Free Radical Biology and Medicine 140 (2019) 154–166

Contents lists available at ScienceDirect

Free Radical Biology and Medicine
journal homepage: www.elsevier.com/locate/freeradbiomed

Review Article

How did the evolution of oxygenic photosynthesis influence the temporal
and spatial development of the microbial iron cycle on ancient Earth?

T

Manuel Schada, Kurt O. Konhauserb, Patricia Sánchez-Baracaldoc, Andreas Kapplera,
Casey Brycea,∗
a

Geomicrobiology, Center for Applied Geosciences, University of Tübingen, 72076, Tübingen, Germany
Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, AB T6G 2E3, Canada
c
School of Geographical and Earth Sciences, University of Bristol, Bristol, BS8 1SS, UK
b

ARTICLE INFO

ABSTRACT

Keywords:
Iron biogeochemistry
Cyanobacteria
Geomicrobiology
Iron cycling
Early Earth

Iron is the most abundant redox active metal on Earth and thus provides one of the most important records of the
redox state of Earth's ancient atmosphere, oceans and landmasses over geological time. The most dramatic shifts in
the Earth's iron cycle occurred during the oxidation of Earth's atmosphere. However, tracking the spatial and
temporal development of the iron cycle is complicated by uncertainties about both the timing and location of the
evolution of oxygenic photosynthesis, and by the myriad of microbial processes that act to cycle iron between
redox states. In this review, we piece together the geological evidence to assess where and when oxygenic photosynthesis likely evolved, and attempt to evaluate the influence of this innovation on the microbial iron cycle.

1. Introduction

cyanobacterial evolution, and present a hypothesis that attempts to
place our current understanding of iron cycling on the early Earth
within the context of cyanobacterial evolution and expansion.

The question of how oxygenic photosynthesis impacted the Archean
(4.0–2.5 Ga) iron cycle should have a rather straightforward answer
because the reaction of reduced (ferrous) iron with oxygen is rapid at
circumneutral pH. Accordingly, as oxygen became available with the
evolution of oxygenic photosynthesis, oxidized (ferric) iron should have
precipitated out of seawater as an Fe(III) (oxyhydr)oxide mineral phase.
However, the question is complicated by uncertainties in terms of when
and where cyanobacteria first evolved and how this influenced the
evolution and activity of iron-metabolizing bacteria, i.e. microaerophilic, nitrate-reducing and phototrophic Fe(II)-oxidizers as well as
Fe(III)-reducers. Dating the onset of oxygenic photosynthesis has become a point of significant contention because there is no consensus on
the timing of the evolution of cyanobacteria; putative evidence permits
a possible range from as early as 3.8 Ga to as late as 2.4 Ga. The
question regarding where cyanobacteria evolved first is also becoming
more contentious, with cyanobacterial evolution having been proposed
both on land as benthic mats and in the oceans as plankton.
Furthermore, both questions are not trivial for the development of ironmetabolizing bacteria as the evolution of early cyanobacteria and the
resulting oxygenation of the Earth's atmosphere and oceans would have
significantly altered the biogeochemical iron cycle. Below, we summarize the evidence regarding the timing and location of

∗

2. When and where did cyanobacteria evolve?
There are a variety of studies based on geological, geochemical and
biological evidence attempting to constrain the timing of the evolution
of oxygenic photosynthesis. As a result, there is a wide range of interpretations of the rock record and a lack of consensus on both when and
where oxygenic photosynthesis evolved. In this section, we present a
chronological review of the key geological and geochemical evidence
used to infer either an early (Archean) or late (Palaeoproterozoic)
timing for the emergence of cyanobacteria. Against this geological
backdrop, we discuss the genetic evidence which points to either scenario. We then review current literature which aims to determine the
location of cyanobacterial evolution and the expansion of cyanobacteria in the Earth system.
2.1. Geological evidence for an Archean evolution for cyanobacteria
Numerous studies have provided evidence that suggests cyanobacteria could be as ancient as the oldest sedimentary rocks on Earth.
Rosing et al. [1] reported elevated uranium (U)/thorium (Th) ratios in
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pelagic shales from the 3.8–3.7 Gyr Isua supracrustal belt in southwest
Greenland. Those authors interpreted the high U/Th ratio as reflecting
the presence of oxidizing (O2-rich) fluids which facilitated the preferential transport of U to the site of sedimentation where it was ultimately scavenged by planktonic biomass. However, other workers have
suggested that this U(VI) might not require O2 [2]. The same rocks were
also previously described as having up to 0.4 wt% reduced carbon with
δ13C values as low as −25.6‰ [3] – evidence seemingly pointing to
biological carbon fixation. However, the biogenicity of such isotopic
signatures in similar geologic settings has been questioned and instead
Fischer-Tropsch-type synthesis of organic compounds has been invoked
to explain highly negative δ13C values [4–7]. Iron formations (IF), from
another location at Isua, were subsequently shown to contain positively
fractionated chromium (Cr) isotopes, relative to the crust, suggesting
oxidative chemical weathering involving the presence of atmospheric
O2 as an intermediate [8]. At the 3.8 Gyr Nuvvuagittuq belt in Quebec,
Canada, putative “microfossils” were recently described from ferruginous cherts that were interpreted as marine hydrothermal precipitates
[9]. The “microfossils” occur as micrometer-sized hematite tubes and
filaments that are reminiscent of modern O2-dependent, microaerophilic Fe(II)-oxidizing bacteria found in Fe(II)-rich modern environments. Importantly, extant Fe(II)-oxidizing bacteria generally use
O2 as the electron acceptor, so by extension, if the “microfossils” are as
advertised, then aerobic metabolisms must already have evolved by 3.8
Gyr.
More compelling is the geochemical evidence of oxygen oases at
3.3–3.0 Ga. Satkoski et al. [10] measured U enrichment and positive
δ56Fe values in shallow-water sediment compared to deep-water sediments in the 3.25 Ga Manzimnyama IF of the Fig Tree Group in South
Africa. The authors suggested that a discrete redox boundary between
deep and shallow waters existed at this time. They proposed that deepwater iron-rich IF samples were oxidized in water where O2 contents
were lower than shallow-water iron-poor IF samples that were precipitated entirely above the redoxcline where O2 contents were uniformly elevated. In marine shales from the 3.2 Gyr old Soanesville
Group in northwestern Australia, nitrogen (N) isotope values of the
kerogen within the shales were interpreted as being derived from biological nitrogen fixation, most probably using molybdenum (Mo)-based
nitrogenase [11]. Given that Mo is sourced from oxidative weathering
of Mo-bearing sulfide minerals in crustal rocks, the use of a Mo-based
enzyme suggests Mo availability (and by extension some oxidative
weathering because Mo is more mobile under oxidizing conditions)
already occurred at that time. Interestingly, the Gorge Creek Group that
immediately overlies the Soanesville Group contains shales that are
hundreds of meters thick, hundreds of kilometers in aerial extent, deficient in sulfur and iron, and with up to 10 wt% total organic carbon
(TOC). Buick [12] speculated that only oxygenic photosynthesis could
have generated that much biomass as anoxygenic photosynthesis would
have been limited in electron donors. Similarly, in the 3.22 Gyr Moodies Group in South Africa, the presence of microbial mats and associated sedimentary structures in siliciclastic tidal and alluvial deposits
[13,14] suggests the presence of a phototrophic community, which has
been interpreted to consist of early cyanobacteria based on the mat
morphology and facies association. Furthermore, recent findings of
terrestrial microbial mats draping fluvial conglomerates with N isotopes
suggestive of denitrification [14] strengthens the argument that localised sources of oxygen were already present at that time. This is because the presence of significant amounts of nitrate cannot be explained
by lightning-induced oxidation of N-compounds but requires the activity of aerobic ammonium-oxidizing microorganisms.
Based on the distribution of Cr isotopes and redox-sensitive metals
in both a palaeoweathering horizon and shallow-water IF from the ca.
2.96 Gyr Mozaan Group in South Africa, Crowe et al. [15] argued that
there was already extensive mobilization of redox-sensitive elements
from land to the oceans via oxidative weathering. Those authors also
calculated a minimum estimate for atmospheric oxygen being 3 × 10−4

percent atmospheric levels (PAL): to place this value in context, previous estimates for the so-called Great Oxidation Event (GOE) at 2.32
Gyr placed atmospheric O2 levels at only 10−5 PAL (e.g., [16]). That
study, however, has been called into question on the grounds that the
Cr isotope values were instead the product of modern oxidative
weathering rather than Mesoarchean oxidative weathering [17]. Planavsky et al. [18] also measured Mo isotopes from the same IF units in
the Mozaan Group and reported large negative δ98Mo fractionations
that are consistent with the sorption of Mo onto manganese (Mn)
(oxyhydr)oxides that precipitated in the shallow water column. This is
of significance since Mn(IV) (oxyhydr)oxide formation requires biologically-driven Mn(II) oxidation using O2 as the electron acceptor, hence
the shallow marine environment already had significant dissolved
oxygen accumulation (for an alternate mechanism invoking Mn-based
phototrophy, see [19]).
By 2.7 Ga, a wide range of geochemical analyses support the premise for widespread ocean oxygenation. Stüeken et al. [20] suggested
that an increase in the total sulfur and Mo supply to marginal marine
sediments at that time was best explained by the biological oxidation of
crustal sulphide minerals. In 2.7–2.6 Ga black shales, enrichment in Mo,
rhenium (Re) and osmium (Os), as well as fractionation of Fe and Mo
isotopes, all suggest that O2-rich niches already existed at that time
[21–25]. Also, continuously increasing δ98Mo values in the black shales,
carbonates, and IF of the Marra Mamba and Wittenoom formations
(2.6–2.5 Ga) in the Hamersley Basin have been tied to the sorption of
light Mo isotopes onto Mn(IV)-oxides [25]. Perhaps one of the strongest
pieces of evidence for oxygen availability at that time comes from the
presence of extremely isotopically depleted kerogen within 2.72 to 2.59
Ga carbonates and shales in the Hamersley Province of Western Australia, the Kaapvaal Craton in South Africa, and the Superior Craton in
Canada. Organic carbon δ13C values in these metasediments are as low
as −60‰ [26,27]. The most 13C-depleted values have been ascribed to
the assimilation of methane by chemolithoautotrophic, methanotrophic
bacteria that in the modern world utilise electron acceptors such as O2,
sulfate (SO42−), nitrate (NO3−) or even Mn(IV) and Fe(III) [28–33].
The presence of these metabolisms is a strong indication for the presence of O2 because oxygen is either used directly as the terminal
electron acceptor (TEA), or is required in the formation of alternative
electron acceptors such as sulfate, nitrate and Mn(IV). Oxygen is not
necessary for methane oxidation coupled to Fe(III) reduction because
the latter can be formed via anoxygenic photosynthesis. Nitrogen isotope compositions of kerogens in minimally altered shales from the
Campbellrand-Malmani carbonate platform in South Africa and broadly
correlative sedimentary succession in Western Australia (Hamersley
Group) show a significant rise in δ15N values between 2.67 and 2.50 Ga
[34,35]. Exceptionally high δ15N values are also reported for the
2.72 Ga Tumbiana Formation [36]. This positive shift has been interpreted as evidence for the onset of nitrification-denitrification reactions
in the surface oceans (e.g., [37]). Stromatolitic assemblages in the
2.72 Ga Tumbiana Formation, Western Australia, were suggested to
have been constructed by photoautotrophs that may have utilised
oxygenic photosynthesis [38]. More recent work has put forward the
idea of filamentous bacteria, capable of gliding motility and phototaxis
which tangle up upon contact, resulting in the formation of tufted mats.
To date only a few microorganisms have been identified to be capable
of such behavior, with cyanobacteria probably being the most prominent among them. Therefore, similar sedimentary structures in the
Tumbiana Formation are a strong indicator of early cyanobacteria
producing oxygen by 2.72 Ga [39,40]. Potential fossil assemblages of
filamentous and coccoidal cyanobacterial colonies have been identified
in the ca. 2.6 Gyr Campbellrand Group, South Africa [41]. However, a
poor degree of preservation and the relative simplicity of those microfossils have raised questions about whether an unambiguous identification of cyanobacteria can be made [42,43], making the 1.9 Ga microfossils of the Belcher Islands, Canada, the earliest generally agreed
upon fossils of cyanobacteria in the rock record [44].
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2.2. Genetic evidence for an Archean evolution for cyanobacteria

