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SUMMARY
Iron formations exemplify a type of  sedimentary rock found
in numerous Archean and Proterozoic supracrustal succes-
sions. They serve as a valuable chemical record of  Precambri-
an seawater chemistry and post-depositional iron cycling.

These formations accumulated on the seafloor for over two
billion years during the early history of  our planet, offering a
unique opportunity to study environmental changes that
occurred during Earth’s evolution. Among these changes, one
of  the most significant events was the shift from an anoxic
planet to one where oxygen (O2) became consistently present
in both the marine water column and atmosphere. This pro-
gression towards global oxygenation was closely linked to the
emergence of  aerobic microbial metabolisms, which pro-
foundly impacted continental weathering processes, nutrient
supply to the oceans, and ultimately, the diversification of  the
biosphere and complex life forms. In this review, we synthesize
two decades of  research into the temporal fluctuations of
trace element concentrations in iron formations. Our aim is to
shed light on the complex mechanisms that contributed to the
oxygenation of  Earth’s surface environments.

RÉSUMÉ
Les formations de fer sont un exemple de roche sédimentaire
que l’on trouve dans de nombreuses séquences supracrustales
de l'Archéen et du Protérozoïque. Elles représentent un enreg-
istrement chimique précieux de la composition de l’eau de mer
du Précambrien et du cycle du fer post-dépôt. Ces formations
se sont accumulées sur le fond marin pendant plus de deux
milliards d'années au début de l'histoire de notre planète,
offrant une occasion unique d'étudier les changements envi-
ronnementaux survenus au cours de l'évolution de la Terre.
Parmi ces changements, l’un des événements les plus signifi-
catifs a été la transition d’une planète anoxique à une planète
où l’oxygène (O2) est devenu constamment présent à la fois
dans la colonne d’eau marine et dans l’atmosphère. Cette pro-
gression vers l’oxygénation globale était étroitement liée à
l’émergence de métabolismes microbiens aérobiques, qui ont
profondément influencé les processus d'altération continen-
tale, l’apport de nutriments aux océans et, finalement, la diver-
sification de la biosphère et des formes de vie complexes. Dans
cette revue, nous synthétisons deux décennies de recherche sur
les fluctuations temporelles des concentrations en éléments
traces dans les formations de fer. Notre objectif  est de faire la
lumière sur les mécanismes complexes qui ont contribué à
l’oxygénation des environnements de la surface de la Terre.

Traduit par la Traductrice

INTRODUCTION
The study of  ancient sediments, such as iron formations (IF),
has generated important insights into the complex interplay
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between life and Earth’s surface environments throughout
geologic history (e.g. Konhauser et al. 2017). Uniquely, most IF
are chemical sediments, characterized by high iron (15–40
wt.% Fe) and silica (40–60 wt.% SiO2) content that were
deposited from seawater during the Precambrian. Notably, the
Nuvvuagittuq Supracrustal Belt in northern Quebec and the
Isua Supracrustal Belt in West Greenland, which date back
over 3.75 billion years, contain perhaps the earliest IF and
associated sedimentary rocks (Mloszewska et al. 2012; Czaja et
al. 2013). The period between 2.7 and 1.9 Ga witnessed the
highest abundance of  IF. Indeed, Isley and Abbott (1999) esti-
mated that during those 800 million years, perhaps as much as
60% of  the global volume of  preserved IF was deposited. This
timeframe coincides with a significant transition in Earth’s
oceans and atmosphere towards a partially oxygenated state
(Lyons et al. 2014). Iron formations then essentially disappear
from the rock record for nearly 1.2 billion years. This gap has
been explained by a shift to fully oxic or sulphidic deep-ocean
conditions. The earlier suggestion of  oxic deep-ocean condi-
tions after ca. 1.88 Ga (Holland 1984) was challenged by the
proposal that deep-ocean conditions were predominantly eux-
inic (anoxic and sulphidic) until full ocean ventilation during
the late Neoproterozoic or earliest Phanerozoic (e.g. Canfield
1998). Iron formations reappear again briefly in the Neopro-
terozoic when oceans returned to a ferruginous state during
the ice-covered Sturtian glaciation (Hoffman et al. 1998), with
rare instances documented in the early Phanerozoic (e.g. Li et
al. 2018). 

Classically, IF have been categorized into three main types:
Algoma-type, Superior-type and Rapitan-type, based primarily
on their depositional environment (Gross 1980). Algoma-type
IF are typically found interlayered with, or genetically linked to,
volcanic rocks. These volcanic rocks range from ultramafic–
mafic to felsic compositions and are commonly accompanied
by volcaniclastic greywacke and shale in greenstone belts. In
many cases, Algoma-type IF are spatially associated with vol-
canogenic massive sulphide (VMS) deposits (Bekker et al.
2010). The prevailing belief  is that Algoma-type IF precipitat-
ed near volcanic arcs and spreading centres through exhalative
hydrothermal processes associated with submarine volcanism
(Gross 1980). In contrast, Superior-type IF developed in sedi-
ment-dominated settings, specifically on the passive margins of
continental shelves. Unlike the Algoma-type IF, they lack direct
stratigraphic connections with volcanic rocks. Superior-type IF
are believed to have been deposited on the outer shelf, but they
are often interbedded with, or transition into, carbonate rocks
and black shale suggesting their deposition moved landwards
with changing sea level (Trendall 2002). Superior-type IF can
be laterally extensive (Fig. 1A), with estimates suggesting orig-
inal aerial extents may have exceeded 100,000 km2 (Bekker et
al. 2010). In terms of  mass, the largest Superior-type IF con-
tain over 1014 tonnes (1017 kg) of  iron (Isley 1995), and today
serve as a significant source of  iron for global iron and steel
production (Hagemann et al. 2016). Rapitan-type IF are asso-
ciated with Neoproterozoic Snowball Earth conditions and are
thought to be deposited as a by-product of  global-scale glacial
activity (Hoffman et al. 1998). Named after the ca. 715 Ma

Rapitan Iron Formation in northern Canada, a major feature
of  these IF is their interbedding with glacial diamictite (e.g.
Smith 2018). In a model developed by Klein and Beukes
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Figure 1. Representative images of  Paleoproterozoic iron formations (IF). (A) Aer-
ial overview of  the 2.48 Ga Dales Gorge Member along the southern ridge at Tom
Price, Western Australia. Photo credit: Mark Barley. (B) Section of  banding in the
2.45 Ga Joffre Member, Western Australia. (C) This core from the Joffre Member
displays pale grey micro- and mesobands of  alternating chert and magnetite, dark
grey magnetite mesobands and reddish and bluish (1 mm thin) microbands of
chert–hematite–riebeckite. (D) Coarse- and fine-grained magnetite microbands with
chert and very fine hematite. The latter likely is a product of  secondary magnetite
oxidation. Note the single grains of  martite upper left. ch = chert, hem = hematite,
mag = magnetite, rbk = riebeckite.



(1993), the authors proposed that as a result of  global ice
cover, dissolved Fe(II) built up in concentration within the
water column, and then during glacial melting, seawater
became exposed to O2 leading to Fe(II) oxidation. Lechte and
Wallace (2016) also proposed that some of  those IF were
deposited below the ice shelf  through an ice pump mechanism
where cold oxygenated glacial fluids mixed with ferruginous
seawater.

For the purposes of  discussing IF in the context of  Earth’s
oxygenation, we focus below only on Superior-type IFs. 

One of  their notable characteristics is alternating iron-rich
and silica-rich layers (Fig. 1B) which give the sediments the
name banded iron formation (BIF). The layers range from
macrobands (metre-thick) to the mesobands (centimetre-thick)
by which they are typically defined to microbands (millimetre
and sub-millimetre layers; Fig. 1C-D). The latter have been
linked to episodic hydrothermal input and hypothesized to
represent an annual depositional process (e.g. Trendall and
Blockley 1970; Morris 1993) driven by the metabolic activity of
microbial plankton (Posth et al. 2008; Schad et al. 2019a).
There is, however, another Superior-type iron formation called
granular iron formation (GIF). What differentiates GIF from
BIF is that the former was deposited in a coastal marine envi-
ronment subject to riverine input of  clastic sediment (i.e. mud,
silt and sand). Many of  the granules appear to have been
derived by sedimentary re-working of  iron-rich clay, mudstone,
arenite, and even stromatolites (e.g. Simonson and Goode
1989), while others are composed of  concentric cortices of
hematite that were likely precipitated where Fe(II)-rich waters
met more oxygenated shallow seawater (e.g. Dorland 1999). By
contrast, BIF typically lack evidence of  wave action. For sim-
plicity, we will from herein simply use the abbreviation IF. 

