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GEOCHEMISTRY

Extreme variability in atmospheric oxygen levels

inthe late Precambrian

Alexander J. Krause'?*, Benjamin J. W. Mills', Andrew S. Merdith'3,

Timothy M. Lenton®, Simon W. Poulton’

Mapping the history of atmospheric O, during the late Precambrian is vital for evaluating potential links to animal
evolution. Ancient O, levels are often inferred from geochemical analyses of marine sediments, leading to the
assumption that the Earth experienced a stepwise increase in atmospheric O, during the Neoproterozoic. However,
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the nature of this hypothesized oxygenation event remains unknown, with suggestions of a more dynamic O,
history in the oceans and major uncertainty over any direct connection between the marine realm and atmospheric O,.
Here, we present a continuous quantitative reconstruction of atmospheric O, over the past 1.5 billion years using an
isotope mass balance approach that combines bulk geochemistry and tectonic recycling rate calculations. We predict
that atmospheric O, levels during the Neoproterozoic oscillated between ~1 and ~50% of the present atmospheric
level. We conclude that there was no simple unidirectional rise in atmospheric O, during the Neoproterozoic,
and the first animals evolved against a backdrop of extreme O, variability.

INTRODUCTION

It is widely believed that atmospheric oxygen rose across three broad
steps during the course of Earth’s 4.5-billion-year history (1-4). The
first of these steps—the Great Oxidation Episode (GOE)—occurred
from ~2.43 to 2.22 billion years (Ga) ago (5), and key pieces of geo-
logical and geochemical evidence indicate a permanent state change
(see Fig. 1). The loss of mass-independent sulfur isotope fraction-
ation (MIF-S) (6) suggests that O, levels after the GOE remained
above at least 107 present atmospheric level (PAL) (i.e., 0.0001% PAL)
but were likely several orders of magnitude higher (7, 8), while the
rise of terrestrial red beds and the loss of detrital pyrite and ura-
ninite in fluvial sediments point to O, > 1% PAL (9-11). Similarly,
during the third step—the Paleozoic Oxygenation Event (POE)—
which occurred from ~450 to 400 million years (Ma) ago (1, 2), a
substantial increase in the abundance of sedimentary charcoal (12)
as well as accompanying step changes in cerium anomalies (13) and
the oxidation state of marine basalts (14) all point to a stepwise in-
crease in oxygen levels from <50% PAL to >66.5% PAL.

There is substantial debate, however, over the timing and tempo
of the second O, step—the Neoproterozoic Oxygenation Event (NOE)
(15)—and it appears increasingly likely that the early hypothesis (4)
of a stepwise change to near-modern O, levels at this time is not
correct (I, 2). A stepwise shift towards a new stable O; level during
the NOE has not been ruled out but is somewhat difficult to recon-
cile with the dynamic nature of the Earth system during this time
period, which included two “Snowball Earth” glaciations (the Sturtian at
~717 to 659 Ma and the Marinoan at ~649 to 635 Ma) and their
“super-greenhouse” aftermaths (16-20), as the supercontinent Rodinia
fractured into a multitude of low-latitude microcontinents (21).

Meanwhile, terrestrial proxies provide conflicting lines of evidence
as to atmospheric O; levels during the run-up to the NOE (i.e., the later
Mesoproterozoic and early Neoproterozoic), making it difficult to
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define an O, threshold that must have been crossed, which contrasts
with the GOE and its associated MIF-S record. A lack of chromium
isotope (8%3Cr) fractionation, where greater fractionation from the
bulk silicate Earth (BSE) pool is indicative of oxidative weathering
of Cr (22-24), has been interpreted to imply O, levels of <0.1% PAL
before 800 to 750 Ma (23, 24). This level is based on the assumption
that Cr oxidation is dependent on the amount of time that Cr spends
in a weathering environment in close contact with O, (23). However,
other work (8) has shown that the weathering horizon beneath the
upper soil layers (i.e., below a depth of ~1 m) may have been anoxic,
and therefore O, exposure during fluvial transport to the oceans
was potentially more important for oxidative Cr weathering, imply-
ing an O, level of ~10% PAL. Furthermore, more recent analyses
using 5>Cr have indicated extensive isotopic fractionation and there-
fore O, concentrations of >0.1% PAL before the NOE (25, 26). In
addition, the appearance of terrestrial red beds suggests O, concen-
trations of >1% PAL since the GOE (11), while constraints from the
mass-independent fractionation of oxygen isotopes suggest an at-
mospheric O, concentration of ~0.34% PAL at ~1400 Ma (27). In
the marine realm, redox-sensitive trace elements (RSEs) suggest the
possibility of O, concentrations above ~4% PAL as early as 1400 Ma (28).

