nature geoscience

Article

https://doi.org/10.1038/s41561-025-01678-4

Archaean oxygen oases driven by pulses of
enhanced phosphorusrecyclinginthe ocean

Received: 14 August 2024

Accepted: 11 March 2025

Fuencisla Cafnadas®'
Simon W. Poulton ®*, Maria-Paz Martin-Redondo ®"' & Alberto G. Fairén ® '°

, Romain Guilbaud ®2, Philip Fralick?, Yijun Xiong*,

Published online: 16 April 2025

% Check for updates

Earth’s first rise in atmospheric oxygen between about 2.43 billion and
2.1billionyears ago fundamentally transformed the atmosphere and

oceans, setting the foundation for the evolution of complex life. However,
geochemical evidence reveals intermittent oceanic oxygen oases before
therise of atmospheric oxygen, although the mechanisms that drove

the production and accumulation of oxygen remain poorly constrained.
Here we present redox-sensitive trace metal and iron speciation data, and
phosphorus phase partitioning results, for a 2.93-billion-year-old drill
core fromthe Red Lake area, Canada, to reconstruct oceanic phosphorus
cycling and links to oxygen production in the dominantly anoxic, iron-rich
Archaean ocean. Our data document one of the earliest known intervals of
surface water oxygen accumulation, predating the first accumulation of
atmospheric oxygen by about 500 Ma. These intervals were preceded by
ferruginousintervals and intervals of enhanced sulfide availability, which
led to pulsed increases in oceanic phosphorus bioavailability via anoxic
recycling from sediments. Enhanced phosphorus bioavailability would
have helped stimulate photosynthetic primary productivity and organic
carbon burial, probably exerting a major control on the episodic
development of oxygen oases in the late Archaean ocean. This, in turn,

led to acritical transitional phase in the development of an oxygenated
surface environment.

The transition to a persistently oxygenated atmosphere during the
Great Oxidation Event (GOE) ~2.43-2.1billion years ago (Ga)" has ulti-
mately been attributed to the evolution of oxygenic photosynthesis®.
Cyanobacterial ancestors were among the first organisms to perform
oxygenic photosynthesis, and initially, the oxygen they produced
would havereacted withreduced speciesin the ocean and atmosphere,
thereby preventing atmospheric accumulation. However, local oxygen
accumulation in oceanic oxygen oases and transient ‘whiffs” of atmos-
pheric oxygen before the GOE, representing oxygen production but not
atmospheric accumulation®, appear to have been a crucial transitional
stepinthe progression towards persistent Earth surface oxygenation’.

Evidence of pre-GOE whiffs of oxygen is substantiated by multiple
independent geochemical proxies, including molybdenum and rhe-
niumenrichmentsat-~2.5-2.6 Gain South Africa®and -2.5 Gain Western
Australia’, manganese oxides burial and molybdenum stable isotope
compositions at-~2.5 Ga (ref. 9) in Australia and ~2.95 Ga (refs.10,11) in
South Africa, mobilization of selenium by free oxygen at-2.5 Ga (ref. 12)
in Australia and Ce abundance anomalies at ~2.6 Ga (ref. 13) in South
Africaand Canada.Inthe Red Lake area (Canada), the presence of whiffs
of oxygen hasbeeninferredin2.93-Gadepositsbased ontrace element
enrichments and rare earth elements*’. However, the mechanisms that
promoted the production and accumulation of oxygen have scarcely
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Fig.1|Stratigraphy and geochemistry of the NGI10-31drill core. a, Stratigraphy
and lithology of the NGl core. b, Total organic carbon contents. ¢, Total iron
versus aluminium ratio reported as wt%/wt%. d, Highly reactive iron versus total
iron. e, Pyrite-Fe versus highly reactive Fe. f-h, Enrichment factors (EFs) for
molybdenum (f), vanadium (g) and uranium (h). i, Total phosphorus content.
Jj,Phosphorus versus aluminium ratio reported as wt%/wt%. Kk, Proportion of P,
P, Porg@nd P, within the total P pool. The yellow dots and light-yellow areas
indicate the oxic water column conditions. Inf-h, circle symbols correspond to
EFs calculated with the standard Al normalization equation, and square symbols