The iron-rich layers of  IF consist of  minerals such as
hematite (Fe2O3), magnetite (Fe3O4), iron-bearing carbonate
minerals like siderite (FeCO3) and dolomite–ankerite
((Ca,Mg)CO3 or Ca(Fe,Mg,Mn)(CO3)2), as well as various
Fe(II)–/Fe(III)-silicates. In contrast, the silica-rich layers are
mainly comprised of  microcrystalline silica (Klein 2005). It is
widely recognized that none of  the minerals observed in IF are
of  primary origin, indicating that the minerals initially deposit-
ed on the seafloor did not endure. Instead, the mineral assem-
blages observed in IF today are the result of  multiple post-
depositional alteration events that occurred during diagenesis
(low-temperature transformations during burial in sedimentary
basins) and metamorphism (high-temperature changes
induced by deep burial as well as tectonic and magmatic
events). Additionally, research has shown that the mineral
compositions preserved in IF differ along a gradient from
deeper water settings near hydrothermal sources of  Fe(II) to
more distal, shallower environments. For instance, in the
Mesoarchean Witwatersrand IF in South Africa, this variation
manifests as a transition from hematite-dominated facies in the
most distal settings to magnetite and siderite proximal to the
paleoshore. This transition reflects an increasing input of
organic matter that facilitated the diagenetic and metamorphic
reduction of  Fe(III) (Smith et al. 2013).

The iron oxides found in IF are believed to have originated
from an initial ferric oxyhydroxide phase, such as ferrihydrite
(Fe(OH)3). This phase was biologically precipitated from sea-
water in the well lit upper layers of  the ocean. Precipitation
occurred through the oxidation of  dissolved ferrous iron
(Fe2+), with concentrations estimated to range from 0.03 to 0.5
millimolar (mM) (Holland 1973; Morris 1993), although con-
centrations exceeding 1.0 mM have also been proposed (Derry
2015; Jiang and Tosca 2019). Recent research suggests that in
the presence of  dissolved silica, which could have reached con-
centrations as high as 2 mM during the Archean eon (Siever
1992; Maliva et al. 2005), the initial precipitate in the water col-
umn could have been a gel-like substance composed of  ferric
oxyhydroxide and silica (Konhauser et al. 2007a; Fischer and
Knoll 2009; Percak-Dennett et al. 2011). 

Conversely, the mineral greenalite (Fe3Si2O5(OH)4) has
been identified in several IF and interpreted as a relict primary
mineral phase formed in the ancient water column (Rasmussen
et al. 2017, 2021a; Johnston et al. 2018). Initially, greenalite was
proposed by Konhauser et al. (2007b) as a primary precipitate
in the ancient oceans, but crucially having formed below the
photic zone in deep (> 100 m) waters and thus in the absence
of  an oxidant such as light or O2. Such an interpretation would
be consistent with greenalite nanoparticles forming during
hydrothermal venting in environments that were distal to the
deposition of  Superior-type IF (e.g. Tosca and Tutolo 2023).
By contrast, in the photic zone, ferrihydrite would have
formed. The controversy over whether ferrihydrite versus
greenalite was the primary precipitate then comes down to
whether one thinks that there was a photosynthetic compo-
nent to the marine biosphere at that time. From our perspec-
tive, in the run up to the Great Oxidation Event (GOE), the
shallow marine environments were already colonized, with a
diverse marine biota including cyanobacteria and underlying
anoxygenic phototrophs (Schad et al. 2019b). Archean IF also
exhibit a wide range of  iron isotope ratios that cannot be
explained by small isotopic effects resulting from direct seawa-
ter precipitation of  iron silicates like greenalite (e.g. Planavsky
et al. 2012a; Smith et al. 2017; Albut et al. 2019). Moreover, the
transformation of  greenalite into hematite requires either a
carbonation reaction to siderite that then thermally decompos-
es to hematite (Rasmussen and Muhling 2018) or extensive
sediment oxidation by secondary O2-rich fluids (Rasmussen et
al. 2014; Rasmussen and Muhling 2020). Recent hydrological
modelling, however, suggests that such ‘supergene’ processes
were not widespread throughout the IF record (Robbins et al.
2019b). In summary, there is compelling evidence indicating
that Fe(II) silicate minerals were not the predominant water-
column precipitates in the mass balance of  IF, although they
likely did precipitate in deeper, Fe(II)-rich seawater, e.g. sea-
ward of  the continental shelf. 

The precipitation of  Fe(III) occurred at the boundary
between reduced upwelling waters rich in Fe(II) and the waters
of  the sunlit upper layer of  the ocean (see Fig. 2). Three bio-
logical oxidation mechanisms have been proposed to explain
this process: anoxygenic Fe(II)-based photoautotrophy, also
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known as photoferrotrophy (reaction 1); aerobic
chemolithoautotrophy with O2 produced by oxygenic photo-
synthesis (reactions 2a-b); and abiotic oxidation via O2 from
oxygenic photoautotrophy (reaction 3). 

[1] 24Fe2+ + 6CO2 + 66H2O ! 24Fe(OH)3 + C6H12O6 + 48H+

[2a] 6H2O + 6CO2 ! C6H12O6 + 6O2
[2b] 36Fe2+ + 3O2 + 6CO2 + 96H2O ! C6H12O6 + 36Fe(OH)3 + 72H+

[3] 4Fe2+ + O2 + 10H2O ! 4Fe(OH)3 + 8H+

Among the three biological mechanisms, photoferrotrophy
is considered to be the most ancient (Hartman 1984; Widdel et
al. 1993). Positive iron isotope fractionations, thought to rep-
resent a primary oxidative process operating under low O2
availability, are observed in the approximately 3.78 Ga IF of
the Isua Supracrustal Belt in Greenland and suggest the pres-
ence of  photoferrotrophs in the Eoarchean seawater (Czaja et
al. 2013). While it is generally agreed that cyanobacteria
evolved before the onset of  the GOE around 2.5 billion years
ago, the exact timing of  their emergence remains uncertain
(e.g. Planavsky et al. 2021). Sustainable concentrations of  O2 in
the ancient oceans are also not well established, with estimates
ranging from very low levels in the Archean, on the order of  a

few nanomolar (nM) (Olson et al. 2013), to higher concentra-
tions of  up to 100 micromolar (mM) in the water column at a
few hundred metres depth (Kendall et al. 2010). Under low O2
conditions, aerobic chemolithoautotrophic species could have
exploited the slow abiotic oxidation of  Fe(II) (e.g. Søgaard et
al. 2000) which were encountered just above the redoxcline in
the ancient water column (Chan et al. 2016). As the oceans
became more oxygenated, abiotic oxidation of  Fe(II) (as
described in reaction 3) likely became the primary mechanism
for ferrihydrite precipitation, following the classic model pro-
posed by Cloud (1965). 

Several arguments favour a dominant role for photofer-
rotrophs before the GOE. First, they would have had a com-
petitive advantage over early cyanobacteria, as they were better
adapted to benefit from upwelling phosphorus-rich deep
waters, thanks to their ability to grow under low-light condi-
tions (Kappler et al. 2005). Cyanobacteria, on the other hand,
have higher phosphorus requirements (Jones et al. 2015; Schad
et al. 2019a). Second, the photoferrotrophs had first access to
dissolved Fe(II) which is their electron donor, and even in
modern ferruginous environments, such as Lake Matano in
Indonesia, photoferrotroph activity controls dissolved Fe(II)
concentrations in the water column (Crowe et al. 2008). Third,
the ferruginous conditions associated with IF deposition may
have been toxic to cyanobacteria (Swanner et al. 2015). In all
likelihood, the relative roles of  each metabolism varied in
space and time, depending on nutrient availability and the
influence of  hydrothermal water inputs (Beukes and Gutzmer
2008). Determining the relative contributions of  photofer-
rotrophs and cyanobacteria to IF deposition is an ongoing area
of  research (Konhauser et al. 2018).

The oxidation of  dissolved Fe(II) would produce biomass
that settled to the seafloor together with the Fe(III) minerals
(e.g. Konhauser et al. 2002, 2005; Li et al. 2011; Posth et al.
2013a, b). If, as today, the organic carbon (Corg) was oxidized
during burial by either diagenesis or metamorphism, the rele-
vant question is which terminal electron acceptor was present
at the seafloor during times of  IF deposition, and at what con-
centrations? Despite the possibility of  some oxic surface
waters being generated by cyanobacterial activity as early as 3.0
Ga (e.g. Planavsky et al. 2014), deep waters, and by extension
the seafloor, remained anoxic unlike today where sediment
pore waters can have dissolved O2 at depths of  several mil-
limetres, and locally even greater depths (Konhauser 2007). In
the absence of  O2, the fermentation products in the bottom
waters and/or shallow sediment would have been oxidized via
some other anaerobic respiratory process. The paucity of  O2
would also have meant minimal nitrate (NO3

–), manganese
oxide (MnO2) and sulphate (SO4

2–) availability (Fig. 3A). By
contrast, the ferric minerals in the primary IF sediment would
have been favourable electron acceptors for the oxidation of
organic matter (Walker 1984; Nealson and Myers 1990)
through the process of  dissimilatory iron reduction (DIR) by
various bacteria (reaction 4). Significantly, coupling the reduc-
tion of  some Fe(III) minerals to the oxidation of  organic mat-
ter not only explains the low content of  Corg in IF (< 0.5 wt.%;
Gole and Klein 1981), but it also explains highly negative δ13C
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Figure 2. Three mechanisms of  biological Fe(II) oxidation in the Precambrian
oceans. (Top) reaction of  cyanobacterially generated O2 with dissolved Fe(II); (mid-
dle) oxidation via chemolithoautotrophic Fe(II) oxidizing bacteria that grow under
low O2 concentrations; and (bottom) direct oxidation via Fe(II)-based anoxygenic
photosynthesis (photoferrotrophy) below the redoxcline where there is no free O2.
Fh = ferrihydrite.



