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Article Abstract

Ancient rocks do not contain a continuous sample of old air. They preserve products of weathering,
photochemistry, ocean chemistry and sedimentation, later filtered by burial and alteration.
Reconstructing oxygen therefore requires a chain from measurement to reaction, environment and
planetary reservoir. Detrital minerals, paleosols, iron formations, sulfur mass-independent
fractionation, iron speciation and redox-sensitive metals each answer different questions. Together
they establish an early low-oxygen Earth, local oxygen production before global accumulation, a first
sustained Paleoproterozoic rise and later heterogeneous oxygenation. They do not identify one switch.
Proposed GOE onsets near 2.46-2.43 Ga and rapid change near 2.33 Ga constrain different phases and
correlations. Mid-Proterozoic percentages remain debated, and an oxygenated atmosphere did not
imply an oxygenated deep ocean. Agreement is earned when independently dated proxies, petrography
and source-sink models converge while their spatial scales and shared assumptions stay visible.

In 60 Seconds

A rock proxy is not ancient air in a jar. A mineral may survive only under low-oxygen weathering; a
soil profile may lose elements during oxidation; sulfur isotopes may preserve atmospheric
photochemistry; iron and trace metals may record local water chemistry. Every route needs a
response model and an age. Large sulfur mass-independent fractionation is characteristic of the
Archean record and requires an atmospheric pathway. Its sustained disappearance marks major
atmospheric reorganization, but the often quoted oxygen threshold near 107-5 of present atmospheric
level is model-dependent. Metal records suggest transient oxygen production before the Great
Oxidation Event, perhaps in shallow oases, without proving a globally oxygenated atmosphere. The
GOE itself unfolded in stages: one chronology places onset between about 2.460 and 2.426 Ga, while
another record resolves rapid oxygenation near 2.33 Ga. Those are not the same boundary. Sources
had to exceed sinks, so oxygenic photosynthesis could predate accumulation. Oceans remained
stratified and patchy; ferruginous deep waters persisted long after atmospheric oxygen rose. Later
oxygen estimates and links to animals are still contested. The reconstruction succeeds by
triangulating proxies, not by forcing them into one universal oxygen curve.

Why This Question Matters

Atmospheric oxygen made energetic metabolisms, protective ozone and eventually complex
ecosystems possible, but its history cannot be read from one colour change or one isotope ratio. The

inference chain matters because the same rock can mix local water chemistry, global weathering and
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later alteration. Learning to separate those levels reveals how disagreement advances geoscience: an
obsolete global ocean model can leave useful methods behind, and two apparently conflicting proxies
can map real vertical structure. The deeper lesson is transferable. A planetary history is credible not
when one signal looks dramatic, but when different archives reproduce a constrained sequence
without hiding their assumptions.

1. A Rock Is Not a Bottle of Ancient Air

The Question

If no continuous sample of Archean air survives, how can a mineral formed in soil or sediment
constrain the atmosphere? Only by reconstructing every transformation between the air, the local
reaction and the signal measured today.

Most Precambrian proxies are not sealed atmospheric samples. They are products of
photochemistry, weathering, ocean circulation, biological reaction and sedimentation, later buried
into rock.[1-3] A shale can integrate particles from land and compounds removed from water. A
paleosol records a weathering profile. An isotope anomaly can originate in air and be preserved
only after several transfers.

The inference is therefore layered. A measurement identifies a mineral, element or isotope ratio; a
response model links it to a reaction; geological context places that reaction in soil, shallow water
or a basin; a larger model relates the local environment to atmosphere and ocean.[1,2,35] Skipping
a layer turns a proxy into a slogan.

Preservation is another experiment. Diagenesis recrystallizes sediment, metamorphism drives
reactions, fluids import elements and modern weathering attacks the outcrop.[1,14,19] None of
those processes automatically destroys a record. Petrography, mineral-scale chemistry and field
relationships test whether the measured domain is primary, altered in a constrained way or
unsuitable.

Time enters independently. A mass spectrometer may measure a ratio precisely while the
sediment's age rests on volcanic ash, an intrusion, stratigraphic correlation or a bracket between
units.[6,8] A dated igneous layer can be older or younger than the proxy-bearing bed. QTC-017
explains the clocks; here their geological placement controls atmospheric chronology.