represent revised EFs calculations for chemical samples (Methods). Dashed lines:
in ¢, upper boundary for recognition of anoxic deposition; ind, boundaries for
identifying oxic (<0.22) and anoxic deposition (>0.38), with equivocal samples
falling between these lines; in e, boundaries for identifying euxinic (>0.8) from
ferruginous (<0.6) deposition with possibly euxinic conditions in between 0.6
and 0.8;in¢,iandj, represent average shale values (ref. 46). Note that samples
NGI26 and NGI 29 have been excluded fromi,jand k (see ‘Phosphorus phase
partitioning’ section in the Supplementary Information).

been explored, reflecting a critical knowledge gap in our understand-
ing of oxygen evolution on the early Earth. Furthermore, the factors
causing the delay in pervasive oxygenation of the atmosphere-ocean
system after the establishment of oxygenic photosynthesis in the
Archaean remain poorly constrained, particularly regarding the role
of bio-limiting nutrients such as nitrogen and phosphorus (P)™.

On geologic timescales, P is generally considered the ultimate
limiting nutrient for primary productivity, which is intrinsically
linked to organic carbon (C,,,) production and burial, and therefore
toatmospheric oxygen production®. Multiple studies point to persis-
tent low seawater P concentrations throughout the Archaean'®" and
Proterozoic'", with the depletionin P primarily attributed to scaveng-
ing by iron minerals in the water column” ", However, recent studies
have challenged the view of low Pin the Archaean ocean®>?, and while
there is evidence for P-C,,,~O, coupling in late Neoarchaean marine
sediments depositedimmediately before the GOE, the behaviour of the
Pcycleinearlier oxygen oasis settings remains entirely unconstrained.

Here we seek to bridge this knowledge gap by conducting an
in-depth analysis of P cycling inMesoarchaean (-2.93 Ga) open marine
sediments from the Ball Assemblage, Canada, to evaluate potential
links to periodic oxygenation of the early Earth’s surface. We combine
P phase partitioning with Fe speciation and redox-sensitive trace metal
data to evaluate local redox controls on P cycling and its availability.
This constitutes the oldest examination of coupled redox and P cycling
inmarine sediments, reflecting one of the earliest known examples of
oasis-style oceanic oxygenation.

Geological setting

To investigate local redox conditions, P bioavailability and its role in
primary productivity, C,,, burial and subsequent oxygen production,
we studied a Mesoarchaean drill core (NGI10-31) from the Red Lake
Greenstone Belt, Canada (Supplementary Fig. 1). The Red Lake area
represents the oldest carbonate platform on Earth*>?, It was deposited

inanopen marine setting and contains some of the earliest geochemi-
cal evidence for oxygenic photosynthesis and whiffs of oxygen>*. The
NGI10-31 core consists of alternating siliciclastics and offshore chemi-
cal sediments, which are comprised of chert, alongside oxide-rich and
sulfide-rich iron formations from the basinal facies of the Red Lake
carbonate platform® (Supplementary Information provides full details
of the geologic setting, age constraints, core location and evaluation
of metamorphism).

Oceanredox conditions

To constrain water column redox variability through the NGI10-31 core,
we combine Fe speciation with redox-sensitive trace metal (Mo, Vand U)
systematics (Supplementary Information provides detailed analytical
procedures and Methods provides the interpretational framework).
To evaluate trace metal data, we calculate enrichment factors (EFs),
utilizing a modified approach®?® to allow for artificially inflated EF
values in chemical sediments (iron formations and cherts)”, due to
their low Al content (Methods).