Marine geochemical proxies do not appear to agree on resilient
oceanic oxygenation during the Neoproterozoic. The I/(Ca + Mg)
proxy, which is thought to track the extent of upper ocean oxygen-
ation, suggests relatively low O, levels throughout the Neoproterozoic
Era, with a temporary rise at ~800 Ma (29, 30). In turn, interpreta-
tion of cerium anomalies suggests that a modern level of ocean
oxygenation was not reached until the Devonian (13, 31), while ura-
nium isotopes (5%*U,,)—which are considered to reflect global
trends in ocean redox—suggest that the ocean experienced multiple
oxygenation events across the Cryogenian, Ediacaran, and Cambrian
(32). Such fluctuations are in general agreement with Se isotope sys-
tematics (33) and RSEs in black shales (34), as well as iron speciation
analyses that point to spatially and temporally restricted episodes of
deep ocean oxygenation (see Fig. 1B) (35, 36). Thus, a complex picture
of variability in the extent of ocean oxygenation during the Neopro-
terozoic has emerged. Furthermore, changes to the redox state of
the ocean interior are not necessarily tied to O, levels in the atmosphere
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Fig. 1. Current “best guess” estimates for atmospheric oxygen evolution over the past 1500 Ma and deep ocean oxygenation based on multiple geochemical
proxy records. (A) Current generalized view of atmospheric oxygen levels since 1500 Ma (4) and (B) deep ocean oxygenation [where the black represents anoxia in the
deep ocean, and the blue lines are oceanic oxygenation events (OOEs) as inferred from global marine proxies such as §?33U and RSEs, grading to a fully oxic ocean at present
day] (32, 34). The numbered circles in (A) denote the following: (1) a lower boundary for O, based on the loss of the MIF-S (O, > 0.0001% PAL) (6, 7) but minimal §°3Cr
fractionation (0, < 0.1% PAL) (23, 24), (2) an upper limit of <50% PAL until ~420 Ma based on geochemical water column redox data and allowing for modeling uncertain-
ties (42, 83,84), (3) the appearance of terrestrial red beds and loss of detrital pyrite and uraninite (77), (4) instances of significant 5°3Crfractionation during the Mesoproterozoic (O, >
0.1% PAL) (25, 26), (5) RSE data indicating O, > ~4% PAL at 1400 Ma (28), (6) likely minimum O, (>10% PAL) required by late Ediacaran and Cambrian biota (85), and (7)
both upper and lower O, limits for the past 420 Ma based on the wildfire record from sedimentary charcoal abundance and modeling studies (72, 86). Yellow bands rep-

resent the two potential “Snowball Earth” glaciations (“S”, Sturtian and “M”, Marinoan) and the later (“G”, Gaskiers) glaciation of the Neoproterozoic.

and surface ocean, leading to major uncertainty in terms of oxygen
controls on metazoan evolution.

Isotope mass balance
Here, we use an isotope mass balance approach to directly infer at-
mospheric oxygen concentrations from 1500 Ma to the present day.
This approach was first developed in the 1980s (37) and was subse-
quently used to build the GEOCARBSULF model for estimating
Phanerozoic O, concentrations (38). Isotope mass balance uses the
isotopic composition of sedimentary material, alongside major tec-
tonic material fluxes, to estimate the source and sink fluxes in the
geological oxygen cycle (which comprise the burial of organic car-
bon and pyrite sulfur and their weathering and tectonic recycling).
Few isotope mass balance studies have been performed for the
Precambrian, and these have tended to focus on the operation of the
carbon cycle in general, rather than attempting to produce a quan-
titative estimate of O, (39, 40). Previous predictions of O, in the late
Neoproterozoic to early Cambrian using the GEOCARBSULF frame-
work (41) have produced sustained high O, levels (much greater
than the 21% of the present-day atmosphere by volume), contrary
to evidence for widespread deep ocean anoxia (42), and consequently
have hitherto presented a challenge for applying this approach to
earlier Earth history. Given these difficulties, other experimental numer-
ical methods have been used to attempt to reconstruct Precambrian
oxygen levels through comparison to redox-sensitive element con-
centrations or fluid inclusion measurements (43-45), but both of
these methods violate very robust limits set by either the MIF-S signal
or the presence of wildfires, by an order of magnitude or more.
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Recent work using GEOCARBSULF identified that unfeasibly
strong constraints within the sulfur cycle prevented the model from
predicting low (<50% PAL) O; levels in the early Paleozoic (2). Rec-
ognizing this limitation, a rewriting of the GEOCARBSULF model
from first principles, using a “forwards” approach to the sulfur cycle
(termed GEOCARBSULFOR), predicts low O; in the early Paleozoic
(2). Here, we build upon this updated methodology and show that
isotope mass balance can be used to predict atmospheric O, levels
in the Precambrian, despite the extreme variations evidenced in the
8'*C record, using a framework we call NEOCARBSULF.

