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Earth’s atmosphere underwent permanent oxidation during the Great
Oxidation Event approximately 2.45-2.22 billion years ago (Ga) due to excess

oxygen (0,) generated by marine cyanobacteria. However, understanding
the timing and tempo of seawater oxygenation before the Great Oxidation
Event has been hindered by the absence of sensitive tracers. Nitrogen

(N) isotopes canbe anindicator of marine oxygenation. Here we present
an-~200 Myr nitrogen isotope oscillation recorded by Neoarchaean and
Palaeoproterozoic banded iron formations from the Hamersley Basin,
Western Australia, that were deposited in relatively deep marine shelf
environments. Paired with the Jeerinah Formation shale record, our data
from the Marra Mamba Iron Formation suggest that oxic conditions

expanded to banded iron formation depositional environments from ~2.63
t02.60 Ga. Subsequently, a positive 8°N excursion occurred in the ~2.48 Ga
Dale Gorge Member, marking a decline in seawater O, and enhanced

denitrification. This O, deficit was followed by a second phase of increasing
0, levels as indicated by a gradual return to moderately positive 8N values
inthe ~2.46 GaJoffre Member and 2.45 Ga Weeli Wolli Iron Formation. These
variations underscore a nonlinear history of marine oxygenation and reveal

apreviously unrecognized oscillation in seawater O, levels preceding the
Great Oxidation Event.

The prevailing narrative attributes the Great Oxidation Event (GOE)
to a progressive accumulation of O, in shallow marine ‘oxygen oases’,
which subsequently released O, into the atmosphere, eventually sur-
passing the flux of atmospheric reductants’. Understanding when and
how seawater became oxygenated is crucial for comprehending the
overall oxygenation of the atmosphere, but this timeline remains poorly
constrained. Numerous attempts to estimate the timing of seawater
oxygenation have yielded a range that spans over a billion years. For
example, previous studies proposed that oxygenation of the ocean’s
surface was recorded in the 2.5 billion years ago (Ga) Mount McRae

Shale on the basis of redox-sensitive elements such as uranium (U),
molybdenum (Mo) and sulfur (S), along with Mo and thallium (TI) iso-
tope fractionation®. Similarly, in the 2.7-2.6 Gablack shales from West-
ernAustralia, South Africaand Zimbabwe, indices such as Mo, rhenium
(Re) and osmium (Os) enrichments, as well asiron (Fe) speciation and
isotope fractionations of Fe, Mo, S and carbon (C) isotopes, collectively
pointto the existence of O,-rich environments at that time*. However, in
apparent contrast, asurvey of seven bandediron formations (BIFs) from
2.6t02.5 Gaacross the North China Craton used multiple geochemical
indices, suchas cerium (Ce) anomalies, positive Feisotopes and the lack
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Fig.1|Simplified stratigraphy and isotopic profiles of sediments in the
Hamersley Group. The 20 error bars of the data are smaller than the symbols
and thus not shown. BIF §N data were fitted using the LOWESS model, with the
1o confidence interval band shown as a shaded area. For comparison, the 8°N
values****%, §2C,, values***** and A»S values (presented as abox plot)***
oftheinterlayered units are also included. Data points are positioned on the

stratigraphic column on the basis of the depth data of each sediment unit and
eachsamplein the drill cores. Detailed age constraints are discussed in Methods.
WWEF, Weeli Wolli Formation; YS, Yandicoogina Shale; JM, Joffre Member; WS,
Whaleback Shale; DGM, Dales Gorge Member; MMS, Mt McRae Shale; WD,
Wittenoom Formation; MMF, Marra Mamba Formation; RS, Roy Hill Shale
Member.

of enrichmentsin manganese (Mn), chromium (Cr) and arsenic (As), to
demonstrate low O, in the water column’. Reference 6 suggested that
anincreaseinthetotal Sand Mo supply to marginal marine sediments
at 2.8 Ga was best explained by biological oxidation of sulfide miner-
alsinthe crust. In addition, U enrichment and the isotopic patterns
of Mo, Cr and S in the ~2.95-2.97 Ga BIFs and dolomites from South
Africawere interpreted as evidence of partial oxygenation of surface
environments’. Reference 8 suggested the existence of oxygenic photo-
synthesis and oxygenated seawater on the basis of Cisotopic signatures
and elevated U/thorium (Th) ratios in the >3.7 Ga metamorphosed
pelagic shales in West Greenland. However, distinguishing between
insitumarine production and terrestrial input using these geochemi-
calindices can be challenging. For example, elemental enrichments
inMo, U and S are commonly linked to oxidative weathering on land,
where O, could be derived fromsources thatinclude whiffs of O, from
marine oxygen oases’, terrestrial benthic cyanobacterial mats onland™
or abiotic production through water-mineral reactions".

