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Fluctuating
evolution

of seawater
oxygenbefore
the Great
Oxidation
Event

Atmospheric oxygen, supplied
from the oceans, dramatically
rose during the Great Oxidation
Event. Our examination of

the preceding evolution of
seawater oxygenation revealed
that the redox state in seawater
oscillated between oxic and
anoxic conditions before oceanic
oxygenation againincreased
towards the dawn of the Great
Oxidation Event.

This is asummary of:
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The problem

The Great Oxidation Event, which occurred
~2.45-2.22 billion years ago, marked a criti-
cal period in which atmospheric oxygen
levels rose to 1-10% of present-day concen-
trations'. Understanding when and how
seawater became oxygenated and capable of
supplying extra oxygen to the atmosphere
iskey toreconstructing Earth’s oxygenation
history. Organic-rich mudstones and shales
(deposited inrelatively shallow marine shelf
environments) and banded iron formations
(formedin deeper shelf settings) have pro-
vided some of the best geological records
for the evolution of seawater oxygenation.
Numerous redox-sensitive geochemical
tracers — including metal elements such as
molybdenum and uranium and biologically
essential elements such as carbon, nitrogen
and sulfur — have been used to infer early
oceanicredox states (that is, oxygenation
states). However, for most of these tracers, it
remains a challenge to distinguish between
insitu marine oxygen production and input
from land by other mechanisms.

Nitrogen, owingtoits diverse stable
redox states, strong isotope fractionation
and central role in microbial metabolism,
has emerged as a robust proxy for marine
oxygenation?. Although previous nitrogen
isotopic studies have examined organic-
richmudstones and shales®, banded iron
formations — one of the most abundant
marine sedimentary records before the
Great Oxidation Event* — remain largely
unexplored in this context.

Thediscovery

We examined nitrogen isotopic patternsin
banded iron formation drill core samples
deposited ~2.60-2.45 billionyears agoin the
Hamersley Group, Pilbara region of Western
Australia. These formations were deposited
after a phase of seawater oxygenation

~2.63 billion years ago and precede the Great
Oxidation Event. The nitrogen isotopic
values of banded iron formations were meas-
ured using isotope-ratio mass spectroscopy,
and the samples were examined across time
using the ages constrained by previous stud-
iesand the sample depths provided by the
Geological Survey of Western Australia.

In most shales, nitrogen occursinboth
organic matter and potassium-bearing sili-
cate minerals; nitrogenin the latterisin the
form of ammonium (NH,*) substituting for
potassium. Banded iron formationis gener-
ally deficient in organic matter. In our study,
the total nitrogen content of the banded
iron formation samples exhibits a positive
relationship with their potassium content.
This nitrogen probably originated from
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ammonium in seawater and/or the degrada-
tion of organic matter and was subsequently
incorporated into the potassium-bearing
silicate minerals that comprise banded iron
formations through mineralization during
diagenesis (Fig. 1). The nitrogen isotopic pat-
ternsin the banded iron formation samples
reveal that there was a decrease in oxygen
levels following the oxygenation event

2.63 billionyears ago, resulting ina sus-
tained period of oxygen deficiency in seawa-
ter characterized by strong denitrification
(and relatively low input from nitrogen fixa-
tion) around 2.48 billion years ago (Fig. 1b)
before the seawater was oxidized again after
around 2.46 billion years ago. When integrat-
ed with previously reported shale records,
the nitrogenisotope record fromthe
Hamersley Basin reveals a ~200-million-
year-long oscillation in seawater oxygen
levelsleading up to the Great Oxidation
Event, highlighting the complex nature of
Earth’s early redox state evolution.

Theimplications

This study demonstrates that seawater
oxygenation before the Great Oxidation
Event did not follow asimple, steady
increase. Instead, the marine redox state
probably repeatedly fluctuated over time-
scales from tens of million years to less than
amillionyears.

It should be noted that some uncertainties
existin ourapproach, such as the extent
of nitrogen isotope fractionation during
ammonium adsorption onto ferrihydrite
(the major precursor of iron oxide in banded
iron formation) and the potential desorp-
tion and transfer of ammonium during
diagenesis. Although these processes war-
rant further investigation, they do not com-
promise intra-sample comparisons between
banded iron formation datasets.

Our findings highlight the potential of
nitrogenisotopic compositions inbanded
iron formations — if minimally altered by
later metamorphism, hydrothermal altera-
tion or weathering — as arobust tool for
elucidating marine oxygenation evolution.
Shales and banded iron formations, which
derive nitrogen from different sources and
vary in their proximity to the redoxcline,
capture distinct depositional pattens.
Therefore, their nitrogen isotopic values
are not directly comparable. We intend to
continue exploring the nitrogen isotopic
patterns of these marine sediments to gain
further understanding of the evolution of
the marine nitrogen cycle and oxygenation.

Xueqi Liang, Kurt Konhauser & Long Li

University of Alberta, Edmonton,
Alberta, Canada.
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EXPERT OPINION

REFERENCES

“l agree on the importance of constraining
the dynamics of early surface ocean
oxygenation for improving our

understanding of the Great Oxidation Event.

| also liked that the authors acknowledge
the importance of including banded

iron formations and different types of
lithology in the analysis (as opposed to
previous 6N work being focused on
shales).” Margriet Lantink, University of
Wisconsin-Madison, Madison, WI, USA.
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Fig.1| Depositional models (not to scale) of sediments in the Hamersley Basin, which revealed the
predominant processes in the biogeochemical nitrogen cycle under different redox conditions.

a,b, The shallow seawater is oxic, and nitrogen fixation is the predominant pathway (a). Denitrification is
the predominant pathway, and the redoxcline expands into shallower seawater (b). The scenario in panel a
produces moderate 6N values (where 6N, p1e = (SN/“N)mpie/ (*N/*N)angara — 1) in banded iron formations,
whereas the scenario in panel b gives high 6N values. The relative thickness of the arrows indicates the
relative magnitude of N along that pathway. N, represents the amount of nitrogen preserved in organisms.

&, Nisotope enrichment factor (& = 6N, ,4ucc ~ 6" Nieaeeane); aN@MMoOX, anaerobic ammonium oxidation; DNRA,

dissimilatory nitrate reduction toammonium. © 2025, Liang, X. et al.
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BEHIND THE PAPER

FROM THE EDITOR

In Precambrian sedimentary records,
banded iron formations serve as a key proxy
for reconstructing the Great Oxidation
Event. Whereas mudstones and shales —

in which nitrogen is mainly derived from
organic matter — have been extensively
studied, nitrogen in banded iron formations
presents a greater analytical challenge
owing to its notably lower concentrations
and more complex isotopic signatures.

This study emerged after the development
of an analytical method for precise isotope
measurements of minerals and rocks with
low nitrogen concentrations®, as well as
the development of expertise in both the
genesis of banded iron formations and
nitrogen isotope geochemistry at the
University of Alberta. X.L.
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“This work by Liang et al. stood out to me
because it considers oxygenation and
nitrogen cycling in deeper marine shelf
environments in the run-up to the Great
Oxygenation Event, something that has
been difficult to determine so far. Their
findings show that these environments also
experienced transient oxygenation at this
pivotal time.” Alison Hunt, Associate Editor,
Nature Geoscience.
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	Fig. 1 Depositional models (not to scale) of sediments in the Hamersley Basin, which revealed the predominant processes in the biogeochemical nitrogen cycle under different redox conditions.