The major equations for isotope mass balance are derived from
the assumption that, at steady state, the total mass of each isotope of
carbon (or sulfur) must be conserved; thus

613Cin = 613C0rgﬁ)rg + 513 Cean(1 _ﬁ)rg) (1)

where 8°C, is the °C to °C ratio of carbon inputs (e.g., from
metamorphism and weathering); Corg and Ceart, represent organic
carbon and carbonate, respectively; and for is the fraction of carbon
buried as organic carbon. Knowledge of the biological isotopic frac-
tionation imparted by photosynthesis (AC) and the total carbon
input (i.e., the sum of all weathering and degassing fluxes for both
Cearb and Corg) to the combined ocean-atmosphere reservoir (Fiotal)
allows Eq. 1 to be recast in the form

Frotal(8" Cearb — 82 Cinput)
Fbg _ tota C:ZC input. (2)
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where Fyg is the burial rate of organic carbon, representing the
major source of O, over geological time scales. The weathering and
burial of carbonates are accounted for in these isotope mass balance
equations, and we also include the effect of erosion on carbonate
weathering (see Materials and Methods), which affects the link be-
tween the §'°C record and O, production (46). Oxidizing power can
also be produced by the long-term sulfur cycle through the burial of
pyrite. Following Phanerozoic modeling, our approach calculates
pyrite burial rates from a combination of sulfate availability, organic
carbon availability, and the model-predicted marine redox state (2).

To calculate the total carbon input rate (Fyo,1), we reconstruct
the weathering and degassing/metamorphic fluxes for both organic
carbon and carbonates (see Materials and Methods for further de-
tails) to reflect an increasing crustal carbon inventory and recycling
rate. Seafloor weathering is not included, although it is an important
component in process-driven Precambrian modeling (47) primarily
due to its effect on the phosphorus supply for primary productivity.
It is less important here because organic carbon burial is calculated
directly through isotope mass balance rather than nutrient availability.

The isotope mass balance model was run 5000 times, with 18 param-
eters sampled from well-defined limits (see Materials and Methods
and the Supplementary Materials), to account for the uncertainty of
key variables. The key input parameters are shown in Fig. 2 and com-
prise the 8'°C record (Fig. 2A), tectonic degassing rates (Fig. 2B),
and mountain uplift (Fig. 2C), which affect the burial, degassing,
and weathering fluxes of carbon and sulfur, respectively, and an in-
creasing crustal carbon inventory over time (Fig. 2D), all of which
can alter the predictions for O,. We also explore uncertainty in how
the difference between the §'°C of inorganic carbon (8 Ceup) and
8"°C of organic carbon (8"’ Coyg) may have changed over the past
1500 Ma and the effect of this difference on O, predictions (see
Materials and Methods). The first version of the GEOCARBSULF
model (38) used the paired 8Cearp and 813C0rg records to calculate
C isotope fractionation during photosynthesis, but subsequent iter-
ations [e.g., (2, 41, 48, 49)] use an O,-dependent equation to derive
C isotope fractionation. Here, we use both approaches to drive the
model as part of the uncertainty analysis. We do not include all of
the model input parameters (e.g., different present-day rates or fluxes)
in our Monte Carlo analysis, as previous work (48) has shown that
their inclusion does little to affect the mean O, output, and as pre-
viously noted (38, 49), atmospheric O, levels are predominately
affected by the burial, rather than weathering, fluxes in the model.

Our model includes an assumed pulse of gypsum burial in the
Tonian (Fig. 2E) and its later weathering and conversion to pyrite in
the Ediacaran (Fig. 2F), which is thought to be responsible for the
Shuram-Wonoka sustained negative carbon isotope anomaly (50).
Functionally, this prevents the model outputting negative O, during
the Shuram, where the carbon isotope record suggests that the C cycle
became a net sink for O,.

RESULTS

We plot the O, results from NEOCARBSULF (Fig. 3) from 1500 Ma,
disregarding a 100 million year model spin-up time from 1600
to 1500 Ma. The results (Fig. 3B) show a regime change in O,
levels during the Neoproterozoic and again during the Paleozoic.
NEOCARBSULF predicts a small (<10% PAL) and unstable atmo-
spheric O, inventory during the Mesoproterozoic, with the potential
for drops to very low levels, although poor data density in the 5"*C

Krause et al., Sci. Adv. 8, eabm8191 (2022) 14 October 2022

record prevents any clear documentation of these shifts. The overall
trend is a rise in O, levels from ~1500 to ~750 Ma, albeit in an oscillat-
ing fashion. Predicted O; levels then begin to decline, with an eventual
return to the low levels of the Mesoproterozoic as the Earth entered
the Sturtian glaciation. During the interglacial, O, rises to ~50% PAL
before dropping again as the Earth entered the Marinoan glaciation.
Post-Marinoan atmospheric O, exhibits rapid variability across most
of the Ediacaran and Cambrian periods. Another low is recorded during
the early Ordovician (485.4 to 470 Ma), before O, begins its inexorable
rise to modern-day levels at the end of the Ordovician, in agreement
with earlier work using isotope mass balance calculations (2).