This division also keeps the corpus honest. QTC-024 established the microbial metabolisms that
produce and consume gases; this article asks what their planetary consequences left in rock.[1,2]
QTC-026 will turn inward to a cellular merger. The atmosphere connects those stories without
making one proxy responsible for all three.

Where That Leaves Us

A rock becomes an atmospheric archive only after measurement, process, environment, preservation
and age are connected. That long chain is a strength because every link can be tested. The first links
are mineral reactions: reduced grains, weathered soils, precipitated iron and trace metals that
responded to redox conditions in local environments.
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2. Minerals Remember Reactions

Ancient sandstones sometimes contain detrital pyrite or uraninite transported as grains. Because
both oxidize readily at Earth's surface today, their survival supports low-oxygen weathering when
provenance and abrasion are controlled.[15,16] Survival is kinetic, however. Grain size, transport
time, source rock and later alteration prevent a simple conversion from one grain to one
atmospheric percentage.

Paleosols provide a profile rather than a survivor. Element gains and losses through an ancient
weathering horizon can indicate oxidative mobilization, but only relative to a reconstructed parent
rock.[14,16] Groundwater, erosion and metamorphism may reshape the profile. The method is
powerful because it demands mass balance; it is difficult for the same reason.

Banded iron formations display enormous iron precipitation, but they do not name one oxidant.
Dissolved ferrous iron could meet oxygen, be oxidized by anoxygenic phototrophs or enter more
complex pathways before minerals transformed during burial.[39,40] Experiments establish viable
mechanisms. Choosing the historical mixture requires sedimentology, isotopes and basin context.

Iron speciation moves from visible bands to operational mineral pools. Sequential extraction
distinguishes highly reactive iron, pyrite and other fractions, with empirical modern calibrations
used to infer oxic, ferruginous or euxinic deposition.[18,19] The thresholds depend on lithology
and total iron. A method validated in mudstone may not transfer unchanged to metamorphosed or
iron-poor rock.

Molybdenum, chromium, rhenium and other redox-sensitive elements add weathering and ocean
transport.[9-12] Oxidation can mobilize a metal on land; adsorption, biological uptake and sulfide
then remove it at sea. Concentration and isotope ratio therefore integrate a cycle. Basin restriction
or altered source rock can imitate a global atmospheric change.

Where That Leaves Us

Minerals record reactions under local conditions; none automatically scales to the whole atmosphere.
One family of proxies travels farther upstream. Sulfur isotopes can preserve a signature generated by
ultraviolet chemistry in the air itself, providing an atmospheric threshold whose power depends on
keeping the photochemical model attached under stated conditions.

3. Sulfur Found an Atmospheric Threshold

The Question

Ordinary isotope effects scale predictably with mass. Archean sulfur repeatedly breaks that
relationship. The anomaly connects rocks to atmospheric photochemistry—but translating its
presence or disappearance into oxygen still requires gases, ultraviolet reactions, transport and
preservation.

Mass-dependent reactions shift sulfur isotopes in relationships governed largely by their mass
differences. Archean sediments contain departures measured across several isotopes, called mass-
independent fractionation or sulfur MIF.[4,5] The anomaly is an observation. Its atmospheric
importance follows because known sedimentary and biological processes do not reproduce the
large multi-isotope arrays and stratigraphic patterns by themselves.
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James Farquhar, Huiming Bao and Mark Thiemens connected those arrays to ultraviolet reactions
among atmospheric sulfur gases.[4,5,36] Different photochemical products carried different isotope
signatures to the surface. Volcanic input, methane, haze, gas lifetimes, rainout and sediment
recycling affect magnitude and sign. Sulfur MIF is therefore unusually atmospheric without being
chemically simple.

Models show why oxygen matters. Once oxygen and ozone alter ultraviolet penetration and sulfur-
gas lifetimes, strong anomalies are no longer produced or preserved in the same way. A threshold
near 10/-5 of the present atmospheric level is often cited.[5,6] It is not a laboratory oxygen reading:
it depends on a particular reaction network and atmospheric boundary conditions.

The sustained loss of large MIF near the Archean-Proterozoic transition marks a profound
reorganization.[2,6,7,28] Oxygen rise is the leading cause, coupled in some models to methane
collapse and changed haze. A disappearance can integrate a transition over sampling resolution,
recycling and basin history; it need not define one globally synchronous afternoon.