values of  the early diagenetic Fe(II)–rich carbonate deposits
(Baur et al. 1985; Craddock and Dauphas 2011), the highly
negative δ56Fe values in magnetite-rich IF (Johnson et al. 2008;
Heimann et al. 2010), and the small-scale heterogeneity in
δ56Fe values between alternating IF bands (e.g. Steinhoefel et
al. 2010). In sum, the negative δ13C values indicate that organic
matter was an important source of  the C incorporated into the
carbonate minerals, the negative δ56Fe in magnetite indicates
DIR, while the heterogeneity likely suggests variable degrees of
partial Fe(II) oxidation in surface waters, precipitation of  dif-
ferent mineral phases and/or post-depositional Fe redistribu-
tion but not wholescale overprinting by secondary fluids.
Moreover, it explains the presence of  Fe(II)-bearing minerals
in IF (Fig. 3B): (1) magnetite or iron carbonate when the rem-
ineralization of  buried organic matter was coupled to Fe(III)
reduction (reactions 5 and 6), either during diagenesis or meta-
morphism (Köhler et al. 2013; Li et al. 2013; Halama et al.
2016); (2) hematite (reaction 7), through dewatering and silica
release, when Corg was insufficient for complete Fe(III) reduc-
tion (Sun et al. 2015); and (3) iron silicate phases, such as
greenalite (reaction 8), when silica sorbed onto ferric oxyhy-
droxides reacted with other cationic species during Fe(III)
reduction within sediment pore waters (e.g. Morris 1993; Fis-
cher and Knoll 2009). 

[4] 8Fe(OH)3 + CH3COO– ! 8Fe2+ + 2HCO3
– + 15OH– + 5H2O

[5] 2Fe(OH)3 + Fe2+ ! Fe3O4 (magnetite) + 2H2O + 2H+

[6] Fe2+ + HCO3
– ! FeCO3 (siderite) + H+

[7] 2Fe(OH)3 ! Fe2O3 (hematite) + 3H2O
[8] 3Fe2+ + 2Si(OH)4 + H2O ! Fe3Si2O5(OH)4 (greenalite) + 6H+

Recent experimental work also supports the possibility that the
formation of  ferrous silicate mineral phases may be the result
of  DIR (Nims and Johnson 2022). Finally, ferrous iron sorp-
tion to these particles may also have given rise to ‘green rust’-
type deposits that eventually transformed into magnetite or
iron silicate minerals (Halevy et al. 2017; Li et al. 2017). 

Although much of  the discussion on DIR in IF has
focused on processes within the sediment, it is also likely that
Fe(III) reduction occurred in the water column. To test this
possibility, Konhauser et al. (2005) modelled the ancient Fe
cycle based simply on conservative experimental rates of  pho-
tosynthetic Fe(II) oxidation in the photic zone. They showed
that under ideal growth conditions, as much as 70% of  the bio-
logically produced Fe(III) could have been recycled back into
the water column via fermentation and Corg oxidation coupled
to DIR. By comparing the potential size of  biomass generated
phototrophically with the reducing equivalents required for
Fe(III) reduction and magnetite formation, they also hypothe-
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Figure 3. (A) Plausible Archean pore water profile during early diagenesis wherein minerals on right-hand side are dominant controls on pore water Fe speciation. (B) Schemat-
ic showing changes to the initial ferrihydrite and biomass associated with burial (diagenesis and metamorphism). After sedimentation, metabolically driven redox processes by
fermenters and dissimilatory iron reducing microorganisms (DIRM) take place, possibly also involving methanogens. Pressure and temperature alter the source sediment and
cause mineral overprinting. If  biomass is present, DIR can lead to magnetite, siderite and greenalite precipitation, while in organic-lean sediments, ferrihydrite dehydrates to
hematite. ferm = fermentation; meth = methanogenesis.



sized that another anaerobic metabolic pathway might have
been utilized in the surface sediment or water column to oxi-
dize Corg, specifically a consortium of  fermenters and
methanogens (Konhauser et al. 2005). Interestingly, at Lake
Matano, Crowe et al. (2011) demonstrated that more than 50%
of  organic matter formed in the water column is degraded
through methanogenesis, despite high abundances of  ferric
oxyhydroxides in the lake sediment.

Even though biomass degradation underpins the conver-
sion of  primary IF sediment into the rocks we observe today,
our understanding of  the complex feedback loops between
these microbial processes remains poorly resolved. A recent
study by Schad et al. (2022) provided a first attempt to ascer-
tain the interdependent effects of  these microbial processes.
Those authors co-cultivated photoferrotrophs and dissimilato-
ry Fe(III)-reducing bacteria (DIRB) and observed that both
metabolic processes can be coupled, where DIR reduced the
cell-Fe(III) mineral aggregates formed by photoferrotrophs
and the latter re-oxidized the Fe(II) formed by the DIRB. Cru-
cially, however, their experiments required lactate to be added
as Corg source and electron donor for the DIRB. This is not
surprising given that many anaerobic heterotrophs cannot
directly utilize complex organic compounds as their Corg source
and electron donors but instead rely on fermentative bacteria
to produce simple organic compounds such as hydrogen gas
(H2), lactate, or acetate (reaction 9; Rico et al. 2023; Mahmoudi
et al. 2023). Consequently, what remains unknown is if  the bio-
mass formed by the photoferrotrophs during the initial pri-
mary production would in due course become available for
DIRB or other downstream microbial processes such as
methanogenesis (Konhauser et al. 2005). 

[9] C6H12O6 + 2H2O ! 2CH3COO– (acetate) + 2CO2 + 4H2 + 2H+

WHY IRON FORMATIONS ARE USEFUL AS ANCIENT
SEAWATER PALEOPROXIES 
It has often been argued that IF are deep water sediments due
to the lack of  current- and wave-generated structures. This is
true, but one needs to consider that storm wave base is typical-
ly < 50 m (Immenhauser 2009), although waves reaching
greater depths do occur (e.g. Peters and Loss 2012). Thus,
most IF precipitation would have occurred on the continental
shelf  (Fig. 4), which today averages 130 m (Tyson and Pearson
1991). For comparison, sea level is believed to have shown an
approximately 400 m range of  variation over geological time
(Trendall 2002). Moreover, the preservation of  IF in the rock
record argues against their deposition on a subducting deep
seafloor. On the landward side, IF are often juxtaposed against
either siliciclastic or carbonate sediments, and with minor
amounts of  volcanic rocks (Gross 1980). They typically
formed in open-marine environments during high sea level
(e.g. Simonson and Hassler 1996). The presence of  siliciclastic
sediment depended upon riverine input, and it is not uncom-
mon to find IF interbedded with shale. Often that shale is also
organic rich (i.e. black shale) which indicates the addition of
planktonic biomass to the clastic sediment (Bekker et al. 2010).
Interestingly, experimental studies using photoferrotrophs and

cyanobacteria to precipitate ferrihydrite have shown that some
cells aggregate with the ferrihydrite (e.g. Posth et al. 2010; Li et
al. 2021), whereas other cells have the propensity to remain
unmineralized, especially in the presence of  dissolved silica
(e.g. Gauger et al. 2016; Schad et al. 2019b). The latter could
have led to the large-scale deposition of  IF lean in organic
matter, which in turn, facilitated the deposition in coastal sed-
iments of  organic-rich shale that fueled microbial methano-
genesis (Thompson et al. 2019).

As authigenic chemical sediments, IF effectively captured
the evolving elemental and isotopic signatures of  marginal
marine seawater, and in this regard, my research group and col-
laborators have pioneered their exploitation for better under-
standing Earth’s transition to an oxygenated planet. The utility
of  IF is based on several assumptions and conditions. First,
evidence supporting the idea that IF record authigenic marine
signatures includes marine-like rare earth element and yttrium
(REE+Y) patterns and small-scale chemical variations that
argue for the preservation of  environmental signals (e.g. Bau
and Möller 1993; Bau and Dulski 1996; Bolhar et al. 2004;
Alexander et al. 2008; Pecoits et al. 2009; Haugaard et al. 2013;
Robbins et al. 2019a). A concern potentially compromising the
IF record is the possibility of  post-depositional mobilization
of  trace elements, which can overprint or even eradicate authi-
genic marine signatures. However, limited post-depositional
mobilization or addition of  trace elements in IF is indicated by
systematic REE and Fe isotope variations, both within and
between Fe-rich mesobands despite experiencing diagenetic
and metamorphic conditions up to amphibolite facies (e.g.
Frost et al. 2007; Whitehouse and Fedo 2007; Steinhoefel et al.
2010). In fact, trace element compilation efforts for IF have
often limited their scope to samples falling at greenschist facies
or less to provide the most robust estimates possible of  trace
element abundances. Second, ferrihydrite, the likely precursor
phase for hematite and magnetite in IF, can faithfully preserve
the elemental and isotopic compositions of  seawater, as has
been demonstrated through ferrihydrite adsorption and diage-
nesis experiments (e.g. Døssing et al. 2011; Robbins et al. 2015;
but see also Halevy et al. 2017 for a different view). Third, this
seawater signal is commonly uncontaminated by continentally
derived detrital materials, given that BIF (versus GIF) generally
contain very low levels of  detrital tracer elements such as alu-
minum (Al) and titanium (Ti) (Holland 1978). Collectively, this
means that IF geochemical data often provide a purely ‘authi-
genic’ record of  marine chemistry.