MIF signature to be cycled through terrestrial reservoirs and during
subduction and volcanic processes means that MIF-S signals could be
expected to be preserved for 10–100 million years after the GOE [66].
Other lines of geological evidence for the GOE include the first occurrences of “red beds” [67,68], copper deposits [69], iron rich paleosols
[70], and the presence of extensive manganese deposits (see below) and
phosphorites following the GOE [71,72]. Furthermore, well-rounded
detrital pyrite, uraninite, and siderite grains are only found in clastic
deposits before the GOE because these grains are unstable under oxic
conditions [73–76], suggesting that atmospheric oxygen levels would
have been lower than 3.2 × 10−5 PAL (~40 nM; [77]).
This rise of free atmospheric oxygen facilitated the onset of oxidative continental weathering reactions and increased the flux of dissolved sulfate and redox-sensitive trace elements to the oceans. Sulfate
had two major sinks: (1) iron sulfide precipitation as a consequence of
bacterial sulfate reduction in the water column, or (2) evaporitic precipitation of gypsum. In the first instance, Canfield [78] proposed that
increased levels of sulfide in the oceans effectively titrated out any
remaining Fe(II) in seawater, leading to the end of IF deposition. Evidence in support of higher sulfide production comes from increasing
fractionation between sulfur isotopes; values for 34S/32S (δ34S) are
centered on mantle values (0‰) prior to around 2.45 Ga but then increase to around 25‰ after 2.45 Ga [79]. In the second instance, primary sulfate evaporites are rarely reported before 2.45 Ga [80], confirming insufficient dissolved sulfate availability before that time.
Temporal trends in trace metal composition in Archean and
Paleoproterozoic marine sediments also support the timing of the GOE.
For instance, a compilation of the Cr contents in IF showed a significant
enrichment beginning at 2.45 Ga in the Weeli Wolli Formation [81].
Given the poor solubility of Cr minerals, its mobilization and incorporation into IF indicates enhanced chemical weathering at that time,
most likely associated with the evolution of aerobic continental pyrite
oxidation. Similarly, a recent compilation of Cu isotopes in Precambrian
marine sediments demonstrated a clear trend in the stable isotopes values whereby Cu isotopes in black shales after the GOE become progressively heavier. This trend has been attributed to world-wide changes
in seawater composition, due to the combined effect of waning IF deposition, which prior to the GOE would have preferentially removed 65Cu
with Fe(III) (oxyhydr)oxides, and increased oxidative supply of 65Cu
derived from continental weathering due to preferential leaching of the
heavier Cu isotope. This 65Cu, in turn, would have become incorporated
into planktonic biomass that scavenged Cu from seawater [82].
The Mn(IV) deposits of the 2.22 Gyr Hotazel Formation in South
Africa (since been re-dated to between 2.42 and 2.39 Ga; [65]) have
traditionally been considered some of the best proof for the presence of
oxygen (e.g., [83]) because the oxidation of dissolved Mn(II) to solidphase Mn(IV) (oxyhydr)oxides is thought to require O2, and the latter's
concentration exerts direct control on the rate of Mn(II) oxidation [84].
Moreover, the Mn deposits contain a prominent negative cerium (Ce)
anomaly that has generally been thought to indicate seawater that was
partially oxygenated. A similar sequence of Mn-enrichments with positive Ce anomalies have also been recently reported from the uppermost Hamersley Group and overlying Turee Creek Group [85,]. Where
the story of Mn(II) oxidation really gets interesting is with the 2.45 Gyr
Koegas Subgroup in South Africa, a mixture of chemical and clastic
sediments where the BIF layers contain up to 17 wt% Mn. Johnson et al.
[19] suggested that the initial Mn(IV) (oxyhydr)oxide precursor phases
were likely formed via Mn(II)-based phototrophy, a metabolism that
thus far has not been documented to exist in natural settings. Those
authors argued against O2 being the Mn(II) oxidant because of the
presence of detrital pyrite grains and S-MIF in associated rocks, and
importantly, that these sediments must have formed prior to the rise of
atmospheric O2 even though the timing of these sediments falls within
the GOE window.
The Johnson et al. [19] study was not the first to suggest that there
was minimal oxygen available on Earth prior to the GOE. Kopp et al. [2]

The early evolution of photosynthesis sometime in the Eoarchean
(4.0–3.6 Ga) or Paleoarchean (3.6–3.2 Ga) likely occurred within bacterial lineages that are no longer extant. While this presents a challenge
when studying the evolution of early phototrophs, biological evidence
has already provided insights into both the evolution of the core proteins involved in oxygenic photosynthesis [45,46] and the appearance
of cyanobacteria's common ancestor inferred from genomic data
[47–51]. For instance, recent studies support an early Archean origin of
the core reaction center proteins (photosystem I and photosystem II, PSI
and PSII, respectively), which are exclusively found in cyanobacteria
and photosynthetic eukaryotes [46]. Biochemical and functional analysis of the sequence and structure of the core subunits of reaction
centers of PSII predict that phototrophs already developed the capacity
for water oxidation in the Paleoarchean, probably before 3.22 Ga [46].
While it remains unclear how efficient such ancient processes would
have been during the Archean, a recent study [46] suggests evidence for
low levels of oxygen being produced as the result of biological activity
at this time. Other lines of evidence, such as the evolution of FtsH
proteases, proteins specifically dedicated to the repair of PSII (D1 and
D2), show that these proteins diverged early on, possibly between 3.83.5 Ga [52]. This is significant because the oxygenic lineage of PSIIFtsH proteases diverged before FtsH proteases found in all the other
groups of phototrophs [52]. These findings support the view that genes
associated with the photosynthetic process have co-evolved with key
photosynthetic proteins [53], thus providing additional evidence for
the early divergence of oxygenic phototrophs.
When looking at the biological record, it is worth noting that there
are different levels of complexity when studying the early emergence of
oxygenic phototrophs. At the gene level, the timing of the duplication
event leading to the emergence of core reaction center proteins D1 and
D2 at ~3.2 Ga [46] implies that an inefficient water oxidation metabolism would have been present 0.8 Gyr before the GOE, and the origin
of the crown cyanobacteria group [48,51,54]. At the organismic level,
phylogenomic and molecular clock analyses point to a much later origin
of photosynthesis with most studies showing that the crown group of
cyanobacteria appeared during the late Archean [48,51,54] or Paleoproterozoic [55,56]. It is important to emphasise that while oxygenic
phototrophy can be traced back to the early Archean, highly sophisticated forms of D1 proteins (G3 and G4 which are known to bind to the
Mn4CaO5 cluster or the water-splitting catalyst) are estimated to have
originated near the GOE itself [46].
2.3. Geological evidence for a paleoproterozoic evolution for cyanobacteria
As an alternative to an Archean evolution, it has been proposed that
cyanobacteria evolved much closer to the GOE, in the
Palaeoproterozoic. The GOE represents a transition from an atmosphere
that was essentially devoid of free oxygen (O2 ≪ 10−5 PAL, 2 ppmv) to
one with O2 concentrations > 10−5 PAL. These estimates derive from
the pioneering study of Farquhar et al. [57] who discovered that marine
sediments older than 2.45 Ga contain mass-independent fractionations
of sulfur (S-MIF), while younger rocks do not. Farquhar et al. [58]
hypothesized that the major source of the S-MIF signal is the photodissociation of SO2 into water-soluble (sulfate, SO42−) and water-insoluble fractions (elemental sulfur, S8) that are preserved when contrasting isotopic compositions of reduced and oxidized sulfur species
are deposited from the atmosphere and incorporated into sedimentary
rocks. The signature of S-MIF photochemistry is not only rapidly
homogenized in an oxygenated environment, but ozone also inhibits
SO2 photolysis by UVC irradiation. Indeed, Pavlov and Kasting [59]
computed that O2 levels as low as 10−5 PAL would prevent MIF-S from
reaching the sediments. The disappearance of S-MIF from various locations worldwide has now been constrained to between 2.45 and
2.32 Ga [16,60–65], although the potential for minerals hosting the
156
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pointed out that the geological features of oxygen, such as red beds and
paleosols, occurred immediately after the three glaciations recorded in
the Huronian Supergroup of Canada (ending ~2.3 Ga) but before the
2.3–2.2 Ga Makganyene glaciations in South Africa (recall the Makganyene diamictites are now constrained to ca. 2.46 Ga as per Gumsley
et al. [65]). Kopp et al. [2] also argued that global O2 production after
2.3 Ga triggered the collapse of a methane greenhouse and initiated the
Snowball Earth event associated with the Makganyene diamictites. In
their model, the timing of these events means that cyanobacteria likely
evolved in the interval between the Huronian glaciations and the
Makganyene glaciation (i.e., within a few million years); note with the
new age constraints this could be up to 150 Myr. A subsequent modelling exercise by Ward et al. [87] suggested that it might have taken as
little as 100 Kyr following the emergence of cyanobacteria to initiate
the GOE.

Crocosphaera clade, and Trichodesmium) only appeared during the
Neoproterozoic [50].
These genomic observations of a terrestrial origin for cyanobacteria
are at odds with the long-held belief that colonization of the landmasses
would be impossible prior to the accumulation of substantial amounts
of oxygen in the atmosphere because, in the absence of an ozone shield,
harmful UV radiation would bombard the Earth's surface [97]. However, it now appears likely that early terrestrial microbial habitats could
have been protected from UV bombardment by inhabiting endolithic
environments [98], growing under iron-enriched siliceous sediment
[99], or by precipitating their own mineralized crusts (e.g., [100–102]).
Indeed, Phoenix et al. [103] demonstrated that an iron-silica biomineral
layer of only 150 μm thickness was sufficient to attenuate all incoming
UV-C radiation while still allowing for the transmittance of 400–700 nm
wavelength light required to facilitate photosynthesis. In other words,
terrestrial colonization should not have been inhibited by irradiation
with high levels of ultraviolet light.
Trait evolution analyses show that the earliest cyanobacteria were
unicellular and had small cell diameters (Gloeobacter, Synechococcuslike) but filamentous forms evolved relatively early on and likely resembled modern relatives of Pseudanabaena [48]. These filamentous
forms would have represented a morphological innovation that facilitated the formation of microbial mats. Such mats are dense, highly
productive ecosystems which would have enabled an increase in cyanobacteria's ecological dominance during the Proterozoic [54,104].
Molecular clock analyses have also suggested that filamentous cyanobacteria appeared around the GOE [32,88,89], while most of the
taxonomic and ecological diversity of extant cyanobacteria can be
traced back to the late Paleoproterozoic and Mesoproterozoic [48,105].
Cyanobacterial lineages inhabited benthic, terrestrial and/or shelf
environments for most of the Proterozoic with mat-dominated environments being even more common in the Precambrian than they are
today as they are limited in extent by the activity of plants (which
compete with mat formation) and animals (which graze on mats). The
ubiquity of such environments is also reflected in the geological record
which contains abundant examples of microbialites, including stromatolites, formed during the Archaean and Proterozoic [106–109], although whether or not these examples always represent cyanobacterial
mats or whether they were produced by anoxygenic phototrophs is still
an active area of debate [110].
The early establishment of mat-forming filamentous cyanobacteria
and subsequent dominance of benthic microbial communities likely restricted primary productivity to terrestrial habitats and ocean margins
[48,50]. However, it is unclear to which extent early terrestrial ecosystems contributed to global biogeochemical cycles [111]. The formation
of cyanobacteria-dominated biological soil crusts has been proposed as
one scenario which could explain the observation of transient periods of
mild oxygenation and oxidative weathering before the GOE
[20,111–113]. Nonetheless, numerous analog studies have suggested
that potential O2 production from ancient microbial mats may have been
limited by H2S, which can serve as an electron donor for anoxygenic
photosynthesis and chemosynthesis, and thus enhance competition with
cyanobacteria ([114] and references therein). In general, it is believed
that the global impact of oxygenic photosynthesis was likely negligible
until cyanobacteria started colonizing marine habitats [50]. The emergence of planktonic groups during the late Meso- to early Neoproterozoic
(ca. 0.92 to 0.67 Ga) would subsequently have had a major impact on
global biogeochemical cycles as they contribute to at least 25% of marine
productivity in today's oceans [115].
Marine planktonic cyanobacteria evolved comparatively late and
early representatives were restricted to shelf environments for much of
the Proterozoic [48]. The spatial restrictions of those environments
would have limited the extent of primary production and the extent of
its biogeochemical influence. Consequently, it would be expected that
terrestrial or near-shore iron cycling would be impacted by rising
oxygen before there were any discernible changes in the marine iron