Generally elevated Fez/Fe; (>0.38) and Fe;/Al (>0.66) ratios, com-
bined with enrichmentsinMo andV, indicate deposition under domi-
nantly anoxic bottom water conditions?*%, but with better oxygenated
intervals potentially being indicated by lower values for these proxies
during deposition of siltstones (Fig. 1; below). However, the Urecord is
relatively stable, with little evidence for sediment enrichment. In the
Red Lake area, redox-sensitive metals were delivered to seawater largely
via oxidative continental weathering’. We thus attribute the limited
enrichmentinUtoa particularly low oxidative weathering influx, rela-
tive to Mo and V, due to the high oxidation requirements of minerals
such as uraninite, the main mineral host for crustal U, relative to Mo
and V host phases®. Intervals of water column anoxia are further sup-
ported by moderate EF-Mo values (>1to <10; Fig. 1), which commonly
occur via a particulate shuttle mechanism following Mo uptake by Fe
minerals precipitating in a ferruginous water column?**°,
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Fig.2|Relationships between C,,, and the P partitioning in the NGI10-31 core. a, C,,, versus P, in moles per 100 g of sediment. b, C,,, versus P,,. in moles per 100 g of
sediment. ¢, Depth (m) versus C,./P,.,. ratios. Black lines represent the Redfield ratio (106/1).

We note, however, that because the apparent development of
better oxygenated water column conditions is restricted to siltstone
intervals, this may represent rapid sedimentation due to relocation of
theriver system, which would potentially mask water column Fez/Fe;
and Fe;/Al enrichments even under anoxic conditions™. Conversely,
itis well documented that in modern alluvial systems (for example,
estuaries or river input systems), high Fe,,; inputs can lead to high
Fe,x/Fe; ratios, giving an apparent anoxic depositional condition®***,
especially if eroded sediments are sourced from highly weatherable
maficvolcanicterrains, such asinthe Red Lake area. However, the low
Fe,r/Fer and Fe;/Al ratios during deposition of the siltstone horizons
(Fig.1) rule out this second possibility.

In assessing the possibility that Fe,z/Fe; and Fe;/Al ratios were
masked by rapid sedimentation, we note that EFs for Mo and V are simi-
larly depleted across these intervals (Fig. 1f,g). The relative depletion
in Mo may also be an expectation during rapid sedimentation under
ferruginous conditions because this would potentially mask the draw-
downofModelivered to the sediment via the particulate shuttle mecha-
nism. However, the geochemical behaviour of V contrasts with that of
Moin thatitis primarily affected by diagenetic transformations close
to the sediment-water interface (Methods). Indeed, under partially
oxygenated (dysoxic) conditions, V may be mobilized and lost from the
sediment*. Rapid sedimentation would probably minimize this loss of
Vtothe overlying water column, which may have occurred across the
middle siltstone horizon, where V is not depleted (Fig. 1g). However,
while the redox interpretation for the siltstone layers is complicated
by the potential for rapid sedimentation, the depletionin V observed
across two of these horizons is consistent with loss of V from the sedi-
ments under dysoxic conditions. Thisis similar to the redox state pro-
posed forthe 2.6-2.5-Ga Campbellrand-Malmani carbonate platform
inSouth Africa® and we note that partially oxygenated surface waters
may have dominated during the early stages of biospheric oxygenation.

Indeed, the presence of at least partially oxygenated surface waters
in the vicinity of a redox boundary separating the stromatolite-rich
shallow shelf from further offshore lithofacies has beeninvoked as an
oxidative mechanism for the deposition of the oxide iron formations
(IFs) in the Red Lake>* and nearby areas**. Similarly, oxidation and
removal of Ce and Mn from seawater and subsequent enrichment
of these elements in chemical sediments near the carbonate plat-
form required oxygen in the depositional environment®. Thus, inde-
pendent lines of evidence suggest that the water column periodically

became partially oxygenated in the Red Lake area, with the extent of
oxygenation progressively increasingintime and spaceinthe run-up to
the GOE™,

In addition, episodes of enhanced sulfide availability, at least
in shallow pore waters but also potentially in the water column, are
implied for three intervals (at 67-75 m, 88-93 mand 118 m) by elevated
Fe,r/Fer (>0.38) and high Fe;,/Fe, (>0.6) ratios, along with elevated
EF-Mo (>6) and EF-V (>1) values. The consensus for Precambrian sedi-
mentary sulfide production invokes microbial reduction of sulfate,
itself derived from oxidative weathering and continental run-off*.
Therefore, sulfide production in our ~2.93-Ga sediments implies oxi-
dative weathering of Archaean® continents and supply of riverine
sulfate. Alternatively, as supported by rare earth element patterns'>?,
seawater sulfate could have been sourced from hydrothermally derived
upwelling waters.

