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Agrowing body of evidence suggests that molecular oxygen (O,) accumulated
insome shallow marine environments beneath the effectively anoxic Archaean

atmosphere 4.0 to 2.5 billion years (Ga) ago. Yet, the temporal and spatial
distribution of these oxygen oases is not well known. Here we use thallium
(Tl) isotope ratios, which are sensitive to manganese oxide burial, to place
constraints on the timing and tempo of marine oxygen oases between about

2.65 Gaand 2.50 Ga.

Lower-than-crustal authigenic**T1/2%Tl ratios are

common inshales from the approximately 2.65 GaJeerinah Formation
(Western Australia) and the 2.50 GaKlein Naute Formation (South Africa).
Particularly low 2*TI/**Tl ratios are found at 2.50 Ga, coincident witha
pronounced ‘whiff’ of O,. These data can be explained by widespread seafloor
manganese oxide burial, ascenario that requires persistent O, penetration
intomarine sediments beneath regionally extensive marine oxygen oases.

By contrast, **TI/**Tlratios from the 2.60-2.52 GaNauga Formation

(South Africa) do not deviate from crustal values, suggesting anintervening
period of muted seafloor Mn oxide burial. Our data suggest that O, accumu-
lated over greater spatial extents and to greater depths than previously
thought at about 2.65 Ga and that marine oxygenation was spatially and tempo-
rally dynamic well before the Great Oxidation Event began at about 2.4 Ga.

Avariety of geochemical trends found in the Archaean sedimentary
record at and after ~3.0 billion years (Ga) ago are very difficult to explain
exceptasaconsequence of the presence of O, (refs. 1-5). Morphologic
evidence of cyanobacteriain fossilized stromatolites corroborate these
geochemical data®’. It appears that oxygenic photosynthesis evolved
very early in Earth history, hundreds of millions of years before the
initial rise of O, in Earth’s atmosphere during the Great Oxidation
Event (GOE)®’. Yet, sulfur mass-independent fractionation (S-MIF)

signatures that require a functionally anoxic atmosphere are foundin
sedimentary deposits throughout the Archaean'. To preserve S-MIF
signaturesin sedimentary minerals, the partial pressure of O,in Earth’s
Archaean atmosphere (pO,) must have been less than 0.0001% the
presentatmosphericlevel according to the results of one-dimensional
photochemical models™".

Oxygen oases help to reconcile these seemingly incompatible
Archaean data. It seems logical that rates of global O, production
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Fig.1| Geochemical profiles of the Jeerinah Formationin AIDP2 and AIDP3.
Total Fe, highly reactive Fe and pyrite Fe are denoted by Fe;, Fe,;s and Fe,y,
respectively. The solid black lines indicate the thresholds for local anoxia (Fe/
Fe;>0.38) or euxinia (Fe,y/Fe,; > 0.8); the dashed lines in Fe speciation panels
represent relaxed thresholds for the same redox conditions (Fe,,/Fe; > 0.22 for
anoxiaand Fe,y/Feg > 0.7 for euxinia)®. Purple and red symbols are A*S and
authigenic Tlisotopic compositions (€2*Tl,), respectively. Stratigraphy, iron

speciation, Mo concentration and A*S data were from previous work**”*°, The
vertical blue bands represent the Tlisotopic composition of the bulk upper
continental crust (BUCC, 2°Tl=-2.1+0.3,1s.d., N=6)*. All error bars represent
two times the s.d. of that sample or the long-term external reproducibility of
natural reference materials, whichever is larger. Thallium isotope dataare
presented as mean values + 2 s.d. BIF, banded iron formation.

were low after photosynthesis initially evolved and, therefore, that
the rate of O, production was outpaced by the rate of O, consump-
tion by reductants exposed on, and delivered to, Earth’s surface (for
example, atmospheric methane, ultramafic/mafic rocks and volcanic
gases)”. Nonetheless, localized O, accumulation in the vicinity of
photosynthetic O, production—known as oxygen oases'*—was possible
without disturbing the global S-MIF signal>*®. These locations could
have included biological soil crusts on land”, lacustrine benthic mats®,
terrestrial mats' and productive shallow marine environments?.

