~6 and 103, but they are not stable
against trivial changes in flux.

4.5. Confirmation of two stable states of atmospheric oxygen chemistry?

Fig. 6 illustrates a key result of this work. Predicted O, ground
mixing ratios are plotted against O3 column densities for the 2067
flux-driven steady-state model solutions in Cases 1-3. Given the
monotonic increase in O3 column density with O, mixing ratio for
the classic (Case 0) result, it previously appeared plausible to imag-
ine that Earth’s atmosphere could have existed in a wide range
of stable mid-oxic states. In contrast, our flux-driven results sug-
gest that, for a broad range of O, and CHy4 fluxes, the majority of
solutions cluster in two locations, with limited stable solutions be-
tween.

The model atmospheres show a bimodal distribution, with
‘high-" (mode of 0.1-0.2) and ‘trace-’ (mode of 1-2 x 1078) 0,
atmospheres (Fig. 6, upper panel). With ‘high-O," atmospheres de-
fined as those with pO, above 2.1 x 10~% and, as a conserva-
tive measure, discarding the atmospheres with O, concentrations
greater than 0.30 (since these are unlikely to have existed for most
of the Phanerozoic), 95% (20 ) of our model atmospheres have pO,
greater than 5 x 103, and 97.5% have pO, greater than 2 x 103
(~1% PAL). The results may be additionally conservative as the
bulk of the solutions computed with lower than 1% PAL O, were
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Fig. 6. Summary of Cases 1-3 compared to the classic model.

Upper panel: histogram showing frequency of model atmospheres with different
ground-level O, mixing ratios (Cases 1, 2 & 3). Lower panel: O3 column density
plotted against O, mixing ratio for all model atmospheres in Cases 1 (orange sym-
bols), 2 (purple symbols), and 3 (white symbols), compared to the results from the
fixed mixing ratio-driven model (Case 0; grey dashed line). Vertical dotted lines in-
dicate the regions of O, mixing ratio space in which most of the model solutions
lie.

from cases in which oxidative weathering was set one order of
magnitude higher than presently constrained values. With ‘trace-
0y’ atmospheres defined as those with pO, less than 2.1 x 1073,
95% of our model atmospheres have pO, less than 6 x 10~7. While
by no means a comprehensive statistical treatment, this supports
previous studies (Claire et al, 2006; Daines and Lenton, 2016;
Goldblatt et al., 2006; Laakso and Schrag, 2017), which concluded
that there is a region of pO, parameter space spanning several
orders of magnitude in which model atmospheric solutions are
particularly sparse.

For Cases 1-3, the absolute fluxes of O, and CH4 at which the
atmospheres switch from reducing to oxic varies. Fig. 7 normalises
this by plotting against Koy, which is defined as the O source
flux divided by the stoichiometrically-balanced average fluxes of
all reducing gases (Catling and Claire, 2005). Model atmospheres
with Koy less than 1 are reducing, and those with Ky, greater
than 1 are oxic, suggesting that the ratio of total reductant to ox-
idant flux determines in which of the two states the atmosphere
lies. It further illustrates the very narrow range in flux space for
which intermediate solutions beyond our 95% confidence bounds
exist. If any of these lower pO; solutions were to persist in the
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Earth system, they would require very strong (unspecified) nega-
tive feedbacks to maintain biologic fluxes in a tight window.

4.6. Exploring flux boundary conditions for other redox-relevant species

As a final set of tests, we examined the sensitivity of model out-
put to the choice of boundary conditions for the reducing gases Hy
and CO. The H; flux has been shown to affect the pO, of steady-
state model atmospheres (Laakso and Schrag, 2017). The two-state
behaviour described above persists despite changes in the mag-
nitude of reducing fluxes, and further strengthens our conclusion
that the user-specification of boundary conditions must be care-
fully considered, even for trace species.