2.4. Genetic evidence for a paleoproterozoic evolution for cyanobacteria
To determine when oxygenic photosynthesis evolved we can also
examine when the photosystems essential for oxygenic photosynthesis
evolved. However, there is still some debate as to how the common
ancestor of extant cyanobacteria acquired the ability to photosynthesize
considering that their closest relatives, melainabacteria, lack photosynthetic machinery [88,89]. In the previous section we outlined the
argument from those who advocate for an early origin for oxygenic
photosynthesis where an early ancestral phototroph existed that contained both type I and type II reaction centres (RCs) and which subsequently saw selective loss of oxygenic photosynthesis [90–93].
However, another school of thought maintains that the common ancestor of extant cyanobacteria was a non-phototroph that acquired the
ability to photosynthesize (both PSI and PSII) after the divergence of
the cyanobacteria from melainabacteria [94]. This would suggest a
rather late origin for oxygenic photosynthesis in the late Archean or
early Paleoproterozoic between 2.6 to 2.5 Ga.
In short, the above studies argue that oxygenic photosynthesis
evolved in the Paleoproterozoic. Ultimately, only the combination of indepth geochemical analysis of the rock record together with molecular
clock analyses can answer the question of when oxygenic photosynthesis developed. We would suggest, given careful evaluation of the
previously discussed geochemical and molecular data, that oxygenic
photosynthesis probably became of significance in the early Archean,
perhaps as early as 0.8 Gyr before the GOE. However, the evidence
presented does not explain why there was such a significant delay in the
widespread oxygenation of the Earth's atmosphere and oceans.
Moreover, it remains to be resolved where oxygenic photosynthesis
developed. In the following section, we provide evidence which suggests that an offset between the evolution of oxygenic photosynthesis
and the widespread oxygenation of the atmosphere can be explained by
a terrestrial origin for early cyanobacteria.
2.5. A terrestrial origin for cyanobacteria
There is a significant body of evidence which suggests that the
evolution of cyanobacteria occurred in terrestrial habitats. Firstly,
large-scale phylogenomic analyses have consistently shown that living
relatives of early divergent cyanobacteria can be found in low salinity
and terrestrial environments [54,56,95,96]. Furthermore, phylogenomic evidence suggests that cyanobacteria colonized marine environments independently at different times in Earth's history. In fact,
marine cyanobacteria lineages do not form a natural group; they are
instead nested within freshwater species, providing further evidence for
independent colonization events into marine environments at different
times in history [48,50]. Evolutionary and molecular clock studies have
found no evidence of marine planktonic cyanobacteria having any ancestors as early at the Paleoproterozoic [48]. Moreover, modern
planktonic groups (e.g., Prochlorococcus and Synechococcus,
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cycle. Only with the evolution of planktonic cyanobacteria and their
spread into the ocean would there have been a more profound influence
on the marine geochemical iron cycle. Evidence for this offset between
the response of the terrestrial biosphere and the oxidation of the atmosphere in general can be found in the apparent discrepancy between
the timing of widespread atmospheric oxygenation (as identified by the
widespread disappearance of S-MIF), and earlier evidence for oxidative
weathering on land (as discussed in the first sections of this review).
Lalonde and Konhauser [113] attribute this discrepancy to the production of oxygen by cyanobacteria in benthic habitats, attached to
sediments, rocks, soils or other natural solid substrates where oxidative
weathering of the solid could proceed whilst in strong disequilibrium
with the reducing atmosphere.

There is also some evidence from the rock record suggesting the
activity of photoferrotrophs during the deposition of IFs. This evidence
reaches as far back as to the ca. 3.77 Ga Isua Supracrustal Belt [140].
Based on a modelling approach combined with independent S isotope
data, Czaja et al. (2013) interpreted the positive and comparatively
homogeneous δ56Fe values to be indicative of anoxygenic, iron-based
photosynthesis. Similarly, positive δ56Fe values of between approx. 0.4
to 0.7‰ from the Nuvvuagittuq chemical sediments have been interpreted as being the result of partial Fe(II) oxidation by anoxygenic
photosynthesis [141].
Photoferrotrophy is not the only microbial process leading to Fe(II)
oxidation. Microbial Fe(II) oxidation coupled to nitrate reduction or
oxygen reduction at low μM oxygen concentrations is also known
[142]. Microaerophilic Fe(II) oxidation is obviously excluded in a
predominantly anoxic setting, but nitrate-dependent Fe(II) oxidation is
an anaerobic process [143]. Nitrate-dependent Fe(II) oxidation can either be enzymatically driven by microorganisms [143,144,145] or
catalysed by the production of reactive N species formed as a by-product of denitrification [146]. However, the presence of oxidized N
species such as nitrate is itself indicative of a more oxygenated ocean
and thus is tightly linked to cyanobacterial evolution and expansion.
The Mesoarchean N isotope record appears to consistently suggest an
anaerobic nitrogen cycle dominated by nitrogen fixation [147], for
which the enzyme is proposed to have evolved before 3.2 Ga [11].
Therefore, nitrate-dependent Fe(II) oxidation was probably unlikely to
constitute a significant proportion of Fe(II) oxidation.
The oxidized iron formed by photoferrotrophs would have been
precipitated in the form of mineral-cell aggregates [148], ultimately
settling on the seafloor as precursor sediments to IFs [149]. Experimental studies showed that these Fe(III) mineral-cell aggregates would
have a stoichiometric excess of iron compared to the co-precipitated
carbon [150]. In other words, instead of the 4:1 Fe:C ratio predicted for
photoferrotrophy, the aggregates could have had Fe:C ratios as high as
6:1. Such sediments would have been an ideal environment for dissimilatory Fe(III)-reducing (DIR) bacteria, which would have coupled
the reduction of Fe(III) to the oxidation of the co-precipitated biomass,
although some reduction of Fe(III) already during sedimentation could
also be feasible. The significance of microbial Fe(III) mineral reduction
for IF genesis was suggested many years ago [151], and molecular clock
studies have suggested the antiquity of this metabolic process [152].
Indeed, there is ample evidence from the rock record, e.g., from the
Eoarchean Isua Supracrustal Belt (Greenland), the Mesoarchean Mozaan Group (Pongola Supergroup, South Africa) or the Neoarchean to
Paleoproterozoic IFs of the Hamersley Basin (Australia) and Transvaal
Craton (South Africa), in the form of C- and Fe isotopic studies
[153–158] demonstrating the significance of DIR for early microbial
iron cycling in IF sediments. Although it should be noted that an alternative, abiotic origin of magnetite in the Hamersley IF via thermal
decomposition of siderite has been proposed [159].
Konhauser et al. [149] suggested that under ideal circumstances as
much as 70% of the initially precipitated Fe(III) minerals could have
been reduced and cycled back into the water column as Fe(II). Their
model suggested that fermenting bacteria and methanogens might have
degraded biomass which was co-precipitated together with primary Fe
(III) minerals and, therefore, provided additional substrates for Fe(III)reducers. There is significant evidence for the existence of methanebased metabolisms in the Archean, a process which requires access to
fermentation products (e.g., H2, acetate, lactate). Thus, by extension,
the presence of methanogens necessitates the presence of fermenters.
Methane was abundant prior to the GOE and molecular clock analyses suggest development of methanogenesis during the Eoarchean
[88]. Additionally, highly negative δ13C values in organic carbon have
been interpreted as a sign of the activity of methane-oxidizing bacteria
(methanotrophs) [26,27], which are thought to have evolved 3.1 Ga or
later [88]. Such a microbial methane cycle could clearly influence
carbon cycling in these ancient oceans and potentially provide organic

3. Consequences of oxygenic photosynthesis for the marine iron
cycle
The evolution of oxygenic photosynthesis and the subsequent oxidation of Earth's atmosphere had dramatic effects on the entire web of
reactions which characterize global biogeochemical cycling. No other
element has been as central to the historical discussion of the atmospheric evolution of the Earth as iron. Certainly, the existence of extensive IFs deposited between 3.8 to 1.85 Ga can be used to trace the
evolution of the marine redox state and marine geochemical cycling of
iron. In the following sections, we discuss how the marine iron cycle
evolved following the evolution and expansion of oxygenic photosynthesis and hypothesize how this evolution may have impacted the
potential for different microbial iron-based metabolisms.
3.1. Marine iron cycling before the evolution and expansion of
cyanobacteria
As outlined above, it is generally believed that the bulk early ocean
waters were largely anoxic, with O2 concentrations ranging from < 1 to
10 μM [116]. They were primarily ferruginous, with dissolved Fe(II)
concentrations likely between 0.04 and 0.12 mM [117]; compared to
modern day dissolved Fe concentrations of < 0.3 nM–2 nM [118].
Traditionally the deposition of IFs has been attributed to the reaction of free molecular oxygen with Fe(II) [119,120]. However, although
evidence from the rock record and some molecular work points towards
the antiquity of oxygenic photosynthesis (section 2.1/ 2.2), recent experimental evidence suggests that elevated Fe(II) concentrations [121]
and higher UV fluxes on early Earth [102] might have impeded the
distribution of early cyanobacteria beyond locally confined “oxygen
oases” [116,122]. Therefore, the following discussion on early ironcycling will be based on the assumption that prior to ~2.5 Ga the
oceans had low dissolved oxygen [116,123].
As an alternative to the chemical oxidation of Fe(II) by free oxygen,
photoferrotrophy – the photosynthetic process where anoxygenic phototrophs use Fe(II) as the electron acceptor for carbon fixation - was
proposed (e.g., [124,125]). The metabolic by-product of this metabolism was likely a poorly soluble Fe(III) (oxyhydr)oxide [126] or, since
the Precambrian ocean contained elevated concentrations of silica (up
to 2.2 mM, [127]), a silica-ferrihydrite composite [128–130] or Fe(III)silica gel [131,132]. Alternate hypotheses propose that primary IF minerals were mostly ferrous iron-bearing minerals such as greenalite
(e.g., [133,134]), but hydrogeological constraints do not support this
[135]. Previous studies have also demonstrated that the trace element
inventory of the ancient ocean would have been sufficient to support a
microbial community large enough to deposit all Fe(III) in IFs
[136,137], and importantly, they would even have been able to do so
under limiting light conditions [138]. Furthermore, a recent study
suggested that even under nutrient limiting conditions, photoferrotrophs would have been able to outcompete early cyanobacteria
and essentially oxidize all hydrothermally derived Fe(II) before it would
have reached oxygenated surface waters [139].
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Fig. 1. Schematic of iron cycling in ancient oceans
prior to the evolution of oxygenic photosynthesis.
Anoxygenic phototrophy is the main mechanism of
Fe(II) oxidation. Fe(II) is re-supplied by dissimilatory iron reduction occurring both in the sediment and the water column. There is a minor input
of nitrate from atmospheric processes which could
allow some nitrate dependent Fe(II) oxidation, but
this process is likely a very minor contributor to iron
cycling.

substrates for DIR. Furthermore, a recent in-situ study showed that
methane oxidation can be coupled directly to Fe(III) reduction [160],
which raises the possibly that methanotrophs could have contributed
directly to an ancient iron cycle before the GOE (e.g., [149]). Alternatively, the mineralization of dead microbial biomass could have released ammonium, which could theoretically have provided a substrate
for anaerobic ammonium oxidizing bacteria which can couple this reaction to Fe(III) reduction [161,162].
Given this literature, we propose that, if the origin of cyanobacteria
was terrestrial and the expansion of cyanobacteria as planktonic forms
was delayed as we suggest in section 2, iron cycling would have been
controlled primarily by phototrophic Fe(II) oxidation and microbial Fe
(III) reduction until the late Neoarchean (Fig. 1). In this scenario,
photoferrotrophs provided a means of primary production and Fe(II)
oxidation, with replenishment of Fe(II) from DIR closing the ancient
iron cycle.
One factor which could have severely limited microbial iron cycling
was the presence of H2S in the water column. H2S effectively titrates Fe
(II) from solution and thus widespread euxinia (anoxic and sulfidic
conditions) would have limited Fe(II) availability to iron-metabolizing
microbes. Therefore, Fe(II):H2S ratios > 1 would have been required
for deposition of IFs and a widespread microbially-driven iron cycle
[163]. One key player in sulfate-turnover in the oceans are sulfate-reducing bacteria. The antiquity of this metabolic pathway is recorded in
the S isotope record of sedimentary barites of the 3.6–3.2 Ga Barberton
Greenstone Belt (South Africa; [164]); sedimentary barites, pyrite and
sulfides from the ~3.5 Ga Dresser Formation (Western Australia; [165])
and sedimentary barites of the 3.47 Ga North Pole area (Western Australia; [166]). While some sulfate might have been introduced to the
Archean ocean by the photolysis of volcanic gases such as SO2 [58,164],
there was likely no additional inputs of sulfate to the early oceans before the evolution of oxygenic photosynthesis and the onset of widespread oxidative weathering [81]. Consequently, the sulfate concentrations in the Archean ocean could have been as low as 10 μM
[167], and maybe even below 2.5 μM [168]. If true, this means microbial sulfate reduction, while old, was an insignificant or at least
severely spatially limited process during that time. Concomitant low
H2S concentrations would have resulted in minimal crossover between
early Fe- and S-cycles until ca. 1.8 Ga [78,169].

