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Abstract

For two billion years Earth’s air carried almost no oxygen; today oxygen is a fifth of it. The textbook
story is that the rise came in steps, starting with the Great Oxidation 2.4 billion years ago. We then built
a minimal ocean—atmosphere model of the transit with every forcing tied to a measured history or stated
as a condition. Each input is fixed by data: rate laws and fluxes by published measurements and models,
three quantities by the present-day steady state, the epoch at which the oxygen source overtakes its sinks
by the dated onset of the transition, and the decline of volcanic outgassing by the Paleoproterozoic glacial
record. Its Great Oxidation is not a step but an oscillation entangled with the glaciations: the decline of
methane that precedes the rise of oxygen also cools the planet into the first of four glaciations at 2.45 Ga,
each about 25 Myr long and separated by ice-free intervals of about 45 Myr, and each returning the air
to anoxia under our assumption that oxygen produced beneath the ice is consumed there. Oxygen first
passes the sulfur-isotope threshold at 2.35 Ga and becomes permanent at the last deglaciation, 2.22 Ga, a
date that follows from the glaciation count and that assumption. The model’s third glaciation ends about
20 Myr later than dated ash beds allow, and the model reproduces neither the Lomagundi carbon-isotope
excursion nor the paleosol oxygen level after the transit. As a nontrivial check, we computed the CO2
values inside the transit itself using two published paleosols, from Canada and Finland, finding results
consistent with our model.

Highlights
e An O2—CH4—CO2—phosphate—climate model whose inputs are published data or assumptions
e The glaciation count fixes the outgassing exponent to one percent of its prior range
e The modeled Great Oxidation is an oscillation paced by four snowball glaciations
e The third model glaciation ends about 20 Myr later than the Gordon Lake tuffs allow
Predicted interglacial CO2 of 53-253 times pre-industrial is testable with paleosols

Keywords: Great Oxidation Event; Paleoproterozoic glaciations; atmospheric methane; mass-independent sulfur
isotopes; carbon cycle model; snowball Earth
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3.

1 Introduction

Free oxygen, a fifth of the atmosphere today, was almost absent for roughly the first half of Earth’s history.
The rise of oxygen began early in the Paleoproterozoic with the Great Oxidation Event (Holland, 2002),
usually drawn as the first permanent step of a staircase to modern levels (Alcott et al., 2019). Its onset
is marked by the disappearance of the mass-independent fractionation of sulfur isotopes (MIF-S, nonzero
A338), a photochemical anomaly preserved in sediments only under air with less than about 107> of the
present atmospheric level (PAL) of oxygen (Farquhar et al., 2000; Pavlov and Kasting, 2002).

Dates from the Kola, Kaapvaal and Superior cratons now bracket the transition and place it within an
interval of repeated glaciation. On the Kola craton the MIF-S anomaly disappears stratigraphically below the
local glacial deposit (Warke et al., 2020), and on the Kaapvaal craton the low-latitude Makganyene diamictite
(Evans et al., 1997) interfingers with the Ongeluk lavas, whose age dates that glaciation (Gumsley et al., 2017).
Higher in the same succession, the Transvaal Supergroup, the anomaly is lost by 2.33-2.32 Ga (Bekker et al.,
2004; Luo et al., 2016), but in more densely sampled sections it returns at least twice and, on that evidence, is
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lost permanently only near 2.22 Ga, coincident with the Lomagundi-Jatuli carbon isotope excursion (Karhu
and Holland, 1996; Poulton et al., 2021). Four glaciations fall in this interval under the current correlation of
the Transvaal with the Huronian Supergroup of Canada, three under an older one (Rasmussen et al., 2013).
The Great Oxidation is therefore increasingly interpreted as a climate-paced transition rather than a single
step (Uveges et al., 2023).

Photochemical models established that oxygen and methane destroy each other (Pavlov and Kasting,
2002; Kasting, 2013), and because methane also warmed the Archean Earth, its loss could freeze the planet;
in some scenarios oxygen rose first (Pavlov et al., 2000; Kopp et al., 2005) and in others methane collapsed
first (Zahnle et al., 2006). In the model of Claire et al. (2006), whose photochemistry and hydrogen escape
we adopt, a temperature-dependent biosphere and a parameterized ice—-COy switch made methane collapse
and recover repeatedly and froze the planet three times (their §7.3). Climate models showed that when the
volcanic COs supply cannot prevent glaciation, the planet cycles between glaciated and ice-free states with
a period set by the outgassing rate (Tajika, 2007; Mills et al., 2011; Minsky et al., 2026). In those models
the outgassing rate was an input and most lacked oxygen chemistry, while the chemical models took the date
of the rise from the rock record, as we do. Coupled models have also produced repeated returns to anoxia
under imposed forcing (e.g., Alcott et al., 2026) or made deglaciation the trigger of the rise (Harada et al.,
2015; Laakso and Schrag, 2017). None of these models has been driven through the transition by dated input
histories alone and compared with the dated glacial and A33S records. The outgassing law that such a model
requires (Krissansen-Totton et al., 2018) leaves undetermined how steeply volcanic outgassing declines.

In this paper we couple the oxygen—methane chemistry to the carbon cycle and ice in a minimal ocean—
atmosphere model with four reservoirs (oxygen, methane, carbon dioxide, phosphate) and an ice state, assem-
bled from published components. Its inputs are dated histories (continental emergence, solar brightening, the
volcanic hydrogen supply dated by nickel in iron formations, and organic burial from carbon isotopes), the
modern oxygen budget (Holland, 2002) and the assumptions in Table 1. We prescribe two Paleoproterozoic
dates: the epoch when the oxygen source first exceeds its sinks, within the age constraints on the onset of
the Great Oxidation, and the end of continental emergence, at the first glaciation. Given the other inputs,
the glacial record fixes the steepness of the outgassing decline, since at least one Paleoproterozoic snowball
glaciation and none after 2.22 Ga confine it to six percent of its published range, and at least four glaciations
to one percent. The number and spacing of the glaciations and the date of the last deglaciation therefore
belong to the calibration, and we do not offer them as tests. In the model the loss of the last methane triggers
the first of four glaciations, the air under each ice cover is anoxic by assumption, and oxygen exceeds the
MIF-S threshold in the later interglacials and permanently only from the last deglaciation. We compare this
chronology with the dated glacial deposits, the A33S compilation and the oxygen and CO, proxies. For the
network of Alcott et al. (2019), in which internal feedbacks convert a smooth decline in the reductant input
into oxygenation steps, we also determine all steady states at the reductant input of its Great Oxidation and
at the weakest burial feedbacks its authors consider (Section 5.1), and likewise for the two-state model of
Goldblatt et al. (2006).

2 A minimal ocean—atmosphere model

The model follows four reservoirs (atmospheric oxygen O, methane N and carbon dioxide C, and dissolved
marine phosphate P) and an ice state, open water or global glaciation (Fig. 1; Table 1). We integrate them
as one system from 3.0 Ga to the present.

2.1 Reservoirs, forcings and their histories

Molybdenum isotopes record shallow-marine oxygen, and hence oxygenic photosynthesis, by 2.95 Ga (Planavsky
et al., 2014a), when the model’s oxygen source switches on; the contested late-Archean “whiff” of oxygen
(Anbar et al., 2007; Slotznick et al., 2022) enters only as a bracket on which nothing in the model rests
(Supplementary Text S2). We date the late-Archean decline of the oxygen-consuming volcanic gases with the
nickel-to-iron ratio of banded iron formations, which falls from about 2.7 Ga, a decline its compilers attribute
to a cooling mantle (Konhauser et al., 2009, 2015). Of the mantle-cooling reading the model keeps only the
weaker statement that the series is one of what should be several geochemical proxies of that cooling and of
the volcanic hydrogen supply that declines with it, nickel being the one with a compiled marine record, and
it reads abundant Archean nickel as saying only that methanogenesis need not have been nickel-limited (a
framing we owe to D. T. Johnston).

