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ABSTRACT

The great oxygenation event (GOE), the first of two major rises in atmospheric oxygen in Earth history,
was initially placed near the Archean-Proterozoic boundary (~2500 Ma). More recently, the position of
the GOE has been moved to between 2500 and 2300 Ma so as to coincide with the loss of the MIF sulfur
isotope signal due to the creation of the Earth’s ozone layer at that time. Here we present a revised
interpretation of the history of atmospheric oxygen in the Archean and Proterozoic, based on a multi-
geochemical proxy approach. Integration of a large database of analyses of redox sensitive elements in
sedimentary pyrite (Se, Co, Mo), the matrix of black shales (U, Mo), and the temporal evolution of redox
sensitive minerals, suggest Earth’s first oxygenation was prolonged, reaching a peak between 2000 and
1700 Ma. Rather than a relatively short-lived event from 2500 to 2300 Ma, we suggest an alternative
profile for Earth’s atmospheric O,, i.e., an unsteady start to the rise in oxygen around 2700 Ma that
undulated for approximately a billion years, reaching a peak around 1900 Ma before a plunge in the
Proterozoic Eon after 1700 Ma.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

A major increase in oxygen (the GOE) was first suggested
(Cloud, 1972; Holland, 1984) by the global occurrence of thick suc-
cessions of banded iron formations toward the end of the Archean
Eon. Although this theory has been rejected by most in favor of
iron precipitation by anoxygenic phototrophic Fe-oxidizing organ-
isms (Kappler et al., 2005), the build-up of FeZt in the oceans re-
quired to form banded iron formation is an indicator of low oxy-
gen levels in the Archean. As prokaryotic life began to flourish
in the Neoarchean oceans, excess oxygen remaining after reduc-
tion by Fe?*and organic matter eventually was liberated to the at-
mosphere, initially causing surface oxidation and then accumulat-
ing to produce the GOE (Cloud, 1972). A more precise control on
the timing of the GOE was developed following the recognition of
mass-independent fractionation of S-isotopes (MIF-S) in Archean
sedimentary pyrite (Farquhar et al., 2000), which suggested that
the absence of MIF signals in sedimentary rocks between 2500 and
2300 Ma was related to the first appearance of the ozone layer
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(Farquhar and Wing, 2003; Farquhar et al., 2011). On the other
hand, many studies have reported evidence for mild to strong oxy-
genation of the Archean atmosphere and upper oceans prior to
the GOE (Towe, 1990; Anbar et al., 2007; Ohmoto et al., 2006;
Lyons et al., 2014). Notwithstanding these many studies, the pre-
vailing consensus remains that a significant (>10~3 present at-
mospheric level, or “PAL”) and sustained rise in the global atmo-
spheric oxygen did not take place before 2500 Ma and occurred
over a time frame of less than 200 million years (Lyons et al.,
2014).

Here we address the issues of the timing, duration, and peak
of the GOE by applying recent studies on two relatively new prox-
ies, (1) the redox-sensitive trace element chemistry of sedimen-
tary pyrite and black shale matrices, and (2) the redox evolu-
tion of crustal minerals. We compare our results with some pre-
viously proposed ocean/atmosphere proxies and suggest an alter-
native profile for the GOE.

2. Analytical methods

The U and Mo composition of the fine matrix portion of the
shales were measured in situ by laser ablation-inductively coupled
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Summary of pyritic black shale details used to determine Se/Co ratios in pyrite plotted in Fig. 2A.