approximately 100–200 Ga before the GOE (arguably between ~2.45
and 2.32 Ga; [16,57,81]). Evidence from the marine [18] and terrestrial
[15] rock record suggests that locally confined oxygenated areas could
already have existed as far back as 3.0 Ga, forming local “oxygen
oases”, with O2 concentrations between 1 to 10 μM [116]. In a recent
study on the 2.98 to 2.85 Gyr Mozaan Group (White Mfolozi Inlier,
Pongola Supergroup), Ossa Ossa et al. [158] employed correlation
analysis on Fe/Mn ratios and δ56Fe values as well as δ98Mo values.
Based on their results they concluded that oxygen concentrations could
even have exceeded the earlier maximum of 10 μM in the Archean. This
suggests that early cyanobacteria (and oxygen) slowly spread from
terrestrial habitats, where they first developed (as discussed in section 2
of this review), via rivers and lacustrine environments to the oceans,
where their expansion probably came to a (temporary) hold. With time,
cyanobacteria spread from the marine littoral zone and became more
abundant in the ancient ocean, resulting in an oxygenated surface
ocean layer in the late Archean [171]. A recent study has even demonstrated experimentally that the presence of ferric iron-silica colloids in the photic zone could have sheltered the plankton from incoming UV-C irradiation, thus allowing cyanobacteria to spread
throughout more of the marine realm [102].
Despite their early presence, cyanobacteria probably had no critical
direct effect on marine iron cycling initially. Although the emergence
and spread of early cyanobacteria would have pushed photoferrotrophs
deeper into the water column (Fig. 2), this would not have influenced
the means by which the initial Fe(III) mineral phases in IFs would have
been deposited. The photoferrotrophs would have been more proximal
to the hydrothermally derived Fe(II) and could have, due to their
adaptation to low light conditions [138] and competitive advantage
over cyanobacteria under nutrient limiting conditions [139], oxidized
all Fe(II) before it would have reached oxygenated surface waters.
Supporting evidence from the rock record is provided by a study from
Haugaard et al. [172] who suggested, based on iron isotope studies and
paleo-environmental reconstructions, that photoferrotrophs could have
deposited the primary Fe(III) mineral assemblages in the ~2.45 Gyr
Joffre IF. Ultimately, the predominance of one oxidative process over
the other is governed by the question of whether the redoxcline is above
or below the photic depth. As long as the redoxcline remained above
the photic depth, photoferrotrophy would have dominated Fe(II) oxidation and thus the deposition of IFs (Fig. 2). However, if the redoxcline
moved below the photic depth (Fig. 3), abiotic oxidation of Fe(II) by O2
produced via cyanobacteria and related dark Fe(II)-oxidizing mechanisms should have dominated Fe(II)-oxidation. Indeed, a recent study
showed, that microaerophilic Fe(II)-oxidizing bacteria can compete
with abiotic (chemical) Fe(II) oxidation in an O2 concentration range

3.2. Effect of cyanobacteria expansion on marine iron cycle
It was suggested over a decade ago that a “whiff of oxygen” [170]
could have already existed prior to the GOE possibly leading to “pervasive oxygenation” along Archean coastlines by 2.6 Ga [122], which is
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Fig. 2. Schematic of iron cycling in ancient oceans
when oxygenic photosynthesis was limited to terrestrial or near-shore environments. Some redox
stratification of the oceans could be possible enabling microaerophilic Fe(II)-oxidizers to become
involved in the marine iron cycle. When the redoxcline remains above the photic zone, anoxygenic phototrophs remain the major driver of Fe(II)
oxidation. Nitrogen fixation and an increase in atmospheric oxygen could enhance the contribution
from nitrate-reducing Fe(II)-oxidizers.

Fig. 3. Schematic of iron cycling in ancient oceans
following the expansion of cyanobacteria in the
marine realm. Atmospheric oxygenation is marginal
with the deep oceans remaining anoxic. When the
redoxcline is below the photic zone the contribution
of anoxygenic phototrophs to iron cycling becomes
negligible. Nitrate input increases, primarily from
nitrification, as well as oxygen availability, which
benefits microaerophilic and nitrate dependent Fe
(II)-oxidizers. Hydrothermal input of iron may also
have decreased around this time. Sulfate input from
oxidative weathering led to sulfidic conditions in
some near-shore areas which would lead to pyrite
formation. IF deposition continues whilst the redoxcline remains above the depth of the shelf.

from 5 μM to approx. 50 μM [173–175]. Lower O2 concentrations limited enzymatic Fe(II) oxidation while higher concentrations resulted in
chemical Fe(II) oxidation being dominant. Therefore, microaerophilic
Fe(II)-oxidizing bacteria would have found ideal conditions under low
O2 conditions leading up to the GOE.
The rise of oxygen and expansion of oxygen oases would also have
potentially led to an increase in the diversity of iron-respiring microorganisms. Those microbes which use O2 as their TEA are in competition with the abiotic oxidation of Fe(II) by oxygen, and are therefore
“microaerophiles” existing at oxic-anoxic interfaces where the biotic
reaction can compete with the abiotic reaction [173,174]. The significance of this metabolic pathway for IF deposition was first suggested
by Holm [176] and their potential contribution to the formation of IFs
is discussed extensively by Chan et al. [177] (Figs. 2 and 3). Modern
nitrate-reducing Fe(II)-oxidizers contribute to Fe(II) oxidation either
directly, by enzymatic oxidation of Fe(II) [143], or indirectly by production of reactive nitrogen species which react abiotically with Fe(II)
in a process known as “chemodenitrification” [146,178]. In fact, it has
recently been suggested that chemodenitrification may have led to
significant fluxes of the greenhouse gas N2O in the Proterozoic [179].
Both microaerophilic and nitrate-reducing Fe(II)-oxidizing metabolisms
require oxygen to be produced first, thus they would be limited in extent before the evolution of cyanobacteria. However, with the spread of
oxygen, both microaerophilic and nitrate-reducing Fe(II)-oxidizers

would have become more significant for the marine microbial iron
cycle (Figs. 2 and 3).
The Neoarchean (2.8–2.5 Ga) has also been suggested to have been
a time of major microbial Fe(III) respiration as a result of the combined
deposition of Fe(III) (oxyhydr)oxides and organic carbon [153]. Thus,
microbial Fe(III) mineral reduction remained a significant diagenetic
process in the IFs deposited immediately prior to or during the GOE.
Furthermore, additional studies add to the increasing pool of isotopic
data (C, O and Fe) that highlight the importance of DIR for the ancient
Fe cycle [182–184]. Based on the previous discussion, photoferrotrophs
could still provide the primary means of Fe(II) oxidation, where replenishment of Fe(II) by DIR could act to close the ancient iron cycle
(Fig. 2).
Other alternative iron-metabolizing pathways were potentially also
affected by increasing concentrations of oxygen. For example, it has
been suggested that a significant decrease in oceanic Ni concentrations
prior to the GOE would have resulted in a decline in methanogens
[185,186], which would have resulted in a decreased significance of
methane-based Fe(III) reduction [160]. Conversely, a decline in global
methanogenesis and resulting higher availability of fermentation products (e.g., H2, acetate), otherwise used by methanogens [187,188],
could have resulted in a more pronounced DIR. Consequently, a decrease in methane-dependent Fe(III) reduction would not necessarily
have resulted in a decreased turnover of Fe(III) (oxyhydr)oxides.
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However, recent findings by Neubeck et al. [189] showed that methane
production in some species of methanogens was unaffected by Ni
concentration, thereby suggesting that the influence of declining
oceanic Ni concentrations on the global rates of methane production in
the Precambrian is not straightforward. At the same time, the increase
in biological N-fixation could have increased the significance of NH4+dependent Fe(III) reduction [161,162]. Therefore, other microbial
processes (e.g. DIR and NH4+-dependent Fe(III) reduction) would become more important as a result of a shift in substrate availability.
The development of oxygenic photosynthesis and locally confined
oxygen oasis would not only have influenced the iron cycle significantly, but as a result of oxidative weathering, would also have
resulted in increased pyrite dissolution [81], resulting in an increased
sulfate (and nutrient) flux to the ocean (Fig. 2). Increased biomass
production by early cyanobacteria within the oxygen oases together
with an increased sulfate flux could have stimulated locally confined
activity of sulfate-reducing bacteria along the paleo-shoreline and shelf
regions, resulting in the development of locally confined sulfidic pools
[58]. Within those regions marine geochemical conditions would have
been governed by the competition between Fe(II), O2, organic matter
input and H2S accumulation [190]. This period of marine evolution is
interpreted to be recorded e.g. in the ~2.66 Gyr Jeerinah Formation
(Hamersley Province, Western Australia; [191]) and the ~2.5 Gyr
Mount McRae Shale [190]. In these paleo-environments, locally confined euxinic conditions would have inhibited the upwelling Fe(II) from
reaching the near-shore, resulting in the precipitation of FeS (Fig. 2).
Consequently, Fe(II) would be inaccessible for microbial iron cycling.
By contrast, the 2.5 Ga Mount McRae Shale shows N isotope signatures
consistent with denitrification [192], leading those authors to speculate
about the existence of nitrate dependent iron oxidation.
In summary, when cyanobacteria expanded into the oceans, ferruginous conditions would likely still have existed in most areas of the
Archean ocean. At some point in time, however, locally confined
oxygen oases and increased sulfate input to the oceans resulting from
early oxidative weathering would have turned parts of the continental
margins and shelf regions euxinic, thereby supressing microbial iron
cycling. Additionally, oxygen oases would have enabled proliferation of
Fe(II) oxidizers reliant on oxygen or nitrate, which we speculate could
compete with photoferrotrophs in regions where the redox cline was
still in the photic zone but would not be likely to dominate on a large
scale.

(and nutrients) to the oceans. Microbial turnover of sulfate and organic
matter by sulfate-reducing bacteria in organic matter rich environments
would have resulted in the formation of large quantities of H2S along
the ocean margins [78,169,200,201], resulting in quantitative titration
of upwelling Fe(II) from the water column and the end of IF deposition
on the shelf.
Evidence from the 1.89 Gyr Gunflint and Biwabik IFs suggests that
even in the Palaeoproterozoic, when the surface ocean was fully oxygenated, sporadically high fluxes of reductants (Fe(II)) from hydrothermal sources could still overwhelm the abiotic oxidation of Fe(II),
resulting in Fe(II) accumulation and subsequent IF deposition on continental shelves [202]. Under these conditions, oxygen produced by
cyanobacteria clearly became the dominant oxidant for Fe(II) oxidation
in the oceans. In turn, this would have resulted in a complete inhibition
of Fe(II) oxidation by phototrophs in the surface ocean and restricted
photoferrotrophs to a few specific sunlit, anoxic niches, such as coastal
sediments and stratified lakes, much as they are today [203]. The
competition between photoferrotrophs and cyanobacteria would also
be confounded by the increase in nutrient input to the oceans from
oxidative weathering, which would remove the competitive advantage
photoferrotrophs had enjoyed in the oligotrophic conditions widespread prior to the GOE ([139,204] for an extensive review on the
ocean trace element budget). With a fully oxygenated photic zone,
anoxygenic phototrophs would be unable to proliferate [138] and
“dark” Fe(II)-oxidizing metabolisms would become an increasingly
important driver of microbially catalysed Fe(II) oxidation. In this scenario, microaerophilic Fe(II)-oxidizers may have dominated the Fe(II)oxidizing community members along the deep redox-cline [177]. As
oxidative weathering on land increased, even more Mo would be introduced into the oceans, enhancing N-fixation, and potentially encouraging nitrate-reducing Fe(II)-oxidizers.
The significance of DIR for the marine iron cycle is recorded in
several IFs deposited either directly in the wake of the GOE (e.g., the
2.3 to 2.2 Gyr Yuanjiacun IF; [193,194]) or during the approx. 1.8 Ga
resurgence of IFs (e.g. the Sokoman IF or the Lake Superior IFs
[202,205,206]). Alternatively, higher Mo concentrations [207] would
probably have furthered an increase in microbial Fe(III) reduction
coupled to NH4+ oxidation (Fe-ammox) below the deep redox-cline and
in the sediments. This would additionally be stimulated by higher sedimentary ammonium fluxes from ammonification during burial due to
increased microbial N-fixation in surface waters [11,208,209] and
subsequent microbial degradation of organic carbon.
When the deep oceans became oxygenated (Fig. 4), hydrothermally
derived Fe(II) would be precipitated directly around submarine vents
much as it does today (e.g., Loihii, Hawaii; [210]). Marine iron cycling
would be confined almost exclusively to sedimentary environments,
with extremely low Fe(II) concentrations (and thus almost no microbial
iron cycling) in the water column.