Shale oxygen isotopes (Bindeman et al., 2018) and the shift toward subaerial volcanism (Kump and
Barley, 2007) date continental emergence to the Archean—Proterozoic boundary. In the model, continental
weatherability rises linearly from f,, = 0.5 at 2.55 Ga to one at 2.45 Ga. This completion date, prescribed



SOLID EARTH

outgassing Vou(#) = Vimoa(1 — #/4.5Gyr)™

volcanic and

B Vinoa =8 Tmol C yr~!, midpoint of the published 6-10
* v = 0.715; four glaciations only on 0.7075-0.7225 of the published 0-1.46

metamorphic gases, o ( 5 - )
old organic carbon ATMOSPHERE ICE STATE (on or off)
hydrogen escape to space, kescN L . .
Kese = 3.7 1075 yr-! (diffusion limit) ¢oeh glaciation begins when F+D " <0,
—p| F=Fco.(O)+ Fen,(peny) —[1 =s(0]1 Qo
G=Gyri(0) @ Q=kei(po,,pcu,) no,ON O Wox = 8.19 Tmol yr~! today W D =101 Wm2 | N>about | bar
hydx('ogelrll-fed me(})mne @ @ radiative tables; Sun s(#)
methanogens
i ds when CO; reaches the level X:
CH,4 0, CO, ice en: 2
’ } i W X=0.01 bar
CH, + kerogen
R o N (Tmol) 20, O (PAL) +0, C (x pre-industrial) under ice: Wy =0; O and CHy
=Rt
o~ H‘IS‘CQ - | made below the ice stay there (6)
consume 0Oy Y - J
WEATHERING SINKS OF CO,
:';‘;"}L h“I'A‘("‘l' o Bimar silicate weathering, to carbonate:
X mol C yr™' today a

nickel proxy ry;i(#) from
@ banded iron formations
sets the decline of R, G

after 1y
R+2G = forg (1) Vou()
(carbonate-isotope phosphate P
balance)
riverine P=Wpl(1+ks)

phosphate Wp

marine organic
burial Byar

Gmar p(t) PI(P + Pp)

O, source on from 2.95 Ga

ks =ko/[1+(0/04)*]: iron-Oxide
v scavenging, shut off as O rises

OCEAN AND SEDIMENTS

* fixed by the glacial record prescribed

M assumption (Section 4.5)

V' published range, value at a stated position

carbon to
organic matter

e e e

carbon store
under ice

returned at deglaciation

B nder ice 3.4% of the
supply stays airborne

W 5, from o, = 380 kyr

o published value, used as published

Wait=Wofi(1) CPeATT, AT=F
O Wo=5.73 Tmol C yr~! today
W7.=111K PR

seafloor weathering Fipy, 0.459 today;
continues under ice

O present-day steady state

40 hatched: onset window of the prescribed 7 (dashed); b
T published range of ©, 0-1.46, at Viyoq = 8 four-glaciation interval, v = 0.7075-0.7225 shaded: the model's four glaciations
-~ =S (width of the line; fixed by the glacial record)
22 20
S
&
e Gl G2 G3 G4
[ o s e e e e I e e o L B o e e e o e A e e s e e e e e L B e e e e e e |
mi(f) = G/Gy (nickel proxy; nodes as points)
1.0 Q
= \ Sun s(1)
2% 08
gio
=}
52 061
=&
< =) 0.4 o fore from the carbonate-isotope balance:
=35 late-Archean mean +1 s.c. over its age bin;
0.2 - dashed, the schedule used after 7 I
o0 7777777777777
3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 22 2.1 2.0
Age (Ga)

Figure 1: Schematic of the model (four reservoirs and an ice state) and its dated forcing histories. (a) Methane
N, oxygen O, carbon dioxide C' and ocean phosphate P with every flux in equations (1)—(9) and its value. The

symbol beside each input, defined in the legend, marks how that input enters the model (Table 1).

(b) Forcing

histories on one age axis: outgassing for values of the exponent v in the four-glaciation interval (line) and across its
whole published range (gray), the nickel proxy rni, the continental weatherability f,, (with two published alternative
emergence histories), solar luminosity s(t) and the organic burial fraction forg derived from carbon isotopes. The tick
at 2.38 Ga marks the latest completion of emergence at which some v gives three or four glaciations. Only v is fixed
by the glacial record; the emergence date and tx, the epoch at which the oxygen source first exceeds its sinks, are

prescribed.



Table 1: Inputs of the model and how each enters. Each is a published value used as published, a quantity fixed by the present-
day steady state (O = 1, C' = 1, today’s organic burial), a prescribed date or amplitude, an assumption or, for v alone, a value
fixed by the glacial record (Section 2.4). The assumptions are values within published ranges, and the sub-range of each in which
three or four Paleoproterozoic glaciations occur at some v is given in Section 4.5. Last column: published estimates (Holland,
2002; Krissansen-Totton et al., 2018); present-day rows agree by construction or are inputs, so they are not tests. Fluxes in
Tmolyr—!, O in PAL, C in multiples of pre-industrial COsz; details in Supplementary Texts S1 and S2.
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at the onset of Paleoproterozoic glaciation in the rock record, sets the date of the model’s first glaciation.

2.2 Oxygen, methane and the reductant budget

With fluxes in Tmolyr—!, ¢ the age and dots denoting rates of change forward in time, atmospheric oxygen
grows by marine organic burial and falls by methane oxidation, by weathering of old organic carbon and by
reduced volcanic and metamorphic gases,

no, O = Buar —2Q — Wo OY2 —R(t), O >0. (1)

Methane is produced by methanogens from volcanic hydrogen and lost to oxidation and to escape of its
hydrogen to space, _
N =G(t) = Q= kescN, Q = ket (po,, pcu,) 10, O N. (2)

Here O is in units of the present atmospheric level (PAL, no, = 3.7 x 10! mol), N in Tmol with pcy, =
N/Ngatm in bar, and the omitted land-biosphere terms (Supplementary Text S1) vanish before land plants.
The oxidation €2 consumes two O per CHy, with kg the effective rate constant of Claire et al. (2006) for the
net photochemical destruction of CH4 by O, and ke N their diffusion-limited escape of the hydrogen carried
by methane. In anoxic air, water oxidizes the carbon left behind and frees an equal amount of hydrogen, which
we assume also escapes; if methanogens consume it instead (Kharecha et al., 2005), Archean methane doubles
(hereafter the methane-only case) and no glaciation or oxygen date moves more than 2.7 Myr (Supplementary
Text S1).

Marine organic burial, Bpar = @mar p(t) P/(P+ Py), is a productivity factor times a saturating dependence
on phosphate, and in the Archean equals the net organic burial implied by the carbon isotope record, Ny =
2.07 Tmol Cyr—! (Krissansen-Totton et al., 2015). Oxidative weathering follows the square-root law of Laakso
and Schrag (2014), with Woy and amar fixed by the present-day steady state.

The sink R(t) = Rarni(t) is the outgassing/mantle-cooling forcing, dated via the Ni proxy (in the
equations, the reductant sink riding the measured nickel decline and the emergence step), with ry; the
normalized nickel series and R4 a prescribed amplitude, halved at the shift toward subaerial volcanism
(Table 1). The methane source G(t) = G4 rxi(t) follows the same series, which dates the decline of a single
volcanic hydrogen supply, of which G is the part methanogens convert to methane and R the remainder,
so that the fall of G is a hydrogen famine rather than a nickel famine and nickel enters no equation as a
nutrient. Requiring the open-water oxygen budget to cross zero at a prescribed epoch t« within the dated
onset window of the Great Oxidation, 2.46-2.43 Ga,

Bar = R(tx) +2G(tx), tx =2.44 Ga (prescribed), (3)

gives G4 = 1.64 Tmol CHyyr~!. The model computes no crossing epoch of its own; ¢ty enters only through
Ga.

Until 2.64 Ga the sink R alone, in oxygen equivalents, exceeds the oxygen supplied by burial, so the air
holds no free oxygen and the unoxidized part of R is also converted to methane; equations (1) and (2) then
become )

0 =0, N =G+ 1 (R— Bumar) —kescN (R > Buar), (29

and in steady state, hydrogen escape removes the whole excess of reductant supply over burial, 2kesc N =
R+2G — Bpar, the anoxic balance of Claire et al. (2006) under our escape assumption. Under ice that excess
is counted as hydrogen lost to space (Supplementary Text S1).