Many geochemical and morphological features of the Archaean
sedimentary record can be linked to shallow marine oxygen oases*** >,
over variable extents and at various times beginning ~3.0 Gaago**. Con-
tinuous long-term reconstructions of these environments, however,
areelusive. Only afew continuous marine sedimentary deposits survive
fromthe Archaean Eon, and the geochemical tools applied to them thus
far totrack oxygen oases generally struggle to constrain the extent and
magnitude of oxygenation. The collective result of these shortcomings
isa patchy record of marine oxygen oases, of uncertain extent.

The thalliumisotope palaeoredox proxy

Thallium (TI) isotopes can potentially see through these complica-
tions. Thallium isotopes are uniquely sensitive to seafloor Mn oxide
burial®?°. Thallium isotope fractionation effects associated with
removal to Mn oxide-rich sediments reach +12 to +18 e-units*. Neither
ofthe two other primary seawater Tl outputs drives a positive isotope
fractionation effect; low-temperature basalt alteration resultsinavery

minor negative effect (a few e-units)”, while sediments formed under
anoxic conditions do not fractionate Tlisotopes whatsoever®. As Mn
oxide burial requires the persistent penetration of O, below the sedi-
ment-water interface”, the Tlisotope palaeoredox proxy is a unique
tool capable of tracking O, accumulation specifically within marine
sediment porewaters®*°. In doing so, Tlisotopes provide qualitative
information about the intensity or magnitude of marine oxygenation.

Moreimportantly, theisotopic cycling of Tlinthe oceanis directly
governed by global Mn oxide burial fluxes®®*°, Therefore, Tl isotopes
areapowerful tool to infer persistent O, penetrationinto marine sedi-
ments ataregional-to-global scale. Thisisin contrast to other proxies
such as sedimentary iron speciation and redox-sensitive trace metal
abundances and ratios that fingerprint the redox conditions only in
the local water column®*,

Redox reconstruction with Tlisotopes is typically done by infer-
ring past seawater Tl isotopic compositions (2Tl = (*2%Tl .../
205203 .00, — 1) X 10*) from measurements in ancient marine shales
deposited underlocally reducing conditions. Modern equivalent sedi-
ments are known to capture today’s globally homogeneous seawater
£2%Tlvalue, which is chiefly governed by the global extent of seafloor
Mn oxide burial*®.

Thalliumis rapidly removed from solution in sulfidic conditions,
presumably in association with the formation of sulfide minerals (for
example, pyrite)?****, These sulfide minerals are thought to be the
primary host phase of Tl in reducing sediments. Thallium removal
either approaches quantitative extent or imparts negligible isotopic
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fractionation in these settings because seawater £2°Tl values are
observedin the sediments™.

Of criticalimportance to this study, seawater 2Tl capture by sedi-
mentary sulfides is achieved over a wide range of depositional redox
conditions today, essentially anywhere sedimentary Mn oxide minerals
are unstable over long timescales. Sediments capture seawater €Tl
values in all locations studied to this point where O, is absent from
overlying bottom waters, and notably irrespective of bottom water
H,S contents (for example, the Black Sea, Baltic Sea, Cariaco Basinand
Santa Barbara Basin)*?***, Seawater €Tl capture is evenachieved in
some sediments formed beneath O,-bearing bottom waters, so long
as O, does not persistently penetrate deep into sediment porewaters
(for example, sediments from various productive upwelling zones)*.
The fact that seawater £®Tl capture occurs over such a wide range of
depositional conditions today bodes well for reconstructions of past
seawater £2%Tlvalues over large stratigraphic intervals of the ancient
sedimentary record that, to be sure, were deposited under variable
local redox conditions.