Bekker and colleagues found no large sulfur MIF in 2.32 Ga pyrite-bearing strata and paired it with
oxidized sedimentary features.[6] They inferred significant atmospheric oxygen by that time,
above the model threshold. The result is a dated constraint on one succession, not permission to
make 2.32 Ga the only valid birthday of oxygen.

Where That Leaves Us

Sulfur MIF supplies the closest thing here to an atmospheric switch, yet even it is a modelled threshold
embedded in transport and haze chemistry. Its Archean persistence creates a productive tension:
other proxies record oxidation earlier. Resolving that tension requires distinguishing local oxygen
production from global accumulation across space and time.

4. Oxygen Appeared Before It Accumulated

Ariel Anbar and colleagues found molybdenum and rhenium enrichment in approximately 2.5 Ga
shales and described a 'whiff' of oxygen before the GOE.[9,10] Oxidative weathering could mobilize
those metals from land for transport to the basin. The word whiff was carefully chosen: it denotes
transient or limited oxidation, not a modern atmosphere.

Chromium pushed the proposed record farther back. Data from approximately 3.0 Ga South
African paleosol and iron formation were interpreted as oxidative weathering under appreciable
oxygen.[11,12] The quantitative chain is contested. Chromium mobility depends on manganese
oxidation, source composition and alteration; a minimum atmospheric estimate is more
conditional than the measured isotope ratio.

Molybdenum isotopes in at least 2.95 Ga iron formation supplied another route. Their fractionation
was interpreted as prior adsorption to manganese oxides and therefore as oxygenic photosynthesis
in shallow water.[13] The inference does not observe cyanobacteria. It links Mo, manganese
chemistry and oxygen production under a depositional model whose alternatives still matter.

These records can coexist with sulfur MIF if oxygen formed local oases. Photosynthesis in surface
water produces oxygen that reacts rapidly with dissolved iron, reduced volcanic gases and organic
matter before it mixes through atmosphere and ocean.[2,3,13] A productive coastal zone can
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therefore oxidize metals while the planetary reservoir stays below the sulfur-photochemistry
threshold.

The distinction separates invention from accumulation. Oxygenic photosynthesis may have
evolved hundreds of millions of years before geological sinks became sufficiently saturated or
reduced for oxygen to persist globally.[2,27,36] Its evolutionary date remains indirect. The broad
logic is firmer: producing a molecule locally and building a planetary reservoir are not the same
event.

Where That Leaves Us

Local oases explain how oxidation could precede an oxygenated atmosphere without dismissing either
record. They also remove a false biological trigger: photosynthesis did not force immediate global
change. The next problem is to define the Great Oxidation Event itself—a transition whose proposed
onset and rapid phases come from different clocks and sections.

5. The Great Oxidation Was a Transition

The Question

An event sounds instantaneous. The Great Oxidation Event spans proxy disappearances, oxidized
minerals, glaciations, isotope excursions and ecological change whose ages do not collapse to one
boundary. What exactly began, accelerated or stabilized at each proposed date?

The GOE names the first sustained large-scale accumulation of atmospheric oxygen, recognized
through sulfur MIF loss, oxidative weathering, sedimentary mineral change and new
biogeochemical cycles.[1,2,35] It is not the first oxygen molecule. Authors can reasonably date
onset, threshold crossing, completion or a linked excursion differently, provided the operational
definition travels with the date.

Ashley Gumsley and colleagues used a 2.426 + 0.003 Ga age on Ongeluk Formation magmatism plus
stratigraphic and paleomagnetic correlation to place an onset between about 2.460 and 2.426 Ga.[8]
Their result moved one framework earlier. It depends on correlating distant successions and on
which signal is allowed to mark onset.

Genming Luo and colleagues resolved a rapid disappearance pattern in high-resolution sulfur
isotopes near 2.33 Ga.[7] That is a later phase than the Gumsley onset and should not be averaged
with it. Rapid means rapid relative to sampling and age uncertainty. Both constraints can be valid
if oxygenation crossed several chemical and ecological thresholds.

The transition also oscillated. Sulfur, nitrogen and other records show excursions, reversals and
linked climatic instability rather than monotonic ascent.[7,8,25,29] A shift in one basin may be
local, and cross-craton correlation is never cost-free. Still, replicated non-monotonicity makes a
simple step function a poor representation of the evidence.