After ty the sink S = R 4 2G no longer follows the nickel series, and we set it to the net organic burial
that the carbon isotope mass balance implies for the model’s outgassing Vo4,

S(t) = R+2G = forg(t) Vous(t), £ < ty, (4)

with the organic burial fraction fo,, interpolated between its value at ¢ and the later-era means of Krissansen-
Totton et al. (2015), and R/G held at its value at ¢t (alternatives in Supplementary Text S1).

Phosphate relaxes quickly to P = Wp/(14 k), with Wp the riverine delivery (not scaled with continental
emergence, a simplification) and k4 the scavenging onto iron oxides until deep-water oxygen passes a threshold
(Table 1). The Archean scavenging strength does not affect the glaciations, Archean burial being held at
N4 through p(t), and is bounded by the phosphorus budget of Laakso and Schrag (2017) (Supplementary
Text S6).
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2.3 Carbon dioxide, climate and ice

On the open-water branch atmospheric CO2 grows by outgassing and oxidative weathering and falls by
organic burial, by continental silicate weathering Wy and by seafloor weathering Fity, the low-temperature
carbonation of ocean crust (Krissansen-Totton and Catling, 2017),

nc Bw C = ‘/out (t) + VVoxOl/2 - Bmar - Wsil - F;fwa (5)

where C' is in multiples of the pre-industrial level, n¢ the carbon in one such atmosphere and (3, the ocean—
atmosphere carbon, in atmospheres, that moves with each atmosphere of CO5 (Table 1). Outgassing follows
Krissansen-Totton et al. (2018),

¢ —v
V;)ut(t) - Vmod (1 - 45 Gyr) ) (6)

where Vinod is the modern flux and v (which they sampled over [0,1.46] with no preferred value) is the
quantity the glacial record fixes: a larger v means more early volcanic COs and, over the upper part of that
range, fewer glaciations. Silicate weathering is

Wit = Wy fu(t) CP exp(AT/T,), AT = \F, (7)

with Wy fixed by C' = 1 today, f,, the continental weatherability, AT the warming from the forcing F' at
climate sensitivity A, T, a conventional e-folding temperature and 8 a published exponent (Table 1).

Climate enters through the radiative forcing F' relative to the pre-industrial state, and the open-water
branch ends when F' falls below a threshold,

F(CvpCHMt) = Fco, (C) + Fen, (pCH4) - [1 N\ S(t)] Qo, (8)

F+ D" <0 (glaciation begins),
where Fco, and Fcp, are interpolated from the line-by-line forcings of Byrne and Goldblatt (2014) with one
bar of nitrogen. The last term is the deficit in sunlight from the fainter young Sun, with Q¢ the sunlight
absorbed today and s(t) the relative solar luminosity (Gough, 1981). The threshold D* is the deficit at which
the general circulation model of Voigt et al. (2011) runs away to global ice cover, the most glaciation-prone
value published (Table 1).

A glaciation persists until COs, with any methane, reaches the far higher deglaciation level of the general
circulation models compared by Abbot et al. (2012), set at the low end of the proxy range of Hoffman et al.
(2017). During a glaciation continental weathering stops, outgassing continues, and cold seafloor weathering
at the freezing point Tt removes about 10-11% of the outgassed carbon,

nc Bice C | Vout (t) - stw(C> va t)) 6ice = /Guw (9)

Under this sub-ice carbon rule a fraction 1/f8icc = 3.4% of the remainder stays airborne, and the rest, up to
3.1 x 10%° mol of carbon per glaciation, 99 times the present ocean’s dissolved inorganic carbon, enters a store
that is returned at deglaciation and weathered away over the following interglacial. This exchangeable store
is, with the glaciation threshold and the nitrogen inventory, the model’s largest physical assumption. The
model has no dissolved-inorganic-carbon or alkalinity variable, and we have identified no carrier that would
hold and return that much carbon (Supplementary Text S1). We also assume that oxygen and methane
produced beneath the ice are consumed there, so that the air stays anoxic and methane-free throughout a
glaciation (the sub-ice treatment; Supplementary Text S1).

2.4 Inputs and the outgassing exponent

Most inputs in Table 1 are measurements or published laws, and three are fixed by the present-day steady
state. The epoch ¢y, the emergence and photosynthesis dates, R4 and the post-Paleoproterozoic schedules
are prescribed (Fig. 2). Eight are assumptions, values chosen within a published range. The model’s Paleo-
proterozoic glaciations and their anoxia depend chiefly on five of them (D*, about one bar of nitrogen, T,
the sub-ice carbon rule with its exchangeable store, and the consumption of oxygen and methane beneath
the ice). Seven of the eight were set without reference to the Paleoproterozoic record. The eighth, the sub-ice
carbon rule, was preferred to an alternative partly because four glaciations occur with it, and the glaciation
count therefore calibrates that rule together with v (Supplementary Text S1).

With the other inputs fixed at their Table 1 values, a snowball glaciation (the low-latitude Makganyene)
requires v < 0.7975 (0.839 in the methane-only case), and the absence of glaciation between 2.22 Ga and the
Cryogenian requires v > 0.7075, confining v to 6.2% (9%) of its published range. The model has at least four
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Figure 2: Model inputs on their published ranges. Of the inputs plotted, only the outgassing exponent v is fixed by
the glacial record with which the model is compared. Each row shows the range of one input (gray bar), the value used
(symbol) and the other values at which the model was integrated (open circles). The open circles are labeled with the
number of glaciations beginning before 2.22 Ga (and, after a plus sign, the number beginning later) and are drawn
in red unless four begin before that date and none later. A magnified strip below the v row shows the four-glaciation
interval 0.7075-0.7225 (shaded, 1.0% of the range sampled by Krissansen-Totton et al. (2018)), computed with the
other inputs at the values used, and the number of glaciations at neighboring values of v. For an input other than
v, the numbers at its open circles are obtained by changing that input alone, with the remaining inputs, including v,
held at their Table 1 values. Where a number was instead obtained at another value of v, that value is printed beside
the number. The sub-ranges of the assumptions within which three or four glaciations occur at some v are given in
Section 4.5. Present-day rows are shown beside the estimates of Holland (2002) for comparison only.
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glaciations by 2.22 Ga (the minimum under the current Transvaal-Huronian correlation) and none later only
for 0.7075 < v < 0.7225, 1.0% of the range, where it has exactly four (Supplementary Text S4). Admitting
the three glaciations of the older correlation widens the interval to 2.1% of the range, and throughout that
interval the transition is oscillatory.

Because v is fixed by the number of glaciations, that number is part of the calibration, and so are their
spacing, the length of the third interglacial and the date of the last deglaciation, at which, given the sub-ice
treatment, oxygen becomes permanent in the model. We offer none of these as agreement; Table 2 marks
which statements follow from the glaciation count. We specified the comparisons of Section 4, their dated
bounds and the values expected of the model before the integrations reported here, using earlier integrations
of the same equations, and did not adjust them afterward. Supplementary Text S3 lists them, including those
the model fails, and the later exploratory calculations.

3 Geological constraints

We use the dated beds and atmospheric proxies as one-sided bounds, taking each age at the 20 limit that
makes its bound weaker. A bed beneath a diamictite gives a maximum age for the onset of glaciation, a lava
within it dates the ice, and a bed above it gives a minimum age for deglaciation.

3.1 Dated glacial deposits

Figure 3 shows the dated units by craton (sources in Supplementary Text S3). On the Kaapvaal craton the
Ongeluk lavas (2425.5 &+ 2.6 Ma) interfinger with the upper part of the Makganyene diamictite (Gumsley
et al., 2017), which overlies Heynskop Formation (Koegas Subgroup) beds no older than 2451.5 &+ 2.5 Ma
(Senger et al., 2023). Gordon Lake tuffs above the Huronian Gowganda diamictite (Rasmussen et al., 2024)
and the basal Timeball Hill shale in the Transvaal (Hannah et al., 2004) require the third glaciation to have
ended by 2.310 Ga. Upper Timeball Hill tuffs beneath the Rietfontein diamictite give a maximum age for
the start of the fourth glaciation (Rasmussen et al., 2013), and only an age model for the overlying Hekpoort
lava dates its end (Schroder et al., 2016). We adopt the current Transvaal-Huronian correlation of Gumsley
et al. (2017), which gives four glaciations across the cratons, a minimum because preservation is incomplete.
An alternative correlation within the Transvaal basin, with a single Duitschland—Rooihoogte unit and a
unidirectional loss of the MIF-S anomaly (Havsteen et al., 2023; Beukes and Schréder, 2024), also gives four
(Fig. 3).