Nitrogen as a crucial proxy for seawater redox
conditions

Nitrogen (N) plays a dual role as a crucial trace element in seawater
and afundamental constituent of life, owing toits diverse stable redox
states. The isotopic signatures of these N forms are results of various
N isotope-discriminating processes in aqueous environments. This
makes N isotopes a valuable indicator of marine oxygenation'?, which
has profoundly regulated the evolution of the global biogeochemical N
cycle®. Before the emergence of oxygenic photosynthesis, the N cycle
probably involved predominantly reduced species. Nitrogen-fixing

organisms utilize atmospheric dinitrogen (N,) to synthesize organic
matter, withminor isotope fractionation. Despite experimental results™
showingthat the Nisotope enrichment factor (¢ = 8N, auct =~ 6" Nreactant)
of this process can vary from —8%o to +1%., the 8°N values of diazotrophic
biomass mostly fall in the range of —4%. to 0% (ref. 15). In oxygenated
oceans, nitrification generates abundant nitrate (NO,") and/or nitrite
(NO,). Although the e values typically range from —25%. to —1%o, they are
rarely expressed in biomass because nitrification rapidly goes to comple-
tion at sub-micromolar O, levels™'. Similarly, the isotope fractionation
associated with NO, assimilation (—=10%. to —5%o) is often not observed
because this process typically goes to completion". In suboxic settings,
denitrification (€ up to -30%.)'*"® and/or anaerobic ammonium oxida-
tion (anammox; £ up to —26%o) releases “N-depleted N, gas, which can
progressively increase the 8°Nvalue of the residual NO5". Asimilar frac-
tionation occurs during dissimilatory nitrate reduction toammonium®,
but this metabolism has not yet been systematically studied.
Onthebasis of Nisotopic data of marine sediments, several stud-
ies have proposed that the surface oceans experienced oxygenation
duringthe Neoarchaean and Palaeoproterozoic eras. For example, ref.
20 reported a 8N increase in kerogen from 0% to ~+2%. at 2.67 Ga in
the Campbellrand Group in South Africa. This shift wasinterpreted as
evidence for the onset of coupled nitrification and denitrification, or
anammox, in the surface oceans®. In the 2.66 Ga Jeerinah Formation
in the Hamersley Basin in Western Australia, shales recorded 6N
fluctuations between +2%. and +6%., suggesting a period of transient
surface ocean oxygenation lasting ~50 Myr (ref. 21). Similarly, ref. 2
observed a 8°N variation from +1.0%. to +7.5%. in the 2.5 Ga Mount
McRae Shalein Western Australia, concurrent witharise inatmospheric
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Fig. 2| Modelling the degree of denitrification for sedimentary rocks in the
Hamersley Basin. a, Modelling (Methods) the change of sedimentary 8N values
along progressive water-column denitrification in a closed system using isotope
fractionation factors of 26 + 4%, (dashed curve and shaded area). Embedding
the average 6°N values of the MarraMamba, Dales Gorge and Joffre + Weeli Wolli
BIFs on the curve indicates that (1) anoxia expanded in the surface water from the
Marra Mamba Iron Formation to the Dales Gorge Member, leading to anincrease
inthe degree of denitrification (point A to point B); (2) from the Dales Gorge
Member to the Weeli WolliIron Formation, O, became more pervasive in surface
water, resulting in a decrease in the degree of denitrification (point B to point
C).b, Calculated degrees of water-column denitrification for individual samples
from the sediment units in the Hamersley Basin. Data source and symbols are the
sameasinFig. 1.