Eon Number of Number of black shale Number of pyrite Geographic coverage
Formations samples analyses
Archean (3550-2500 Ma) 14 52 719 Australia, South Africa, Canada
Paleoproterozoic (2500-1600 Ma) 12 64 349 Canada, Australia, Russia, Finland,
India
Mesoproterozoic (1600-1000 Ma) 6 29 263 Russia, Australia, India
Neoproterozoic (1000- 540 Ma) 17 45 453 China, Australia, Zambia, USA

plasma mass spectrometry (LA-ICPMS) at the centre for Ore De-
posits and Earth Science, University of Tasmania. Eight to ten spots
were measured per sample on areas with the lowest pyrite and de-
trital phases and averaged to obtain the final result. The measure-
ments were done using a 193 nm ArF Excimer ATL Atlex ILR laser
coupled to an Agilent 7700 ICP mass spectrometer. The system is
equipped with a custom-made constant-geometry Laurin Technic
ablation chamber S-155 designed for 20 mounts of 2 cm size. A
50 um spot was analysed using a laser pulse rate of 10 Hz and
a laser beam fluence ~2 J/cm? at the sample. Sedimentary pyrite
analyses were carried out in the same laboratory with the same
equipment, to obtain Se, Co, and Mo content of sedimentary pyrite.
Details on the selection of pyrite for analysis and the LA-ICPMS
method and standards used for analysis are reported in detail else-
where (Large et al., 2014, 2017, 2018).

The data measurements for Se/Co and Mo in sedimentary pyrite
are from 171 samples involving 1535 spot analyses of pyrite. The
data measurements for Mo and U in shale matrix are from the
analysis of 82 black shale samples, involving 1275 LA-ICPMS anal-
yses. The samples are principally from deep drill cores from be-
low the level of surface oxidation and have been studied petro-
graphically to ensure they are not affected by later alteration or
significant metamorphism. The full analytical data used to gener-
ate the Se/Co proxy trend in Fig. 2a have been previously pub-
lished in Large et al. (2014, 2017, 2018) and Steadman (2020) and
are not repeated here. Details of the samples analysed in the Pre-
cambrian dataset are given in Steadman et al. (2020) and further
summarised in Table 1.

3. Trace element chemistry of sedimentary pyrite

Temporal trends in redox-sensitive elements (RSE) in black
shales have been used as proxies for ocean-atmosphere oxygena-
tion for over 30 years (Holland, 1984). Molybdenum, Se, U, V, Ni,
Tl, Cr, and Re are some of the elements or their isotopes used
as oxygenation proxies. The main principle behind their use is
that an increase in atmosphere oxygen causes continental oxida-
tion and erosion of pyrite, which leads to the release of RSE into
the river systems and ultimately the ocean. Most of the RSE are
nutrient elements taken up by marine organisms to be eventually
deposited in seafloor black shales formed in anoxic to euxinic en-
vironments. Significant increases in RSE in ancient black shales
are thus taken as an indication of increased atmosphere oxygena-
tion. However, there are a number of limitations in this approach,
including the capacity to eliminate the effects of weathering, dia-
genesis, and metamorphism on RSE concentration in black shales,
the effects of detrital components on the RSE concentration, and
partitioning of RSE between different minerals in the rock, under
differing paleoredox conditions on the seafloor (Large et al., 2014;
Planavsky et al., 2020). In order to overcome these limitations, the
sedimentary pyrite proxy was developed (Large et al., 2014).

This proxy is based on the same principle, except the RSE
are measured in sedimentary pyrite by laser ablation inductively
coupled mass spectrometry (LA-ICPMS) rather than the bulk rock
method. Measurements can be performed within a single pyrite

grain domain, avoiding the problem of temporal variation in the
composition of shales, due to the in situ nature of the analyti-
cal technique. Most importantly, petrographic textural analyses of
pyrite allow detection of effects of diagenesis, metamorphism, al-
teration, and hydrothermal activity, all of which affect trace ele-
ment concentrations (Large et al., 2014; Planavsky et al., 2020).