3.2 The sulfur isotope record

Figure 4 shows the 1,689 Transvaal A33S measurements compiled by Uveges et al. (2023), clustered at a few
dated ages, and the intervals in which the model atmosphere permits the anomaly. Its preservation requires
low oxygen and possibly also methane above about 8 ppmv (Zahnle et al., 2006), and we use both criteria;
under either, absence of the anomaly is necessary but not sufficient evidence of oxygenated air (Halevy et al.,
2010). Averaged in 5-Myr bins, the compilation changes between anomaly-bearing and anomaly-free states 3
times on the re-dated Koegas Subgroup chronology (Senger et al., 2023). Synthetic histories sampled at the
compilation’s ages, with each dated unit moved as a whole within its age limits, show that this reversal count
cannot distinguish one oxic-anoxic cycle from six, nor exclude a single loss of the anomaly with no return
for most dates of that loss (Fig. 4b; Supplementary Text S3). The evidence that the anomaly returned is
therefore stratigraphic, within single cores (Poulton et al., 2021), and we test the model against the dated
sample clusters.

Exposure of and access to rocks that capture the transition are limited, so progress in this field has
generally come from new measurements on the same drill cores and sections that earlier studies used. The
single-step loss of the anomaly (Bekker et al., 2004) and its later returns (Poulton et al., 2021; Uveges et al.,
2023) were both identified in one core, EBA-2, at overlapping depths. The two readings differ in sampling
density, not in rocks; that is the ordinary condition of a field with few sections, and it means that independent
confirmation is scarcer here than the citation record suggests, for the reversal counts in this paper as much
as for any published position.

3.3 Oxygen and carbon dioxide proxies

Detrital uraninite and pyrite from the first Huronian interglacial limit contemporaneous atmospheric oxygen
to less than 1.53 x 10~* PAL (Johnson et al., 2014). Iron retention in paleosols requires at least 0.14 PAL by
2.2-2.0 Ga (Rye and Holland, 1998), although the weathering barometer of Kanzaki and Murakami (2016)
allows far lower values; one chromium isotope estimate caps mid-Proterozoic oxygen at 10~ PAL (Planavsky
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Figure 3: The model’s four glaciations (bands at ¥ = 0.715, durations and gaps printed) against the dated units
(ticks with 20 bars, arrows toward the ages each allows; Section 3.1). The first glaciation, whose start is prescribed,
spans the Ongeluk lava age, and the fourth postdates the upper Timeball Hill tuffs; the third ends 20.7 Myr later
than the Gordon Lake tuffs allow, which is the model’s largest discrepancy with the dated units and depends on the
adopted sub-ice carbon store (Table 3). Whiskers: ranges over the four-glaciation interval of v (dark) and with ¢«
also varied across the onset window (light). Hatched: the Hekpoort age model; gray box: the age range of the single
basal diamictite in the alternative Transvaal correlation (Havsteen et al., 2023; Beukes and Schroder, 2024). Bottom:
age constraints from the sulfur isotope record beside the model’s date of first oxic air and its date of permanent
oxygenation, which is set by the number of glaciations and by the sub-ice treatment, and is not a test.
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Figure 4: The Transvaal |A*3S| compilation and the intervals in which the model’s atmosphere permits the anomaly
under two criteria. (a) The 1,689 analyses compiled by Uveges et al. (2023), core EBA-2 distinguished. Shaded
intervals have model oxygen below 107" PAL (Pavlov and Kasting, 2002), before 2.353 Ga and during each later
glaciation; in the hatched interval, which ends at 2.475 Ga (2.458 Ga in the methane-only case of Section 2.2),
model methane is also above 8 ppmv (Zahnle et al., 2006). Symbols mark the dated sample clusters (n > 10) under
each criterion as matched by the model (filled circles), mismatched (crosses) or undetermined because the cluster’s
age range spans two model states (open circles). Brackets show the Kola and Kaapvaal constraints on the onset
of oxygenation. Orange dashed lines are the two estimated ages of the final loss of the anomaly (Luo et al., 2016;
Poulton et al., 2021); the arrow marks the shift of the Koegas Subgroup samples to their older re-dated age (Senger
et al., 2023; Supplementary Text S3). (b) Binned at 5 Myr on the re-dated chronology, the compilation changes
between anomaly-bearing and anomaly-free states 3 times. Bars give the probability that a synthetic history with
k oxic—anoxic cycles at random positions through the transition shows at least as many changes as the compilation
(orange) or at most as many (blue), from 20,000 histories per k sampled at the compilation’s ages with one age draw
per dated unit and stratigraphic order kept. For a single loss with no return (k = 0) the orange bar is averaged over
the date of the loss and the triangle marks its largest value. The model’s anoxic first interglacial and its date of first
oxic air are tested against the dated clusters in (a). In (b) no history with one to six cycles is rejected at the 0.05
level (dotted line), a single loss with no return is rejected only for some dates of the loss, and histories with eight or
ten short cycles are rejected at that level (P = 0.025 and 0.016, respectively), so the number of changes of state in
the compilation does not measure the number of oxic-anoxic cycles.
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et al., 2014b). The two paleosol COs barometers differ by an order of magnitude across the transition: mass
balance gives 10-50 times the pre-industrial level for Neoarchean profiles (Sheldon, 2006; Driese et al., 2011),
and porewater inversion gives 160-490 times for profiles formed just before the first glaciation (Kanzaki and
Murakami, 2015).

4 Results

Results are given at the principal value v = 0.715, the midpoint of the four-glaciation interval, with ranges
over the wider interval (three or four glaciations) that the glacial record allows.

4.1 An oscillatory transition paced by glaciations

In the late Archean the model atmosphere contains negligible oxygen and about 279 ppmv of methane (Fig. 5).
As the volcanic hydrogen supply declines and the continents emerge, methane falls to 4.4 ppmv by 2.46 Ga,
and the first glaciation begins at 2.451 Ga (8.4 Myr before the crossing epoch ty ), a date set by the prescribed
completion of emergence. Methane drops below ten ppmv 30.5-31.9 Myr before the first ice (12 Myr in the
methane-only case). The glaciation is triggered by the last stage of the methane collapse of Zahnle et al.
(2006) and Claire et al. (2006) acting on a climate that continental weathering has already cooled nearly to
the glaciation threshold. Carbon dioxide at entry is 0.93 of the level at which the climate would glaciate
with no methane, and the loss of the remaining 2.1 ppmv of methane makes up the difference. Across the
onset window and the allowed interval of v the crossing epoch falls within the first glaciation or before it in
open water, never after a deglaciation, and the first glaciation shifts by at most 9 Myr from its principal date
(Supplementary Text S4). In all these cases oxygen stays under 6.1 x 10~ PAL until the first glaciation and
exceeds the MIF-S threshold only after it.

Under global ice, carbon dioxide accumulates, mostly in the sub-ice store of equation (9), until it reaches
the deglaciation level 25.7 Myr after the onset, at 2.425 Ga. The store is returned at the deglaciation, hothouse
weathering draws carbon dioxide back down to the glaciation threshold, and the planet glaciates again. We
find four glaciations (Fig. 5d—f), each 23.6-25.7 Myr long and separated by interglacials of 43.4, 43.7 and
48.8 Myr that, like the number of glaciations, are fixed by v and belong to the calibration. These repeated
glaciations are the outgassing—weathering limit cycle of Tajika (2007); no periodic forcing is imposed. The
glacial era lasts 234 Myr; after the fourth deglaciation the drawdown of carbon dioxide does not reach the
glaciation threshold before 2.128 Ga, and thereafter the brightening Sun keeps the warm, methane-free state
above that threshold.