3.3. Marine iron cycle following GOE
Following the evolution of planktonic cyanobacteria and their
widespread expansion into the surface oceans, the production of O2
would have pushed the redoxcline below the photic zone such that
upwelling Fe(II) was oxidized abiotically before it could be available to
photoferrotrophs (Fig. 3). Indeed, isotope evidence from the 2.3 to 2.2
Gyr Yuanjiacun IF suggests that by this time the oceans contained
sufficient oxygen such that Fe(II) oxidation was not directly tied to the
presence of cyanobacteria, yet the deep oceans remained ferruginous
[193–195]. Following the GOE, the waters overlying the continental
shelf (around 150 m deep) - where IFs were deposited [196] - may have
become sufficiently oxygenated that deposition of Superior-type IFs
ceased as the upwelling hydrothermal Fe(II) was oxidized before
reaching the shelf (Fig. 3). Although this could have led to IF deposition
in deeper waters, the preservation potential of those sediments would
be less than of IFs deposited on the stable shelf. The implications then
are that IFs might be absent from the rock record, an observation borne
out by the limited extent of major IFs deposited between ca. 2.4 and
1.9 Ga [197,198].
Although the cessation of IF deposition during the above time interval was traditionally attributed to oxygenation of deep seawater
(e.g., [199]), in the wake of the GOE, widespread oxidative weathering
of pyrite on land would have resulted in an increased input of sulfate

4. Influence of oxygenic photosynthesis on terrestrial iron cycling
While in section 2.5 we discussed the hypothesis of a potential
terrestrial evolution of cyanobacteria, we now investigate how their
oxygen production would have influenced an early terrestrial microbial
iron cycle. Most of the knowledge on Archean and Proterozoic iron
cycling comes from marine deposits, yet it is very likely that the evolution of oxygenic photosynthesis would have also had major consequences for terrestrial iron cycling. In this case we use the term terrestrial to refer to any exposed continental crust, regardless of whether
it is aquatic or not. We therefore include rivers, lakes, streams and
ponds under this definition as well as soils, sediments and exposed rock
surfaces. Unfortunately, due to lower aerial extent of continental land
masses in the Archean (compared to today) and resulting lower likelihood of preservation than the abundant marine deposits, the geological record of life on land during Earth's ancient history is significantly
more patchy than that found in marine systems [211–214]. Loss due to
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Fig. 4. Schematic of the marine iron cycle when oxygen penetration exceeds the depth of the shelf. Iron cycling proceeds similarly to today. Almost no Fe(II) can
remain dissolved in the water column and most active iron cycling occurs in the sediments, or directly around hydrothermal vents.

pyrite rims with δ34SVCDT values between −20‰ and −24.5‰, which
they interpreted as evidence for microbial processing of sulfur during
soil formation at that time. Of particular interest are paleosols found at
several localities near Schagen (Mpumalanga Province, Eastern Transvaal Supergroup, South Africa) which were formed prior to 2.6 Ga.
Their high organic C content (up to 1.4 wt%) in 20 μm to 1 mm thick
seams with δ13Corg values between −14.4 and −17.4‰ PDB not only
indicates that microbial mats existed on the soil surface [220], but the
retention of iron and the increased ratio of Fe(III)/Fe(II) with depth
suggests that the mats were composed of cyanobacteria and that oxygen
concentrations, at least locally, were > 0.1% PAL [221]. Additional
constraints on potential early terrestrial metabolisms is provided by a
study on the 2.76 Gyr Mount Roe palaeosol, Western Australia [222].
The authors describe isotopic evidence indicative of methanotrophy
which they suggest occurred around ephemeral ponds. The presence of
methanotrophs necessitates the presence of methane-producing microorganisms. Methane could have provided an additional substrate for
microbial Fe(III) reduction where the oxidation of methane would have
been coupled to microbial reduction of Fe(III) [160].
The terrestrial rock record also includes some evidence of aquatic
terrestrial habitats on the early landmasses. For example, Homann et al.
[14] show direct fossil evidence for terrestrial microbial mats from a
3.22 Gyr fluvial deposit in the Moodies Group, South Africa. Buick [38]
and Stüeken et al. [223] also provide textural and Mo isotopic evidence
of oxygenic photosynthesis in 2.78 to 2.72 Gyr stromatolites of the
Fortescue Group, Western Australia that were interpreted as having
been formed in an ancient evaporitic lake. However, this interpretation
is not unequivocal, as parts of the Tumbiana Formation were interpreted to represent coastal or shallow marine environments by previous
work [224]. Although these existing records do not directly imply a role
for iron-metabolizing bacteria specifically, they do suggest an active
microbial community which could consist of oxygenic or anoxygenic
phototrophs, as well as active microbial nitrogen, sulfur and methane
cycling. Crucially, all of these processes can potentially be linked to
microbial iron cycling.

erosion is also high for terrestrial deposits, meaning that those environments most likely to have had cyanobacterial communities were
lost from the rock record.
What little understanding of terrestrial iron cycling we have comes
from palaeosols - ancient soil horizons. Weathering of ancient soils
under an anoxic atmosphere led to the mobilization and leaching of Fe
(II). When oxygen is present, Fe(II) is oxidized and thus stabilized,
preventing iron loss. It has been shown that before 2.4 Ga, palaeosols
suffered significant iron loss whereas younger palaeosols generally
show negligible loss of iron during weathering [70,215]. Although
mobilization of iron from palaeosols can be explained by chemical
processes (i.e., abiotic weathering of silicate minerals), the high abundance of aqueous Fe(II) implied by the observed iron mobilization in
pre-GOE palaeosols allows us to speculate about the potential for ironbased metabolisms in these systems.
In modern terrestrial environments, Fe(II) is oxidized by the same
three microbial processes as discussed in part 3 of this review: microaerophilic, anoxygenic phototrophic and nitrate dependent Fe(II) oxidation. In the modern environment, however, these processes are limited
by the ubiquity of atmospheric oxygen which either competes with their
metabolism (as in the case of microaerophilic Fe(II) oxidation) or even
inhibits their activity completely because they are anaerobic (phototrophic and nitrate-reducing Fe(II) oxidation). In addition to benefitting
from the dissolved Fe(II) produced and released from silicate weathering,
these microorganisms are known to also directly oxidize crystalline Fe
(II)-bearing minerals, including magnetite [216], biotite [217], and clay
minerals [218]. On the other end of the iron cycle, given the relative
paucity of TEAs such as O2, NO3− and SO42− in the Precambrian, Fe(III)
may have been one of the few electron acceptors available for ancient
chemolithotrophs. In fact, it has been shown that close relatives of the
last common ancestor of modern life had the ability to conduct DIR
[152]. From the marine record it is clear that DIR played a significant
role in marine iron cycling pre GOE (cross-reference to section 3), and
there is no clear reason why this would not have been a plausible microbial metabolism on the early landmasses as well. It can, therefore, be
proposed that pre-GOE palaeosols with low O2 and abundant Fe(II)
would have represented an even more favourable environment for terrestrial microbial iron cycling than today, although the impact of such
activity on global biogeochemistry may have been minor.
The palaeosol record also contains significant insights into ancient
terrestrial biogeochemistry more generally. In the oldest palaeosol record, the 3.2 Gyr Moodies Group, Nabhan et al. [219] observed contemporaneous formation of pedogenic sulfate nodules and secondary

5. Conclusions
The exact timing of the evolution of oxygenic photosynthesis remains the subject of much debate, but the impact this biological innovation has ultimately had on the Earth's biogeochemistry is undeniably huge. A significant body of evidence suggests that this
innovation first developed in terrestrial environments where
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cyanobacteria were responsible for “whiffs” of oxygen prior to the GOE.
This would have had limited impact on the microbial iron cycle in the
marine environment as the oceans would have remained primarily
anoxic, and the microbial iron cycle would have been dominated by Fe
(II) oxidation by anoxygenic phototrophs and Fe(III) reduction by DIR,
much as it had been prior to the evolution of oxygenic photosynthesis.
The subsequent evolution of planktonic cyanobacteria enabled expansion into the marine realm and led to progressive oxygenation of the
atmosphere and oceans. Anoxygenic phototrophic Fe(II) oxidation
likely remained the dominant mechanism of IF deposition until the
redoxcline descended below the photic zone as anoxygenic phototrophs, which grow at lower light intensities, could oxidize upwelling
Fe(II) before it reached cyanobacteria. Ultimately IF deposition would
cease when the redoxcline descended below the depth of the shelf, and
oxygen from oxidative photosynthesis would dominate Fe(II) removal
from the water column. Increased availability of oxygen could have
enabled expansion of new Fe(II)-oxidizing metabolisms such as microaerophilic and nitrate-reducing Fe(II)-oxidizers, but these are unlikely
to have played a major role in precipitation of IFs. Under increasingly
oxic conditions, however, these “dark” Fe(II)-oxidizing metabolisms
would have found abundant niches in both marine and terrestrial systems where they could potentially influence the local biogeochemistry
much as they continue to do today.

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]
[26]

Acknowledgements

[27]

This study was supported by grants from the German Research
Foundation (DFG) to AK and CB, as well as grants to KK from the
Natural Sciences and Engineering Research Council of Canada (NSERC).
Funding support for PS-B came from a Royal Society University
Research Fellowship.

[28]

[29]
[30]

References

[31]

[1] M.T. Rosing, R. Frei, U-rich Archaean sea-floor sediments from Greenland – indications of > 3700 Ma oxygenic photosynthesis, Earth Planet. Sci. Lett. 217 (3–4)
(2004) 237–244.
[2] R.E. Kopp, J.L., Kirschvink, I.A., Hilburn, C.Z. Nash, The Paleoproterozoic snowball Earth: a climate disaster triggered by the evolution of oxygenic photosynthesis, Proc. Natl. Acad. Sci. 102 (32) (2005) 11131–11136.
[3] M.T. Rosing, 13C-depleted carbon microparticles in > 3700-Ma sea-floor sedimentary rocks from West Greenland, Science 283 (5402) (1999) 674–676.
[4] M.D. Brasier, O.R., A.P. Green, A.K. Jephcoat, M.J. Kleppe, J.F. Van Kranendonk,
Lindsay, A. Steele, N.V. Grassineau, Questioning the evidence for Earth's oldest
fossils, Nature 416 (6876) (2002) 76.
[5] C.M. Fedo, M.J. Whitehouse, Metasomatic origin of quartz-pyroxene rock, Akilia,
Greenland, and implications for Earth's earliest life, Science 296 (5572) (2002)
1448–1452.
[6] M.A. Van Zuilen, A. Lepland, G. Arrhenius, Reassessing the evidence for the earliest traces of life, Nature 418 (6898) (2002) 627.
[7] T.M. McCollom, J.S. Seewald, Carbon isotope composition of organic compounds
produced by abiotic synthesis under hydrothermal conditions, Earth Planet. Sci.
Lett. 243 (1–2) (2006) 74–84.
[8] R. Frei, S.A. Crowe, M. Bau, A. Polat, D.A. Fowle, L.N. Døssing, Oxidative elemental cycling under the low O2 Eoarchean atmosphere, Sci. Rep. 6 (2016) 21058.
[9] M.S. Dodd, D. Papineau, T. Grenne, J.F. Slack, M. Rittner, F. Pirajno, J. O’Neil,
C.T. Little, Evidence for early life in Earth’s oldest hydrothermal vent precipitates,
Nature 543 (7643) (2017) 60.
[10] A.M. Satkoski, N.J. Beukes, W. Li, B.L. Beard, C.M. Johnson, A redox-stratified
ocean 3.2 billion years ago, Earth Planet. Sci. Lett. 430 (2015) 43–53.
[11] E.E. Stüeken, R. Buick, B.M. Guy, M.C. Koehler, Isotopic evidence for biological
nitrogen fixation by molybdenum-nitrogenase from 3.2 Gyr, Nature 520 (7549)
(2015) 666.
[12] R. Buick, Early life: ancient acritarchs, Nature 463 (7283) (2010) 885.
[13] M. Homann, C. Heubeck, A. Airo, M.M. Tice, Morphological adaptations of 3.22
Ga-old tufted microbial mats to Archean coastal habitats (Moodies group,
Barberton Greenstone Belt, South Africa), Precambrian Res. 266 (2015) 47–64.
[14] M. Homann, P. Sansjofre, M. Van Zuilen, C. Heubeck, J. Gong, B. Killingsworth,
I.S. Foster, A. Airo, M.J. Van Kranendonk, M. Ader, Microbial life and biogeochemical cycling on land 3,220 million years ago, Nat. Geosci. 11 (9) (2018) 665.
[15] S.A. Crowe, L.N. Døssing, N.J. Beukes, M. Bau, S.J. Kruger, R. Frei, D.E. Canfield,
Atmospheric oxygenation three billion years ago, Nature 501 (7468) (2013)
535–538.
[16] A. Bekker, H.D. Holland, P.-L. Wang, D. Rumble, H.J. Stein, J.L. Hannah,
L.L. Coetzee, N.J. Beukes, Dating the rise of atmospheric oxygen, Nature 427
(6970) (2004) 117–120.
[17] G. Albut, M.G. Babechuk, I.C. Kleinhanns, M. Benger, N.J. Beukes, B. Steinhilber,