4.6.1. Case 4: magnitudes of reducing fluxes

For a fourth test case, we varied the magnitude of the fluxes of
Hy, CO, H,S and SO, into the model atmosphere, using the ‘mod-
ern low,” ‘modern high’ and ‘Archaean high’ values from Zahnle et
al. (2006; Table 1). When we used the ‘modern low’ fluxes as fixed
flux LBCs for a model with fixed mixing ratio (modern-like) bound-
ary conditions for O, CH4 and N,O, the resulting mixing ratios for
H, and CO were 7.7 x 10~7 and 2.5 x 10~8, which are slightly
higher and lower than modern estimates, respectively (Ehhalt et
al., 2001). Using the computed N,O flux and fixed CH4:0; flux ra-
tio of 0.16, we produced a model suite with varying O, flux. We
repeated this method for the ‘modern high’ and ‘Archaean high’
fluxes.

For all three scenarios, a jump from reducing to oxic atmo-
spheric solutions within a narrow flux range was observed (Fig. 8).
The ‘gap’ in O, mixing ratio solutions is slightly different to that
produced in Cases 1-3, and again varies significantly over a range
of O, fluxes. Regardless, the absolute magnitude of H and CO
fluxes (between end-member parametrisations) does not affect the
overall two-state behaviour of the model atmospheres with vary-
ing user-specified O, flux.

4.6.2. Case 5: additional drawdown fluxes of reductants

Both Hy and CO are consumed voraciously by microbes. We
tested the model sensitivity to additional drawdown fluxes, by im-
plementing a linear feedback flux equal to Vge,[X]|N1, where [X]
is the Hy or CO mixing ratio. Following Zahnle et al. (2006), we
chose deposition velocity values of 2.5 x 10~% and 1.2 x 10~ af-
ter Kharecha et al. (2005). We distributed the upward fluxes (from
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Fig. 8. Cases 4 & 5 model results.

Model-predicted ground-level O, mixing ratios for model atmospheres, showing the
effects of varying the fluxes of reducing species Hp, CO, H,S and SO;. Indigo squares,
blue triangles and orange circles show the Case 4 results, for the ‘Archaean high,’
‘modern high’ and “modern low” magnitudes of fluxes from Zahnle et al. (2006),
for Hy, CO, H3S and SO, respectively. White diamonds show the Case 5 results, for
which Hy and CO are given additional deposition velocities (see Table 1).

the flux-driven modern model) log-normally through the first 10
km of the atmosphere (Zahnle et al., 2006). Using the mixing ratio
of CO in the flux-driven modern model, we calculated the resulting
downward flux and adjusted the upward flux such that the net flux
remained the same as for Cases 1-3. Using the same method for
H, resulted in a net downward flux, so we increased the upward
flux until the net H, flux was positive (i.e. into the atmosphere).
The resulting CO and H, mixing ratios were fairly similar to the
global measured averages (6.2 x 1078 and 5.5 x 1077, respectively;
Ehhalt et al.,, 2001). Using these combined flux and deposition ve-
locity conditions for H, and CO, we reproduced a suite of models
with varying O, flux, at a constant CH4:0; flux ratio (0.094). The
results (Case 5 on Fig. 8) are our best attempt to properly model
CO and Hj, and also display the two-state behaviour observed in
Cases 1-3.

4.6.3. Case 6: mixing ratio boundary conditions for H, and CO - a
cautionary tale

Using modern-like fixed mixing ratio LBCs for Hy, CO and N,O
produced results broadly similar to those described in previous
subsections, in that there were reducing and oxic model atmo-
spheres, and a transition between them within a very narrow flux
range. However, this model setup (preliminary work presented by
Gregory et al., 2019) also produced a third cluster of ‘very-low 0y’
atmospheres (7 x 1077 < pO; < 3 x 10~°; not shown), occurring
only inside the narrow transition flux range, and featuring consid-
erable ozone, but not a fully protective ozone shield. In addition,
the ‘high-O,’ atmospheres only had minimum O; mixing ratios
of 1072, considerably affecting the application of our model to
palaeo-0O; levels over Earth history.