The chemical signals archived in ‘BIF’ can be harnessed by
leveraging the predictable behaviour of  adsorption reactions
that take place on the surface of  authigenic ferrihydrite. These
ferrihydrite minerals were initially formed from, and reached
equilibrium with, the surrounding seawater during their precip-
itation. In natural environments, where trace elements are cap-
tured and stored by ferrihydrite through a combination of
adsorption and co-precipitation reactions, simplified distribu-
tion coefficient models can be employed to establish an empir-
ical relationship between the concentration of  an element in
the precipitate and the dissolved concentration at the time of
precipitation. This predictive characteristic of  ferrihydrite
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sorption reactions has been used to gain a deeper understand-
ing of  the IF record. Specifically, it provides insights into the
limitations that Precambrian primary productivity may have
faced, whether by the sequestration of  bio-essential nutrients
by the ferrihydrite itself, or its record of  nutrient limitations
driven by other factors such as different styles of  volcanism,
continental weathering, or even internal oceanic cycling (Rob-
bins et al. 2016).

One alternative method for assessing ancient marine trace
element concentrations in IF data, without relying on experi-
mentally derived partition coefficients, involves analyzing the
relationship between specific trace elements and iron within
the IF record itself. Taking nickel (Ni) as an example, there is
a clear correlation between the deposition of  Fe and Ni. As Fe
increases, Ni also increases, consistent with the expected
behaviour of  Ni sorption to ferrihydrite governed by partition
coefficients. By plotting these variables on a graph, we can also
overlay the scaling anticipated between a trace metal and Fe
based on proposed partitioning scenarios (cf. Robbins et al.
2013; Konhauser et al. 2015). The advantage of  this approach
is that the hypothesized partitioning scenarios can be com-

pared with the actual data from the IF record. If  the proposed
scenarios accurately represent the deposition of  IF minerals,
the lines representing these scenarios should encompass most
of  the IF data. In fact, when the KD (distribution coefficient)
values predicted by Konhauser et al. (2009) are superimposed
on the graph (Fig. 5), nearly all the Ni/Fe values observed in
the IF record fall within the predicted ranges. It is important
to note that this agreement does not confirm the accuracy or
validity of  experimentally determined KD values. The slope in
the solid-phase Ni versus Fe space is calculated as KD*[Ni]sw
and is equally influenced by [Ni]sw (dissolved concentration of
Ni in seawater). In the case of  the partitioning scenarios pro-
posed by Konhauser et al. (2009), [Ni]sw values were originally
extrapolated from data in the rock record using experimentally
determined KD values. Therefore, the presented KD*[Ni]sw sce-
narios (slopes in Ni versus Fe space) are tuned to this specific
dataset, and the apparent correspondence may be considered
circular. However, Figure 5 demonstrates two key points: (1)
partitioning scenarios can be readily evaluated against rock
record data to establish their plausibility, and (2) in future
investigations, supposed free parameters (KD, [Ni]sw) could
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Figure 4. Cross-section of  deep submarine source of  dissolved Fe(II) that upwells onto the continental shelf  where biological Fe(II) oxidation takes place. This leads to the
precipitation of  ferrihydrite as the precursor sediment for iron formations (IF). Some of  ferrihydrite was later reduced through direct bacterial Fe(III) reduction by dissimila-
tory iron reduction utilizing organic carbon (biomass) as the electron donor. In the absence of  a Fe(II) oxidant, the direct precipitation of  greenalite or siderite may have taken
place in the pelagic water column and continental slope. Along the coast either siliciclastic or carbonate sediments were deposited depending on the presence or absence of
riverine input, respectively. 



potentially be adjusted based on rock record data to explore
feasible scenarios in the KD–[Ni]sw space. This approach was
employed by Robbins et al. (2013) for zinc (Zn)/Fe when
experimentally determined partition coefficients were not
available.

It is important to note that while the KD approach, when
combined with rock record data, yields what may be consid-
ered quantitative constraints on ancient seawater composition,
this approach is not without its limitations. Strictly speaking,
KD values are empirical relationships that describe the experi-
mental system being considered. Their subsequent extrapola-
tion to different conditions (pH, ionic strength, etc.) is there-
fore somewhat tenuous. However, they provide a relatively
simple and effective method for generating first-order con-
straints on the composition of  ancient seawater billions of
years ago, and therein lies their true utility.

TRACE ELEMENT TEMPORAL TRENDS IN IRON
FORMATIONS
In much of  the modern Earth’s oceans, microbial life has an
abundance of  C, nitrogen (N), and O2. However, the scarcity
of  essential trace nutrients such as phosphorus (P), cobalt
(Co), manganese (Mn), molybdenum (Mo), Ni, vanadium (V),
and Zn limits primary production (e.g. Morel and Price 2003;
Sunda 2012). This limitation has likely existed since the emer-
gence of  life over 3.8 Ga, when microbes began developing
intricate strategies to scavenge metals and incorporate them
from their aqueous surroundings. The availability of  trace
nutrients in seawater is influenced by long-term geological
processes, including the gradual cooling of  the upper mantle,
changes in volcanic activity and continental composition, and
the intermittent accumulation of  atmospheric O2, which facil-

itated oxidative weathering reactions. The notion that these
events may have played a role in directing microbial evolution
at the enzymatic level over billions of  years is a relatively recent
but profound concept (see Anbar and Knoll 2002). This is
because microbial evolutionary innovations ultimately influ-
enced the habitability of  Earth for the more complex organ-
isms that emerged later. In this context, we will explore how IF
have been used to understand the composition of  seawater for
three trace elements in deep geological time. The primary
objective is to gain a better understanding of  the co-evolution
of  the Precambrian environment and biosphere and especially
as it relates to atmospheric oxygenation.

Phosphorus 
Throughout Earth’s history, P has been the primary element
limiting global marine primary production on geologic
timescales (Tyrrell 1999; Kipp and Stüeken 2017; Reinhard et
al. 2017; Laakso and Schrag 2018; Hao et al. 2020). Marine
phytoplankton likely emerged during the Archean eon, making
it crucial to understand the availability of  dissolved phospho-
rus (Pd) to gain insights into the early evolution of  the marine
biosphere. In present day surface waters of  the oceans, Pd is
typically found as protonated inorganic phosphate species (e.g.
HPO4

2–), with an average global ocean concentration of
approximately 2.3 µM (Levitus et al. 1993; Bruland et al. 2014).
However, the range of  Pd concentrations in the Neoarchean
and early Paleoproterozoic (2.8–2.0 Ga) oceans, spanning the
GOE, remains unresolved.

Several studies have been conducted to reconstruct paleo-
marine phosphorus concentrations by examining the ratios of
phosphorus to iron (P/Fe) in IF (Bjerrum and Canfield 2002;
Konhauser et al. 2007a; Planavsky et al. 2010; Jones et al.
2015). These studies were based on the understanding that the
phosphorus content in modern marine hydrothermal plume
ferric oxyhydroxide precipitates (such as ferrihydrite) can be
used to establish an empirical relationship between seawater Pd
and the ratio of  solid-phase phosphorus to iron (Ps/Fes) in the
ferric oxyhydroxide precipitates (Feely et al. 1998). This rela-
tionship exists because the precipitated ferric oxyhydroxides
have a strong affinity for phosphorus. The relationship is
quantified by a linear distribution coefficient where 

KD = Ps/Fes  .Pd

Building upon this relationship, Bjerrum and Canfield (2002)
investigated the IF record to estimate ancient seawater Pd and
found that during the Archean Pd averaged 0.15 µM (ranging
from 0.03 to 0.29 µM), which corresponds to approximately
10–25% of  present-day levels. The authors argued that IF
served as a significant sink for P, resulting in a P crisis. This
finding was noteworthy because it resolved a paradox that
existed then. While a number of  studies on the genomes of
modern cyanobacteria (e.g. Sánchez-Baracaldo et al. 2022),
geochemical indicators for free O2 (e.g. Planavsky et al. 2014),
and fossilized microbialites (Homann et al. 2015) all suggested
the potential evolution of  cyanobacteria before 3.0 Ga, based
on the rock record it is widely accepted that permanent atmos-
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Figure 5. The scaling of  Ni with Fe as recorded in the iron formations (IF) record.
Superimposed on the IF data are the proposed partitioning scenarios of  Konhauser
et al. (2009). Note that almost all IF data are constrained by the lines representing
the high silica, high Ni and low Si, low Ni partitioning scenarios. Cross plots such
as these allow for proposed partitioning scenarios to be tested against IF data.
Adapted from Konhauser et al. (2015).



pheric oxygenation (i.e. the GOE) did not occur until after 2.5
Ga (e.g. Ostrander et al. 2021). Consequently, the question
arose: why did it take so long for O2 to accumulate in the
atmosphere? The Bjerrum and Canfield study pointed towards
nutrient limitation as a potential factor.