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]
[42]
[43]
[44]
[45]
[46]
[47]

163

A.J. Smith, S.J. Kruger, R. Schoenberg, Modern rather than Mesoarchaean oxidative weathering responsible for the heavy stable Cr isotopic signatures of the
2.95 Ga old Ijzermijn iron formation (South Africa), Geochem. Cosmochim. Acta
228 (2018) 157–189.
N.J. Planavsky, D. Asael, A. Hofmann, C.T. Reinhard, S.V. Lalonde, A. Knudsen,
X. Wang, F.O. Ossa, E. Pecoits, A.J. Smith, Evidence for oxygenic photosynthesis
half a billion years before the Great Oxidation Event, Nat. Geosci. 7 (4) (2014)
283.
J.E. Johnson, S.M. Webb, K. Thomas, S. Ono, J.L. Kirschvink, W.W. Fischer,
Manganese-oxidizing photosynthesis before the rise of cyanobacteria, Proc. Natl.
Acad. Sci. 110 (28) (2013) 11238–11243.
E.E. Stüeken, D.C. Catling, R. Buick, Contributions to late Archaean sulphur cycling by life on land, Nat. Geosci. 5 (10) (2012) 722.
C. Siebert, J. Kramers, T. Meisel, P. Morel, T.F. Nägler, PGE, Re-Os, and Mo isotope
systematics in Archean and early Proterozoic sedimentary systems as proxies for
redox conditions of the early Earth, Geochem. Cosmochim. Acta 69 (7) (2005)
1787–1801.
M. Wille, J.D. Kramers, T.F. Nägler, N. Beukes, S. Schröder, T. Meisel, J. Lacassie,
A. Voegelin, Evidence for a gradual rise of oxygen between 2.6 and 2.5 Ga from
Mo isotopes and Re-PGE signatures in shales, Geochem. Cosmochim. Acta 71 (10)
(2007) 2417–2435.
A.D. Czaja, C.M. Johnson, E.E. Roden, B.L. Beard, A.R. Voegelin, T.F. Nägler,
N.J. Beukes, M. Wille, Evidence for free oxygen in the Neoarchean ocean based on
coupled iron–molybdenum isotope fractionation, Geochem. Cosmochim. Acta 86
(2012) 118–137.
C. Thomazo, E.G. Nisbet, N.V. Grassineau, M. Peters, H. Strauss, Multiple sulfur
and carbon isotope composition of sediments from the Belingwe Greenstone Belt
(Zimbabwe): a biogenic methane regulation on mass independent fractionation of
sulfur during the Neoarchean? Geochem. Cosmochim. Acta 121 (2013) 120–138.
F. Kurzweil, M. Wille, N. Gantert, N.J. Beukes, R. Schoenberg, Manganese oxide
shuttling in pre-GOE oceans–evidence from molybdenum and iron isotopes, Earth
Planet. Sci. Lett. 452 (2016) 69–78.
J. Hayes, J.W. Schopf (Ed.), Earth's Earliest Biosphere: its Origin and Evolution,
Princton Univ. Press, Princeton, 1983, pp. 291–301.
J.L. Eigenbrode, K.H. Freeman, Late Archean rise of aerobic microbial ecosystems,
Proc. Natl. Acad. Sci. 103 (43) (2006) 15759–15764.
A. Boetius, K. Ravenschlag, C.J. Schubert, D. Rickert, F. Widdel, A. Gieseke,
R. Amann, B.B. Jorgensen, U. Witte, O. Pfannkuche, A marine microbial consortium apparently mediating anaerobic oxidation of methane, Nature 407 (2000)
623–626.
E.J. Beal, C.H. House, V.J. Orphan, Manganese-and iron-dependent marine methane oxidation, Science 325 (5937) (2009) 184–187.
K.F. Ettwig, M.K. Butler, D. Le Paslier, E. Pelletier, S. Mangenot, M.M. Kuypers,
J. Gloerich, Nitrite-driven anaerobic methane oxidation by oxygenic bacteria,
Nature 464 (7288) (2010) 543.
M.L. Wu, K.T. Van De Pas-Schoonen, H.J.M.O. Den Camp, E.M. Janssen-Megens,
K.J. Francoijs, H. Stunnenberg, J. Weissenbach, M.S.M. Jetten, M. Strous, Nitritedriven anaerobic methane oxidation by oxygenic bacteria, Nature 464 (2010)
543–548.
K.F. Ettwig, B. Zhu, D. Speth, J.T. Keltjens, M.S. Jetten, B. Kartal, Archaea catalyze
iron-dependent anaerobic oxidation of methane, Proc. Natl. Acad. Sci. 113 (2016)
12792–12796.
C. Cai, A.O. Leu, G.J. Xie, J. Guo, Y. Feng, J.X. Zhao, G.W. Tyson, Z. Yuan, S. Hu, A
methanotrophic archaeon couples anaerobic oxidation of methane to Fe(III) reduction, ISME J. 12 (2018) 1929–1939.
L.V. Godfrey, P.G. Falkowski, The cycling and redox state of nitrogen in the
Archaean ocean, Nat. Geosci. 2 (10) (2009) 725.
J. Garvin, R. Buick, A.D. Anbar, G.L. Arnold, A.J. Kaufman, Isotopic evidence for
an aerobic nitrogen cycle in the latest Archean, Science 323 (5917) (2009)
1045–1048.
C. Thomazo, M. Ader, P. Philippot, Extreme 15N-enrichments in 2.72-Gyr-old sediments: evidence for a turning point in the nitrogen cycle, Geobiology 9 (2)
(2011) 107–120.
V. Beaumont, F. Robert, Nitrogen isotope ratios of kerogens in Precambrian cherts:
a record of the evolution of atmosphere chemistry? Precambrian Res. 96 (1–2)
(1999) 63–82.
R. Buick, The antiquity of oxygenic photosynthesis: evidence from stromatolites in
sulphate-deficient Archaean lakes, Science 255 (5040) (1992) 74–77.
D.T. Flannery, M.R. Walter, Archean tufted microbial mats and the Great
Oxidation Event: new insights into an ancient problem, Aust. J. Earth Sci. 59 (1)
(2012) 1–11.
M.S. Sim, B. Liang, A.P. Petroff, A. Evans, V. Klepac-Ceraj, D.T. Flannery, T. Bosak,
Oxygen-dependent morphogenesis of modern clumped photosynthetic mats and
implications for the Archean stromatolite record, Geosciences 2 (4) (2012)
235–259.
W. Altermann, J.W. Schopf, Microfossils from the neoarchean campbell group,
griqualand west sequence of the transvaal Supergroup, and their paleoenvironmental and evolutionary implications, Precambrian Res. 75 (1–2) (1995) 65–90.
A.H. Knoll (Ed.), The Cyanobacteria: Molecular Biology, Genomics, and Evolution,
Caister Academic Press, 2008.
A.H. Knoll, Paleobiological perspectives on early microbial evolution, Cold Spring
Harb. Perspect. Biol. 7 (7) (2015) a018093.
H.J. Hofmann, Precambrian microflora, Belcher Islands, Canada: significance and
systematics, J. Paleontol. (1976) 1040–1073.
T. Cardona, Early Archean origin of heterodimeric photosystem I, Heliyon 4 (3)
(2018) e00548.
T. Cardona, P. Sánchez-Baracaldo, A.W. Rutherford, A.W. Larkum, Early Archean
Origin of Photosystem II, Geobiology, (2018).
R.I. Ponce-Toledo, P. Deschamps, P. López-García, Y. Zivanovic, K. Benzerara,
D. Moreira, An early-branching freshwater cyanobacterium at the origin of