3.1. Se/Co in pyrite

Selenium and cobalt are both RSE and tightly held in the pyrite
structure, however they are redox opposites in the sense that Se
becomes more soluble with a long residence time, and there-
fore more abundant in seafloor pyrite under increasing ocean-
atmosphere oxygenation, whereas Co becomes less soluble with
a short ocean residence time and less abundant in sedimentary
pyrite (Steadman et al., 2020). The ratio Se/Co in sedimentary
pyrite has thus been shown to be extremely sensitive to changes
in atmospheric oxygenation, varying over five orders of magnitude
from low atmosphere oxygen (<0.2 PAL) to high atmosphere oxy-
gen (1 to 1.5 PAL; Fig. 1). Our results from the LA-ICPMS analyses
of 1482 sedimentary pyrites for black shales from 3550 to 800
Ma (Fig. 2a) show that the median Se/Co ratio exhibits low values
(<0.05) through the Paleo- and Mesoarchean, rising to a peak of
~0.1 in the Neoarchean, then rising again to a maximum in the
Paleoproterozoic of around 1 to 10 between 2000 and 1800 Ma
(predicted to be 15 to 25 wt% O,; Steadman et al., 2020), before
falling back to between 0.1 and 0.05 in the Meso- and Neopro-
terozoic. The currently accepted position of the GOE around 2500-
2300 Ma is within the period when Se/Co rises from 0.1 to 1. The
robust character of the two peak periods of Se/Co from 2800 to
2500 Ma and 2000 to 1700 Ma is indicated by their representation
by samples from diverse geographic locations and global sedimen-
tary basins (Steadman et al., 2020; Table 1).

4. Uranium and molybdenum concentration in black shale
matrix

The same samples analysed for Se, Co, and Mo in pyrite were
analysed for U and Mo in the black shale organic-clay matrix.
Previous studies on Mo and U in bulk rock black shales demon-
strated the immense value of these RSE as oxygenation proxies
(Scott et al., 2008). Most previous research on the RSE Mo and
U in sedimentary rocks has employed bulk rock analyses, which
measure both the detrital and authigenic components (Scott et al.,
2008). Here we are interested only in the authigenic component
and developed the technique of laser ablation ICPMS analyses of
both the sedimentary pyrite (for Mo, Se, and Co) and the fine
carbonaceous-clay matrix (for U, Mo, and REE) that avoids the
coarse-grained detrital components that may also be a source of
these elements in black shales (Large et al., 2018). Our data (Fig. 2c,
d) show a general increase in the two RSE through the Neoarchean,
with Mo reaching a maximum in the Paleoproterozoic from 1800
to 1600 Ma, whereas U reaches a maximum from 2000 to 1600
Ma.
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Fig. 1. Relationship between Se/Co ratio in sedimentary pyrite and estimated oxygen concentration in the atmosphere in wt% O, (Steadman et al., 2020).

5. Mineral evolution in the precambrian

The past decade has seen a significant effort to collate and
analyze data on the ages, distributions, and nature of minerals
through deep time (Hazen et al., 2008). More than 200,000 min-
eral species/locality/age records, coupled with information on min-
eral properties (notably, composition and oxidation states), co-
existing species, geological and tectonic contexts, dating tech-
niques, age uncertainties, and links to primary sources, are now
collated in the open-access Mineral Evolution Database Golden
(2019; MED: https://rruff.info/ evolution). Investigations of the ap-
pearance of new minerals over the past 3.5 billion years, in
some instances accompanied by their redox states, reveal a strik-
ing pattern of episodic mineralization, which correlates with sig-
nificantly enhanced mineral production and preservation during
five presumed periods of supercontinent assembly (Hazen et al.,
2008).