In the model the glacial cycle paces the changes in atmospheric oxygen, and oxygen does not drive the
glaciations (Fig. 5a,d). The first interglacial is anoxic (at most 4.8 x 10~¢ PAL), and each glaciation returns
the air to anoxia because oxygen and methane produced beneath the ice are assumed to be consumed there
(Section 5.2). Atmospheric oxygen first exceeds the MIF-S threshold of 107> PAL at 2.353 Ga (4 Myr after
the second deglaciation), and each interglacial is more oxic than the last because the isotope-inferred sink S(¢)
keeps declining while the burial flux stays flat. Oxygen remains above that threshold permanently from the
fourth deglaciation (2.217 Ga), which is the last because the glacial record that fixes v includes the absence
of later ice.

4.2 Glacial chronology against the dated successions

The first glaciation, whose start is prescribed, spans the age of the Ongeluk lavas throughout the allowed
interval of v and is 5.4 Myr shorter than the longest duration the Kaapvaal dates allow; neither property
follows from the glaciation count (Fig. 3; Table 2). However, the third glaciation ends at 2.289 Ga, 20.7 Myr
later than the Gordon Lake tuffs and the diamictite-free lower Timeball Hill shale allow. The discrepancy is
18-44 Myr across the allowed interval of v and persists throughout the onset window, whether the Duitschland
and Rooihoogte diamictites record two glaciations or one. We attribute it to the glaciations’ even spacing
under the smooth outgassing law (68.3—72.9 Myr from start to start, lengthened by the carbon returned at
each deglaciation), whereas the dated beds require closer spacing of the first three (Supplementary Text S3;
Table 3). The fourth glaciation begins 21.5 Myr after the upper Timeball Hill tuffs, and the last deglaciation,
whose date follows from the glaciation count, falls 3.1 Myr after the youngest age of the Hekpoort age model
(Table 2).

4.3 Sulfur isotopes and interglacial oxygen

The sulfur isotope record tests one feature of the model, the anoxic first interglacial followed by oxic air early
in the second (Fig. 4), under the two criteria for preserving the MIF-S anomaly, between which the model
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Figure 5: Oz, CO2 and CHy in the model at v = 0.715 since 3.0 Ga, (a)—(c), and across the Great Oxidation, (d)—(f),
with gray curves at the two ends of the four-glaciation interval of v. As in Section 2.2, the hydrogen freed when water
oxidizes methane carbon is assumed to escape; in the methane-only case, in which methanogens consume that hydrogen
instead, Archean methane is about twice as high as drawn. Methane collapses before the first glaciation, and the air
is anoxic during each glaciation (by assumption, oxygen and methane produced under the ice are consumed there).
Oxygen first exceeds 107° PAL in the second interglacial (2.353 Ga) and stays above it from the last deglaciation
(2.217 Ga), a date that follows from the glaciation count and the sub-ice assumption. Red: rock-record bounds; ticks
in (d): permanent end of MIF-S at 2.33-2.32 Ga (Luo et al., 2016; Bekker et al., 2004) or 2.22 Ga (Poulton et al.,
2021). The later oxygen level in (a) is set by two input schedules, the organic burial flux and the reductant sink

inferred from carbon isotopes.
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Table 2: Dated statements of the model and the measurements that test them. The first glaciation, whose start is prescribed,
spans the Ongeluk lava age, oxygen in the first ice-free interval stays below the detrital-uraninite bound, and the fourth glaciation
begins after the upper Timeball Hill tuffs. However, the third glaciation ends 20.7 Myr later than the Gordon Lake tuffs allow
(with the adopted sub-ice carbon store; crustal storage in Table 3). Under the oxygen-only criterion the MIF-S anomaly is
also lost too late to satisfy the Kaapvaal and Kola constraints on the onset of oxygenation, and under the methane criterion it
ends before deposition of the anomaly-bearing Koegas Subgroup and does not return. Model values at v = 0.715, followed in
parentheses by their range over the interval of v giving three or four Paleoproterozoic glaciations. Bed ages carry 20 uncertainties;
Oz in units of the present atmospheric level (PAL), CO2 in multiples of pre-industrial. Rows marked yes follow from fixing v
on the glaciation count and are not support for the model whatever their outcome. Full tables in Supplementary Text S3.

model statement follows measurement that tests it outcome
from
the
glacia-
tion
count
First glaciation 2.4509-2.4251 Ga, no  Heynskop maximum depositional age Ongeluk and Kaapvaal duration
25.7 Myr long; entry set by the 2451.5 + 2.5 Ma below; Ongeluk lavas met; MAK-D not met by 1.0 Myr,
prescribed emergence date 2425.5 + 2.6 Ma in the ice; diamictite MAK-D met for tx at the young end of its

2423.1 + 1.0 Ma under ice; hence at most 31.1 Myr  window; Kola not met (Kola and
(Senger et al., 2023; Gumsley et al., 2017); Kola: at Kaapvaal differ by >9.5 Myr within

most 9 Myr (Warke et al., 2020) the rock record)
Third glaciation ends 2.289 Ga no  Gordon Lake tuffs 2318 + 8, 2310 & 5 Ma above the late by 20.7 Myr (18-44; 13-27 over
(2.266-2.292) last Huronian diamictite (Rasmussen et al., 2024); the four-glaciation interval and the

diamictite-free lower Timeball Hill 2316 £ 7 (Re-Os), tx window); with the sub-ice

2310 + 9 Ma (Hannah et al., 2004; Rasmussen et al., carbon kept in ocean crust, met by
2013): ice gone by 2.310 Ga; a termination age at 3.3 or missed by up to 2.0 Myr,
the Rooihoogte or Gowganda contact would settle it depending on v (Table 3)

Fourth glaciation begins 2.2405 Ga no upper Timeball Hill tuffs 2266 £ 4, 2256 + 6 Ma met by 21.5 Myr
(2.2324-2.2461) below the Rietfontein diamictite (Rasmussen et al.,
2013): entry after 2.262 Ga
Last deglaciation 2.217 Ga yes Hekpoort lava above the Rietfontein, age model only, 3.1 Myr young at v = 0.715, inside
(2.209-2.283), when oxygen 2247 + 20 Ma (Schroder et al., 2016): deglaciation at the interval’s lower edge
becomes permanent in the model 2.256-2.220 Ga; an igneous U-Pb age would settle it
(given the sub-ice treatment)
Four glaciations before 2.22 Ga, yes any glacial deposit or mass-independent sulfur consistent by construction; listed
none after; ice-free intervals 43.4, younger than 2.22 Ga on the Kaapvaal-correlated for completeness, not as support
43.7, 48.8 Myr; no ice or sulfur frame; Timeball Hill open-marine interval >48 Myr
anomaly after the last deglaciation (Hannah et al., 2004; Rasmussen et al., 2013)
First ice-free interval no detrital uraninite and pyrite of the first Huronian uraninite bound met; the Hotazel
(2.4251-2.3818 Ga) anoxic, interglacial: Oz < 1.53 x 10~% PAL (Johnson et al., reading not met; a dated redox
05 < 4.8 x 1079 PAL; no oxidation 2014; Gumsley et al., 2017); Mn and Ce oxidation in proxy inside the interval would
pulsg at Hotazel time the Hotazel Formation on the Ongeluk lavas settle it
(Gumsley et al., 2017)
Air first passes 107° PAL at no Kaapvaal: after MAK-D, before the Mooidraai O3-only criterion (Pavlov and
2.353 Ga (2.348-2.355), 4 Myr after dolomite 2394 + 26 Ma (whole-rock Pb—Pb; young Kasting, 2002): late by 15 Myr
the second deglaciation edge 2.368 Ga; Gumsley et al., 2017); Kola: anomaly (Kaapvaal), 81 Myr (Kola); CHy
lost below the 2434.8 £ 1.2 Ma tuff, before the local criterion (Zahnle et al., 2006):
ice (Warke et al., 2020; Brasier et al., 2013) anomaly ends 2.475 Ga, or 2.458 in

the methane-only case, either way
inside the Kola window but before
the Koegas Subgroup; no return