Free Radical Biology and Medicine 140 (2019) 154–166

M. Schad, et al.
plastids, Curr. Biol. 27 (3) (2017) 386–391.
[48] P. Sánchez-Baracaldo, Origin of marine planktonic cyanobacteria, Sci. Rep. 5
(2015) 17418.
[49] P. Sánchez-Baracaldo, J.A. Raven, D. Pisani, A.H. Knoll, Early photosynthetic
eukaryotes inhabited low-salinity habitats, Proc. Natl. Acad. Sci. 114 (37) (2017)
E7737–E7745.
[50] P. Sánchez-Baracaldo, A. Ridgwell, J.A. Raven, A neoproterozoic transition in the
marine nitrogen cycle, Curr. Biol. 24 (6) (2014) 652–657.
[51] B.E. Schirrmeister, M. Gugger, P.C. Donoghue, Cyanobacteria and the great oxidation event: evidence from genes and fossils, Palaeontology 58 (5) (2015)
769–785.
[52] S. Shao, T. Cardona, P. Nixon, Early emergence of the FtsH proteases involved in
photosystem II repair, Photosynthetica 56 (1) (2018) 163–177.
[53] T. Shi, T.S. Bibby, L. Jiang, A.J. Irwin, P.G. Falkowski, Protein interactions limit
the rate of evolution of photosynthetic genes in cyanobacteria, Mol. Biol. Evol. 22
(11) (2005) 2179–2189.
[54] C. Blank, P. Sanchez-Baracaldo, Timing of morphological and ecological innovations in the cyanobacteria–a key to understanding the rise in atmospheric oxygen,
Geobiology 8 (1) (2010) 1–23.
[55] P.M. Shih, J. Hemp, L.M. Ward, N.J. Matzke, W.W. Fischer, Crown group
Oxyphotobacteria postdate the rise of oxygen, Geobiology 15 (1) (2017) 19–29.
[56] P.M. Shih, D. Wu, A. Latifi, S.D. Axen, D.P. Fewer, E. Talla, A. Calteau, F. Cai,
N.T. De Marsac, R. Rippka, Improving the coverage of the cyanobacterial phylum
using diversity-driven genome sequencing, Proc. Natl. Acad. Sci. 110 (3) (2013)
1053–1058.
[57] J. Farquhar, H. Bao, M. Thiemens, Atmospheric influence of Earth's earliest sulfur
cycle, Science 289 (5480) (2000) 756–758.
[58] J. Farquhar, N. Wu, D.E. Canfield, H. Oduro, Connections between sulfur cycle
evolution, sulfur isotopes, sediments, and base metal sulfide deposits, Econ. Geol.
105 (3) (2010) 509–533.
[59] A. Pavlov, J. Kasting, Mass-independent fractionation of sulfur isotopes in Archean
sediments: strong evidence for an anoxic Archean atmosphere, Astrobiology 2 (1)
(2002) 27–41.
[60] D. Papineau, S.J. Mojzsis, A.K. Schmitt, Multiple sulfur isotopes from
Paleoproterozoic Huronian interglacial sediments and the rise of atmospheric
oxygen, Earth Planet. Sci. Lett. 255 (1–2) (2007) 188–212.
[61] M.A. Partridge, S.D. Golding, K.A. Baublys, E. Young, Pyrite paragenesis and
multiple sulfur isotope distribution in late Archean and early Paleoproterozoic
Hamersley Basin sediments, Earth Planet. Sci. Lett. 272 (1–2) (2008) 41–49.
[62] Q. Guo, H. Strauss, A.J. Kaufman, S. Schröder, J. Gutzmer, B. Wing, M.A. Baker,
A. Bekker, Q. Jin, S.-T. Kim, Reconstructing Earth's surface oxidation across the
Archean-Proterozoic transition, Geology 37 (5) (2009) 399–402.
[63] K.H. Williford, M.J. Van Kranendonk, T. Ushikubo, R. Kozdon, J.W. Valley,
Constraining atmospheric oxygen and seawater sulfate concentrations during
Paleoproterozoic glaciation: in situ sulfur three-isotope microanalysis of pyrite
from the Turee Creek Group, Western Australia, Geochem. Cosmochim. Acta 75
(19) (2011) 5686–5705.
[64] G. Luo, S. Ono, N.J. Beukes, D.T. Wang, S. Xie, R.E. Summons, Rapid oxygenation
of Earth's atmosphere 2.33 billion years ago, Sci. Adv. 2 (5) (2016) e1600134.
[65] A.P. Gumsley, K.R. Chamberlain, W. Bleeker, U. Söderlund, M.O. de Kock,
E.R. Larsson, A. Bekker, Timing and tempo of the great oxidation event, Proc. Natl.
Acad. Sci. 114 (8) (2017) 1811–1816.
[66] C.T. Reinhard, N.J. Planavsky, L.J. Robbins, C.A. Partin, B.C. Gill, S.V. Lalonde,
A. Bekker, K.O. Konhauser, T.W. Lyons, Proterozoic ocean redox and biogeochemical stasis, Proc. Natl. Acad. Sci. (2013) 201208622.
[67] F.W. Chandler, Proterozoic Redbed Sequences of Canada, Energy, Mines and
Resources Canada, Geological Survey of Canada, 1980.
[68] V.A. Melezhik, A.E. Fallick, D.V. Rychanchik, A.B. Kuznetsov, Palaeoproterozoic
evaporites in Fennoscandia: implications for seawater sulphate, the rise of atmospheric oxygen and local amplification of the δ13C excursion, Terra. Nova 17 (2)
(2005) 141–148.
[69] R.V. Kirkham, S.M. Roscoe, Atmospheric evolution and ore deposit formation,
Special Issue, Resour. Geol. 15 (1993) 1–17.
[70] R. Rye, H.D. Holland, Paleosols and the evolution of atmospheric oxygen: a critical
review, Am. J. Sci. 298 (8) (1998) 621–672.
[71] H.D. Holland, Sea level, sediments and the composition of seawater, Am. J. Sci.
305 (3) (2005) 220–239.
[72] A. Bekker, H.D. Holland, Oxygen overshoot and recovery during the early
Paleoproterozoic, Earth Planet. Sci. Lett. 317 (2012) 295–304.
[73] B. Rasmussen, R. Buick, Redox state of the Archean atmosphere: evidence from
detrital heavy minerals in ca. 3250–2750 Ma sandstones from the Pilbara Craton,
Australia, Geology 27 (2) (1999) 115–118.
[74] S. Roscoe, Paleoplacer uranium, gold, geology of Canadian mineral deposits, in:
O.R. Eckstrand, W.D. Sinclair, R.I. Thorpe (Eds.), 8 Geological Survey of Canada,
Geology of Canada, 1996, pp. 10–23.
[75] G.L. England, B. Rasmussen, B. Krapez, D.I. Groves, Palaeoenvironmental significance of rounded pyrite in siliciclastic sequences of the Late Archaean
Witwatersrand Basin: oxygen-deficient atmosphere or hydrothermal alteration?
Sedimentology 49 (6) (2002) 1133–1156.
[76] A. Hofmann, A. Bekker, O. Rouxel, D. Rumble, S. Master, Multiple sulphur and
iron isotope composition of detrital pyrite in Archaean sedimentary rocks: a new
tool for provenance analysis, Earth Planet. Sci. Lett. 286 (3–4) (2009) 436–445.
[77] J.E. Johnson, A. Gerpheide, M.P. Lamb, W.W. Fischer, O2 constraints from
Paleoproterozoic detrital pyrite and uraninite, Bulletin 126 (5–6) (2014) 813–830.
[78] D.E. Canfield, A new model for Proterozoic ocean chemistry, Nature 396 (6710)
(1998) 450–453.
[79] D.E. Canfield, J. Farquhar, Animal evolution, bioturbation, and the sulfate concentration of the oceans, Proc. Natl. Acad. Sci. 106 (20) (2009) 8123–8127.
[80] S. Schröder, A. Bekker, N.J. Beukes, H. Strauss, H.S. Van Niekerk, Rise in seawater
sulphate concentration associated with the Paleoproterozoic positive carbon

isotope excursion: evidence from sulphate evaporites in the ~2.2–2.1 Gyr shallowmarine Lucknow Formation, South Africa, Terra. Nova 20 (2) (2008) 108–117.
[81] K.O. Konhauser, S.V. Lalonde, N.J. Planavsky, E. Pecoits, T.W. Lyons, S.J. Mojzsis,
O.J. Rouxel, M.E. Barley, C. Rosìere, P.W. Fralick, Aerobic bacterial pyrite oxidation and acid rock drainage during the Great Oxidation Event, Nature 478
(7369) (2011) 369–373.
[82] E.C. Fru, N.P. Rodríguez, C.A. Partin, S.V. Lalonde, P. Andersson, D.J. Weiss, A. El
Albani, I. Rodushkin, K.O. Konhauser, Cu isotopes in marine black shales record
the Great Oxidation Event, Proc. Natl. Acad. Sci. (2016) 201523544.
[83] H. Tsikos, J.M. Moore, Petrography and geochemistry of the Paleoproterozoic
Hotazel Iron-Formation, Kalahari manganese field, South Africa; implications for
Precambrian manganese metallogenesis, Econ. Geol. 92 (1) (1997) 87–97.
[84] B.M. Tebo, H.A. Johnson, J.K. McCarthy, A.S. Templeton, Geomicrobiology of
manganese(II) oxidation, Trends Microbiol. 13 (9) (2005) 421–428.
[85] T.J. Warchola, S.V. Lalonde, E. Pecoits, K. Von Gunten, L.J. Robbins, D.S. Alessi,
P. Philippot, K.O. Konhauser, Petrology and geochemistry of the boolgeeda iron
formation, Hamersley Basin, Western Australia, Precambrian Res. 316 (2018)
155–173.
[87] L.M. Ward, J.L. Kirschvink, W.W. Fischer, Timescales of oxygenation following the
evolution of oxygenic photosynthesis, Orig. Life Evol. Biosph. 46 (1) (2016)
51–65.
[88] F.U. Battistuzzi, A. Feijao, S.B. Hedges, A genomic timescale of prokaryote evolution: insights into the origin of methanogenesis, phototrophy, and the colonization of land, BMC Evol. Biol. 4 (1) (2004) 44.
[89] R.M. Soo, C.T. Skennerton, Y. Sekiguchi, M. Imelfort, S.J. Paech, P.G. Dennis,
J.A. Steen, D.H. Parks, G.W. Tyson, P. Hugenholtz, An expanded genomic representation of the phylum Cyanobacteria, Genome Biol. Evol. 6 (5) (2014)
1031–1045.
[90] T. Cardona, A fresh look at the evolution and diversification of photochemical
reaction centers, Photosynth. Res. 126 (1) (2015) 111–134.
[91] T. Cardona, Reconstructing the origin of oxygenic photosynthesis: do assembly
and photoactivation recapitulate evolution? Front. Plant Sci. 7 (2016) 257.
[92] T. Cardona, Photosystem II is a chimera of reaction centers, J. Mol. Evol. 84 (2–3)
(2017) 149–151.
[93] M.F. Hohmann-Marriott, R.E. Blankenship, J.J. Eaton-Rye, B.C. Tripathy,
T.D. Sharkey, The photosynthetic world, Photosynthesis, Springer Science &
Business Media, Dordrecht, 2012, pp. 3–32.
[94] R.M. Soo, J. Hemp, D.H. Parks, W.W. Fischer, P. Hugenholtz, On the origins of
oxygenic photosynthesis and aerobic respiration in Cyanobacteria, Science 355
(6332) (2017) 1436–1440.
[95] J. Larsson, J.A. Nylander, B. Bergman, Genome fluctuations in cyanobacteria reflect evolutionary, developmental and adaptive traits, BMC Evol. Biol. 11 (1)
(2011) 187.
[96] P. Sanchez-Baracaldo, P. Hayes, C.E. Blank, Morphological and habitat evolution
in the Cyanobacteria using a compartmentalization approach, Geobiology 3 (3)
(2005) 145–165.
[97] L.V. Berkner, L. Marshall, On the origin and rise of oxygen concentration in the
Earth's atmosphere, J. Atmos. Sci. 22 (3) (1965) 225–261.
[98] C.C. Bryce, G. Horneck, E. Rabbow, H.G. Edwards, C.S. Cockell, Impact shocked
rocks as protective habitats on an anoxic early Earth, Int. J. Astrobiol. 14 (1)
(2015) 115–122.
[99] B.K. Pierson, H.K. Mitchell, A.L. Ruff-Roberts, Chloroflexus aurantiacus and ultraviolet radiation: implications for Archean shallow-water stromatolites, Orig.
Life Evol. Biosph. 23 (4) (1993) 243–260.
[100] V.R. Phoenix, P.C. Bennett, A.S. Engel, S.W. Tyler, F.G. Ferris, Chilean high-altitude hot-spring sinters: a model system for UV screening mechanisms by early
Precambrian cyanobacteria, Geobiology 4 (1) (2006) 15–28.
[101] T. Gauger, K.O. Konhauser, A. Kappler, Protection of nitrate-reducing Fe(II)-oxidizing bacteria from UV radiation by biogenic Fe (III) minerals, Astrobiology 16
(4) (2016) 301–310.
[102] A.M. Mloszewska, D.B. Cole, N.J. Planavsky, A. Kappler, D.S. Whitford,
G.W. Owttrim, K.O. Konhauser, UV radiation limited the expansion of cyanobacteria in early marine photic environments, Nat. Commun. 9 (1) (2018) 3088.
[103] V.R. Phoenix, K.O. Konhauser, D.G. Adams, S.H. Bottrell, Role of biomineralization as an ultraviolet shield: implications for Archean life, Geology 29 (9) (2001)
823–826.
[104] B.E. Schirrmeister, J.M. de Vos, A. Antonelli, H.C. Bagheri, Evolution of multicellularity coincided with increased diversification of cyanobacteria and the Great
Oxidation Event, Proc. Natl. Acad. Sci. 110 (5) (2013) 1791–1796.
[105] B.E. Schirrmeister, P. Sanchez-Baracaldo, D. Wacey, Cyanobacterial evolution
during the precambrian, Int. J. Astrobiol. 15 (3) (2016) 187–204.
[106] S.E. Peters, J.M. Husson, J. Wilcots, The rise and fall of stromatolites in shallow
marine environments, Geology 45 (6) (2017) 487–490.
[107] J.P. Grotzinger, A.H. Knoll, Stromatolites in Precambrian carbonates: evolutionary
mileposts or environmental dipsticks? Annu. Rev. Earth Planet Sci. 27 (1) (1999)
313–358.
[108] L. Stal, Coastal microbial mats: the physiology of a small-scale ecosystem, South
Afr. J. Bot. 67 (3) (2001) 399–410.
[109] M.R. Walter, R. Buick, J.S.R. Dunlop, Stromatolites 3.400-3.500 Myr old from the
North Pole area, Western Australia, Nature 284 (5755) (1980) 443–445.
[110] W.W. Fischer, J. Hemp, J.E. Johnson, Evolution of oxygenic photosynthesis, Annu.
Rev. Earth Planet Sci. 44 (2016) 647–683.
[111] C. Thomazo, E. Couradeau, F. Garcia-Pichel, Possible nitrogen fertilization of the
early Earth Ocean by microbial continental ecosystems, Nat. Commun. 9 (1)
(2018) 2530.
[112] B. Kendall, R.A. Creaser, C.T. Reinhard, T.W. Lyons, A.D. Anbar, Transient episodes of mild environmental oxygenation and oxidative continental weathering
during the late Archean, Sci. Adv. 1 (10) (2015) e1500777.
[113] S.V. Lalonde, K.O. Konhauser, Benthic perspective on Earth's oldest evidence for
oxygenic photosynthesis, Proc. Natl. Acad. Sci. 112 (4) (2015) 995–1000.