Phosphorus cycling in the dominantly iron-rich
Archaeanocean

The transfer of P to marine sediments primarily occurs through the
deposition of detrital apatite, organic matter and Fe minerals. In the
modern ocean, rivers provide the dominant source of dissolved P (ref.
38), and concentrations can be sustained in the water column by the
remineralization of sinking organic matter. Indeed, under oxic con-
ditions, most organic P is remineralized during deposition, whereas
aconsiderable fraction of organic and Fe-bound P is released to the
pore waters of anoxic sediments during diagenesis”. Under oxic water
column conditions, P released to pore waters during early diagenesis
isdominantly trapped in the sediment via ‘sink switching’, either form-
ing carbonate fluorapatite or re-adsorbing to Fe minerals near the
sediment-water interface*>*. However, under euxinic water column
conditions or under ferruginous conditions where pore waters are
sulfidic close to the sediment-water interface, a major proportion
of the Preleased during diagenesis may be recycled back to the water
column, potentially promoting a positive productivity feedback™**. By
contrast, under oligotrophic ferruginous conditions, Padsorbed to Fe
(oxyhydr)oxide minerals formed in the water column may be efficiently
retained in the sediment”®, In addition, under anoxic conditions, P
is preferentially released from organic matter during remineraliza-
tion, particularly during microbial sulfate reduction****. This results in
elevated molar C,,,./P,, ratios, surpassing the canonical Redfield ratio
of106/1 (ref. 44). In the Archaean, therefore, the nature of local redox
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during periods of enhanced sulfide availability triggered additional P recycling
from the IFs deposited deeper in the water column. Pcommonly underwent
efficient recycling to the water column through anaerobic remineralization of
organic matter and reduction of iron (oxyhydr)oxides, resulting in C,,/P.,. ratios
close to or higher than the Redfield ratio (106/1). The increased bioavailability of
P promoted enhanced primary productivity, increased C,,, burial and periodic
accumulation of oxygenin surface waters.

conditions, bothin the water columnand in the sediment, would have
exerted a strong control on the fate of P.

To evaluate the P cycle on the Red Lake Platform, we determined
the phase partitioning of P viaasequential extraction scheme adapted
to ancient sediments* (Methods). The technique targets four opera-
tionally defined P pools, including iron-bound P (P;.), authigenic P
(Paum), organic-bound P (P,,) and detrital P (P,), with the sum of Py,
P..» and P, defining a reactive P pool (P,,.), representing P that is
potentially bioavailable during deposition and early diagenesis. The
correlation between P, and unreactive detrital elements such as Ti
in our samples (Supplementary Fig. 3) implies that P, is dominantly
derived from detrital sources and not from diagenetic recrystallization
Of P, (refs. 18,45) (Methods and Supplementary Information provide
further discussion).

Total P contentsinthe NGI10-31core are generally below the aver-
age shale value*® (Fig. 1i), which is consistent with alow supply of Pfrom
the water column due to global depletion of P viawidespread removalin
association with Fe minerals under ferruginous conditions'®", Accord-
ingly, P4 isthelargest P pool, due to the dominance of detrital riverine
inputs over bioavailable forms (Fig. 1k). The two sections of the core
that capture deposition under oxic water column conditions exhibit
P contents close to average shale (Fig. 1i,j). These intervals alsorecord
the highest P,.,. values, dominantly characterized by P;. and P, phases
(Fig.1k), with the latter resulting from diagenetic sink switching from
phases (P, and P,,) that dominantly reflect drawdown of dissolved
water column phosphate”’. At the bottom of the core (75 to 90 m) and
immediately after the lower oxicinterval (108 to 112 m), P/Al surpasses
the average shale value, but thisis probably due to the very low Al con-
tentsiniron formations and ferruginous chert, and in both cases, Py,
represents -70% of the total P budget.