Anoxic first interval and later no  Huronian Supergroup: sulfur isotope and redox untested beyond the first
returns to anoxia recorded in a proxies from the Mississagi to the Gordon Lake interglacial’s detrital grains
second basin formations; detrital pyrite and uraninite above each
diamictite (Gumsley et al., 2017; Rasmussen et al.,
2024)
Ice-free CO2 from 253 (one Myr no a paleosol dated to an ice-free interval between 2.43 not yet a test: the Ville Marie and
after the first deglaciation) down to and 2.24 Ga, analyzed with either barometer Hokkalampi bands overlap the
53 before the fourth entry (minima (Sheldon, 2006; Kanzaki and Murakami, 2015): range, most central values below
52-66) weathering surfaces above the third Huronian glacial, half its minimum; neither profile
the Hekpoort and Daspoort disconformities, the dated to an interglacial
Turee Creek Group (Supplementary Text S8)
Deglaciation CO2 238-281, drawn no cap-carbonate, weathering-intensity or untested; set by the assumed
down about fourfold in each triple-oxygen-isotope barometry above each deglaciation level
interval diamictite; cap carbonates occur above the basal
Duitschland diamictite (Gumsley et al., 2017)
Carbonate 6'3C —1.0 to —0.3 per no compiled record: baseline within +2 per mil before  baseline is an input; the model has
mil before the first ice; step across 2445 Ma; Lomagundi—Jatuli peak +7.3 per mil at no mechanism for the excursion
the transition +0.29 per mil 2130 Ma (Edmonsond and Dyer, 2026)
Later Oo no paleosol floor >0.14 PAL after the transition (Rye floor missed by a factor 800 or more
6.3 x 107°-6.0 x 10~* PAL, set by and Holland, 1998); paleosol weathering barometry (comparison specified in advance;
two prescribed post-transition (Kanzaki and Murakami, 2016); chromium ceiling failed); barometer and ceiling met;
schedules with no redox feedback <1073 PAL, 1.8-0.85 Ga (Planavsky et al., 2014b)  tests the post-transition inputs, not
the transition
Implied Marinoan duration no dated durations 4-15 and 57-59 Myr (Hoffman et al., Marinoan met (the rule’s one
5.1 Myr, Sturtian 5.3 Myr, from 2017) check); Sturtian not reproduced
the same sub-ice carbon rule
Assumptions: Ng > 0.57 bar; no Ny barometry through the transition (the one untested; each would constrain one
glaciation threshold < 14.7 Wm™2; Neoarchean estimate is below half a bar; Som et al., assumption (Section 4.5)
weathering e-folding temperature 2016); a general circulation model at the transition’s
6.6-19.6 K; emergence by 2.38 Ga; boundary conditions (Feulner et al., 2023);
sub-ice anoxia; uptake of most of emergence chronologies (Kump and Barley, 2007;
the carbon outgassed beneath the Bindeman et al., 2018); sub-glacial carbonate and
ice; the modern ocean—air partition altered-basalt archives (Hoffman et al., 2017)

B after each thaw
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cannot discriminate. Under the oxygen-only criterion of Pavlov and Kasting (2002) the model atmosphere
permits the anomaly until early in the second interglacial, 15 Myr after the youngest onset of oxygenation
that the Kaapvaal succession allows (2.368 Ga, the young age limit of the Mooidraai dolomite, tabulated as
anomaly-free; Table 2) and 81 Myr after MIF-S disappears on Kola. Under the criterion of Zahnle et al.
(2006), which also requires methane at the parts-per-million level, the anomaly ends when methane falls below
that level, at 2.475 Ga, before the first ice and consistent with the Kola constraint. That date also precedes
deposition of the anomaly-bearing Koegas Subgroup below the Makganyene diamictite (2440-2460 Ma; Senger
et al., 2023), and because methane never again reaches 8 ppmv, none of the later returns to anoxia restores
the anomaly under this criterion. The model thus fails in opposite directions under the two criteria, and we
do not combine their outcomes. Under either criterion the model produces no oxygen pulse during deposition
of the Hotazel Formation in the first interglacial, and it fails there if the cerium anomaly of that formation
records oxygenation, as Gumsley et al. (2017) suggest (Table 2). Oxygen also stays far below the Huronian
detrital-uraninite bound of that interglacial, reaching only about 0.03 times that bound.

4.4 Carbon dioxide, carbon isotopes and later oxygen

Before the first glaciation the modeled carbon dioxide lies between the two paleosol estimates, matching
neither (Fig. 5b,e). Between the glaciations carbon dioxide stands one Myr after a deglaciation at 221-253
times pre-industrial and falls to 53—-65 before the next glaciation, a prediction that a dated interglacial paleosol
could test; the values just after a deglaciation inherit the assumed deglaciation level and sub-ice store, whereas
the drawdown minima are the model’s own. We applied both barometers to Ville Marie in Quebec (Panahi
et al., 2000) and the porewater inversion to Hokkalampi in Finland (Marmo, 1992), the two profiles from the
glacial era with suitable published chemistry. The resulting estimates overlap the modeled interglacial range,
all but one central value lying below half of its minimum, but are not yet a test, because neither profile is
dated to an interglacial and the mass-balance values assume a formation time (Supplementary Text S8).

Because the burial fraction is taken from the compilation of Krissansen-Totton et al. (2015), the mod-
eled carbonate §'3C reproduces that compilation before the first glaciation and equals its later-era means
afterward. Across the transition it changes by 40.29 per mil where the carbonate record rises by about +7.9
(Edmonsond and Dyer, 2026), so the model does not reproduce the Lomagundi—-Jatuli excursion. After the
last deglaciation the model’s oxygen level (6.3 x 107° PAL at 2.2 Ga, rising to 6.0 x 10~* at 1.4 Ga) is
set by the small excess of the flat burial flux over the declining isotope-inferred sink, two schedules with no
redox feedback. The oxygen proxies therefore test these two prescribed inputs, and the level lies inside the
paleosol weathering-barometer estimates and below the chromium-isotope ceiling (Table 2) but falls short of
the paleosol floor (Rye and Holland, 1998) by a factor of 800 or more, a comparison specified in advance that
the model fails. We attribute the shortfall, like the missing excursion, to the absence of an oxygen-overshoot
mechanism and do not apply the model to oxygen after the last deglaciation.

4.5 The outgassing exponent and the model assumptions

Holding the other inputs at their Table 1 values, we find that the number of glaciations falls one at a time
as v rises above v ~ 0.55 (Fig. 6). Where v is too large for any glaciation (45% of the published range),
oxygen rises once and smoothly, the single step of the textbook picture, and the Makganyene glaciation alone
excludes these values. Of the published outgassing histories converted to this exponent, none lies within
the four-glaciation interval, and because the nearest of them share the declining-heat-flow convention of our
outgassing law, we do not take their closeness as independent support (Supplementary Text S2).

We varied the assumptions of Table 1 and the prescribed emergence date, singly and jointly, with v fixed
by the number of glaciations each time (Fig. 7). Three or four glaciations and none later occur at some v for a
glaciation threshold up to 14.7 W m ™2, nitrogen down to 0.57 bar, a weathering e-folding temperature of 6.6
19.6 K and emergence complete by 2.38 Ga. They also occur for sub-ice venting fractions up to a tenth and
across the ranges of weathering response time, modern outgassing and, with one exception (Supplementary
Text S4), deglaciation level. Sampling eight of these ranges jointly by Latin hypercube (with the sub-ice
carbon partition in place of the venting fraction), we find such a v in a fraction 0.45 of the samples (0.40-0.50
at 95% confidence).