DISCUSSION

We have produced the first quantitative reconstruction of atmo-
spheric O, levels during the entire Neoproterozoic. Crucially, our
modeling suggests that O, levels were highly variable, changing by
an order of magnitude within just a few tens of million years, and
that a more permanent rise to modern-day O, levels did not occur
until the Paleozoic. These highly dynamic results for atmospheric
0, in the Neoproterozoic appear to be a better match to geochemi-
cal proxy data than a simple stepwise increase in atmospheric O,.
First, our model predicts elevated O, levels of >13% PAL for ~85 million
years, from 900 to 815 Ma, which corresponds to a baseline shift in
8°°Cr fractionation in 900- to 800-Ma aged shales (24). Furthermore,
878U, values at the onset of the Bitter Springs C isotope excursion
(810 Ma) (51) are below that of modern seawater, indicating
widespread anoxia at a time when our results suggest that O, was
in temporary decline (52). Oxygen levels then start to recover at 803
Ma, as the negative isotope excursion ends, which is consistent with
increased I/(Ca + Mg) ratios signifying enhanced upper ocean oxy-
genation at this time (30). Meanwhile, 8°°Cr data suggest a rise in
O, at ~750 Ma (giving a sizeable fractionation from the BSE) (24),
consistent with our results indicating O, levels of ~50% PAL.

NEOCARBSULF predicts that O, decreased at the onset of the
Sturtian glaciation (Fig. 3), consistent with the implication that gla-
cial advance would have restricted the flux of nutrients and sunlight
to the ocean, leading to a collapse in primary productivity (16). Our
results suggest that O, recovered after the Sturtian, in agreement
with §%*®Uy,, data from carbonates deposited at the termination of
the glaciation, recording an average value (—0.47%o), which is not
dissimilar to that of modern seawater (—0.39 + 0.01%o) (32). When
coupled with box modeling (32), this suggests extensive, albeit tem-
porary, seafloor oxygenation before the Earth began its descent into
the Marinoan glaciation, whereupon NEOCARBSULF O; levels begin
to decline and the §**U, average drops (to ~—0.70%o) (53).

For ~8 million years during the Marinoan, our mean results fall
into the O, range of 3 x 10™° to 1% PAL, where photochemical
modeling suggests that few stable solutions exist (54); thus, O,
would crash to levels below 3 x 107 PAL, in conflict with the geo-
logical record. However, specific dynamics associated with the gla-
ciation may be in play here. NEOCARBSULF has a simple albedo
function to affect temperature predictions; thus, for the Marinoan
and the Sturtian, it is possible that we have missed more rapid or
extreme fluctuations in O,, CO,, and temperature, or stabilizing
feedbacks, which may have dampened such changes. This could be
tested in the future by coupling NEOCARBSULF to an ice-albedo
model. This may also help to improve the +1 SD solution space
of NEOCARBSULF for the whole 1500 million year time frame.
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Fig. 2. Key parameters in the NEOCARBSULF model. (A) Compilation of 5'3C through time (teal dots), with the gray band representing +1 SD of a moving average. The
data are taken from previous compilations (67, 68) and references therein. (B) Tectonic degassing, normalized to the present day, where the black boundaries represent
the Monte Carlo sampling limits. (C) Mountain uplift, normalized to the present day, where the black boundaries represent the Monte Carlo sampling limits. (D) Increase
in the crustal carbon reservoir since 1500 Ma (79). (E) Scaling factor introduced into the model to simulate large-scale evaporite deposition in the Tonian. (F) Scaling factor
introduced to replicate a proposed increase in pyrite burial coincident with the Shuram-Wonoka anomaly. See Materials and Methods for further details.
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Fig. 3. Reconstructed O, evolution from 1500 Ma to present. Atmospheric oxygen results estimated from the NEOCARBSULF model in log (A) and linear (B) forms. In
each panel, the black line is the mean result of 5000 model runs, and the gray shaded band represents +1 SD, which may include very low values on occasion. The blue

shaded band is the O, best guess estimate from Fig. 1A (top panel). In (A), the blue
is the minimum O; level previously defined by substantial §°3Cr fractionation (23
notable geochemical proxies—see text for further details.