Late-Archaeanshale sequences

Here, we apply Tl isotopes to some of the most well-preserved,
well-studied and nearly continuous shale-dominated successions from
thelate Archaean. For all samples, we apply leaching protocols shown
in previous work to effectively isolate ‘authigenic’ Tl associated with
sedimentary sulfides™. Itis these authigenic Tlisotope compositions
(€2>Tl,) that are shown to capture seawater £2°Tl values?>*,

Theoldest targeted shales come fromthe ~2.65-Ga-old Jeerinah
Formation from Western Australia preserved indrill cores AIDP2 and
AIDP3. Both cores preserve continuous sequences of organic-rich
shales deposited below wave base along a basinal depth gradient.
Iron speciation and trace metal data from both cores suggest deposi-
tion under anoxic conditions conducive to seawater 2Tl capture®.
These data are plotted in Fig. 1. In brief, a high proportion of the
total Fe (Fe;) in shales from both cores resides in highly reactive Fe
(Feyr) phases, which is, by analogy with modern sedimentary envi-
ronments, suggestive of formation beneath anoxic bottom waters
(Fe,r/Fe; > 0.38)°. Shales with lower Fe,z/Fe; ratios more consistent
with locally oxic deposition (Fe,z/Fe; < 0.22) have generally higher
Mo contents, suggesting that even these samples were probably
formed under anoxic conditions®. A high proportion of pyritized
Fe (Fe,,) further suggests that shales from both cores were formed,
at least at times, beneath anoxic and H,S-bearing euxinic bottom
waters (Fepy/Feyg > 0.8)%.

We also target shales from the -2.60- to ~2.50-Ga-old Nauga and
Klein Naute formations from South Africa preserved in drill cores
GKFO01 and GKPOL. These cores preserve continuous sequences of
organic-rich shales deposited below wave base on the slope of a car-
bonate platform (GKFO1) and the slope-basin transition (GKPO1).
Nauga Formation deposition occurred under mildly oxygenated bot-
tom waters according to Fe speciation data and redox-sensitive trace
element abundances (Fig. 2), with a high likelihood of shallow O, pen-
etrationinto sediment porewaters based on high sedimentary Re/Mo
ratios>*®. The younger Klein Naute Formation was deposited during
broad marine transgression and, according to Fe speciation data,
beneath anoxic (and at times euxinic) conditions more conducive to
seawater 2Tl capture®.

Temporal evolution of late-Archaean oxygen oases
Lower-than-crustal €2°Tl, values (£2®Tl, < -2) are common in the
~2.65-Ga-old Jeerinah Formation (Fig. 1) and ~2.50-Ga-old Klein Naute
Formation (Fig. 2). In the Jeerinah Formation, the vast majority of
low €2%Tl, values are found in the AIDP3 drill core, reaching as low as
-3.8£0.3; 2s.d. Low £2%Tl, values are found in both cores that inter-
sect the Klein Naute Formation, reaching as low as -4.2 + 0.5; 2 s.d.
in GKPOL1. These findings contrast with the Nauga Formation, where

only one seemingly anomalous low £2Tl, value is found (Fig. 2); all
other values from this unit are within error of the average bulk upper
continental crust (-2.1+ 0.3)*.

The most straightforward and parsimonious interpretation of
the lower-than-crustal €2°Tl, values found in the Jeerinah and Klein
Naute formations is that they track some extent of seafloor Mn oxide
burial occurring elsewhere in the ocean at ~2.65 and -2.50 Ga ago.
The overwhelming majority of these low £2%Tl, values come from
sampling intervals of anoxic deposition preserved in AIDP3, GKFO1
and GKPOL. Low seawater 2Tl values at ~2.65 Ga and -2.50 Ga ago
must have been at least regional in extent. By extension, the area of
seafloor forming beneath O,-bearing bottom waters with persistently
oxygenated porewaters capable of Mn oxide burial must have also been
at least regional in extent. If the residence time of Tl in late-Archaean
seawater was longer than the ocean mixing time (cf. today), then this
seawater €2 Tlvalue and the extent of seafloor Mn oxide burial required
to promote it may have been globally representative. Unfortunately,
we cannot differentiate between regional and global scenarios with
the available data.