Data in the MED document a modest shift in mineral chem-
istry during the interval from ~2700 to 1500 Ma. Prior to this pe-
riod, most minerals were silicates, sulphides, and carbonates, with
volumetrically less significant occurrences of oxides, arsenides,
sulfosalts, and other phases. Changes are also observed in the
distribution of oxide/hydroxide minerals. Starting at ~2700 Ma,
transition metal mineral species, particularly magnetite and Fe3+
phases, occurred in BIFs, while oxides/hydroxides of Mn, Cu, Co,
V, and other redox-sensitive elements became more abundant.
Note that a significant number of redox-sensitive minerals, includ-
ing major deposits bearing hematite and Fe3* oxide/hydroxides
and a host of new oxidised secondary Co, Cr, Cu, Mn, V, and
U minerals, appear after ~2000 Ma. This trend in the introduc-
tion of new oxidised minerals, coupled with the observed grad-
ual increase in average redox state of transition elements, demon-
strates that mineral occurrence data serves as a useful proxy
for Earth’s oxygenation (Hummer et al, 2020; Golden et al.,
2013).

The temporal pattern of mineral evolution (Fig. 2b) shows a def-
inite similarity to the Se/Co pyrite proxy with a secondary peak
from 2800 to 2500 Ma and the major peak in mineral evolution
from 2000 to 1700 Ma. A calculation of the relative redox of min-
eral species (color of bars in Fig 2b) shows a gradual increase in
their oxidation state from 3000 to 1600 Ma.

6. Discussion

The coincidence of the major peak in the Se/Co pyrite proxy
with the major peak in mineral evolution around 2000 to 1700
Ma is striking (Fig. 2a, b) and is the basis of our hypothesis that
atmosphere oxygen was at a maximum over this time interval,
rather than the accepted position of the GOE, 300 to 500 mil-
lion years earlier. The trends and maxima of the two RSE Mo and
U in the matrices of black shales provide some support, although
not as definitive, both RSE peak between 2000 and 1600 Ma. The
secondary peak in mineral evolution at 2800 to 2500 Ma is also
matched by a less well-developed maximum in the Se/Co pyrite
proxy, but is not obvious from the Mo and U data. These four prox-
ies generally decrease from 1600 to 1000 Ma suggesting that the
ocean-atmosphere system suffered a consistent decline in oxygena-
tion over this time period, with a possible spike around 1400 Ma
(Mukherjee and Large, 2016).

Some researchers have proposed that the rise in oxygen before
2500 Ma might have been generated in local environments and not
represent global oxygenation of the atmosphere-hydrosphere sys-
tem (Anbar et al., 2007; Ostrander et al., 2021; Meixnerova et al.,
2021). Lalonde and Konhauser (2015) suggest that local oxygen
production and immediate consumption in surface-bound (ben-
thic) microbial ecosystems at profound disequilibrium conditions
may explain oxygen rises before 2500 Ma. In this same vein,
the pyrite Se/Co proxy and mineral evolution burst around 2700
to 2500 Ma might indicate local rather than global signals for
oxygenation, or otherwise, intermittent or transient oxygenation
pulses.

6.1. Comparison with seven other atmosphere oxygen proxies

6.1.1. Marine evaporites

Marine evaporite sequences provide a record of elevated sea
water sulfate and chloride contents, which are indicative of shal-
low water environments with increased atmosphere pO, and sea
water salinity. The source of seawater sulfate is considered to be
from a combination of oxidative erosion of continental pyrite and
S-outgassing of volcanic magmas (Catling and Kasting, 2017), thus
the lack of oxygen in the Archean Eon may have led to lower levels
of sulfate in Archean oceans compared with the subsequent eons.
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Fig. 2. Temporal variation between 3200 and 800 Ma based on data collected in this study. a) Se/Co ratio in sedimentary pyrite determined by LA-ICPMS; b) occurrence of
mineral species, color of bars indicate the level of mean mineral cation oxidation; c) Mo content of both sedimentary pyrite and black shale matrix determined by LA-ICPMS;

and d) U content of black shale matrix determined by LA-ICPMS.

Although Precambrian evaporites are far less abundant than those
in the Phanerozoic Eon, Evans (2006) recorded over 100 Precam-
brian evaporite sequences, of which at least 10 are in the Archean.