Archaean oxygen oases within a P-limited
ferruginous ocean

We next explore C/P ratios through the NGI10-31 core to address poten-
tial P limitation on primary productivity. Most of the core exhibits
elevated C,,/P, ratios, approaching -2,000 (Fig. 2a), considerably
above theRedfield ratio of 106/1 (ref. 44). Such elevated C,,,/P,, ratios
demonstrate pronounced preferential release of P during anaerobic
remineralization of organic matter under anoxic conditions***. This P
release occurred duringintervals of enhanced sulfide availability (high
Fe,/Fer and Fe,,/Fe, ratios; Fig. 1d,e and Supplementary Fig. 4), but

alsoduring ferruginousintervals (thatis, deposition of oxide IFsand, to
alesser extent, dolostone and ferruginous cherts; Fig. 2a), where there
was probably limited sulfide generation (as evidenced by low Fe;,/Fe,,
ratios; Fig. 1e). This highlights that while microbial sulfate reductionis
important for driving preferential release of P during organic matter
remineralization*>**, other microbial pathways (such as dissimilatory
Fe reduction) may also promote preferential P release. Indeed, the
organic matter preserved in these ferruginous, low-sulfide samples
isrelatively high (between 0.54 wt% and 1.05 wt%; Fig. 1b), suggesting
abundant availability to fuel microbial remineralization pathways.

To address whether the preferential release of P from organic
matter during diagenesis resulted in P recycling to the water column,
we next consider C,./P ., ratios (Fig. 2b). Except for two samples,
sulfidic slates and oxide-rich IFs mostly plot well above the Redfield
ratio, confirming efficient recycling of P to the water column during
early diagenesis. Samples showing no evidence for P recycling (hence
plotting below the Redfield ratio) are less provisioned in organic mat-
ter, with total organic carbon (TOC) contents <0.5 wt%, suggesting that
the supply of organic carbon exerted a positive feedback on Precycling
under anoxic conditions. Contrasting with relatively TOC-rich samples
(thatis,>0.5 wt% TOC), ferruginous cherts and dolostone also mostly
yield C,,./P, plotting near or below the Redfield ratio. This supports
limited P recycling to the water column, with P fixation as P, and P,
fortheless productive, carbonate- or chert-dominated facies. Samples
deposited under oxic water conditions have C,,,/P.., ratios below the
Redfield ratio (Fig. 2b). This is consistent with efficient P fixationin the
sediment after drawdown in association with organic matterand, toa
lesser extent, Fe minerals, coupled with extensive release of P during
aerobic organic matter oxidation and trapping of that P by microbial
biomass*®. If organic matter was the main carrier of reactive phospho-
rus under oxic water column conditions, this suggests that P released
from organic decay was effectively trapped, ultimately as P, or Pg,
(Fig.1k). This processisreflected by theincreasein P,.,. (Fig. 1k) and P/
Alratios close to the average shale* value (Fig. 1j).

Archaean oxygen oases were probably spatially and temporally
limited, and their development was largely dependent on local redox
conditions and nutrient cycling. A comparison between our C,,/Pyc,c
resultsand datafrom Neoarchaean (2.65t02.43 Ga) S-and Fe-rich sam-
ples from South Africa’ suggests that oxygen oases were less extensive
and less intense -2.93 Ga, with average Neoarchaean C,,/P,, values
0f 3,900 + 5,764, indicating particularly active P recycling’, in sharp
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contrast to average values of 128 + 160 in our earlier Archaean samples
(Fig. 2c). This aligns with a period of increased sulfate delivery from 2.8
to 2.4 Ga(refs.49,50), which would have enhanced sulfide production
and, consequently, the extent of P recycling. Enhanced P recycling
probably created a positive productivity feedback that progressively
increased oxygen production in these oasis-style settings. Over time,
oxygenation expanded and intensified, progressing from limited areas
inthe Archaean to well-oxygenated continental shelves by ~2.5 Ga (ref.
9). Ultimately, thisled to coupled atmosphere-ocean oxygenation by
2.32 Ga (ref. 35), when oxygen sources began to surpass oxygen sinks,
driving Earth’s surface oxygenation'.