0, asindicated by Mo enrichments. Those authors proposed atransient
occurrence of coupled nitrification-denitrification due to increased
nutrientinput from oxidative weathering onland. Inaddition, several
studies® > have reported positive 5°N values between +2%o and +8%o,
with occasional values up to +12%. in the early Palaeoproterozoic. This
indicates the establishment of amoderately stable NO; reservoirinthe
surface ocean at thattime, albeit punctuated by periods of NO,  deple-
tion. Collectively, the existing data suggest that seawater O, appeared
transiently as early as 2.67 Ga.

However, previous N isotopic studies have relied primarily on
discrete shales and mudstones****?, with each formation/member
recording atemporal scale of less than 50 Myr (refs. 9,21,27,28) (see ‘Age
constrains’in Methods). This leaves notable time gapsinthe Nisotopic
record and makes it difficult to determine the timescales over which
oxic conditions waxed and waned and whether these fluctuations align
withreported sulfur massindependent fractionations (forexample, ref.
29).BIFs, another type of environmental record, are more continuously
deposited overlonger periods at the Archaean/Proterozoic boundary,
but their N isotope signatures remain underexplored. Furthermore,
unlike shales, whichwere deposited in shallower-water environments
and could be influenced by detrital minerals from oxidative weather-
ing on land and/or terrestrial nitrate run-off*°, BIFs offer insights into
deeper marine shelf environments (for example, ref. 31). Exploring N
isotopesinthe BIF record may help to further advance our understand-
ing of early marine oxygenation.

Nisotopic signatures of Hamersley BIFs
BIFs are important sedimentary archives spanning the GOE that are
well represented in the Hamersley Basin. BIFs are characterized by

scarce organic matter but abundant authigenic/diagenetic minerals®*,

This scarcity of organic matter, such as planktonic biomass, may be
attributed to processes such as dissimilatory iron reduction, which
can efficiently degrade biomass to bicarbonate (HCO, ) and ammo-
nium (NH,") ions*; the latter can then enter potassium (K)-bearing
diagenetic minerals in BIFs through substitution™. For our N isotope
study, we selected well-characterized BIFs spanning -2.60-2.45 Ga in
the Hamersley Group, Pilbara region of Western Australia (Extended
Data Figs.1-3 and Supplementary Information). By integrating these
datawith previous findings from the underlying and interbedded car-
bonate and shale layers—specifically the Jeerinah Formation and the
Mt McRae shales—we provide an ~200 Myr N isotopic record leading
uptothe GOE.

In the Hamersley Group BIF column (Fig. 1a and Extended Data
Table 1), 6N values show a steady increasing trend from ~+2%o to
~+10%o over the 2.60 GaMarra Mamba BIF. The 8N values reach apeak
at~+15%.in the 2.48 Ga Dales Gorge Member BIF, followed by agradual
decrease to ~+4%o to +7%o in the 2.46 Ga Joffre BIF. This low 8°N range
persists through the 2.45 Ga Weeli Wolli BIF.

Environmental implications

The total nitrogen contents of the BIF samples exhibit a positive rela-
tionship with their K contents (R*= 0.66; Extended Data Fig. 4). This
correlation verifies that N in the BIF samples is present primarily as
NH,* substituting for K" in silicate minerals (mainly stilpnomelane
with small amounts of K-feldspar and ferri-annite; Supplementary
Information). Since the incorporation of aqueous NH," into phyllo-
silicate minerals results in little N isotope discrimination®, the 8*N
values of these silicate minerals can effectively represent the isotopic
signature of dissolved NH," in the diagenetic fluid from which these
minerals precipitated.

Considering the low metamorphic grades of the studied Hamer-
sley BIF samples (prehnite-pumpellyite facies for drill cores WRL1,
DGM1and DD98, and greenschist facies for the Weeli Wolli BIF in drill
core WW1), the 8N values of the BIFs should have been minimally
affected by metamorphic N devolatilization, which occurs mostly at
higher temperatures®. This is further verified by the discrepancies
between our data and the expected metamorphic N devolatilization
trend (Extended Data Fig. 5). Therefore, the 8N values of the studied
BIFsare consideredto closely reflect their original Nisotopic signature,
within a margin of 1-2%., making them a robust tool for inferring the
seawater N cycle.