At any one setting of the assumptions the glaciation count therefore fixes v to about +0.015 (three or
four glaciations; 2.1% of the published range at the Table 1 setting), and varying the assumptions moves that
value over most of the published range: over the samples that have such a v it has median 0.64 and central
90% range 0.22-0.98. With the threshold of Feulner et al. (2023) or half a bar of nitrogen adopted alone no
v gives the recorded glacial era, whereas in the joint sampling their opposite effects on v partly compensate
(Fig. 7b). Where no v gives that era, weathering is most often too sensitive to temperature or emergence too
late.
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Figure 6: Number and timing of the model’s Paleoproterozoic glaciations against the outgassing-decline exponent v
over the range sampled by Krissansen-Totton et al. (2018). (a) Number of glaciations beginning before and after
2.22 Ga, from exploratory calculations with the other inputs held at their Table 1 values. Above the four-glaciation
interval the number falls one at a time as v increases, until no glaciation occurs and oxygen rises once; below the
interval, glaciations continue after 2.22 Ga. The strip below (a) shows published outgassing histories converted by us
to v at 2.45 Ga (Supplementary Text S2), of which none falls inside that interval. (b) Onset (solid) and deglaciation
(dashed) ages of each glaciation with their dated bounds. Wherever three or four glaciations occur, the first spans the
Ongeluk lava age, whereas the end of the third and the last deglaciation shift with v. Four glaciations beginning by
2.22 Ga and none later occur only for 0.7075 < v < 0.7225, 1.0% of the sampled range, and three or four only for v up
to 0.7388. The number of glaciations thus fixes v, and Fig. 7 shows how the interval giving three or four glaciations
shifts with the model’s assumptions. In the methane-only case of Section 2.2 the edges of the four-glaciation interval
move by no more than the spacing in v of the points plotted in (a), and one glaciation still occurs up to v = 0.839
instead of 0.7975.
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Figure 7: Sensitivity of the interval of v fixed by the glaciation count to the model’s assumptions and the prescribed
emergence date, varied singly (a) and jointly (b). (a) For each of these inputs, the published range (gray), the value
used (triangle) and the sub-range (green) in which some v gives three or four glaciations by 2.22 Ga and none later.
The sub-ranges have edges (orange ticks) at a glaciation threshold of 14.7 W m™2, at 0.57 bar of nitrogen, at weathering
e-folding temperatures of 6.6 and 19.6 K, and at emergence complete by 2.38 Ga. Symbols mark the values at which
the model was integrated (filled, four glaciations at some v; open, three or four only; cross, three or four at no v).
The number beside each circle is the calibrated v, the center of the interval of v over which three or four glaciations
occur at that value of the input. Along the bars the calibrated v takes values from 0.10 to 1.10. (b) Distribution of
the calibrated v over those of the 400 joint samples of eight ranges (venting varied singly; Supplementary Text S4) in
which three or four glaciations occur at some v (four rather than three in at least a fraction 0.28 of all samples). The
prior of Krissansen-Totton et al. (2018) is drawn for comparison; 68% of it lies below the principal value, v = 0.715.
The calibrated v decreases with the glaciation threshold (—0.12 per Wm™2) and with the nitrogen inventory (—0.81
per bar), and a higher threshold and less nitrogen therefore shift it in opposite directions. The two shifts partly

cancel, and 11 of the 21 joint samples with a threshold above 14.7 Wm™

2 and less than 0.6 bar of nitrogen still give

three or four glaciations at some v. The number of glaciations thus constrains v narrowly at any one setting of the
assumptions, whereas from one setting to another the calibrated value varies over most of the published range of v.
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The carbon taken up under the ice sets the glaciation length, 18.5-25.9 Myr across the sub-ice partitions
consistent with the dated Marinoan duration and about 10 Myr with a calcite-saturation partition, and the
carbon returned at the deglaciation sets the spacing. That spacing also assumes the returned carbon stays
exchangeable at the modern open-water partition (3,,; with a calcite-saturation partition instead, interglacials
last 12 Myr at most. If the sub-ice carbon is instead sequestered in ocean crust (Le Hir et al., 2008), four
glaciations of nearly the same length still occur, for v = 0.719-0.732 (Table 3). Their number is unchanged
by crustal storage but their dates are not: inside that interval the Gordon Lake bound is met at the middle
and the upper Timeball Hill tuffs near the upper edge, never both, and oxygenation still begins later than
the Kaapvaal sulfur record allows (Supplementary Text S1). A dated glacial duration would therefore test
the uptake and a dated spacing the return; the glaciation count, which fixes v only once the sub-ice rule is
chosen, tests neither.

5 Discussion

Our results suggest that, if volcanic outgassing declined as steeply as the Paleoproterozoic glaciations require
in the model, and if oxygen and methane produced beneath the ice were consumed there with at most
3 percent vented, an episodic first rise of oxygen of the kind inferred by Poulton et al. (2021) follows from
published photochemistry (Claire et al., 2006) and carbon-cycle laws (Krissansen-Totton et al., 2018) driven
by dated inputs.

5.1 The stepwise view and prior work

Daines and Lenton (2016) argued for an episodic rise of oxygen before one was inferred from the Transvaal
glacial and sulfur isotope records (Gumsley et al., 2017; Poulton et al., 2021). Earlier, Claire et al. (2006)
obtained three successive glaciations in which “methane collapses and rises repeatedly” because their methane
source depends on temperature, whereas ours follows the volcanic hydrogen supply. In our model methane
collapses once, about thirty Myr before the first glaciation (twelve in the methane-only case of Section 2.2),
and the loss of the remnant triggers that glaciation; the subsequent glaciations begin without methane and
repeat the outgassing—weathering limit cycle of Tajika (2007).

Alcott et al. (2019) proposed an ocean—atmosphere model in which internal feedbacks convert a smooth
decline in the reductant input into oxygenation steps. We solved the model exactly at the authors’ published
parameter values and find at most one stable equilibrium, a low-oxygen state on the pre-oxidation branch
of their own steady-state diagram. At the reductant input of their Great Oxidation and the weakest burial
feedbacks they consider, no oxygenated state coexists with it, so the network is not bistable there. Under the
authors’ declining input, at those feedbacks and at the stronger ones of their own simulations, its atmosphere
oxygenates once and permanently, whereas a later version returns to anoxia in response to imposed post-
glacial pulses (Alcott et al., 2026). The same analysis recovers both stable states of the Goldblatt et al.
(2006) model (Supplementary Text S7).

5.2 Scope of the findings

The date of permanent oxygenation is unsettled between the estimate of Poulton et al. (2021) and older ones
(Bekker et al., 2004; Luo et al., 2016). In the model, oxygen becomes permanent at the last deglaciation;
its date, which follows from the glaciation count and the sub-ice treatment, falls on the younger estimate
without deciding between them. The photochemistry sets the direction and sharpness of the transition, but
because ty is prescribed its timing comes from the rock record, as in other such models, and the model does
not determine whether a rising oxygen source or a falling sink produced it.

The returns to anoxia during the glaciations follow from the sub-ice treatment, under which any gas vented
through the ice is net reducing because oxygen from sub-ice burial cannot offset the continuing hydrogen
supply. The air is oxic in every ice-free interval after 2.353 Ga, and without that treatment the glaciations
would not interrupt the rise of oxygen. Under both criteria for preserving the MIF-S anomaly the model
fails the comparison with the sulfur isotope record, in opposite directions (Section 4.3). It loses the anomaly
too late for Kola under the oxygen-only criterion and too early for the Koegas Subgroup under the methane
criterion, under which, because methane never recovers, its later returns to anoxia leave no isotopic trace.
Each constraint is met under one criterion only, and the two successes cannot be combined. The model
cannot resolve the conflict between the criteria, part of which lies in the rock record: on Kola the anomaly
is lost at least 9.5 Myr before the youngest Makganyene glacial bed, beneath which it is still present on the
Kaapvaal craton.

Our model omits the sulfur and iron cycles, carbonate chemistry, a spatially resolved ocean and any
internal mechanism for the Lomagundi—Jatuli excursion or an oxygen overshoot, and we have not tested
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Table 3: The two sub-ice carbon storage cases against the dated beds. The tests of Table 2 are given under the adopted store,
which is returned to the ocean—atmosphere system at each deglaciation, and under storage of the sub-ice carbon in altered ocean
crust with only the airborne excess returned (Le Hir et al., 2008). With crustal storage four glaciations occur for v = 0.719—
0.732 instead of 0.7075-0.7225 (Supplementary Text S1), and that case is shown at the middle and near the upper edge of this
interval. In both cases the carbon exchangeable after a thaw is divided between air and ocean by the modern partition S3,,; with
crustal storage this division is made in a single step at the thaw, so that atmospheric CO3 falls instantaneously (Supplementary
Text S1). In each column v lies in the interval fixed by the glaciation count of the first row (at its middle unless stated), so
that row is calibration, as are the rows marked “count”. Four glaciations of nearly the same length occur in both cases, but
which dated beds are met differs between them and, under crustal storage, varies with v inside its four-glaciation interval. In no
column is every bed met: the adopted store misses the Gordon Lake bound, crustal storage at mid-interval meets that bound but
misses the upper Timeball Hill tuffs and the open interval, and crustal storage near the upper edge meets the upper Timeball
Hill, open-interval and Hekpoort bounds but misses the Gordon Lake and Makganyene ages by 2.0 and 2.5 Myr. If v were set
near that upper edge because those beds are met there, they would become calibration data like the first row and would no
longer test the model. Both tests against the sulfur isotope record (the date of first oxic air and the end of the MIF-S anomaly)
fail in all three columns. “Met by” and “missed” give the distance to the bound in Myr on its allowed or excluded side (for the
Hekpoort window, to its nearer edge), with the direction of a miss (late, early, young, short). Ages in Ga; bed ages (Ma) carry