Our results collectively depict a dynamic redox scenario that
promoted Precycling into the water column. Figure 3 illustrates how P
recycling was primarily driven by sulfide production, initially triggered
by oxygen ‘whiffs’ that facilitated an influx of sulfate, promoting sulfide
production. This process, in turn, helped sustain productivity and
oxygen generation. Specifically, during periods of enhanced sulfide
availability, sulfidic slates were deposited, enhancing P recycling back
tothewater column. The subsequentincreasein organic matter genera-
tion triggered additional P recycling from the IFs deposited deeperin
the water column (note that these IFs are relatively enriched in TOC, up
to 1wt%), beneath the sulfidic wedge. The extent of the sulfidic zone
probably fluctuated over time, with its spatial distribution waxing and
waning, leading to the alternating deposition of sulfidic slates, IF and
ferruginous chert observed in the NGI10-31 core. Although Archaean
seawater was generally P limited, and ferruginous sediments were typi-
cally P depleted and dominated by detrital inputs, microbially medi-
ated Precycling to the water column appears to have been sufficient to
stimulate photosynthetic primary productioninthe oxygen oasis of the
Red Lake area, as evidenced by diverse stromatolitic assemblages®*’.

The cycling and recycling of P played a critical role in shaping
Earth’s early biosphere and the evolution of life, particularly during
the Archaean. Our findings highlight the dynamic redox conditions of
the Archaean ocean, where specific redox conditions at the bottom of
the water column—such as organic-rich ferruginous or euxinic environ-
ments—enabled the recycling of P from the sediments into the water
column. Intheserelatively shallow water settings, recycled Pwould have
provided an additional source of bioavailable phosphorus to fuel pri-
mary productivity, particularly inlocalized oxygen oases. These oases,
though spatially and temporally limited, probably facilitated the devel-
opment of early microbial life, including stromatolite-forming cyano-
bacteria, by maintaining a supply of bioavailable P. In turn, enhanced
local organic carbonburial would have allowed for oxygenaccumulation
and the establishment of intermittent oxygen oases in shallow waters,
marking a crucial transitional phase in Earth’s oxygenation history.

The interplay between redox conditions and nutrient cycling
may have created feedback loops that promoted oxygen production
in these localized environments, contributing to gradual increases
in atmospheric and oceanic oxygen levels. This process, which could
have extended over millions of years, set the stage for the eventual rise
of more complex life forms and the evolution of Earth’s biogeochemi-
cal cycles, influencing the planet’s capacity to support life in the long
term. Thus, our data support a biogeochemical coupling between
bioavailable P, organic carbon and O, production some 500 million
years before the first accumulation of atmospheric O,. This suggests
that the mechanisms linking the cycling of bioavailable nutrients to
coevolving organisms, which led to the modern stoichiometry of life,
may trace their origins back to the Archaean.

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/s41561-025-01678-4.
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Methods

Iron speciation

The iron speciation method evaluates local redox conditions’'.
It targets four operationally defined iron fractions, including
carbonate-associatediron (Fec,,), ferric oxides (Fe,,), magnetite (Fey,,)
and pyrite-associated Fe (Fe;,), which together comprise highly reac-
tive iron (Fe,g)*. Ratios of Fe, to total Fe (Fe;) above 0.38 suggest
deposition from anoxic bottom waters®. By contrast, Fe,;/Fe; ratios
below 0.22 suggest deposition from oxic bottom waters, whereas inter-
mediate values are considered equivocal®. Shales and iron-formation
samples deposited in ferruginous settings can be impacted by the
transfer of non-sulfidized Fe,; to poorly reactive sheet silicates during
early diagenesis, which lowers Fe,;/Fe; ratios****. To account for this
possibility, we also considered Fe;/Al ratios, whereby values >0.66
provide a robust indication of anoxic depositional conditions®, and
thus we identify anoxic water column deposition by acombination of
Fe,r/Fe; >0.38 and/or Fe;/Al > 0.66 (Fig.1).