This demonstrates that the fixed mixing ratio LBCs of some
trace gases enables the same numerical issues (potentially unphys-
ical fluxes across the lower boundary) as for the more dominant
species. Our results from Cases 1-5 with fixed flux boundary con-
ditions for Hy and CO allowed us to determine that the original
three-state behaviour was driven by instabilities in the model-
predicted lower boundary fluxes of Hy and CO, which the model
was switching between net input and output depending on the
CH4:0; flux ratio. This emphasises our primary conclusion that
any photochemical modelling effort must fully describe choices for
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boundary conditions, even for trace species, in order to allow re-
producibility and assess reliability.

Having determined from Cases 4-6 that Hy and CO flux bound-
ary conditions produce rather different model atmospheres to mix-
ing ratio LBCs, but that the magnitude of the fluxes and the inclu-
sion of negative feedback fluxes do not affect the primary result
of pO; bistability, we focus our discussion on Cases 1-3. While a
full exploration of appropriate Hy and CO lower boundary fluxes
is beyond the scope of this paper, the ‘flux-driven modern model’
fluxes remain a good choice because of the better prediction of H,
and CO ground-level mixing ratios, and their ease of comparison
with previous 1-D photochemical modelling studies.

5. Discussion
5.1. Box models

Our results impact on previous work which predicts an abrupt
shift from reducing to oxic atmospheres over an extremely narrow
oxygen flux range (Alcott et al., 2019; Claire et al., 2006; Daines et
al.,, 2017; Goldblatt et al., 2006; Laakso and Schrag, 2017). Despite
extrapolating from the fixed-mixing ratio models we have called
into question (e.g. Case 0), these box-model studies elucidated that
flux-driven feedbacks within the Earth system drive a rapid tran-
sition between clusters of trace-O; and high-O, solutions, while
passing through intermediates.

Model atmospheres with these ‘intermediate’ oxygen composi-
tions have been produced by previous 1-D photochemical mod-
elling efforts, but we have shown that some are unstable equilib-
rium solutions when explored in flux-driven photochemical mod-
els. Minuscule perturbations to lower boundary fluxes seemingly
drive any intermediate ‘solutions’ towards attractors in high-0,/03
or trace-0,/03 regions of parameter space, due to positive feed-
backs involving the formation of an optically thick ozone column
(Claire et al., 2006; Goldblatt et al.,, 2006). While issues of kinet-
ics remain to be determined, these atmospheric feedbacks will
presumably occur much more rapidly than other biogeochemical
feedbacks, which we predict would strongly amplify existing non-
linear behaviour in box models, as well as potentially drive strong
feedbacks on microbial ecology. A full exploration of the dynamics
of photochemical (in)stability and kinetic timescales for transitions
requires time-dependent atmospheric models beyond the scope
of this paper. Simultaneous incorporation of these short/medium-
term atmospheric forcings into a long-term biogeochemical model
with appropriate Earth system feedbacks would be an interesting
target for future work.

5.2. Proterozoic pO,

The lower limit of the high-O,/03 solutions has interesting ap-
plications as a potential constraint on Proterozoic pO,. Palaeo-O,
levels over Earth history compatible with the regions of stability
shown in this study are compared to proxy constraints in Fig. 9.
Though our model results comment only on the potential stabil-
ity of palaeo-0O, levels, as opposed to their temporal evolution, we
have truncated our regions of stability to fit with the commonly-
accepted temporal constraints associated with the presence of S-
MIF, O-MIF and charcoal. Our results are consistent with the esti-
mates of Proterozoic pO, given by the absence of redox-sensitive
minerals in Proterozoic sediments (e.g. Johnson et al., 2014), ev-
idence for surface ocean oxygenation (Lenton and Daines, 2017),
and the presence of variable §°3Cr since 1390 Ma (Canfield et al.,
2018). They are also consistent with (but stronger than) the lower
limit of 2.1 x 10~4 indicated by the presence of an ozone layer (Se-
gura et al.,, 2003), as revealed by non-zero O-MIF. However, since
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Fig. 9. Summary of results from this study, in terms of palaeo-O, levels.