20 uncertainties; CO2 in multiples of pre-industrial.

returned store
(adopted), v = 0.715

crustal storage,

v = 0.725 (mid-interval)

crustal storage,
v = 0.73125 (near the
upper edge)

dated bound (source)

Glaciations beginning by

2.22 Ga (later ones);
durations; ice-free
intervals (Myr)

First glaciation and the

Ongeluk lavas

First glaciation,
duration (Myr)

First deglaciation and
the Makganyene
diamictite

Third glaciation ends

Fourth glaciation begins

Open water between the

third and fourth

glaciations (Myr; count)

Last deglaciation (count)

Permanent oxygenation,

tperm (count)

First oxic air
(>107° PAL),
oxygen-only criterion
(Pavlov and Kasting,
2002)

End of the MIF-S
anomaly, methane
criterion (Zahnle et al.,
2006)

Ice-free CO2: one Myr
after the first
deglaciation —
minimum before the
fourth glaciation

four (none); 23.6-25.7;
43.4, 43.7, 48.8

2.4509-2.4251: met, ice
at the central age

25.7: met by 5.4

2.4251: missed, 1.0
early

2.289: missed, 20.7 late

2.2405: met by 21.5

48.8: met by 0.8

2.217: missed, 3.1
young

2.217, the last
deglaciation

2.353, 4 Myr after the
second deglaciation:
late by 15 (Kaapvaal),
81 (Kola)

2.475 (2.458 in the
methane-only case),
before the first ice:
Kola met; Koegas
missed, no return

253 — 53

four (none); 22.5-23.1;
33.0, 34.9, 38.9

2.4500-2.4269: met at
20; ice gone 1.4 Myr
before the central age

23.1: met by 8.0

2.4269: missed, 2.8
early

2.313: met by 3.3

2.2745: missed, 12.5

early

38.9: missed, 9.1 short

2.252: met by 4.0

2.252, the same

2.358, 13 Myr after it:
late by 10, 76

2.474: the same

114 — 56

four (none); 22.3-23.0;
35.4, 37.9, 51.4

2.4496-2.4266: met at
20; ice gone 1.1 Myr
before the central age

23.0: met by 8.1

2.4266: missed, 2.5
early

2.308: missed, 2.0 late

2.2566: met by 5.4

51.4: met by 3.4

2.234: met by 14.3

2.234, the same

2.360, 8 Myr after it:
late by 8, 73

2.474: the same

116 — 54

four Paleoproterozoic
glaciations and none later
(Gumsley et al., 2017;
Rasmussen et al., 2013): the
calibration target in each
column

lavas 2425.5 4+ 2.6 Ma erupted
into the ice (Gumsley et al.,
2017); the start of this
glaciation is prescribed

at most 31.1, Heynskop to
Ongeluk (Senger et al., 2023;
Gumsley et al., 2017); on Kola
at most 9 (Warke et al., 2020),
missed in all three

ice still present at 2.4241:
diamictite MAK-D

2423.1 +£ 1.0 Ma (Senger et al.,
2023)

ice gone by 2.310: Gordon Lake
tuffs (Rasmussen et al., 2024);
lower Timeball Hill Re-Os and
tuff ages (Hannah et al., 2004;
Rasmussen et al., 2013)

after 2.262: upper Timeball Hill
tuffs below the Rietfontein
diamictite (Rasmussen et al.,
2013)

at least 48 of open-marine
Timeball Hill shale (Hannah

et al., 2004; Rasmussen et al.,
2013)

2.256—2.220: Hekpoort lava
above the Rietfontein,

2247 £+ 20 Ma, age model
(Schroder et al., 2016)
estimates 2.22 (Poulton et al.,
2021) and 2.33-2.32 (Luo et al.,
2016; Bekker et al., 2004); set
by the glaciation count and the
sub-ice treatment, not a test
anomaly lost by 2.368 on the
Kaapvaal craton (Mooidraai
dolomite; Gumsley et al., 2017)
and by 2.4336 on Kola (Warke
et al., 2020); the first
interglacial is anoxic in all three
anomaly kept while

CH,4 > 8 ppmv: lost on Kola by
2.4336; still present in the
Koegas Subgroup,

2440-2460 Ma (Senger et al.,
2023)

not yet a test: the paleosol
estimates overlap either range
(Supplementary Text S8); the
value after a thaw inherits the
assumed deglaciation level and
returned share
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its response to stochastic outgassing. It describes the transition only; afterward its oxygen follows from
two prescribed schedules (Section 4.4). Imposed as excess organic burial, the excursion mostly preserves
the glaciation count if its carbon is marine and the released oxygen reaches the air, and otherwise adds or
removes glaciations; the isotopes determine neither condition (Supplementary Text S5).

We assume that the methane source G is hydrogenotrophic, made from volcanic hydrogen. With R4
prescribed and G 4 set by ., the reading of R and G as two draws on one hydrogen supply, which justifies
their common shape and which we owe to D. T. Johnston, is consistent with the model rather than derived
by it. Hydrogen escape adds no oxygen to the instantaneous atmospheric balance, but in the long-term
planetary budget (Catling et al., 2001) it leaves behind oxidizing power, 0.69-1.19 times the surface oxidant
inventory of Hayes and Waldbauer (2006), for which the model has no crustal or mantle reservoir. The
model therefore leaves open whether declining methanogenesis delayed oxidation by slowing hydrogen loss, as
Kasting (2013) argued. The question was put by D. T. Johnston, and the distinction between the long-term
planetary budget and the instantaneous atmospheric balance is his.

5.3 Tests of the model

Table 2 lists measurements that would test the model’s dated statements and inputs. The most decisive
would be an age precise to a few Myr for the Rooihoogte or Gowganda contact marking the end of the third
glaciation, when the model is still glaciated. An interglacial paleosol dated between 2.43 and 2.24 Ga and
analyzed with either COs barometer would test the model’s carbon cycle, and a value below about half its
interglacial minimum or above its post-glacial maximum would count against it. A dated glacial duration or
spacing would test the sub-ice carbon store, which the glaciation count does not. Because v was fixed in part
by the absence of later glaciation, a glacial deposit or a renewed MIF-S anomaly above the Hekpoort lava
would contradict the model.

6 Conclusions

With the outgassing decline fixed by the glacial record and with the other inputs published, prescribed
or assumed, our model’s Great Oxidation spans four snowball glaciations between 2.45 and 2.22 Ga. By
assumption each glaciation returns the air to anoxia; oxic air first appears at 2.35 Ga, later than the sulfur
isotopes allow under the oxygen-only criterion. The first glaciation, whose start is prescribed, spans the
Ongeluk lava age, and the fourth begins after the upper Timeball Hill tuffs, two agreements that do not
follow from the glaciation count. The third glaciation, however, ends about 20 Myr later than the Gordon
Lake tuffs allow (with the adopted sub-ice carbon store; Table 3), and the model reproduces neither the
Lomagundi—Jatuli excursion nor the post-transition paleosol oxygen level.

These glaciations require uptake, though not return, of most of the carbon outgassed beneath the ice
and, with the other assumptions unchanged, continental emergence complete by 2.38 Ga, at least 0.57 bar
of nitrogen (about one bar for four glaciations) and nearly the lowest published glaciation threshold. Their
spacing also assumes the returned carbon stays exchangeable at the modern ocean partition. In the model
the Great Oxidation is an oscillation paced by the glaciations, with no periodic forcing, and oxygen becomes
permanent when the brightening Sun ends the glacial era.
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