The temporal distribution of the 27 most significant evaporite
occurrences in the Precambrian are shown in Fig. 3, where they
are compared with the number of reported occurrences of the four
major minerals in evaporites; anhydrite, halite, sylvite, and magne-
site (all data derived from the mineral evolution database). These
patterns all show three dominant periods of evaporite formation
at 2800-2400 Ma, 1900-1600 Ma and 1000-500 Ma; the first
two corresponding with the proposed peaks in atmospheric oxy-
gen suggested by the sedimentary pyrite proxy and general min-
eral evolution (Fig. 2).

6.1.2. Molybdenum isotopes
Molybdenum isotopes in black shales and carbonates have be-
come recognised as a robust method of tracking ocean-atmosphere

oxygenation (Wille et al., 2007; Thoby et al., 2019), although fewer
measurements have been published compared to the proxies al-
ready discussed. Elevated §98/95Mo above 0.7 is indicative of ocean-
atmosphere oxygenation. Values of up to 2.0 are reported from
shales, BIF, and carbonates in the interval 2800 to 2400 Ma, com-
pared with a maximum of ~1.0 prior to 2800 Ma (Fig. 4c).

6.1.3. Sulfur isotopes

Discovery of the MIF-S signal in sedimentary pyrite was a ma-
jor scientific breakthrough (Farquhar et al., 2000), and its interpre-
tation as a precise marker of the GOE has become well accepted
(Lyons et al., 2014; Pavlov and Kasting, 2002). However, the ex-
tended period of positive MIF-S between 2750 and 2450 Ma, dur-
ing which A33S commonly exceeds 6%, (Fig. 4d), coincides pre-
cisely with the period of maximum Mo isotope values (Fig. 4c),
the first pulse of mineral evolution (Fig. 4b), and increased sulfate
evaporite mineral formation (Fig. 3). Whereas the strong positive
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Fig. 3. Temporal distribution of major evaporite deposits from 2600 to 800 Ma
compiled from Evans (2008), and temporal distribution of major evaporite mineral
occurrences (Golden, 2019) anhydrite, halite, sylvite, and magnesite.

MIF-S signal is interpreted as indicating atmosphere oxygen was
less than 10~> PAL (Pavlov and Kasting, 2002; <2 ppm O,), the
other proxies indicate weakly oxygenated oceans at the same time
when cyanobacteria and increased ocean sulfate were developing.

The end of the MIF-S signal (Fig. 4d), which takes place over
the period 2450 to 2300 Ma, is interpreted as an expression of
the GOE. However in contrast, this event corresponds to a drop in
seawater Mo-isotopes to near zero (Fig. 4c), together with a rise
in §'3C in sedimentary carbonates known as the Lomagundi ex-
cursion (Melezhik et al., 2007; Fig. 4e) and a period of about 200
million years (2400 to 2200 Ma), which saw no new minerals ap-
pear in the rock record (Fig. 4b). Farquhar and Wing (2003) recog-
nised that MIF-S did not completely disappear around 2400 Ma,
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Killingsworth et al., 2019); e) § 13C in marine carbonates (Shields and Veizer, 2002);
f), h) cumulative black shale thickness (Condie et al., 2001); and i) maximum fossil
size (Payne et al., 2009).

but continued with a much reduced signal from 2450 Ma to ap-
proximately 2000 Ma: their Stage II. This period (2450 to 2000 Ma)
is interpreted to record either the onset of oxidative weathering
or stabilization of atmospheric oxygen and ozone to intermediate
levels, that would still allow photolysis of SO, and SO. If the sec-
ond hypothesis is correct, then it fits well with our suggestion, that
the GOE was a protracted event that extended up to, and even be-
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yond, ca. 2000 Ma, when MIF-S finally and completely disappeared
due to the development of a full-blown ozone layer (Farquhar and
Wing, 2003). In further support, recent micro-beam S-isotope anal-
yses on pyrite by Philppot et al. (2018) demonstrate an intermit-
tent MIF-S signal between 2450 and 2310 Ma which they also sug-
gest requires re-evaluation of the position of the GOE.