Atmospheric O, does recover after the Marinoan, which can be
tracked by the enrichment of RSEs in shales at this time (34), but the
comparatively slower speed of its recovery correlates with minimal
8>Cr variation from the BSE value that is observed until 570 Ma (24).

Isotope mass balance predicts that O, levels were also unstable in
the Ediacaran and early Cambrian but with variability across a nar-
rower range of between ~1 and ~20% PAL (Fig. 3). In general,
NEOCARBSULF predictions of rises (or high levels, compared to
the rest of this time frame) in O, in the Ediacaran and Cambrian are
in agreement with RSE enrichments (34) at ~580, ~560, ~535,
and ~525 Ma. The only exception is where the RSE data predict an
oceanic oxygenation event at ~540 Ma, when NEOCARBSULF in-
dicates temporarily low O, (~2% PAL) based on declining 8'°C val-
ues. However, rapid inputs of other oxidants such as sulfate could
have maintained or even expanded the O, reservoir (50) for shorter
periods. We follow previous work (50) in inputting a large pulse of
sulfate coincident with the >10 million year Shuram negative carbon
isotope excursion (see Materials and Methods), where there is evidence
for the exposure of Tonian-aged evaporite deposits. This prevents de-
oxygenation in the model during the Shuram, when the §"*C record
suggests net oxidation of organic carbon. It is possible that we have
missed other sulfate inputs during the Neoproterozoic to Cambrian,
given that evaporite dissolution leaves no clear signal in the rock
record. Given the lack of evidence for long-lived net C oxidation
pre-Shuram, these sulfate inputs would likely have been much smaller,
and thus may have resulted in only minor increases in atmospheric
O, compared to our model predictions.

Krause et al., Sci. Adv. 8, eabm8191 (2022) 14 October 2022

lines are the OOEs as seen in Fig. 1B (bottom panel). The blue dashed line with arrows

,24). The yellow lines are the glaciations: S, Sturtian; M, Marinoan; G, Gaskiers. In (B),

Although the interpretation of the Shuram excursion remains con-
tentious, with various authors suggesting that such a deeply negative
signal must be the result of either authigenic cements (55), localized
phenomena (56), or diagenetic alteration (57), recent work has
documented the globally synchronous nature of the event (50) and
finds no evidence of late diagenetic overprinting (58). Regardless,
we capture some of the uncertainty around the 8"°C record within
our Monte Carlo sampling approach. Generally speaking, the pre-
dicted variability in atmospheric O, across the Ediacaran and Cambrian
suggests that fluctuating oxygen levels, rather than progressive oxy-
genation of the oceans, accompanied the Cambrian explosion (59).

Our biogeochemical framework allows us to test the robustness
of our oxygen results by making predictions for other Earth system
metrics with known quantities. In Fig. 4, we compare these model
outputs to various geochemical proxies and other kinds of modeling
studies. Our model CO, predictions (Fig. 4A) show good agreement
with the proxy window for the majority of the past ~420 million years,
with the mean of model runs lying within, or very close to, the proxy
window. The decline of CO; across the Ordovician through to the
Devonian is in close association with the rise in O, across this time
frame and is linked to the evolution of land plants in the model (38),
which draw down atmospheric CO, while simultaneously increas-
ing the total carbon throughput to the ocean-atmosphere system.

The notable disagreements between our CO, results and the
proxy record are during the end of the Early Cretaceous and much
of the Late Cretaceous (~117 to 74 Ma), where the model follows the
general trend of declining CO; but predicts values much lower than
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the proxy record. The root cause of this may be that degassing rates
based on rift lengths alone are very high in the Early Cretaceous but
decrease sharply toward the end of this Epoch, while spreading rates
based on subduction zone lengths experience only a minor decline.
This results in a skewing of the Monte Carlo simulation, generating
a modeled Earth system with higher CO, and thus temperature (see
fig. S2), earlier in the Cretaceous, than would otherwise be predicted
if NEOCARBSULF used the sea-level inversion degassing rates from
previous GEOCARB(SULF) modeling (38, 48, 60).