However, when using Ps/Fes ratios as a paleo-proxy, it is
crucial to consider the evolution of  the silicon (Si) cycle and
dissolved silica concentrations (Sid; H4SiO4) due to the inverse
relationship between the KD value for phosphate–ferrihydrite
sorption and Sid, caused by the competitive adsorption of
aqueous silica species (Konhauser et al. 2007a). Modern seawa-
ter typically has Sid concentrations below 0.1 mM (Tréguer et
al. 1995), while Sid concentrations during much of  the Precam-
brian may have been saturated with respect to amorphous sili-
ca (2.2 mM) (Siever 1992). Such significant differences in Sid
can result in substantial changes to the KD value for P adsorp-
tion onto ferric oxyhydroxide. Indeed, Konhauser et al.
(2007a) demonstrated that ferrihydrite precipitation in the
presence of  high Si concentrations, which leads to Si-rich fer-
rihydrite (Reddy et al. 2016; Zheng et al. 2016), adsorbs less P
compared to ferrihydrite formed under low Si concentrations.
As a result, estimated Pd values for the Archean were calculated
to be as high as 5.25 ± 2.63 µM. Subsequently, Planavsky et al.
(2010) combined the partitioning coefficients derived by Kon-
hauser et al. (2007a) with P/Fe ratios in the IF record and sug-
gested that P levels in the Precambrian oceans were at least as
high as modern seawater, and possibly even higher. Jones et al.
(2015) subsequently conducted similar partitioning coefficient
experiments but included Mg2+ and Ca2+ in the experimental
solutions to better approximate seawater composition. This
subtle difference in experimental conditions resulted in esti-
mated Archean Pd concentrations ranging from 0.04–0.13 µM.
These examples highlight the susceptibility of  Pd estimates to
variability in the proposed KD values. This may be an area of
future research that could benefit from the application of
more robust, thermodynamically grounded surface complexa-
tion models that can be iteratively tested to identify the ways in
which accessory cations or anions affect partitioning of  bio-
logically critical elements such as P.

Using a different approach, Rasmussen et al. (2021b)
reported the ubiquitous presence of  nanometre-sized apatite
crystals in IF dating between 3.46 to 2.46 Ga. The apatite is
uniformly distributed within greenalite-rich layers. The authors
subsequently argued that abundant greenalite precipitation in
the open ocean led to high phosphate concentrations in seawa-
ter, perhaps approaching 100 µM. They argued that dissolved
Fe2+ would have been limited by greenalite precipitation, thus
inhibiting the formation of  vivianite (Fe3[PO4]2•H2O), a poten-
tial deep sea phosphorus trap (Derry 2015). This work has
support from experiments and models that show that Fe2+ sig-
nificantly increases the solubility of  phosphate minerals in
anoxic systems, with possible Pd ranging from 200–400 µM
(Brady et al. 2022).

Nickel 
Nickel plays a crucial role in numerous prokaryotic metalloen-
zymes. It is essential for carbon reduction in both acetogenic

and methanogenic bacteria and is a component of  important
cofactors such as methyl-coenzyme M reductase and acetyl-
CoA synthase that are necessary for methane (CH4) produc-
tion (e.g. Hausinger 1987). Additionally, Ni is used in hydroge-
nases and carbon monoxide dehydrogenase, contributing to
the reduction of  CO2 to CO and the production of  acetyl-
CoA (e.g. Ragsdale and Kumar 1996). In non-methanogenic
organisms, Ni may be involved in urease activity and is also
found in a superoxide dismutase present in various marine
organisms, including planktonic cyanobacteria that may have
evolved during the Neoproterozoic (Boden et al. 2021).

Initial estimates of  dissolved Ni concentrations (Nid) in the
early ocean were obtained through geochemical modelling
(Saito et al. 2003) and microbial genomics (Zerkle et al. 2005).
These studies suggested that seawater Nid was relatively consis-
tent from the Archean to the present day. This presumed uni-
formity was mainly attributed to Ni behaving conservatively
under various redox conditions in water. However, a compila-
tion of  Ni contents in IF over time (Konhauser et al. 2009)
revealed a consistent and rapid decline in Nid around 2.7 Ga
(Fig. 6A). This trend remained evident even after a near dou-
bling of  available IF data (Konhauser et al. 2015), indicating
the observed decline in Ni within IF was a robust, first-order
trend. By utilizing experimentally derived Ni partitioning coef-
ficients for Si-rich ferrihydrite (considering elevated Sid during
the Precambrian), it was estimated that paleomarine Nid
decreased by over 50% between 2.7 and 2.5 Ga, dropping from
approximately 400 nM to 200 nM (Konhauser et al. 2009).
This decline was attributed to mantle cooling, which led to a
decrease in the frequency of  Ni-rich ultramafic eruptions and
subsequently limited the availability of  Ni-source rocks sus-
ceptible to weathering. This trend was subsequently shown to
have been captured in the sedimentary to early diagenetic
pyrite record (Large et al. 2014) and recently been verified in
an analysis of  more than 96,000 continental volcanic rocks
(Liu et al. 2021). 

The decline in Nid would have had significant implications
for microorganisms that relied on Ni, particularly CH4-produc-
ing bacteria known as methanogens. These bacteria have a
unique requirement for Ni in their CH4-producing enzymes
and have been implicated in regulating O2 levels on ancient
Earth. The CH4 they produced reacted with O2, keeping
atmospheric levels of  the latter low (Zahnle et al. 2006),
although it can also at the same time contribute positively to
atmospheric oxidation by promoting H2 escape (Kasting et al.
2013). It is possible that a scarcity of  Ni eventually triggered a
cascade of  events, starting with reduced CH4 production, fol-
lowed by the expansion of  cyanobacteria into shallow-water
habitats. In the end, this would have led to increased oxygenic
photosynthesis and Corg burial, tipping the atmospheric balance
in favour of  O2 and culminating in the GOE.

A study by Eickhoff  et al. (2014) conducted a re-evaluation
of  the partitioning behaviour of  Ni between biogenic and
abiogenic ferrihydrite in the presence of  silica. While the esti-
mates presented by Eickhoff  et al. (2014) cannot be directly
compared to those of  Konhauser et al. (2009) due to differ-
ences in their experimental approaches, their findings indicate
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that the presence of  biomass leads to a decrease in Ni sorption
onto ferrihydrite. Consequently, the estimates of  paleomarine
Nid based on IF may have been underestimated. This suggests
that the decline in the paleomarine Ni reservoir, and the sub-
sequent famine experienced by methanogenic bacteria, as
described by Konhauser et al. (2009), might have occurred
closer to the onset of  the GOE.

Chromium
While chromium (Cr) has a limited biological role in most
higher-level organisms, it is generally recognized as a toxin
(Frausto da Silva and Williams 2001). Therefore, temporal pat-
terns in seawater are unlikely to directly reflect evolutionary
controls. Instead, studies in the sedimentary record have
focused on analyzing Cr abundances and isotope compositions
to track oxygenation in surface environments. The value of
these investigations lies in the behaviour of  reduced Cr, specif-
ically Cr(III), which is immobile under neutral to alkaline pH
conditions, but becomes mobile when either subjected to
acidic conditions (Rai et al. 1989) or oxidized to Cr(VI) (Oze
et al. 2007). Additionally, Cr stable isotopes are significantly
fractionated during redox reactions (e.g. Ellis et al. 2002). Con-
sequently, changes in Cr abundances and isotopic composi-
tions are likely indicators of  variations in the redox state of  the
oceans or atmosphere, as well as related shifts in Cr mobility
mechanisms and sediment sources.

Based on the above understanding, Cr isotopes have been
used to track the oxygenation of  the atmosphere and oceans.

In the case of  2.8–2.6 Ga IF, small variations in Cr isotope
composition were initially proposed to represent short bursts
of  atmospheric O2 that triggered the mobilization of  Cr
through oxidative weathering and its subsequent sequestration
in IF prior to the GOE (Frei et al. 2009). The authors argued
that the observed increases in δ53Cr values ranging from +0.04
to +0.29‰ in IF at 2.7 Ga, and again at 1.8 Ga, resulted from
the oxidation of  Cr(III) to Cr(VI), with oxidation likely cat-
alyzed by Mn(IV) oxides. Subsequently, Konhauser et al.
(2011) examined the temporal trends in the degree of  Cr
enrichment in IF and found that the former was mostly immo-
bile on land until approximately 2.48 Ga. However, within the
subsequent 160 million years, during a period coinciding with
independent evidence of  oxygenation associated with the
GOE, there were significant excursions in Cr abundances and
Cr/Ti ratios, indicating an unprecedented scale of  Cr solubi-
lization (Fig. 6B) at a time when Cr isotope fractionation
remained minimal, indicating that Cr was mobilized in Cr(III)
rather than Cr(IV) form. The authors proposed that only the
oxidation of  a previously stable and abundant crustal pyrite
reservoir by aerobic, chemolithoautotrophic Fe(II)-and S-oxi-
dizing bacteria could have generated the necessary level of
acidity to dissolve Cr(III) from ultramafic source rocks and
residual soils. In other words, the emergence of  novel micro-
bial metabolisms coincided with atmospheric O2 becoming
available. During this period, muted δ53Cr variations from –0.3
to +0.3‰ were interpreted as indicative of  Cr cycling in its
reduced form (Konhauser et al. 2011), in contrast to the highly
variable values associated with ocean oxygenation during the
Neoproterozoic (up to +4.9‰; Frei et al. 2009). This signifi-
cant shift in weathering patterns, starting at 2.48 Ga, repre-
sents the earliest known example of  acid rock drainage and
persisted until the exposed crustal reservoir of  pyrite was
depleted, marking the end of  an era characterized by intense
chemical weathering on Earth.