Mechanism lies in long-term balance. Oxygen accumulates when biological and geological sources
exceed sinks in reduced gases, rocks, iron and organic matter.[26,27,37,38] Models distribute
causation among volcanism, methane, nutrient supply, tectonics and burial differently. No
accepted budget makes the GOE merely the day photosystem II was invented.
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Where That Leaves Us

The GOE survives the loss of a single birthday because multiple records establish a sustained
planetary change. Its internal chronology remains layered and causal models remain competitive.
Even after oxygen entered the atmosphere, however, it did not fill the ocean uniformly. Water depth
and basin chemistry preserved another hierarchy of redox states.

6. An Oxygenated Atmosphere Did Not Mean an Oxygenated Ocean

Atmosphere and ocean exchange gases, but an oxygenated atmosphere can overlie oxygenated
surface water, anoxic deep water and sulfidic sediment simultaneously.[2,17,20] Mixing,
productivity and respiration shape the vertical structure. A black shale records its depositional
basin and water column; it does not sample the global ocean merely because the basin was marine.

Iron records transformed the middle-Proterozoic picture. Canfield's influential model emphasized
widespread euxinia—anoxic, sulfidic water—while later iron-speciation and trace-metal syntheses
found a larger role for ferruginous, iron-rich anoxia.[17,20-22] Euxinia did not vanish from
history. What was superseded was its proposed dominance across the deep ocean.

That revision is scientific progress in full view. The original model organized observations and
generated tests; improved extraction, larger datasets and new basins changed the global partition.
[17,20,21] A framework can be wrong in extent and still contribute the questions and
measurements that replace it. 'Superseded' is not a synonym for foolish.

Molybdenum illustrates the scaling problem. Oxidative weathering supplies soluble Mo; seawater
mixes it; adsorption and sulfide removal change concentration and isotopes.[9,10,21,30] A
restricted euxinic basin can strip Mo locally and mimic a small global reservoir. Interpreting
atmosphere therefore requires circulation and burial, not only a shale concentration.

Apparently conflicting proxies may map real structure. Oxygenated shallow production can coexist
with ferruginous deep water and euxinic pockets if ages and environments are genuinely coeval.
[20,21,30,31] Before invoking spatial gradients, analysts must exclude alteration and bad
correlation. Once those tests pass, disagreement becomes a section through an ancient ocean.

Where That Leaves Us

Atmosphere, surface ocean and deep basins oxygenated on different schedules, so one curve cannot
represent them all. The same caution applies after the GOE. Mid-Proterozoic levels, Neoproterozoic
changes and oxygen requirements for animals form later chapters whose timing and magnitude
remain partly contested before a final synthesis can be built.

7. Oxygen Rose in More Than One Step

Chromium isotopes and other models have yielded low mid-Proterozoic atmospheric oxygen
estimates, far below the modern level.[12,23,24] Exact percentages remain contested. Some results
are bounds, not point measurements, and the route from weathering threshold to global oxygen
depends on manganese chemistry, erosion, source rock and preservation.

Ocean records also resist a flat middle age. Molybdenum, iron and other compilations support
stepwise, heterogeneous oxygenation, with surface and deep environments changing at different

times.[2,30-32] Stepwise does not mean a staircase shared by every basin. Higher resolution can
QTC-025 - v1.0 EN - © 2026 Juan Segurola - All Rights Reserved - 6/12



split a plateau into excursions or reveal that apparently successive changes were spatially
separated.

The Neoproterozoic Oxygenation Event is therefore an umbrella, not a second single switch. Trace
metals, iron speciation, carbon and sulfur cycles and fossils change across broad intervals.[31,32]
Each responds to different reservoirs. Treating their first departures as one date would recreate
the error avoided for the GOE.

Animals add a biological constraint, not an atmospheric gauge. Experiments and physiological
models estimate oxygen required for particular sponges or other organisms, and some low
concentrations can support respiration.[33,34] Requirements vary with size, temperature, activity,
diffusion and ecology. Survival of an analogue does not set global ancient oxygen.

Nor does oxygen alone cause complexity. Rising oxygen can expand energetic and ecological
possibilities, while animals alter carbon cycling and habitats in return.[2,32,33] Nutrients,
development, predation and preservation also intervene. The defensible claim is coupling across
several transitions, not one universal threshold at which complex life switches on.