6.1.4. Thickness of black shales

There is agreement that the Lomagundi C-isotope excursion
(Fig. 4e) represents a long period of burial of organic carbon
from 2350 to 1950 Ma, which would have resulted in a large-
scale release of oxygen to the atmosphere (Melezhik et al., 2007;
Lyons et al, 2014). Changes in thickness of Precambrian black
shales over time, which can be used as a rough proxy for atmo-
spheric oxygen, provides support for this concept. A compilation
of global black shale thickness by Condie et al. (2001; Fig. 4f)
indicates that significant black shale deposition started around
2700Ma increasing to the maximum Precambrian cumulative thick-
ness from 2000 to 1900 Ma, followed by elevated thicknesses to
1700 Ma, supporting other evidence (Fig. 4) for maximum eleva-
tion in atmospheric oxygen.

6.1.5. Chromium isotopes

Chromium isotopes in sedimentary rocks have become a pop-
ular tool for tracking variations in the ancient ocean/atmosphere
system. Chromium is a RSE and its isotopes are fractionated dur-
ing redox reactions. Chromium on the continents is dominated by
the less mobile Cr (Ill), whereas Cr in the marine environment is

dominantly the more mobile Cr (VI). modeling suggests that dur-
ing oxidative weathering, Cr (Ill) is converted to the more solu-
ble Cr(VI) via Mn oxides, which are only stable in a relatively oxy-
genated environment. The level of isotope fractionation is taken as
a proxy for oxygenation. Initial studies on Precambrian iron forma-
tions (Frei et al., 2009) indicated marginally elevated values above
the crustal mean, possibly indicating mild oxygenation from 3000
to 2500 Ma and around 1900 Ma, but lower values during the pe-
riod of the GOE from 2500 to 2300 Ma and from 1700 to 1400
Ma. A study of Cr isotopes in sedimentary ironstones from six lo-
cations through the Archean to Mesoproterozoic (Planavsky et al.,
2014) showed little fractionation from the crustal value and was
interpreted to suggest that atmosphere oxygen was less than 0.1%
of PAL for the whole period. Follow-up research on black shales
(Cole et al., 2016) again showed no significant fractionation over
this period and importantly failed to show any fractionation in
the interval of the GOE (Fig. 5b). More recent work (Fang et al.,
2020) emphasises that a key point of the previous Cr isotope mod-
eling is the generation of Cr (VI) in oxidative weathering during
atmospheric oxygenation events. However, no direct evidence of
Cr (VI) has yet been reported in sedimentary rocks. These authors
(Fang et al., 2020) conclude that the application of Cr isotopes
to atmosphere oxygenation in the Precambrian is limited for the
present until a clear understanding of the global mass balance of
Cr isotopes is achieved.

6.1.6. Nitrogen isotopes
Nitrogen isotope studies of bulk sedimentary rocks are be-
ing increasingly used to track ocean and atmosphere oxygenation



R.R. Large, R.M. Hazen, S.M. Morrison et al.

Geosystems and Geoenvironment 1 (2022) 100036

- ql - I— black shales
—I :_evaporites
1
— — * Banded iron formations
: | O13C excursion
1
— | - - Mo isotopes
(%]
— : L : — Mineral evolution
= , .
—t 5 :— Se/Co in pyrite
o - N isotopes
1 s g |
15 G | (e— Peak fossil size
-10° proposed O, profile : 4 s
£
— ] ]
£ 102 L !
P -
3S Q]
a2 g1
104 o |
- . I © ‘
3200 2800 240b 2000 1600 1200 800
1 millioth years
1 1
1 1
I I
10° 1 I
= 1 1
a 5 1
S 110 1
o 1
1

3200

2800

2000

million years

Fig. 6. Atmosphere oxygen proxy peak periods discussed in the text compared with the proposed new profile of the GOE (middle panel) and the generally accepted profile
(Lyons et al., 2014; lower panel). The proxy periods in the upper panel are taken from the datasets in Figs. 1-5.