To investigate earlier indications of  photosynthetic O2 pro-
duction, researchers examined Cr isotope data from rocks in
the Pongola Supergroup, South Africa. Crowe et al. (2013) dis-
covered that the δ53Cr isotope compositions of  2.96 Gyr old
paleosols were fractionated compared to crustal values, sug-
gesting the oxidative mobilization of  Cr and the presence of
low levels of  atmospheric O2 (~10–4 of  present atmospheric
levels, PAL). This O2 level was necessary to oxidize Fe(II) to
Fe(III) and thus prevent the ferrous iron from reducing Cr(VI)
to Cr(III) during transport to the ocean. Interestingly, the
analysis of  roughly contemporaneous IF from the same region
revealed δ53Cr values up to 0.28‰. The authors proposed that
the IF captured a mobile, δ53Cr-enriched pool of  Cr(VI) origi-
nating from oxidative weathering on the continents. This find-
ing suggests the existence and activity of  oxygenic photosyn-
thesis approximately 500 million years prior to the GOE. The
concept of  early O2 production is supported by the Mo iso-
tope composition of  the IF within the Pongola Supergroup, as
the correlation between Mo isotope composition and Mn/Fe
ratio indicates the presence of  MnO2 and its adsorption of  iso-
topically light Mo during that period (Planavsky et al. 2014).
However, it is also possible that the observed Cr isotope frac-
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Figure 6. (A) Molar Ni/Fe ratios in iron formations (IF) adapted from Konhauser
et al. (2015). Note red circles represent bulk analyses, with black + symbols repre-
senting laser ablation analyses; (B) molar Cr/Ti ratios in IF, normalized to evolving
continental crust (Condie 1993). Symbols in (B) are black = Algoma-type IF; red =
Superior-type IF; blue = granular iron formations and oolitic ironstones; green =
Phanerozoic hydrothermal iron deposits. Adapted from Konhauser et al. (2011) and
Hao et al. (2022). GOE = Great Oxidation Event.



tionation in the 2.96 Ga paleosols, as reported by Crowe et al.
(2013), is a result of  localized O2 production by cyanobacteria
within a microbial mat (Lalonde and Konhauser 2015) or an
artifact of  modern weathering (Albut et al. 2018). In either sce-
nario, the IF record of  Cr, particularly in terms of  its abun-
dance and isotopic composition, offers valuable insights into
O2 production through photosynthesis, either in the early
oceans or on land, and the associated oxidative weathering on
the early continents. The early production of  O2 is consistent
with recent genomic evidence for the emergence of  oxygen
producing or using enzymes (Jabłońska and Tawfik 2021) and
sedimentological evidence including the observed relationship
between Mo isotopes and Mn (Planavsky et al. 2014; Albut et
al. 2018), Mn(IV) oxide deposition (Ossa Ossa et al. 2016;
Robbins et al. 2023), and spatially resolved Mn enrichments
that suggest a gradient from more reducing to oxidizing con-
ditions that parallels the transition from deeper to shallower
waters (Smith and Beukes 2023).

Evidence for environmental oxygenation prior to the
GOE, such as the Cr isotopes discussed above, have been
interpreted as transient “oxygen oases”, effectively temporary
refugia where O2 was being produced and aerobic metabolisms
could have been established. In this sense, oxygen oases are
often viewed as being relatively small or short-lived, akin to a
‘whiff ’ of  O2 (e.g. Anbar et al. 2007). Earth systems models
predict that while much of  the open ocean in the Archean
would have been devoid of  O2, in oxygen oases local O2 con-
centrations could have been as high as 1–10 mM (Olson et al.
2013). Nevertheless, how long-lived and extensive such oases
were remains to be answered. A recent study on the Pongola
and Witwatersrand supergroups by Smith et al. (2023) found
carbonate concretions with depleted δ13C and Mn enrich-
ments, suggesting that free O2 in the environment was present
over a much wider area and for longer than previously thought.
The authors suggested that the free O2 led to the deposition of
MnO2 and subsequent respiration by bacteria yielded the iso-
topically depleted Mn(II)-rich carbonate concretions. Con-
straining the extent and longevity of  early oxygenation events
highlights the need for continuing to study Archean to Paleo-
proterozoic IF.

IRON FORMATIONS AS PROXIES FOR EARTH’S
OXYGENATION
According to the hypothesis presented by Zahnle et al. (2006),
the accumulation of  O2 in the atmosphere was hindered by its
high chemical reactivity with biogenic CH4, so as long as CH4
production remained high, O2 could not accumulate into the
atmosphere. Their model proposed that oxidative weathering
of  sulphide minerals on land increased the supply of  dissolved
sulphate to the oceans, leading to the ecological dominance of
sulphate-reducing bacteria (SRB) over methanogens around
2.4 Ga as the former can exhaust the supply of  labile Corg and
H2 that both types of  bacteria use as electron donors in their
metabolisms. Additionally, the anaerobic (microbial) oxidation
of  CH4 by SO4

2– would have suppressed the release of  CH4
from sediments due to increasing SO4

2– concentrations during
that period (Catling et al. 2007). However, evidence in the rock

record for widespread oxidative weathering of  terrestrial sul-
phide phases, a significant oceanic sulphate reservoir, and the
onset of  widespread ocean euxinia only appears after the
GOE (Poulton et al. 2004; Reinhard et al. 2009). An alternative
hypothesis proposed by Konhauser et al. (2009) suggested that
the decline in large-scale methanogenesis occurred prior to,
and not necessarily because of, increasing environmental oxy-
genation. Their model indicates a specific progression in
Earth’s system evolution, where a cooler mantle after 2.7 Ga
initiated chemical changes in volcanism and trace element
abundances in the oceans, leading to a decline in global
methanogenesis. Ultimately, this facilitated the transition from
anoxic to oxic atmospheric conditions at approximately 2.45
Ga.

The connection between the decline of  methanogens and
the rise of  cyanobacteria may not be coincidental. In a com-
petitive environment where microorganisms vie for resources,
the success of  one species can suppress others through com-
petitive exclusion (Hibbing et al. 2010; Weber et al. 2014). A
given bacterium can enhance its competitive advantage by pro-
ducing antimicrobial compounds or evolving resistance to
external chemicals. While no pathogenic species have been
identified among methanogens, they possess toxin/antitoxin
systems (Cavicchioli et al. 2003). Furthermore, a study on
acidic peat bogs demonstrated that the addition of  the antibi-
otic rifampicin inhibited the growth of  acetogens without
affecting the growth of  methanogens (Bräuer et al. 2004). It is
plausible that pre-2.7 Ga, methanogens were simply more
competitive than cyanobacteria and thus widely distributed
throughout the oceans, ranging from shallow waters to the
sediment. In addition, based on predictions of  evolving Fe:P
ratios in Precambrian upwelling waters, Jones et al. (2015) sug-
gested that photoferrotrophs would likely have fared better
than the cyanobacteria while the oceans were highly ferrugi-
nous (with Fe:P > 424, as based on the Redfield ratio). But,
as soon as the dissolved Fe:P ratio fell below 424, iron would
be exhausted, leaving P to fuel other modes of photoau-
totrophy, such as oxygenic photosynthesis. Similarly, Swanner
et al. (2015) demonstrated experimentally that highly ferrugi-
nous waters may have been toxic to cyanobacteria due to the
accumulation of  reactive oxygen species (ROS) within the
cells, resulting in decreased photosynthetic efficiency and
slower growth rates. Rampant methanogenesis, whether sup-
ported by higher H2 fluxes or organic matter produced by
anoxygenic phototrophy, would have contributed to the main-
tenance of  the largely anoxic conditions. Consequently, this
allowed for the dispersal of  Fe(II), which would have hindered
cyanobacterial proliferation if  the Fe(II)-related limitations
identified by Jones et al. (2015) and Swanner et al. (2015) were
indeed crucial factors. Further, Mloszewska et al. (2018) exper-
imentally demonstrated that unattenuated ultraviolet radiation
(uv-C) induces high rates of  mortality for planktonic
cyanobacteria in the upper reaches of  the water column, thus
implying that cyanobacterial expansion of  the ancient oceans
would have been suppressed. 