Purple regions show the ground-level O, mixing ratios of most of our model solutions in the context of existing constraints for pO, over Earth history. Grey regions show
0, mixing ratios compatible with some proxies, from the review by Kump (2008). In addition, existing upper limit constraints are shown with downward arrows and
annotations in italics (*Canfield, 1998, 2005; TFarquhar et al,, 2000; Pavlov and Kasting, 2002; HPplanavsky et al., 2014 (dashed line with circle end markers); Cole et al.,
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(dotted line with diamond end markers)). Existing constraints from single points in time are shown by crosses (8Bellefroid et al., 2018; TPlanavsky et al., 2020 (vertical line
shows 90% confidence interval)). The post-Devonian charcoal record constraints are well-established, so we trim our constraints (purple regions) to fit with this.

this constraint arose from models using fixed mixing ratio bound-
ary conditions, our results suggest a revision of the lower limit to
2 x 1073, as our flux-driven models produced very few solutions
with both an ozone layer and pO; lower than this. Our results are
inconsistent with arguments for low mid-Proterozoic pO; (e.g. Cole
et al., 2016; Planavsky et al., 2014, 2020).

5.3. Earth system feedbacks and switches between states

Our results also prompt comments on the reversibility of the
switch between the trace-O,/03 and high-O,/O3 states. After an
oxic atmosphere is established, is it possible to reduce biospheric
fluxes, through a primary productivity crash or ecological reorgan-
isation, to sufficiently low levels (with Koy < 1) such that the
ozone layer collapses and pO, falls by several orders of magni-
tude? The continuous existence of terrestrial eukaryotic life pre-
cludes this scenario for most of the Phanerozoic, while the pres-
ence of O-MIF (Crockford et al., 2019) after the GOE strongly ar-
gues against a return to the trace-O,/Os state during the bulk of
the Proterozoic. Apparently, feedbacks between atmospheric chem-
istry of ozone formation and biospheric oxygen production are
quite strong.

Our model results suggest a previously undescribed stabilis-
ing feedback to prevent such reversibility. We have assumed that
CH4:0; flux ratios of 0.5 and 0.1 are representative of reducing
biospheres and the modern biogeosystem, respectively. With this
in mind, consider a reducing atmosphere supported by a putative
low productivity late Archaean biosphere featuring a low O, flux
and a CH4:0; flux ratio of 0.49. Following this suite of models
(along the arrow labelled (1) in Fig. 2c), an increase in O, flux
leads to a jump from the trace-O, to the oxic state, at an Oy flux
near 8.5 x 10'% pu in this example. In the resulting oxidising at-
mospheres, increased methane oxidation in sediments decreases
the CH4:0, ratio towards 0.1 (arrow labelled (2)). Subsequently,
the decrease in O, flux necessary to plunge back into an anoxic
world is far greater than for the higher CH4:0;, flux ratio values
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(arrow labelled (3)). This constitutes a hysteresis loop preventing
small decreases in O flux from reversing atmospheric oxidation.
The sulphate-dependent transition to lower CH4:0 ratios is there-
fore a positive Earth-system feedback that helps maintain an oxic
atmospheric state. In addition to time-dependent photochemical
modelling, additional ecosystems modelling work is needed to con-
sider this further, such as a study of the remineralisation dynamics
and stability of sedimentary packages during the transition from
Archaean-like CH4:0; flux ratios of 0.5 to modern-like ratios be-
low 0.1.

6. Conclusions

In this study we have shown that photochemical models util-
ising fixed flux boundary conditions can contribute towards con-
straints on atmospheric oxygen over Earth history. Even with the
inclusion of long-term negative feedback fluxes of O,, atmospheric
chemistry drives the atmosphere towards one of two states, be-
tween which there are few stable equilibrium solutions. Our results
specifically highlight a dearth of stable atmospheric configurations
with pO, between 6 x 10~7 and 2 x 103, Our results support esti-
mates of trace-O, levels in the Archaean and O, levels greater than
1% PAL during the Proterozoic and Phanerozoic, and highlight the
importance of carefully prescribed and described boundary condi-
tions in photochemical models.
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