(Stueken et al., 2016; Cheng et al., 2019; Ossa et al., 2019). The
marine N biogeochemical cycle is extremely complex and is af-
fected by a large number of factors. However, considering N in
the Precambrian in general terms, under very low oxygen condi-
tions N isotope values (§1°N) are around —5 to +5 %o, being possi-
bly controlled by Mo-based biological N,-fixation. Moderate lev-
els of oxygenation are thought to stimulate an aerobic nitrogen
cycle with N isotope values from +5 to +15 %o related to fixed-
N losses, whereas high levels of ocean oxygenation will lead to a
well-developed aerobic nitrogen cycle with fractionation controlled
by partial denitrification and N-isotope values up to +30%. and be-
yond. The compilation of N isotope data (Fig. 5¢) may be inter-
preted to indicate very low ocean oxygenation from 3200 to 2800
Ma, followed by a rise from 2800 to 2500 Ma, dropping to a low
at 2300 Ma, and then increasing to peak levels around 2000 to
1900 Ma. This pattern is similar to the Se/Co in pyrite proxy and
the mineral evolution data, however it must be emphasised that
the peaks in N isotope values are supported by data from only one
sedimentary basin each at around 2700 and 1900 Ma.

6.1.7. Maximum size of organisms

In addition to evidence from the geochemical and geological
proxies, at least one biological proxy also is consistent with our
suggested profile of the GOE. The maximum size of organisms
in the Precambrian increased enormously in the middle of the
Palaeoproterozoic between 2000 and 1800 Ma (Payne et al., 2009;
Fig. 4g). The macrofossil Grypania spiralis is a key example of this

sudden increase in size (Payne et al., 2009). The curve of maxi-
mum body volume (Fig. 4g) peaks around 1800 Ma followed by a
decline in known maximum organism size from 1600 to 900 Ma,
matching the decline in Se/Co ratio of sedimentary pyrite and sev-
eral other proxies that we interpret as indicating a decline in atmo-
spheric oxygen over this period (Steadman et al., 2020; Figs. 2 and
4),

7. Significance

When most available geochemical proxies for ocean/atmosphere
oxygenation are compared (Figs. 2, 4 and 5), the data suggest
there were two periods of elevated atmospheric oxygen: one in the
Neoarchean and the other in the Paleoproterozoic (Fig. 6). The first
occurred around 2700 to 2400 Ma (peaking at ~2500 Ma) and the
second from 2100 to 1700 Ma (peaking at ~1800 Ma), correlat-
ing with the amalgamation of the supercontinents Kenorland and
Nuna respectively (Hazen et al., 2008). Supporting geological ev-
idence includes the size of organisms, accumulated thickness of
black shales and occurrence of evaporites, red-beds, Mn-deposits,
and sedimentary copper deposits during these periods. A possi-
ble earlier period of oxygenation between 3500 and 3300 Ma is
suggested from evaporite and BIF occurrences and requires further
evaluation.

The correlation between atmospheric oxygenation and super-
continent cycles, has been emphasised by a number of previous
studies (Campbell and Squire, 2010; Shield-Zhou and Och, 2011;
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Fig. 7. The preferred scenario for the Paleoproterozoic showing the relationship between predicted atmospheric oxygenation (Fig. 6) and carbon isotope composition of
marine carbonates (Fig. 4e). The rise in oxygen levels at the start of the Paleoproterozoic, due to the build-up of cyanobacteria, caused perturbation in the carbon isotope
cycle and the burial of organic carbon. This was followed by Earth’s second supercontinent cycle, Nuna, that led to the formation of massive mountain ranges whose erosion
promoted continuous organic carbon burial extending the Lomagundi event (2400 to 2000 Ma). This led to a renewed and more vigorous oxygen input to the atmosphere
that would finally end with the conclusion of Nuna amalgamation and associated active erosion.