Around 2.7 Ga, a combination of  factors coincided that
would have promoted a decline in methanogens and the simul-
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taneous rise of  cyanobacteria, in addition to the decrease in
seawater Ni concentrations. The emergence of  new continents
led to an increased supply of  solutes and sediment through
weathering processes (Lalonde and Konhauser 2015; Wu et al.
2023), which resulted in the development of  stable continental
platforms with nutrient-rich, shallow waters favourable for col-
onization by both benthic and planktonic cyanobacteria
(although see Sánchez Baracaldo 2015 for an alternate opinion
that planktonic cyanobacteria did not evolve until around 800
Ma). The timing correlates well with the diversification of
marine stromatolites (McNamara and Awramik 1992). Indeed,
genomic data for extant cyanobacteria have led to the sugges-
tion that multicellularity in cyanobacteria evolved perhaps
200–300 Myr before the GOE (Schirrmeister et al. 2013). The
transition to multicellularity represents an important change in
organism complexity because filamentous growth can improve
cell motility which would allow for movement over sediment,
while cooperation of  cells can increase metabolic fitness and
diversification compared to single cells (e.g. Knoll 1984; Bon-
ner 1998; Koschwanez et al. 2011). Collectively this could have
led to new adaptive strategies such as the formation of  micro-
bial mats (Sánchez Baracaldo et al. 2022). Moreover, the
increased consumption of  CO2 by cyanobacteria led to wide-
spread deposition of  calcium carbonate on the seafloor, form-
ing thick beds that extended across vast areas spanning thou-
sands of  square kilometres (Grotzinger and Knoll 1999) to
facilitate benthic cyanobacterial growth and their calcification
throughout the shallow littoral zones. Overall, the combination
of  stable continental platforms, the evolution of  motile and
large filamentous cyanobacteria, and increased nutrient supply
created an environment where cyanobacteria thrived and pro-
duced increasing amounts of  O2, further driving the decline of
methanogens.

A decrease in methanogen populations may also have been
caused by declining fluxes of  H2 due to diminishing serpen-
tinization of  the seafloor. This may have coincided with the
reduction in olivine-rich oceanic crust production at the end of
the 2.7 Ga mantle plume event and the stabilization of  conti-
nental cratons (Barley et al. 2005). According to Kump and
Barley (2007), the transition from predominantly submarine
volcanism to more subaerial volcanism further contributed to
the decrease in abiotic H2 fluxes, as subaerial volcanism releas-
es more oxidized gases such as H2O, CO2 and SO2. Alternative-
ly, Gaillard et al. (2011) proposed that a decrease in volcanic
degassing pressure associated with the growth of  continental
crust led to higher emissions of  H2 which then escaped to
space, thus resulting in a net gain of  atmospheric O2. In either
case, the diminishing supply of  H2 would have played a role in
the decline of  biogenic CH4 production (Kharecha et al. 2005),
even if  methanogens continued to grow directly on the
seafloor crust, where both Ni and H2 sources remained locally
abundant (e.g. Brazelton et al. 2006; Amend et al. 2011).

A third factor which may have contributed to a decline of
methanogens and simultaneous proliferation of  cyanobacteria
was changing seawater Fe2+ concentrations. Dissolved iron
episodically declined in the shallow regions of  continental
shelves due to the cessation of  plume-driven submarine vol-

canism and a lowering of  sea level. This change created the
conditions required for the development of  oxygen oases on
semi-restricted carbonate platforms, exemplified by extensive
stromatolites in the 2.65–2.46 Ga Campbellrand Subgroup in
South Africa (Sumner 1997). The existence of  dissolved O2 in
seawater along the slope is inferred from various indicators.
Shifts towards heavier N isotopes in shale organic carbon indi-
cate the onset of  an oxygenated N cycle (Godfrey and
Falkowski 2009). Variations in abundances of  rhenium (Re)
and Mo in shale reflect cycling of  these elements in deep oxy-
genated seawater (Kendall et al. 2010), while the rimmed mar-
gins of  the platform, as described by Sumner and Beukes
(2006), could have provided sheltered lagoons where
cyanobacteria thrived, protected from the delivery of  Fe(II)-
rich water sourced from the deeper regions. This is supported
by the deposition of  Fe-rich shale along the slope and IF deep-
er in the basin (Klein and Beukes 1989). The geochemical indi-
cators of  O2 then disappeared during transgressions when
deep seawater flooded the platform with Fe(II)-rich waters
thought to have been sourced from plume-driven submarine
volcanism (Barley et al. 2005).

Evidence for a shift from a CH4-dominated ocean to an
ocean dominated by cyanobacteria is clearly observed in the
150-million-year section (2.72–2.57 Ga) of  late Archean shal-
low- and deep-water sediments found in the Hamersley Basin
in Western Australia. In a study by Eigenbrode and Freeman
(2006), δ13Corg values were reported for 175 kerogen samples,
ranging from –57 to –28‰. The oldest samples contained the
most depleted isotopic values, which can be best explained by
biological CH4 assimilation and oxidation by methanotrophic
microorganisms. Methane oxidation requires electron accep-
tors such as O2, NO3

–, or SO4
2–. The latter two indirectly

depend on O2 to form oxidized species, although there have
been models (e.g. Konhauser et al. 2005) and experimental evi-
dence (Beal et al. 2009) suggesting that Fe(III) can also func-
tion as electron acceptor for microorganisms to oxidize CH4.
Therefore, methanotrophy may not necessarily be linked to O2. 

Interestingly, a δ13Corg shift of  29‰ in the kerogens
occurred in shallow water carbonate sediment (changing from
–57 to –28‰) over that time, while only a 5‰ shift (–45 to
–40‰) was observed in the deep water sediment. These pat-
terns indicate a gradual transition in shallow waters from a
microbial habitat strongly influenced by CH4 cycling at 2.72 Ga
to one that was more influenced by oxygenic photosynthesis
by 2.57 Ga (Eigenbrode and Freeman 2006): cyanobacteria
tend to fractionate carbon between –20‰ to –30‰ (e.g. Gar-
cia et al. 2021). In deeper settings, the kerogens remained high-
ly 13C-depleted, indicating that these environments continued
to be dominated by communities involved in CH4 production
and consumption and were not yet affected by the significant
changes in carbon cycling occurring in shallow waters. By
comparing the data from the Hamersley Basin to other loca-
tions, Eigenbrode and Freeman (2006) further suggested that
a global-scale expansion of  oxygenated habitats coincided with
the transition from anoxic ecosystems to microbial communi-
ties fueled by oxygenic photosynthesis, occurring before the
oxygenation of  the atmosphere 2.45 Ga.
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Around 2.45 Ga, as the GOE began, aerobic
chemolithoautotrophic weathering of  pyrite on land caused a
significant increase in acidity which led to an elevated flux of
solutes, which were previously low due to their insolubility
under an anoxic atmosphere at the Earth’s crustal surface
(Konhauser et al. 2011). One specific example relevant to the
earlier discussion is SO4

2–, which started to appear in signifi-
cant concentrations in the marine environment around 2.5 Ga
(Reinhard et al. 2009). The accumulation of  SO4

2– in the
oceans continued until around 2.0 Ga (Planavsky et al. 2012b;
Blättler et al. 2018), when it is believed that atmospheric O2

levels started to decline (Partin et al. 2013; Scott et al. 2014),
marking the beginning of  what is commonly referred to as
Earth’s “boring billion” period. With the increased supply of
SO4

2– to the oceans, marine SRB would have begun to domi-
nate the anoxic regions of  the water column. This further mar-
ginalized the methanogens, relegating them to sulphate-poor
sediment, like their current distribution. As a consequence of
the progressive decline in methane production, which is a
potent greenhouse gas, the climate started to cool, eventually
leading to significant Paleoproterozoic glaciations (Zahnle et
al. 2006).

  Concomitant with increased acidity was also the supply of
other insoluble elements to seawater. Konhauser et al. (2011)
argued that the increased concentrations of  Cr in IF between
2.45 to 2.32 Ga was due to the mobilization of  Cr(III) from
both ultramafic rocks and soils. Specifically, those authors sug-
gested that dissolved Cr3+ or Cr(OH)2+ was then transported to
the oceans via acidic streams or groundwater, and upon mixing
with seawater, would have rapidly precipitated out of  solution
as a (Fe,Cr)(OH)3 phase that became incorporated in IF. How-
ever, streams and groundwater with low pH would be naturally
buffered by more alkaline waters flowing through non-acid-
generating rock types (i.e. silicate-weathering reactions that
control the inorganic carbon system). Therefore, much of  the
Cr(III) mobilized by this pulse of  low-pH oxidative weathering
presumably never made it to the oceans, instead being lost
from solution along catchment pathways. To address this
apparent contradiction, Hao et al. (2022) sought an alternative
mode of  Cr transport, namely the erosion and subsequent
transport of  suspended sediment with anomalous Cr enrich-
ments. In an experimental study designed to test the complex-
ation of  Cr(III) to common soil clay minerals, the authors
demonstrated that Cr(III) was strongly bound to kaolinite in
particular under acidic conditions and weakly desorbed under
marine conditions. Extending those results to the interpreta-
tion of  the Cr record in IF, Hao et al. (2022) suggested that
under intense chemical weathering conditions, not only did
acidity promote the solubilization of  Cr(III) from primary
Cr(III)-bearing minerals, but that parent rocks were more sys-
tematically weathered to an advanced state dominated by kaoli-
nite – creating ideal conditions for Cr adsorption. Erosion of
regolith that scavenged mobilized Cr(III) could then facilitate
transport of  Cr(III)-bearing kaolinite – the “kaolinite shuttle”
– to coastal environments where it contributed to the high Cr
abundances preserved in the Paleoproterozoic IF.