Theseinferences are corroborated by inorganic geochemical data
reported in previous work. Multiple independent lines of evidence
recovered from the AIDP2 and AIDP3 drill cores support mild O, accu-
mulation during deposition of the Jeerinah Formation. These include,
among other data, highly fractionated N isotopic ratios indicating an
aerobic N cycle in shallow oxygenated waters and mild enrichments
of redox-sensitive elements preferentially liberated during oxidative
weathering of the continental crust®. Even stronger evidence is found
for 0, accumulation ~2.50 Ga ago in the Klein Naute Formation®>*>*!
and the broadly coeval Mt McRae Shale from Western Australiaformed
~1,000 km away"?****, Of particular relevance to the present study,
low £2°°Tl, values recovered from the upper member of the Mt McRae
Shale point to regional (at least) bottom water O, accumulation on
continental shelves -2.50 Ga ago®. The Tlisotope data from the Klein
Naute Formation corroborate the Mt McRae Shale findings, providing
additional confirmation from a different region of at least regional
water column oxygenation occurred. The Tlisotope data from the
Jeerinah Formation extend evidence of regional marine O, accumula-
tion specifically below the sediment-water interface backward by
~150 million years.

We are not aware of any viable alternative hypotheses that can
explain the lower-than-crustal £2°Tl, values. One possibility is pref-
erential accumulation of the lighter-mass Tl isotope in sediments
via biomass®. Biomass accumulation in sediments could potentially
give rise to low sedimentary €°Tl, values. However, no low £2%TI,
values convincingly linked to biomass have been found in modern
organic-rich sediments formed below productive waters®?°, The lack
of lower-than-crustal €2Tl, values in sediments from productive set-
tingsis probably due, atleastin part, to the order-of-magnitude higher
Tlabundances found in sedimentary sulfides (single pg g™)* relative
tobiomass (hundreds of ng g')*. In other words, asubstantial fraction
of sedimentary TImust originate from biomass to register a noticeable
effect onsedimentary €°Tl, values. Again, we find lower-than-crustal
£2%Tl, values only in shales formed under sulfidic conditions shown
today to strongly concentrate Tl in sediments, where it would seem
especially unlikely to have a large fraction of the sedimentary Tl com-
ing from biomass.

The most plausible location of bottom water O, accumulation in
the otherwise anoxic Archaean oceans was beneath oxygen oases, prob-
ably in near-shore settings on and near the continental shelf. In these
shallow-water locations, at water depths of many tens to potentially
aboutahundred metres®’, 0, produced in the photic zone during oxy-
genic photosynthesis could persist at the sediment-waterinterface and
penetrate into upper sediment porewaters. In marine environments
today where bottom water O,accumulation is only transient (for exam-
ple, seasonal), Mn oxides are not stable in sediments and are consumed
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Fig. 2| Geochemical profiles of the Klein Naute Formation and Nauga
Formationin GKPO1and GKFOL1. Total Fe, highly reactive Fe and pyrite Fe are
denoted by Fey, Fe, s and Feyy, respectively. The solid black lines indicate the
thresholds for local anoxia (Fe,z/Fe; > 0.38) or euxinia (Fe,y/Fez > 0.8); the
dashed lines in Fe speciation panels represent relaxed thresholds for the same
redox conditions (Fe,z/Fe; > 0.22 for anoxia and Fe,y/Fe,z > 0.7 for euxinia)®.
Purple and red symbols are A**S and authigenic Tlisotopic compositions
(£2Tl,), respectively. The vertical blue bands represent the Tlisotopic

composition of the bulk upper continental crust (BUCC, €?*Tl=-2.1+0.3,1s.d.,
N = 6)*. Stratigraphic, iron speciation, Mo and Re concentration and A*S data
were from previous work’. All error bars represent two times the s.d. of that
sample or the long-term external reproducibility of natural reference materials,
whichever is larger. Thallium isotope data are presented as mean values + 2 s.d.
Nauga N, =637-641min GKPO1, 829-839 min GKFO1; Nauga N,=616-627 min
GKFO1; Nauga N;=440-455min GKFO1.

during reductive dissolution***. Thallium is released during this dis-
solution process®, precluding any netisotope fractionation®. Potential
anaerobic Mn oxide formation pathways, such as photo-oxidation***’
and anoxygenic photosynthesis®, areincompatible with the observed
Tlisotope databecause Mn oxides formed viaeither of these alternative
pathways would be unlikely to survive transit through an underlying
anoxic water column, let alone survive long-term burial in sediments
with anoxic porewaters®%,