Johnson et al., 2017), whereby plate collisions and mountain build-
ing represent the orogenic part of the supercontinent cycle, accom-
panied by active erosion and an increase of nutrient flux to the
oceans. This enhanced nutrient flux, in turn, drives productivity,
oxygen release, and carbon burial, all of which lead to oxygenation
of the atmosphere and oceans. We suggest that stable continents
and the subsequent rifting phase of the cycle led to long periods
of constant or decreasing atmospheric oxygen as orogenic events
became less common and ocean nutrients were gradually drawn
down. The coincidence of the orogenic phase of the superconti-
nent cycles building Kenorland (2800 to 2500 Ma) and Nuna (2100
to 1750 Ma) with our interpreted oxygenation events based on the
pyrite proxy, provide important additional support for the proxy.
The current position of the GOE, around 2300 Ma, has no obvi-
ous relationship to orogenesis or supercontinent cycles, and there
is no satisfactory explanation for the relatively sudden rise in at-
mospheric oxygen at this time.

In contrast our work highlights the possible links between
peaks of oxygen production and the Lomagundi event. The data
shown in Fig. 7 is consistent with a final Paleoproterozoic oxygen
rising due to major organic carbon burial that was probably re-
sponsible for the Lomagundi excursion. Thus, the first major rise in
oxygen levels at the start of the Paleoproterozoic due to the pre-
dominance of cyanobacteria, was followed by Earth’s second su-
percontinental cycle, Nuna, that led to the formation of massive
mountain ranges whose erosion promoted continuous organic car-
bon burial producing the Lomagundi event (2400 to 2000 Ma),

leading then to a renewed and more vigorous oxygen input to the
atmosphere that would finally end MIF-S and other indicatives of
dysoxic/anoxic conditions during the Archean (Fig. 7).

The timing of the first appearance of oxygen-producing
cyanobacteria has eluded scientist for many decades now, with
interpretations ranging from 3500 to 2200 Ma (Schopf, 2012;
Braisier et al., 2002; Shih, 2015). Our multiproxy approach agrees
with some researchers, who consider ~2700 Ma as a most likely
candidate (Knoll, 2008; Buick, 2008), which supports the premise
that there was little if any gap between the evolution of cyanobac-
teria and the starting point of oxygenation of Earth’s atmosphere
(Garcia-Pichel et al, 2019). Whether oxygen rose in two main
stages between 2700 and 1800 Ma or in several stages is not clear
and will require an increased density of sampling and proxy anal-
ysis to fill-in the data gaps.

Mineral evolution data clearly document significant changes
in Earth’s near-surface environment during the Mesoarchean,
Neoarchean, and Paleoproterozoic Eras. We observe pulses of min-
eralization at ~2700 and 2000 Ma, a gradual shift in aver-
age mineral redox state, and the introduction of numerous new
redox-sensitive mineral species to Earth’s near-surface environ-
ment. Thus, data on mineral occurrences from the Mesoarchean
through the Paleoproterozoic Eras also support the hypothesis of
episodic rather than sudden increases in Earth’s atmospheric oxy-
gen between 2700 and 1800 Ma.

In conclusion, this analysis throws doubt on the accepted posi-
tion of the GOE around 2400 to 2200 Ma. We suggest, based on
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these multiple independent proxies, that the GOE was not a rapid
rise in oxygen over a few tens to one or two hundreds of millions
of years, but rather a slow, and pulsed rise over at least 800 mil-
lion years, which commenced with the first major O,-producing
photosynthesis around 2700 Ma, and continued to rise, eventually
peaking at 0.7 to 1 PAL O, between 2000 and 1800 Ma.
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