The 8"N values up to +7%. from the underlying -2.63 Ga Jeerinah
Formation shales have previously been interpreted as evidence of
aerobic N cycling paired with partial denitrification along aredoxcline
inthe water column®. Interestingly, comparably low 8N values extend
into the lower section of the MarraMamba BIF, suggesting that a similar
N cycle persisted in the deeper depositional environment of BIF until
~2.60 Ga. Sedimentary denitrification does not impart a large net
isotopic effect (€ < -3%o) and is ~80 times slower than water-column
denitrification**. The degree of water-column denitrification (Fig. 2;
see ‘Boxmodel’in Methods and Extended Data Fig. 6) cannot be unam-
biguously determined from the data; however, the extremely low
8°C,,, values from the interbedded mudstones in the lower Marra
Mamba BIF suggest an appreciable role for methanotrophs in the
concurrent marine C cycle. These microbes were capable of aerobic
or anaerobic oxidation of methane (CH,), utilizing either O, or other
electronacceptors, such as sulfate (S0,%), NO, ", Fe(lll) oxyhydroxides
or Mn(1V) oxides®*°. Aside from Fe(lll) oxyhydroxides, these electron
acceptors are all indirectly related to O, since NO;~, SO,* and Mn(1V)
are derived mainly from the oxidation of NH,", HS” and Mn(lI) by O,,
respectively*. Hence, we posit that the lower Marra Mamba BIF was
depositedinan oceanic setting with O, oases in shallow waters to sup-
portaerobic metabolic pathways (Fig.3a). The degree of water-column
denitrification was probably relatively small in this basin (-10-30%;
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Fig. 3| Depositional models (not to scale) for Hamersley BIFs. The cartoon
illustrates predominant processes in the biogeochemical N cycle under different
redox conditions. The relative thickness of the N pathway (lines with arrows)

marks the relative magnitude of N along that pathway. a, The scenario produces
moderate §°N values in BIFs. b, The scenario gives high 8N values (see text for
detailed explanation). DNRA, dissimilatory nitrate reduction toammonium.

Fig. 2), similar to today, implying that NO,™ was able to accumulate
down to the sediment-water interface.

The increasing 8°N trend towards the upper Marra Mamba BIF
andinto the Dales Gorge Member can be best attributed to enhanced
water-columndenitrification (up to ~70%; Fig. 2). This would suggest a
declinein the size of the NO; reservoir, probably linked to decreasing
availability of O,, a more energetically favourable terminal electron
acceptor. Thisimplies that the O, oasis recorded by the Jeerinah Forma-
tion probably receded over time, with NO;™ replacing O, as the major
electron acceptor. Although the Feammox reaction (anaerobic oxida-
tion of NH," to N, by ferric oxyhydroxides) could increase the 8N value
of remaining NH," (ref. 42), it is not the preferred explanation for our
data because Feammox requires a completely anoxic environment?®,
whichisinconsistent with the observed aerobic N cyclein the underly-
ingJeerinah Formation shales and the lower Marra Mamba BIF. Further-
more, Feammox would not explain the secular trend observed in BIFs
inthe Hamersley Group.

The 6N peak of -+15%. in the Dales Gorge BIF thus indicates a
sustained period of O, deficiency (Fig. 3b), over which the NO; reser-
voir became more limited and the isotopic effect from water-column
denitrification became more prominent (up to ~70%). The 8N peak
lingered over the Dales Gorge BIF while their interbedded mudstones
show suppressed A*S values* around 0%. and elevated "C,, values
around —28%o (ref.22), which indicate the sustained presence of at least
some atmospheric O, (ref.43). The concurrent offshore declineinthe
NO; reservoir may be aresult of its enhanced utilization at that time.

The 8®N values of BIF display asteady decrease in the lower Joffre
BIF and are stabilized in the range of +4%. to +7%. throughout the upper
Joffre and the Weeli Wolli BIFs (Fig. 1). We first examined whether this
decreasingtrend was attributed to agradual shallowing of the BIF depo-
sitional environment, given the observation that shales and mudstone
deposited in shallower water have on average lower 8°N values than
coeval BIFs (Fig.1), possibly due to higher contents of diazotrophic bio-
mass (N,-fixing bacteria; 8°N = ~0%o) and/or detrital mineralsin shallow
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sediments (more discussion follows). Consequently, relative sea-level
decrease would move the redoxcline more proximal and thus decrease
the 8N values of BIFs. However, this is unlikely to apply to our samples
astherelative sea-level changes among the depositional environments
of BIFsare negligible compared with the much shallower depositional
environments of the shale units*. Inaddition, aluminium (Al) isa com-
mon element in continental N-bearing minerals** and can be used as
anindex of detrital minerals in BIFs. Several observations on the AL,O,
contents (Extended DataFig. 7) indicate that Nin the BIFsis not associ-
ated with detrital minerals, including (1) all samples (except two in the
Weeli Wolli BIFs) contain relatively low Al,O, contents (0.09-1.44 wt%;
average: 0.43 wt%); (2) the two exceptional Weeli Wolli samples with
relatively high Al,O; contents (>2 wt%) contain very low N contents
(<20 pg g™; (3) the BIF samples with high N contents (>40 pg g™) all
have low Al,O; contents around 0.5 wt%; and (4) no positive relationship
(R?=0.02) is observed between total N contents and Al,O, contents.