Where That Leaves Us

Later oxygenation is a family of atmospheric, oceanic and biological transitions, not a delayed replay
of one Paleoproterozoic event. Numerical levels remain more fragile than the broad sequence. A final
synthesis must therefore preserve the identity of every proxy while explaining how their independent
and shared uncertainties combine without false precision.

8. Agreement Must Be Built Across Proxies

The Question

More proxies do not automatically mean more independent evidence. They may share samples,
chronologies, weathering assumptions or ocean models. Confidence grows only when their different
response functions predict a compatible history without concealing those dependencies.

Triangulation does not average pyrite, sulfur isotopes and molybdenum into one number. It asks
whether methods with different observables and failure modes support the same bounded history.
[1,2,35] Two papers using the same core and age model are not fully independent. A dependency
map belongs beside a proxy compilation.

Quantitative inversion starts with a forward model. Atmosphere drives weathering or
photochemistry; products move through rivers and ocean; minerals form; burial alters them; the
laboratory measures what remains.[3,5,23,27] Running that chain backward can yield multiple
atmospheres compatible with one signal. Narrow uncertainty inside one model does not include
every alternative model.

Discordance can be useful. A sulfur proxy may constrain atmosphere while iron speciation maps
local deep water and molybdenum responds to global reservoir plus restricted removal.[2,20,30] If
ages and preservation pass, different answers may reveal spatial gradients. If they fail, the
disagreement identifies correlation, alteration or response modelling as the next target.

Chronology prevents narrative convenience. The 2.460-2.426 Ga onset framework, the 2.33 Ga
rapid phase and the 2.32 Ga significant-oxygen constraint come from different sections and
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arguments.[6-8,35] Their proximity does not make them duplicates. A credible timeline records
what each date bounds before arranging them into a transition.

Across that discipline, a confidence ladder emerges. Early Earth had extremely little atmospheric
oxygen; local oxidation preceded persistent global accumulation; the GOE established a sustained
rise; oceans and later atmospheres oxygenated heterogeneously.[1-3,32] Exact percentages,
synchrony and causal weights remain current interpretations. QTC-026 now asks how one cellular
partnership changed what oxygenated worlds could become.

Where That Leaves Us

Ancient atmosphere is not read from rock as text from a page. It is reconstructed by testing a chain
from planetary chemistry to preserved measurement and back again. The result is strongest where
proxies disagree for understandable reasons and still converge on sequence. From that changing
environment, the next article follows the cell within the cell.

What We Know, and How

e Large Archean sulfur MIF records atmospheric photochemistry under an atmosphere with
extremely little oxygen.[4,5]

e Several independent proxy changes establish a first sustained large-scale atmospheric oxygen
rise during the Paleoproterozoic.[1,2,6-8]

e Ocxidative signals before the GOE can record local or transient oxygen without requiring a
globally oxygenated atmosphere.[9-13]

e Atmospheric oxygenation did not oxygenate the whole ocean; ferruginous and euxinic waters
persisted heterogeneously.[17,20-22]

e Proxy interpretation requires geological age, preservation tests and an explicit response model
from environment to measurement.[1,2,14,35]

What We Still Don’t Know

e The exact atmospheric oxygen concentrations associated with many proxy thresholds and
intervals.

e The spatial extent and duration of Archean oxygen oases and their exchange with the
atmosphere.

e The relative causal weights of biological innovation, tectonics, volcanic gases, nutrients and
organic burial in the GOE.

e The global proportions of oxic, ferruginous and euxinic ocean through many Proterozoic
intervals.

e How oxygenation interacted causally with the timing and ecology of early complex life.

What Could Change Our Minds

e New precisely dated sections that synchronize sulfur, metal, paleosol and sedimentary records
across cratons.

e Laboratory and field calibrations that revise the oxygen thresholds of sulfur, chromium or
molybdenum proxies.
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e Mineral-scale screening that shows a load-bearing signal is secondary or, conversely,
exceptionally preserved.

e Global redox compilations corrected for basin type, lithology, preservation and shared
sampling bias.

e (Coupled source-sink models that predict independent proxy trajectories better than existing
GOE mechanisms.

If You Remember Only One Thing

Rocks do not preserve ancient air directly. Atmospheric history emerges when dated mineral, isotope
and sedimentary proxies with response functions converge while local conditions, alteration and
model uncertainty remain visible.

Related Articles

e (QTC-017 — How We Learned to Date the Past
e (QTC-024 — The Microbial Planet
e (QTC-026 — The Cell Within the Cell
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