Our fp,: output (Fig. 4B)—the fraction of sulfur leaving the ocean
as pyrite—is a reasonable fit to the record, whereby the model gen-
erally predicts fairly high (~0.75) pyrite burial in the Precambrian.
The exception to this is a period of sustained gypsum deposition
between 830 and 770 Ma, which has been imposed on the model in
light of evidence for substantial deposition of evaporites in the Tonian,
which were later weathered during the Ediacaran (see Materials and
Methods) (50). Our mean (black line) Phanerozoic predictions are
very close to previous modeling (61), apart from f,, values that are
slightly lower in the late Cambrian-early Ordovician and slightly
higher during the Triassic (but are mostly encapsulated within the
+1 SD range). Our model output for the ocean sulfate reservoir
(Fig. 4C) captures the long-term trend of increasing sulfate concen-
tration over the past 1500 million years and correlates to a number
of fluid inclusion data points and prior modeling efforts (62). Finally,
instead of inverting the 5°*S record to help derive pyrite burial as per
the original GEOCARBSULF (38), NEOCARBSULF can predict the
global 8**S record through time. Our model estimates (Fig. 4D) match
the geological record reasonably well. The clearest area of mismatch
is the Cryogenian, where 8**S is lower than in the geological record by
around 10%o, but f is broadly in agreement. However, the long-
term trend remains robust. Other model outputs are compared to

10*

103

CO, (ppm)

I Vills et ai. (88)

40 T T T T T T T T T
g I Canfield and Farquhar (62); Algeo et al. (63)
c | Horita et al. (90)
= 30 | Brennan et al. (91)
Q | Lowenstein et al. (92)
s Gill et al. (93)
S 20f
(2]
c
S 10f
O
O
0 ! I ! I ! ! — L I I I L
Nllesoprotgrozqic ! Nleoprloterpzoitlz | IPaI_e'ozoicl: |Me|sozo'ic| C.
1400 1200 1000 800 600 400 200 0
Time (Ma)

geological data in the Supplementary Materials and are also in gen-
eral agreement.

In agreement with earlier isotope mass balance modeling, our
qualitative variations in atmospheric O, are largely inferred from
fluctuations in carbonate 8"°C, from which we infer organic carbon
burial. While the link between 8'°C and calculated organic carbon
burial may be altered by changes to the inorganic carbon cycle (46),
these changes are not well known on sub-~100 million year time
scales during the Neoproterozoic. Changes to erosion rates, due to
either supercontinent cycles or extensive glaciation, may have altered
the supply of nutrients to the oceans through the Neoproterozoic,
which may have helped drive the large fluctuations in organic carbon
burial that our model predicts. Testing this hypothesis requires the
use of a forwards model instead, which contains a system for calcu-
lating organic carbon burial rates based on nutrient availability and
other Earth system processes and can potentially be validated against
the 8"°C record.

A key advance in our work over previous attempts to apply iso-
tope mass balance to the Precambrian [e.g., (44)] is the assessment
of overall carbon cycling rates through a combination of degassing,
uplift, and crustal carbon storage. Here, it emerges that a key aspect
driving our prediction is the overall increase in crustal carbon storage
and tectonic recycling rate over Earth history. Traditionally, there
has been something of a paradox surrounding the long-term stabil-
ity of 8"°C around 0%, which indicates that the fraction of carbon
buried organically (and therefore the key O, source) did not see any
long-term increase or decrease (63), which has been seen as contra-
dictory to increasing levels of atmospheric O,. Here, we confirm that this
long-term §"°C stability can be maintained in tandem with rising O,
levels because the total rate of carbon cycling is increasing, which adds
to the currently understood feedback through oxygen-dependent

L O Prince et al. (89)
. O Canfield and Farquhar (62)

T T T T T T T T T T T T T T
== Canfield and Farquhar (62); Wu et a/. (94) D
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Fig. 4. Additional outputs from the NEOCARBSULF model compared to geochemical data and other modeling studies. For all panels, the black line is the mean
result of 5000 model runs, and the gray window represents +1 SD. (A) Atmospheric CO, predictions compared to a compilation of geochemical proxies (blue band) for
the past 420 million years (87). ppm, parts per million. (B) Fraction of total sulfur burial that is in the form of pyrite, compared to modeling of 5>*S data (67, 88). (C) Sulfate
concentration of the ocean over time. The blue band represents the +1 SD uncertainty range of previous reconstructions (67, 62), and the vertical colored bands are values
based on fluid inclusion studies or modeling (89-92). (D) Modeled prediction of the global average §**S record through time, compared to geochemical data (67, 93).
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weathering of organic matter (and associated input of isotopically
light carbon) (8). In addition to this mechanism, the evolution of
land plants, particularly deep-rooted vascular plants in the Paleozoic,
likely facilitated a substantial increase in the total carbon input via
enhanced carbonate weathering (64), meaning that small variations
in the 8'°C record from the late Paleozoic onwards, are capable of
producing large changes in atmospheric O,.