Accordingly, the 8N decrease in the lower Joffre Member and
levelling off throughout the upper Joffre and the Weeli Wolli BIFs indi-
cateaprogressively diminishing role of water-column denitrification,
implying the regrowth of the NO; " reservoir (Fig.2). Thisinterpretation
is consistent with concurrent A*S suppression®, the elevated §°C,,,
(ref.22) and oxidative continental weathering-induced Cr enrichment
in the Weeli Wolli BIFs*. Collectively, these data point to an increase
inseawater O, levels.

Interestingly, there exists asmall 8°N peak of -+9.2% in the upper
Joffre (DD98-7)—albeit just one data point—that might suggest that O,
levels could have temporarily decreased during this overallincreasing
oxygenation trend. Relatively low 8N values (<8%.) are also observed
inthe §“N peak period in the Dale Gorge BIFs, which might suggest tran-
sient seawater O, increase in this overall O, deficit period. Short-term
(for example, precession-scale) redox variations have been reported
from the 2.46 GaJoffre BIFs*. These are worth further studies on N
isotopes when high-resolution samples are available.

Complementary 6N signals in BIFs and shales

The §"N signals of BIFs and shales in the Hamersley Basin exhibit over-
lap during certain periods (for example, the Jeerinah-Marra Mamba
transition; Fig. 1) but diverge at other times. This variability is expected
and does not conflict with our interpretation given the different depo-
sitional environments of these sediments, which record the Nisotopic
signatures of different N contributors. For example, the underlying and
interbedded shales, enriched in organic matter with over 10 wt% total
organiccarboninsomelocations>?, suggest a high level of productivity.
This productivity could have been supported by asubstantial NO; res-
ervoirin shallow waters, which could exist if water-column denitrifica-
tionrates were relatively low, as suggested by our model calculations
(see ‘Boxmodel’in Methods). Inaddition, diazotrophic biomass might
have evidently contributed to the high total organic carbon contents
inshales. Biomass derived from either diazotrophic processes or low
levels of denitrification typically have relatively lower §®°N values. By
contrast, BIFs capture the 5N signature of the offshore NO; ™ reservoir,
located closer to the anoxic deep ocean (Fig. 3). When §“N valuesin BIFs
are higher than those in shales, it suggests arelatively greater degree
of water-column denitrification in offshore regions. The long-term
85N trends in the BIF record therefore reflect the waxing and waning
in the offshore NO; reservoir. The onshore NO; reservoir probably
experienced similar oscillations over time, possibly in synchrony with
offshore changes. While BIFs and shales represent distinct depositional
settings and record different 8N signatures, their complementary
perspectives provide a more comprehensive understanding of the
marine N cycle and its relationship to ocean oxygenation over time.

Seawater N cycle in the Hamersley Group
In summary, the N isotope record in the Hamersley Basin reveals an
~200-Myr-long oscillation in seawater O, levels and NO;" availability

leading up to the GOE". The -2.48 Ga Dales Gorge Member records
retrograding seawater O,, conducive to enhanced denitrification in
the water column, following earlier oxygenation eventsrecordedinthe
~2.63 GaJeerinah Formation and ~2.60 Ga Marra Mamba Iron Forma-
tion. Afterwards, O, levels and the NO; reservoir began torise again, as
recordedinthe~2.46 GaJoffre Member and the -2.45 Ga Weeli WolliIron
Formation, marking a shift towards a more stable and well-oxygenated
offshore seawater environment. Our study unveils anonlinear process
of redox evolution in the Archaean seawater, characterized by a sub-
stantial O, oscillation over hundreds of millions of years. If the GOE
is marked by the Weeli Wolli Formation in the Hamersley Basin®, our
data suggest that a full oxygenation of offshore seawater occurred at
least 5 million years earlier than the GOE.
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Methods