Shales from the Nauga Formation seem to have formed, at least
at times, in a setting with oxygenated bottom waters. High Re/Mo
ratios found in N2 and N3 shales® are reminiscent of those found in
modern marine sediments where O, penetrates shallowly into sedi-
ment porewaters (<1cm)*®, Lower Re/Mo ratios and low authigenic Re
and Mo enrichments in N1 shales, together with Fe speciation ratios
consistent withlocally oxic conditions, may indicate especially strong
porewater O, penetration during early Nauga Formation deposition®.
Sediments deposited today in various productive upwelling zones
where O, penetrates shallowly into sediment porewaters can capture
seawater €?%Tlvalues, but this capture is not guaranteed*. In contrast
tothefindings of ocean oxygenationat~2.65and -2.50 Ga, near-crustal
£?%Tl, values recovered from shales deposited between -2.60 Ga and
~2.50 Gaago suggest limited seafloor Mn oxide burial through this time.
Notably, persistently near-crustal €2°°Tl, values such as those foundin
aportion ofthe Nauga Formation are also found in coeval equivalents
from Western Australia (the Wittenoom and Mt Sylvia formations)®.
Together, and to first order, both sedimentary archives seem to sug-
gest little to no regional seafloor Mn oxide burial between -2.60 Ga
and-~2.50 Gaago and, hence, minimal penetration of O, into sediment
porewaters at aregional scale.

It is difficult to identify the process(es) responsible for the
higher-than-crustal £2*Tl, values commonly found in the AIDP2 drill
core. Elevated sedimentary £2°Tl, values are found today almost exclu-
sively in settings where Mn oxides are buried locally in sediments
(ref. 36). However, AIDP2 shales would seem to preclude local Mn oxide
burial duetolocally anoxic depositional conditions. Oxide shuttling of
isotopically heavy TIto sediments from shallower oxygenated settings
isatheoretical possibility but does not seem toimpact sedimentary Tl
isotope ratiosinmodern environments**, Note that we did not find a
strong positive correlation between £2°°Tl, and Mn/Al ratios in AIDP2
(Supplementary Fig. 1). One observation that merits highlighting is
that samples displaying the highest £2°Tl, values in the proximal AIDP2
drill core have authigenic Tlabundances nearly an order-of-magnitude
lower than those found in the more distal AIDP3 drill core (Fig. 1).
Because of these considerably lower Tl concentrations, £2°°Tl, values
in AIDP2 shales would potentially have been more prone to diagenetic
(thatis, secondary alteration), or to modification by local sources
enriched in 2Tl (for example, individual river or volcanic sources,
which are sometimes enriched in 2Tl today)>***.

Thalliumisotope ratio datareported in this and previous studies
from the two best-known windows into late-Archaean marine redox,
compiledinFig.3, paint congruent pictures of adynamic oxygen oases
during the run-up to the GOE. Both archives suggest that O, accumu-
lation in regional sediment porewaters below marine oxygen oases
~2.65 and ~2.50 Ga ago stimulated widespread Mn oxide burial on the
late-Archaean seafloor. Importantly, these conditions were apparently
transient, occurring over a period of a few million years according to
temporal estimates for the ~2.50 Ga ‘whiff” event**. The results of an
isotope mass-balance model estimate a maximum fraction of total
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seawater TIremoval by Mn oxide-rich sediments of 10-19% and 14-23%,
at~2.65 Ga and ~2.50 Ga, respectively, which compare to the modern
value 0f 40% (Methods and Supplementary Fig. 2). Shale Tlisotope data
fromtheintervening timeframe between 2.60 Gaand 2.50 Ga support
amuch longer period of stunted seafloor Mn oxide burial separating
these transient events, probably due to weakened or contracted marine
oxygen oases. These datasupport emergingideas of adynamic initial
Earth surface oxygenation®"*’, But these oxygenation dynamics were
apparently not limited just to the GOE, nor merely just to the atmos-
phere. These dynamics seem to predate the GOE, vary in magnitude
and duration, and extend into the marine realm.