Redox-sensitive trace metals

Redox-sensitive elementssuch as V,Mo and U tend to be more soluble
under oxidizing conditions and less soluble under reducing conditions,
resulting in authigenic enrichments in oxygen-depleted sedimentary
facies”. The removal of these metals from seawater under anoxic condi-
tions may resultin sediment enrichments several orders of magnitude
higher than detrital values®.

Under oxic conditions, Mo is transported as the molybdate anion
(M00,*) and remains largely unreactive, with water column draw-
down primarily occurring via uptake to Fe-Mn (oxyhydr)oxide miner-
als®. However, particle-reactive thiomolybdate forms under sulfidic
conditions, commonly resulting in extensive sequestration in the
sediments™°®. Under oxic-suboxic conditions, U is present mainly in
the form of uranyl carbonate (UO,(CO5),*) and is largely chemically
unreactive®. However, under anoxic conditions in the sediments, U(VI)
isreduced to U(IV), which may result in enrichments in the sediment,
regardless of whether the water column is euxinic or ferruginous®°.
Vanadium is commonly transported to sediments as the vanadateion
(H,V(VI)O7,) adsorbed onto Mn oxides. Under mildly reducing condi-
tions, where Mn oxides are reduced to Mn?*, V is commonly released
fromthe sediment®, resultinginV depletion. Under anoxic conditions,
vanadate is reduced to the vanadylion (V(IV)0,"), which is highly sur-
face reactive and tends to be retained in the sediment”’.

Redox-sensitive trace metal enrichment factors
Redox-sensitive trace metals may be controlled by intrinsic basinal
factors, suchas provenance and thus they are generally normalized to
aluminiumto account for terrigenous detrital inputs. Acommon way to
approach thisnormalizationis viathe calculation of enrichment factors
(EFs) for aspecific element relative to average continental crust®. Itis
important to highlight that the primary control on elemental ratios
insiliciclastics is usually the source area composition®’. Therefore,
the composition of the source rocks must be taken into considera-
tion when calculating trace metal EFs. In this case, we normalized to
lower continental crust (LCC) average values®’, which better represent
the mafic and ultramafic composition of the Red Lake area rocks, via
the formula:

EFciement = (Element/Alg,mpie/(Element/Al) cc

Whereas this equation is valid for siliciclastic sediments (and
is used for siliciclastic sediments in the present study), the applica-
tion of EF values to chemical sediments is problematic, as elevated
values are commonly obtained relative to siliciclastic sediments?
due to the low detrital Al component characteristic of chemical sed-
iments. An alternative approach is to calculate excess trace metal
contents®*:

Element, ¢ )

Elementeycess = Elementg,mpie — (A]samp[e X Al
LCC

However, this approach lacks the utility of EF values as they
provide no information on the relative degree of enrichment, and
consideration alongside well-calibrated siliciclastic EF values is not
possible. Toaddress this, we adopt arecently modified approach>?¢,
which utilizes ‘excess’ trace metal concentrations and recasts these
dataas EF values:

Element, + Element,
Elementg” = - Lec
ement, cc

With this approach, EF values calculated for chemical sediments
(including carbonates, cherts and IFs) can be directly compared
to EF values calculated for siliciclastic sediments (Supplementary
Tablel).

Phosphorus phase partitioning

We performed a sequential P extraction scheme adapted for ancient
sedimentary rocks*. The method targets four operationally defined P
pools,includingiron-bound P (P¢), authigenicP (P,,.), organic-bound
P (P,) and crystalline apatite P (dominantly detrital P; P,,.). Reactive
P (P,.,) is considered to be potentially available to organisms and is
calculated as the sum of P, + P,y + Poyg. P, is considered unreactive
during early diagenesis and is buried in the sediment without biogeo-
chemicalinteractions.

Data availability

All data generated or analysed during this study are available via Fig-
share at https://doi.org/10.6084/m9.figshare.28359224 (ref. 65) and
included within the published article and its Supplementary Informa-
tion files.
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