Sample preparation

A total of 35 BIF core sections were selected (Extended Data Table 1),
including5 from the MarraMambalron Formation, 8 fromthe Dale Gorge
Member, 16 fromtheJoffre Member and 6 from the Weeli Wolli Formation.
These core sections, each ~30 cm long originally, were provided by the
Perth Core Library and the Rio Tinto Core Library in Perth, Western Aus-
tralia. These samples were from four drill cores: DD98WRLI (the Marra
Mamba Formation, 154.3 mlong, from depths of 524.6-678.9 m), DGM1
(the Dales Gorge Member, 142.11 m long, from depths of 0-142.11 m),
DD98SGP0O01 (the Joffre Member, 283 mlong, from depths of 89-372 m)
and WW1 (the Weeli Wolli Formation, 272.2 m long, from depths of
0-272.2m).Forthisstudy,a~2 cm x 2 cmslabwas cut fromtheiron-rich
part of each core section (Extended Data Fig. 3), which was cleaned by
removingsurface material and subsequently crushed and ground to fine
powder (<200 mesh) by hand using an agate mortar and pestle.

Major element analysis

The powdered samples were dissolved through a process involving
HNO;-H,0,-HF acids, with addition of H;BO, to ensure complete
dissolution of certain elements (for example, Si and Al; ref. 50). The
solutions were analysed for major elements by inductively coupled
plasma mass spectrometry on an Agilent 8800 at the Environmental
Geochemistry Laboratory of the Department of Earth and Atmospheric
Sciences, University of Alberta. The analysis gave a recovery ratio
of >95% and a relative standard deviation of <5%, on the basis of the
analysis of reference material GSR-1.

N isotope analysis

Nitrogen concentrations and isotope compositions of the BIFs were
analysed using the offline sealed-tube combustion and extraction meth-
ods coupled with continuous-flow isotope ratio mass spectrometry®'.
In detail, the powdered samples were loaded in one-end-sealed quartz
tubes withreagent Cu,0,and protection quartzwool. These tubes were
loaded ontoacustom-made metal manifold, evacuated overnight, sealed
under high vacuumand then combusted at 900 °C for 8 hand 600 °C for
2 hto extract nitrogen in BIF into N,. After combustion, the tubes were
loaded back to the metal manifold and cracked under high vacuum. The
released N, was cryogenically purified, quantified using a capacitance
manometer and carried by ultrahigh-purity helium gas to a Thermo
Finnegan MAT 253 mass spectrometer for Nisotopic analysis®. AlINiso-
tope datawere reported in the & notation, where 8" Ng,mpie = (°N/*N)gampie/
(®N/*N)geandard — 1 With the standard being atmospheric N,. On the basis
ofrepeated analyses of samples and internal standard material that were
calibrated by two certified reference materials (alow-organic content soil
standard with N = 0.133 wt%, 8N = +6.97%. and a high-organic-content
sediment standard with N = 0.52 wt%, "N =+4.32%.), the analytical
error was <6% (20) for N concentration and <0.2%. (20) for 8°N values.

Rayleigh fractionation model

To determine whether the Nisotopic signature of BIFs was significantly
influenced by metamorphic N devolatilization, we modelled the N
isotopic data using a simplified Rayleigh fractionation model:

815N; = 85N, + 1000 x (F““” - 1) Q

Inthisequation, 5°N;and §"N;are theinitial and final N isotope com-
positions of rocks, respectively; Frepresents the fraction of remaining N
(whichisnormalized toK content to eliminate the influence of heteroge-
neous distribution of K-bearing minerals). Samples with the highest N/K
ratios were considered as the least affected ones and thus best represent
theinitial isotopic signature. a is the temperature-dependent isotope
fractionation factor between degassed species (N, or NH;) and bonded
NH,"insilicate minerals, which can be calculated on the basis of param-
eters provided by refs. 35,52. A temperature (7) range of 250-400 °C

was used to bracket the range of the prehnite-pumpellyite facies and
greenschist facies. Since clay is the dominant N-bearing mineral, the a
values for NH,-bulk rock and N,-bulk rock were approximately equal to
those for NH,~-clay and N,~clay. At T=250 °C, the a values for NH,~-clay
and N,—clay are 0.9853 and 0.9925, respectively. At T=400 °C, the a
values for NH;—-clay and N,-clay are 0.9901 and 0.9949. The modelling
results indicate that the Hamersley BIF data do not follow the curves
defined by metamorphic N devolatilization.