This work suggests that oxygen oases were spatiotemporally
dynamic during the late Archaean. Why? Even today under a strongly
oxygenated atmosphere that provides a steady supply of dissolved O,
tothesurface ocean, O,accumulationinshallow watersis spatially and
temporally heterogeneous. Multiple factors are to blame: O, solubil-
ity negatively correlates with water temperature, leading to generally
higher dissolved O, abundances in cold shallow waters at high lati-
tudes; O, is not efficiently transferred between surface and deep waters
where sharp temperature and salinity gradients hinder mixing, leading
to generally lower dissolved O, abundances in shallow waters at low
latitudes subjected to more heat and higher rates of evaporation; and
high O, consumption rates in nutrient-rich upwelling areas can drive
steep declinesindissolved O,abundances with depth, declinesthat are
most pronounced during the especially productive summer months.
Inthe absence of anear-infinite atmospheric O,source, surface ocean
oxygenation during thelate Archaean was probably even more hetero-
geneous®. Dissolved O, abundances in late-Archaean oxygen oases
would have been subjected to the same physical forcings described

above, but without possibility of rapid resupply from an effectively
infinite atmospheric reservoir. Consider, for example, long-term tem-
perature changes to Earth’s surface over ten- to hundred-million-year
timescales, which would have affected seawater O, solubility and water
column mixing at individual localities. Or long-term changes in pal-
aeocontinent configurations, ocean circulation patterns and nutrient
availability, which would have affected O, productionand consumption
rates. The regional extent of shallow-ocean oxygenation at -2.50 Ga,
for example, was proposed to be associated with unusually stronger
photosynthetic O, production due to enhanced nutrient supply from
subaerial volcanism®®. Transient O, accumulation events, that lasted
forlessthan10-100 millionyears, could have even surpassed the S-MIF
threshold without effectively eradicating Earth’s surface of S-MIF
signals (the crustal memory effect®®). If such strong O, accumulation
did occur, it would have increased the potential for seafloor Mn oxide
burial. Each of these effects would have manifested differently at dif-
ferenttimes and in different settings—in other words, in a spatially and
temporally dynamic manner.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-025-01681-9.
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Methods

Sample digestion

Samples were digested following a procedure modified from previous
literature®’. About 100 mg of powdered samples were mixed with 3 ml
of 2MHNO; and heated at 130 °C for 12-15 h to extract the authigenic
Tl from sedimentary sulfides. The soluble fraction was immediately
digested at~300 °Cand 100 bars in a high-pressure asher for 1.5 h. After
digestion, the samples were dissolved in 1 M HCI for anion-exchange
chromatography.

Thallium purification

Thallium was purified using anion-exchange chromatography tech-
niques described in previous literature®*®. Because of the relatively
small sample sizes (-100 mg) used in this study, we used only one
columnto separate Tl from the matrix. This procedure was tested to
be effective®’. Approximately 8-20 h before Tl purification, ~100 pl
of brominated water was added to each digested samplein1ml1M
HCI. Approximately 100 pl of AG1X8 resin (200-400 mesh) were
loaded to microcolumns. The resin was cleaned by passing 1.5 ml
of 0.1 M HCI-SO, solution (5 wt.% SO,). Then, the microcolumns
were rinsed using 1.6 ml of 0.1 M HCI. Following this step, the resin
was conditioned by 1 ml of 0.1 M HCI + 1% brominated water. After
conditioning, samples dissolved in 1 M HCI + brominated water
were loaded to the microcolumns. To remove the matrix, the resin
was rinsed with 1.8 ml of 0.5 M HNO; + 3% brominated water, 1.6 ml
of 2.0 M HNO; + 3% brominated water and 1.6 ml of 0.1 M HCI + 1%
bromated water. Finally, TIwas eluted from the resinwith1.6 ml 0.1M
of HCI-SO,solution. The eluted solution was dried down completely
at 180 °C to remove any residual sulfate and digested using ~100 pl
aquaregiatoremove any organic matter from the column chemistry.
The samples were dissolved in 0.1 MHNO, + 0.1% H,SO, for Tlisotope
analysis. The yield of Tl during the purification process was ~100%
within uncertainty. The amount of the procedural blank for Tl column
chemistry was <5 pg, which was neglible compared with the amount
of TI (>10 ng) for our samples.