Konhauser et al. (2011) also concluded that acidity would
have solubilized minerals that contained nutrients, e.g. apatite,
releasing dissolved P, and thus leading to increased nutrient
supply to the oceans and enhanced primary productivity.
Bekker and Holland (2012) further argued that the largest pos-
itive carbon isotope excursion, the so-called the Lomagundi
Event (LE), ca. 2.22 to 2.06 Ga, was caused by such an acidic
P flux from land. It has been widely argued – though not uni-
versally agreed upon – that the LE marks a period of  enhanced
organic Corg burial (e.g. cyanobacteria), such that the isotopical-
ly light carbon was incorporated into the sediment pile while
the isotopically heavy carbon was incorporated into marine
carbonate minerals (see Schidlowski et al. 1976 but see also
Mayika et al. 2020 and Prave et al. 2022 for alternative views).
By this model, the extensive burial of  cyanobacterial biomass
led to the accumulation of  O2 in the atmosphere. In fact, it has
been hypothesized that during the LE, Earth’s surface environ-
ments experienced a release of  O2 to the extent of  12 to 22
times the present atmospheric O2 inventory (Karhu and Hol-
land 1996).

Nonetheless, the question remains: how did the dissolved
phosphorus released during acid weathering find its way from
land to the oceans? In the present day, most of  the P delivered
to the oceans is in the form of  suspended sediment, with less
than 10% of  total P being transported as dissolved anions
through rivers (Berner and Rao 1994). Similar to the Cr story,
P is predominantly transported as a particulate phase, includ-
ing P adsorbed onto iron(III)-aluminum(III)-oxyhydroxides or
clay minerals, or complexed with organic matter (Gérard
2016). A significant portion of  adsorbed P settles in estuaries
and marginal marine environments through the flocculation of
particulate phases, where it remains inaccessible to plankton
until remobilization within the sediment pile (Conley et al.
1995). In the absence of  plants, the only organic compounds
transported to the oceans would have originated from degrad-
ed continental microbial mats (e.g. Lalonde and Konhauser
2015), which are unlikely to have had a significant impact on
the P cycle. Moreover, during the LE, iron oxyhydroxides
would have been solubilized in sulphide-rich soils, like obser-
vations in certain black shale weathering environments today
(e.g. Joeckel et al. 2005). Expanding on this framework, Hao et
al. (2021) demonstrated that the main mechanism by which P
was delivered to the oceans during that time was likely through
an active kaolinite shuttle. However, unlike Cr, P quickly des-
orbs from kaolinite when exposed to marine conditions.
Importantly, the authors also conducted experiments showing
that the released P was bioavailable to marine cyanobacteria. In
one culture lacking P input, the cyanobacteria entered a death
phase by day 14, while the culture ‘seeded’ with P-bearing
kaolinite resulted in a population of  cells that exponentially
increased in density. In summary, the high adsorption capacity
of  kaolinite for P under acidic, freshwater conditions, coupled
with its low capacity under alkaline, marine conditions,
enhanced P bioavailability and promoted cyanobacterial pro-
ductivity in nearshore environments after the GOE.
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On a final note, it is worth noting that during the GOE,
certain oxidized compounds were mobilized for the first time,
posing a toxic threat to microbes that had evolved in O2-
deprived marine environments. One example is arsenate, the
pentavalent oxidized form of  arsenic (As), which exhibits tox-
icity to all three domains of  life even at very low concentra-
tions and shows a strong inverse correlation with marine pri-
mary production (e.g. Smedley and Kinniburgh 2002). It has
been proposed that the widespread deposition of  IF during
the transition from the Archean to the Paleoproterozoic facil-
itated the preferential incorporation of  P over As(V) into fer-
ric oxyhydroxides like ferrihydrite. This resulted in a simultane-
ous increase in As(V) concentration and depletion of  P in sea-
water, negatively impacting marine primary productivity (Chi
Fru et al. 2016; Hemmingsson et al. 2018). A study conducted
by Chi Fru et al. (2019), which analyzed sedimentary rocks
spanning from 2.9 to 1.9 Ga, further demonstrated that the
GOE coincided with a significant rise in arsenate levels in IF
and the presence of  arsenic sulphides in marine shale. This
notable increase in O2-sensitive tracers aligns with the prolifer-
ation of  key arsenic oxidants, including O2, NO3

–, and MnO2.
The substantial surge in arsenic sulphides by at least tenfold
after 2.45 billion years ago supports the hypothesis of  a tran-
sition to sulphide-rich waters at mid-depth continental margins
following the GOE. Additionally, the substantial elevation in
arsenate content, accounting for approximately 60% of  the
total arsenic concentration in shale, suggests the establishment
of  an oxidative component in the arsenic cycle for the first
time in Earth’s history. These findings underscore the world-
wide emergence of  a new selective pressure on the survival of
marine microbial communities during the GOE, characterized
by the global presence of  toxic, oxidized species such as arse-
nate in seawater.

CONCLUSION 
In this contribution we aimed to integrate available geochemi-
cal data from IF into a coherent narrative explaining the mech-
anisms underpinning the rise of  atmospheric O2 and its subse-
quent regulation of  Earth’s surface systems. The sequence
begins with a cooling Earth around 2.7 Ga, leading to the
eruption of  lavas with lower Ni content both on land and
underwater. As these volcanic rocks contained less Ni, their
chemical weathering resulted in a reduced flux of  Ni to seawa-
ter. This had biological implications as marine microorganisms
dependent on Ni, such as methanogens, started experiencing
nutrient deprivation. Around 2.6 Ga, methanogens became
marginalized in shallow shelf  environments, making way for
cyanobacterial expansion, which gave rise to new stromatolites.
Before the GOE and the permanent oxygenation of  Earth’s
atmosphere, the O2 produced by these cyanobacteria created
oxygen oases that facilitated the development of  aerobic
metabolisms. Constraining the extent of  such oases with
respect to both space and time presents an opportunity to con-
tinue to integrate detailed geochemical and sedimentological
observations from IFs and correlative units.

By approximately 2.45 Ga, O2 had becoming increasingly
pervasive in Earth surface environments, oxygenating the

atmosphere and marking the GOE. This event resulted in
massive oxidative weathering of  the Earth’s crust and the
release of  elements previously locked in reduced mineral phas-
es, such as pyrite. Concurrently, aerobic metabolisms evolved
on land, including chemolithoautotrophic bacteria that oxi-
dized reduced Fe and S in minerals such as pyrite. Increased
fluxes of  dissolved SO4

2– reached the oceans, leading to greater
bacterial sulphate reduction in the water column. This resulted
in higher levels of  dissolved sulphide, the production of  eux-
inic waters (low oxygen, sulphidic conditions), and the termi-
nal displacement of  methanogens from the water column to
bottom sediments in most environments. Pyrite oxidation also
led to elevated acidity in rivers and groundwater, promoting
the chemical alteration of  primary minerals into highly weath-
ered phases like kaolinite (Fig. 7). Importantly, kaolinite served
as an elemental shuttle, facilitating the increased availability of
key nutrients such as P, which, in turn, stimulated higher pri-
mary productivity. Intriguingly, the ability of  cyanobacteria to
indirectly enhance their own nutrient supply through O2-dri-
ven chemical weathering may represent an unrecognized posi-
tive biological feedback mechanism on primary productivity.
This scenario is reminiscent of  the Gaia hypothesis where the
Earth functions as a self-regulating system with the geosphere,
atmosphere, hydrosphere, and biosphere all interconnected
and evolving as a whole (Lovelock 1972). The Lomagundi car-
bon isotope excursion around 2.22 Ga may be an expression
of  these feedbacks, ultimately resulting in increased marine
phytoplankton productivity and organic matter burial. Simulta-
neously, toxic elements like As would have affected the existing
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Figure 7. Schematic showing the spatial distribution of  iron formations (IF), silici-
clastic and carbonate sediments on the Archean continental shelf. The panel also
emphasizes how plankton could be advected from the shelf  where IF were precip-
itated to become incorporated into black shale. Prevailing redox conditions and
nutrient supplies are indicated in bold text.



marine biosphere, prompting some species to adapt while
potentially leading to the extinction of  others. In this regard, it
is intriguing to speculate that the end of  the Lomagundi event,
which appears to have coincided with a significant drop in
atmospheric O2 levels, may be somehow linked to a microbial
mass extinction, or at the very least, marginalization of  those
existing cyanobacteria due to some unresolved factor. 
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