Box model
We used a box model to quantify the degree of denitrification (Fig. 2
and Extended Data Fig. 6). Inthis model, nitrogen fixation is the primary
inputtothe ocean system, withwater-column denitrification serving as
themajoroutput fluxes. For the seawater nitrate reservoir, the dominant
input (>99%) is from nitrification, and the outputs are water-column
denitrification and the burial of biomass from nitrate-assimilating
organisms. Since water-column denitrificationis ~-80 times faster than
sedimentary denitrification, and expansion of denitrification in the
open ocean waters would lead to faster nitrate loss from the ocean®,
sedimentary denitrification is not treated separately in the model.
The isotopic composition of N,;miaors Can be determined using
anopen-system Rayleigh model:

15 — &I15
6 Nassimilator_burial =8 Ninput + (8 x In (1 _fwater—column—denitriﬁcation)) (2)

wheref,  cer-column-denitrification d€NOteES the fraction of the nitrate reservoir
removed by denitrificationin the water column, and it was set between
0and1.The8"N,,,, was setat 0%.. The isotopic enrichment factor (¢) of
water-column denitrification was assigned a range of =30%. to —22%o,
with an average value of —26%o (ref. 53).

The total export production (total burial) can be described as:

ftotaliburial :fassimilatoriburial +fﬁxer7huria] (3)

where fe: uriat FEpresents the fraction of nitrogen in N,-fixing organ-
isms that avoids re-mineralizationinthe water columnand pore waters,
and fgimilator burial TEPresents the fraction of burial of nitrate-assimilating
biomass.

If the marine N cycle is assumed to be at a steady state where N is
not the limiting nutrient>*, anincrease in denitrification would reduce
export production from nitrate-assimilating organisms, resulting
in a greater proportion of export production coming from N-fixing
organisms. However, a decrease in the seawater O, level (an increase
in the degree of denitrification) could be associated with trace metal
limitation®*®, which would in turn affect the total N fixation flux and
thuslead tolower total N burial. To better fit our data, we determined:

ftotal_burial_final =1 (4)

Srotal burial initial = 0.5 (5)

The fiou1 burial d€Creases incrementally as the degree of denitrification
increases. At the beginning of denitrification, fmitator buria €quals 1, and
ﬁ"lxer,burial equals 0. Atthe final Stagerﬁ!ssimilator,burial equals 0, andfﬁxer,burial
equals 0.5. This assumptionisjustified by post-depositional processes
that are otherwise not accounted for in the model.

The nitrogen isotopic composition of marine sediments can be
determined by:

15
6 Ntotal,burial

— (SISNfixeriburial ><ff"lxerJJLlrial) + (SISN lator_burial Xf imil

fﬁxer_buria] +fassimilat0r_buria|

(6)

uriburial)

Where 81Sl\lﬁxeriburial was aSSigned as 0%o (ref- 15) Thefwater-column-denitrification
inFig.2b was determined using a polynomial function that fits the solid
black lineinFig. 2a.
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The LOWESS curve

The secular trend for the nitrogen isotopic record in the Hamersley
BIFs was generated using the LOWESS curve, whichis anon-parametric
smoothingalgorithm designed to visualize trendsinirregularly spaced
time-series data through local fitting”. During the fitting, the d value
was set at 1, which means that the local fits were performed via linear
regression. The width of the moving window (f) was set at 0.3 to mini-
mize variability inthe smoothed points while preserving trendsin the
data®. AIILOWESS calculations were conducted in the Python Environ-
ment using the statsmodels library.