Thallium isotope analysis

Thallium isotopes were measured on a Thermo Scientific Neptune
multicollector inductively coupled plasma mass spectrometer using
an Aridus Il desolvating nebulizer for sample introduction. Before
isotope analysis, NIST SRM 981 Pb was added to every sample to moni-
tor instrument mass bias. Thallium isotopes were analysed using the
sample-standard bracketing method®. Thalliumisotopic compositions
arereportedinenotationrelative to the reference standard NIST SRM
997 using

< 205 /203 -”>Sample

205 203
Tl Tl
( / )NIST SRM997

The US Geological Survey shale reference material SCo-1 was
processed and analysed with our samples to monitor accuracy. The
measured authigenic e2%Tlvalue (2.8 + 0.4;2s.d., N=6) for SCo-1was
similar to previous studies (—2.9 £ 0.1,3.0 + 0.2and -2.8 + 0.3)?%3561-64,
Thereported uncertainty of 2Tl for all our samples s either the 2 s.d.
of SCo-1(+0.3) or the measured samples, whichever is larger.

€205T| = —1|x10,000. @

Mass-balance model for thallium isotopes
Under steady state, the mass balance of Tl isotopes in the oceans is
described by

205 _ 205 205 205
€e?PTly = €@ Tlox X fox + € Tlyoc X faoc + € Tlano X fanos  (2)

where £2%Tl, represents the isotopic composition of average inputs
and the main marine outputs, f; denotes the relative removal flux for

eachoutput, AOC and TI-OX are low-temperature alteration of oceanic
crust and well-oxygenated Mn oxide-rich sediments, and ANO stands
for Tl removal by anoxic/euxinic sediments. Equation (2) can also be
written as

€205 Tl — €2%Tlg, = A2 Tloy X fox + A2 Tlaoc X faoc + A2 Tlano X fanos
@3

where A’ Tlgy, A**Tl,ocand ATl (= 0) represent Tlisotopic offsets
in oxic sediments, low-T alteration of oceanic crust and anoxic/euxinic
Tl sinks relative to coeval seawater, respectively, and £2°°Tl,, is the Tl
isotopic composition of seawater.

The manganese oxide sink causes the largest Tl isotope frac-
tionation (13.5-19) with preferential uptake of heavier **Tl by the
oxide®. Here, we use an isotope fractionation of 16 epsilon units for
our Tlisotope mass balance®. Low-temperature alteration of oceanic
crust imparts a much smaller fractionation (2.5 to 0), but preferen-
tially removes lighter Tl isotopes. If we use the smaller offset (that is,
ATl oc.q0 = 0), the estimated fraction of T removal by AOC would be
magnified, making itimplausible. Thus, we choose the offset of -1.14
epsilon units®. The Tl isotopic composition of the average inputs
(€Tl into the oceans is about 1.8 (ref. 28).

We use a model with three sinks to generate a ternary plot of Tl
isotopes (Supplementary Fig. 2), displaying the variations of seawater
£?"Tldueto changesin therelative fractions of Tl associated with AOC,
oxic sediments and anoxic/euxinic sediments. The mass-balance model
results reveal that Mn oxide-rich sediments are an important sink for
Tlisotopesinthe Neoarchaean oceans. The fractions of Tl associated
with Mn oxide burial were estimated from the lightest £2*Tl, at-2.50 Ga
and -2.65 Ga (4.3 £ 0.3 and —3.6 = 0.3). The resulting maximum f7, .,
inferred from Tl isotope mass balance ranged between 10% and 19%
and between 14% and 23% (Supplementary Fig. 2)>, respectively, at
~2.65 Gaand ~2.50 Ga.

Data availability

All data related to this manuscript can be found in Supplementary
Tables1-3and arealsoavailable viaFigshare at https://doi.org/10.6084/
m9.figshare.25212152 (ref. 65).
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