Our results predict that, while there was a fundamental change
in the oxygen cycle in the Neoproterozoic leading to some form of
NOE (15), this was not a unidirectional step change, but rather a
series of oxygen oscillations. Although fluctuations in marine O, levels
during the Neoproterozoic have been inferred from a multitude of
sedimentary geochemical proxies, our study provides the first clear
quantitative evidence for highly variable atmospheric O, levels in
the late Proterozoic. Such variations in O, were likely in response to
the global tectonic regime during the Cryogenian-Cambrian, as the
supercontinent Rodinia broke apart (ca. 800 to 600 Ma) and Gondwana
began to coalesce (ca. 650 to 500 Ma), and was exacerbated by inter-
nal feedbacks within the oxygen cycle (3). Our results are consistent
with the hypothesis that the evolution of land plants was the key
event that ultimately stabilized oxygen at near-modern levels, paving
the way for the evolution of marine animals with a much higher O,
demand (e.g., large predatory fish) (65) and, eventually, animal life
in the terrestrial realm. In contrast, our results here suggest that the
first marine animals evolved amidst a backdrop of fluctuating global
oxygen levels.

MATERIALS AND METHODS

Model overview

The NEOCARBSULF model is an extension of GEOCARBSULFOR
(2) and is solved in MATLAB using an implicit variable-order
ordinary differential equation (ODE) method (66). The original
GEOCARBSULF model (38) was solved using an Euler approach, but
the differential equations used by the model are “stiff”; therefore, there
is a high degree of numerical instability, which sometimes leads to
model failure when using explicit methods with set step sizes (48).
GEOCARBSULFOR was built to use the ODE15s solver in MATLAB,
which permits (among other things) a dynamic step size, allowing
the model to adapt to areas of stiffness when solving the equations,
and we continue to use this solver in NEOCARBSULF. The full set
of model equations and information about the data used can be
found in tables S1 to S7.

The 5'*C record and 3'3C fractionation

The 8"C record is updated to use data from (67) for the Mesoproterozoic
and early Tonian and from (68) for the rest of the Neoproterozoic
and Phanerozoic. To these data, we applied a 10 million year moving
average with smoothing to eliminate variations over very short time
scales and obtained a +1 SD for our Monte Carlo analysis.

The GEOCARBSULF and GEOCARBSULFOR models (2, 38) use
an O,-dependent equation to calculate 81C fractionation (A*C), which
is based on plant and plankton growth experiments under different
atmospheric O, concentrations (69, 70). This equation (eq. S25 in
table $6) includes the present-day A°C and a curve-fitting parameter
(J). The present-day A">C has a ~6%o range (71), and while J is rea-
sonably approximated for much of the Phanerozoic (after the evo-
lution of land plants), the value of J in the Precambrian is uncertain.
An alternative approach would be to use AC data based on the paired
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records of §>Ceyp, and 613C0rg, such as that previously compiled (71).
However, the resolution of the &' Corg record in particular is coarse
and thus requires binning of the data on 10 million year time scales,
which misses geologically rapid (~1 million year) variations. Further-
more, non-marine 3°C data are excluded from the statistical analysis
(71), but this may be problematic for reconstructing O, from the
mid-Paleozoic onwards, as terrestrial organic matter generally has a
different 8"°C signature to that found in marine settings, which re-
flects a mixture of both marine and terrestrial organic matter (38).

As there are substantial uncertainties with either approach, we
combine the two by including the present-day A"’C, J, and the maxi-
mum and minimum bounds of the Kalman smoothed A'*C data (71)
into our Monte Carlo simulation. The model calculates a A°C value
at each time step using the equation approach and separately picks
a A”C value from in between the Kalman bounds. The two values
are combined and then averaged (see eq. S26), providing a midpoint
value between the two approaches, and this A”’C value is used for
calculating organic carbon burial (egs. $29 and S30).

Uplift and erosion

In the original GEOCARBSULF model (38), a polynomial fit to ter-
rigenous sediments was used to derive the mass flux from physical
erosion through the Phanerozoic. The mass flux through time was
then normalized to the Miocene value to avoid the effect of extensive
erosion from continental glaciation during the Pliocene and Qua-
ternary and given a power-law relationship of 0.67. This was later
updated (72) such that the normalized mass flux was first divided by
1.063 and then the power law was applied to provide an erosion
parameter, which was included in the equations for silicate, organic
carbon, and pyrite weathering. For NEOCARBSULF, we instead used
reconstructed sediment mass fluxes (73), normalized to the Pleistocene
to produce a minimum bound and to the Miocene to produce a max-
imum bound for our Monte Carlo simulation, and then applied a
100 million year moving average to both sets of bounds. Following pre-
vious work (74), we revised the power-law relationship for silicate,
organic carbon, and pyrite weathering to be 0.33 and included erosion
in the equations for carbonate weathering, which has been shown to
have a more linear dependence (power-law relationship of 0.9).