Age constraints

Geochronological constraints on the Hamersley Group have been
established by previous studies. Zircon sensitive high-resolutionion
microprobe U-Pb ages were reported by several studies. Reference
58 reported an age of 2,470 + 4 Ma for a tuff band in the Dales Gorge
Member and an age of 2,449 + 3 Ma for a felsic tuffaceous sandstone
sample in the Weeli Wolli Formation. Reference 59 reported an age
of 2,597 + 5 Ma from a shale band in the Mt Newman Member of the
MarraMamba Formation. Reference 60 reported ages of 2,454 + 3 Ma
and 2,459 + 3 Ma from siliceous tuffaceous mudstones in the Jof-
fre Member. Reference 61 reported an age of 2,629 + 5 Ma for a tuff
band in the Roy Hill Shale Member of the Jeerinah Formation and an
age of 2,463 = 5 Ma for the Whaleback Shale Member. Reference 62
reported an age of 2,684 + 6 Ma for the Nallanaring Volcanic Mem-
ber of the Jeerinah Formation. Reference 9 reported a Re-Os age of
2,501.1+ 8.2 Mafor the Mt McRae Shale Formation. More recently, refs.
27,28,46 carried out high-precision U-Pb zircon dating by chemical
abrasion, isotope dilution, thermal ionization mass spectrometry,
which gave ages of 2,454.0 + 0.6 Ma, 2,459 +1.3 Ma, 2,462.9 +1.34 Ma
and 2,469.1 + 0.65 Ma for shale horizons within the Joffre Member, as
well as ages 0f 2,482.1+1.9 Ma and 2,477.8 + 0.94 Ma for the S1and S9
shale horizons in the Dales Gorge Member.

Data availability

All data supporting this study are provided in Extended Data
Table 1 and are available via figshare at https://doi.org/10.6084/
mo.figshare.26094001 (ref. 63). Source data are provided with this

paper.
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Extended DataFig. 1| Geological map of the Hamersley Province, northwestern Australia, showing the location of the sampled drill holes. Figure reproduced with
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Extended Data Fig. 7| Comparison of N concentrations with Al,O; concentrations of the studied BIF samples. 20 error bars of the data are smaller than the symbols
and thus not shown. WWF = Weeli Wolli Formation; JM =Joffre Member; DGM = Dales Gorge Member; MMF = Marra Mamba Formation.
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Extended Data Table 1| Geochemical data for Hamersley BIFs

Weeli Wolli Formation DD98-22 300.2 85 8.8 0.18 0.20
WW1-3 51.2 73 10.8 031 0.09 DD98-23 3104 68 102 0.13 0.12
WW1-6 80.7 4.5 8.9 0.55 0.35 DD98-24 3582 10.3 16.8 1.02 0.78
WW1-8 94.8 1:5 162 218 0.39 DD98-25 364.3 95 202 144 1.03
WW1-13 148.1 6.4 249 141 046 Dales Gorge Member
WW1-18 1809 3.7 12.5 323 0.77 DGM1-1 8.5 12.9 7.6 0.24 0.14
WW1-19 2673 6.7 123 142 0.77 DGM1-2 27.1 72 123 0.11 0.07

Joffre Member DGM1-4 427 116 103 0.17 0.06
DD98-1 94.0 4.6 522 055 0.80 DGM1-5 604 14.7 11.8 035 0.17
DD98-2 100.7 3.6 792 0.63 1.22 DGM1-6 771 69 9.9 0.19 0.13
DD98-3 110.5 5.8 123 0.10 0.11 DGM1-7 91.7 88 11.1 0.10 0.17
DD98-4 1203 52 288 034 035 DGM1-8 1103 9.6 5.6 0.11 0.09
DD98-7 146.6 9.2 17.0 044 036 DGM 1-16 139.0 12.7 142 0.18 022
DD98-8 161.9 43 79.8 0.74 125 Marra Mamba Formation
DD98-9 1913 6.1 214 0.54 045 WRL1-2 532.0 99 85 0.10 0.03
DD98-10 197.0 57 142 046 040 WRL1-5 563.3 84 174 0.15 0.05
DD98-15A 2093 5.4 12:5 0.11 0.16 WRL1-6 5726 84 9.6 0.09 0.03
DD98-16 2328 4.9 75.8 0.60 1.13: WRL1-8 589.5 16 20.0 0.17 0.09
DD98-19B  251.7 5.0 46.0 048 0.68 WRL1-9 593.3 58 9.1 0.11 0.04
DD98-21 2816 5.1 336 0.60 0.61
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