Rift and plate boundary modeling

Plate boundary lengths from 1000 Ma to the present are analyzed us-
ing a full-plate model that combines existing models that discretely
cover the past 1000 million years (75). Rift events over the past
1000 million years were taken from prior work (76) for the Neopro-
terozoic as well as an earlier compilation (77) and digitized by others
(78) for the Phanerozoic. These rifting events, which include failed
rifts, are incorporated into the tectonic models as digitized polylines
in GPlates (www.gplates.org). Subduction zone length was calculated
using the pyGPlates python library (76). We also obtained the mantle
to crust flux data from a previous study (their figure 4) (79). Each
dataset (i.e., subduction zone lengths, rift lengths, and mantle to crust
flux) is normalized to their present-day value, as per the original
GEOCARBSULF (38) model, and the value for subduction zone
lengths at 1000 Ma is extended back to 1600 Ma (1600 to 1500 Ma is
the model spin-up time). In our Monte Carlo sampling for tectonic
degassing, the lower boundary is obtained from the subduction zone
lengths, while for the upper boundary we use either the rift length
or the mantle to crust flux datasets, depending on which provides
the highest value (generally the rift length data).
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Land area

The data for the land area (fy) is the same as is used in previous
modeling (2) for the Phanerozoic. For the Mesoproterozoic and
Neoproterozoic, we derive land area values using crustal volume and
thickness data (80) and the present-day crustal volume value (81).

Carbon cycle changes

We modify the carbon cycle such that, instead of using the model-
derived crustal carbon reservoir sizes in the weathering and degas-
sing equations for young and ancient organic and carbonate carbon,
asis the case with previous iterations of this type of model (2, 38, 48),
we use the results generated previously (79), where they demonstrate
that the crustal carbon inventory has increased steadily over time
(Fig. 2D), which is an idea that has subsequently been explored by
others (82). We normalized their results to their present-day value
of 8500 x 10'® moles and then multiplied this normalized value by
the starting reservoir sizes of the different forms of carbon (see table
$4), using the total crustal carbon value of 6250 x 10"® moles from
the original GEOCARBSULF (38). We have, however, changed the
split of crustal carbon between inorganic and organic forms to be in
the ratio of 0.23, instead of the prior 0.2 for the baseline model run.
This allows various model processes, including atmospheric O, to
finish the model run with present-day values but remains within the
range permitted by a statistical analysis of the 813C record (71). The
total amount of carbon in the model (i.e., the summation of all
crustal reservoirs plus the ocean-atmosphere reservoir) is in mass
balance through the entire model run time, but our changes to the
carbon cycle alter the throughput of crustal carbon to the ocean-
atmosphere reservoir by way of steadily increasing weathering and
degassing fluxes through time (i.e., the system is not necessarily in
steady state).

Sulfur cycle changes

We introduce scaling factors (see Fig. 2, E and F, and the Supple-
mentary Materials) to the following: the equation for gypsum burial
(eq. S35) to simulate basin-scale evaporite deposition during the
Tonian; the equations for young and ancient gypsum weathering
(egs. S19 and S20, respectively) to represent dissolution of the evap-
orite deposits during 560 to 580 Ma, roughly coincident with the
Shuram-Wonoka anomaly; and to the equation for pyrite burial
(eq. S34) during the Shuram-Wonoka anomaly, effectively turning
a majority of the extra sulfate in the ocean, as a result of evaporite
dissolution, into pyrite. This follows previous work (50) in exploring
the idea that non-steady-state dynamics of the carbon cycle (i.e.,
the oxidation of a large pool of organic carbon) during the Neopro-
terozoic was supplemented by the O, produced during sulfate re-
duction to pyrite. This approach prevents the ocean-atmosphere
becoming depleted in O, during the Shuram-Wonoka when the
8"C record is extremely negative (see Fig. 2A).

Monte Carlo setup

To capture some of the uncertainty in the model parameterization,
we ran a Monte Carlo analysis of the NEOCARBSULF model,
where a number of parameters were sampled from within defined
limits, following a flat (instead of normal) distribution at each time
step (see table S5). Although we varied 18 parameters in our main
analysis, the three key parameters involved were the following: the
8"C record (see Fig. 2A), which greatly influences the amount of O,
produced by way of Cyg burial; the tectonic degassing (fg) values
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used (Fig. 2B), which can change the amount of O, consumption
from both pyrite and Corg oxidation as well as the total carbon
throughput; and mountain uplift (fz; Fig. 2C), which, like tectonic
degassing, affects O, consumption and total carbon throughput. The
NEOCARBSULF model was run 5000 times instead of 10,000 times
as used in previous modeling (48), as this was considered adequate
for the number of parameters involved in this Monte Carlo simula-
tion (see fig. S9 and associated text for further details).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8191
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