164

Free Radical Biology and Medicine 140 (2019) 154–166

M. Schad, et al.
[114] G.J. Dick, S.L. Grim, J.M. Klatt, Controls on O2 production in cyanobacterial mats
and implications for earth's oxygenation, Annu. Rev. Earth Planet Sci. 46 (2018)
123–147.
[115] P. Flombaum, J.L. Gallegos, R.A. Gordillo, J. Rincón, L.L. Zabala, N. Jiao,
D.M. Karl, W.K. Li, M.W. Lomas, D. Veneziano, Present and future global distributions of the marine Cyanobacteria Prochlorococcus and Synechococcus, Proc.
Natl. Acad. Sci. 110 (24) (2013) 9824–9829.
[116] S.L. Olson, L.R. Kump, J.F. Kasting, Quantifying the areal extent and dissolved
oxygen concentrations of Archean oxygen oases, Chem. Geol. 362 (2013) 35–43.
[117] D.E. Canfield, The early history of atmospheric oxygen: homage to Robert M.
Garrels, Annu. Rev. Earth Planet Sci. 33 (2005) 1–36.
[118] P.W. Boyd, M.J. Ellwood, The biogeochemical cycle of iron in the ocean, Nat.
Geosci. 3 (10) (2010) 675.
[119] P.E. Cloud, Significance of the Gunflint (Precambrian) microflora photosynthetic
oxygen may have had important local effects before becoming a major atmospheric gas, Science 148 (3666) (1965) 27–35.
[120] P.E. Cloud, Paleoecological significance of the banded iron-formation, Econ. Geol.
68 (7) (1973) 1135–1143.
[121] E.D. Swanner, A.M. Mloszewska, O.A. Cirpka, R. Schoenberg, K.O. Konhauser,
A. Kappler, Modulation of oxygen production in Archaean oceans by episodes of
Fe(II) toxicity, Nat. Geosci. 8 (2) (2015) 126–130.
[122] B. Kendall, C.T. Reinhard, T.W. Lyons, A.J. Kaufman, S.W. Poulton, A.D. Anbar,
Pervasive oxygenation along late Archaean ocean margins, Nat. Geosci. 3 (9)
(2010) 647–652.
[123] D.S. Hardisty, Z. Lu, N.J. Planavsky, A. Bekker, P. Philippot, X. Zhou, T.W. Lyons,
An iodine record of Paleoproterozoic surface ocean oxygenation, Geology 42 (7)
(2014) 619–622.
[124] R.M. Garrels, E.A. Perry, F.T. Mackenzie, Genesis of Precambrian iron-formations
and the development of atmospheric oxygen, Econ. Geol. 68 (7) (1973)
1173–1179.
[125] H. Hartman, The evolution of photosynthesis and microbial mats: a speculation on
banded iron formations, in: Y. Cohen, R.W. Castenholz, H.O. Halvorson (Eds.),
Microbial Mats: Stromatolites, Alan Liss, New York, 1984, pp. 451–453.
[126] A. Kappler, D.K. Newman, Formation of Fe(III)-minerals by Fe(II)-oxidizing photoautotrophic bacteria, Geochem. Cosmochim. Acta 68 (6) (2004) 1217–1226.
[127] R.G. Maliva, A.H. Knoll, B.M. Simonson, Secular change in the Precambrian silica
cycle: insights from chert petrology, Geol. Soc. Am. Bull. 117 (7–8) (2005)
835–845.
[128] C. Alibert, Rare earth elements in Hamersley BIF minerals, Geochem. Cosmochim.
Acta 184 (2016) 311–328.
[129] K.O. Konhauser, S.V. Lalonde, L. Amskold, H.D. Holland, Was there really an
Archean phosphate crisis? Science 315 (2007) 1234.
[130] W.W. Fischer, A.H. Knoll, An iron shuttle for deepwater silica in Late Archean and
early Paleoproterozoic iron formation, Geol. Soc. Am. Bull. 121 (1–2) (2009)
222–235.
[131] E.M. Percak-Dennett, B.L. Beard, H. Xu, H. Konishi, C.M. Johnson, E.E. Roden,
Iron isotope fractionation during microbial dissimilatory iron oxide reduction in
simulated Archaean seawater, Geobiology 9 (3) (2011) 205–220.
[132] L. Wu, E.M. Percak-Dennett, B.L. Beard, E.E. Roden, C.M. Johnson, Stable iron
isotope fractionation between aqueous Fe(II) and model Archean ocean Fe–Si
coprecipitates and implications for iron isotope variations in the ancient rock record, Geochem. Cosmochim. Acta 84 (2012) 14–28.
[133] B. Rasmussen, J.R. Muhling, A. Suvorova, B. Krapež, Greenalite precipitation
linked to the deposition of banded iron formations downslope from a late Archean
carbonate platform, Precambrian Res. 290 (2017) 49–62.
[134] J.E. Johnson, J.R. Muhling, J. Cosmidis, B. Rasmussen, A.S. Templeton, Low-Fe
(III) greenalite was a primary mineral from neoarchean oceans, Geophys. Res. Lett.
45 (7) (2018) 3182–3192.
[135] L.J. Robbins, S. Funk, S.L. Flynn, T.J. Warchola, Z. Li, S.V. Lalonde, B.J. Rostron,
J.B. Smith, N.J. Beukes, M.O. de Kok, L.M. Hearman, D.S. Alessi, K.O. Konhauser,
Hydrogeological constraints on the post-depositional oxidation of banded iron
formation, Nat. Geosci. 12 (7) (2019) 558–563.
[136] K.O. Konhauser, T. Hamade, R. Raiswell, R.C. Morris, F.G. Ferris, G. Southam,
D.E. Canfield, Could bacteria have formed the Precambrian banded iron formations? Geology 30 (12) (2002) 1079–1082.
[137] K.O. Konhauser, L.J. Robbins, D.S. Alessi, S.L. Flynn, M.K. Gingras, R.E. Martinez,
A. Kappler, E.D. Swanner, Y.-L. Li, S.A. Crowe, Phytoplankton contributions to the
trace-element composition of Precambrian banded iron formations, Geol. Soc. Am.
Bull. 130 (5–6) (2017) 941–951.
[138] A. Kappler, C. Pasquero, K.O. Konhauser, D.K. Newman, Deposition of banded iron
formations by anoxygenic phototrophic Fe(II)-oxidizing bacteria, Geology 33 (11)
(2005) 865–868.
[139] C. Jones, S. Nomosatryo, S.A. Crowe, C.J. Bjerrum, D.E. Canfield, Iron oxides,
divalent cations, silica, and the early earth phosphorus crisis, Geology 43 (2)
(2015) 135–138.
[140] A.D. Czaja, C.M. Johnson, B.L. Beard, E.E. Roden, W. Li, S. Moorbath, Biological Fe
oxidation controlled deposition of banded iron formation in the ca. 3770 Ma Isua
Supracrustal Belt (West Greenland), Earth Planet. Sci. Lett. 363 (2013) 192–203.
[141] N. Dauphas, N.L. Cates, S.J. Mojzsis, V. Busigny, Identification of chemical sedimentary protoliths using iron isotopes in the > 3750 Ma Nuvvuagittuq supracrustal belt, Canada. Earth and Planet, Sci. Lett. 254 (3–4) (2007) 358–376.
[142] E.D. Melton, E.D. Swanner, S. Behrens, C. Schmidt, A. Kappler, The interplay of
microbially mediated and abiotic reactions in the biogeochemical Fe cycle, Nat.
Rev. Microbiol. 12 (12) (2014) 797.
[143] K.L. Straub, M. Benz, B. Schink, F. Widdel, Anaerobic, nitrate-dependent microbial
oxidation of ferrous iron, Appl. Environ. Microbiol. 62 (4) (1996) 1458–1460.
[144] S. He, C. Tominski, A. Kappler, S. Behrens, E.E. Roden, Metagenomic analyses of
the autotrophic Fe(II)-oxidizing, nitrate-reducing enrichment culture KS, Appl.
Environ. Microbiol. 82 (9) (2016) 2656–2668.
[145] C. Tominski, H. Heyer, T. Lösekann-Behrens, S. Behrens, A. Kappler, Growth and

[146]
[147]
[148]

[149]
[150]

[151]
[152]
[153]
[154]
[155]

[156]

[157]
[158]

[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]

[173]

[174]

165

population dynamics of the anaerobic Fe(II)-oxidizing and nitrate-reducing enrichment culture KS, Appl. Environ. Microbiol. 84 (9) (2018) e02173-17.
N. Klueglein, A. Kappler, Abiotic oxidation of Fe(II) by reactive nitrogen species in
cultures of the nitrate-reducing Fe(II) oxidizer Acidovorax sp. BoFeN1–questioning
the existence of enzymatic Fe (II) oxidation, Geobiology 11 (2) (2013) 180–190.
X. Zhang, D.M. Sigman, F.M. Morel, A.M. Kraepiel, Nitrogen isotope fractionation
by alternative nitrogenases and past ocean anoxia, Proc. Natl. Acad. Sci. (2014)
201402976.
W. Wu, E.D. Swanner, L. Hao, F. Zeitvogel, M. Obst, Y. Pan, A. Kappler,
Characterization of the physiology and cell–mineral interactions of the marine
anoxygenic phototrophic Fe(II) oxidizer Rhodovulum iodosum–implications for
Precambrian Fe(II) oxidation, FEMS Microbiol. Ecol. 88 (3) (2014) 503–515.
K.O. Konhauser, D.K. Newman, A. Kappler, The potential significance of microbial
Fe(III) reduction during deposition of Precambrian banded iron formations,
Geobiology 3 (3) (2005) 167–177.
N.R. Posth, S. Huelin, K.O. Konhauser, A. Kappler, Size, density and composition
of cell–mineral aggregates formed during anoxygenic phototrophic Fe(II) oxidation: impact on modern and ancient environments, Geochem. Cosmochim. Acta 74
(12) (2010) 3476–3493.
J.C. Walker, Suboxic diagenesis in banded iron formations, Nature 309 (1984)
340–342.
M. Vargas, K. Kashefi, E.L. Blunt-Harris, D.R. Lovley, Microbiological evidence for
Fe(III) reduction on early Earth, Nature 395 (6697) (1998) 65–67.
C.M. Johnson, B.L. Beard, C. Klein, N.J. Beukes, E.E. Roden, Iron isotopes constrain biologic and abiologic processes in banded iron formation genesis,
Geochem. Cosmochim. Acta 72 (1) (2008) 151–169.
G. Steinhoefel, I. Horn, F. von Blanckenburg, Micro-scale tracing of Fe and Si
isotope signatures in banded iron formation using femtosecond laser ablation,
Geochem. Cosmochim. Acta 73 (18) (2009) 5343–5360.
A.D. Czaja, C.M. Johnson, B.L. Beard, J.L. Eigenbrode, K.H. Freeman,
K.E. Yamaguchi, Iron and carbon isotope evidence for ecosystem and environmental diversity in the ~2.7 to 2.5 Ga Hamersley Province, Western Australia,
Earth Planet. Sci. Lett. 292 (1–2) (2010) 170–180.
A. Heimann, C.M. Johnson, B.L. Beard, J.W. Valley, E.E. Roden, M.J. Spicuzza,
N.J. Beukes, Fe, C, and O isotope compositions of banded iron formation carbonates demonstrate a major role for dissimilatory iron reduction in ~2.5 Ga marine
environments, Earth Planet. Sci. Lett. 294 (1) (2010) 8–18.
P.R. Craddock, N. Dauphas, Iron and carbon isotope evidence for microbial iron
respiration throughout the Archean, Earth Planet. Sci. Lett. 303 (1) (2011)
121–132.
F.O. Ossa, A. Hofmann, M. Wille, J.E. Spangenberg, A. Bekker, S.W. Poulton,
B. Eickmann, R. Schoenberg, Aerobic iron and manganese cycling in a redoxstratified Mesoarchean epicontinental sea, Earth Planet. Sci. Lett. 500 (2018)
28–40.
B. Rasmussen, J.R. Muhling, Making magnetite late again: evidence for widespread magnetite growth by thermal decomposition of siderite in Hamersley
banded iron formations, Precambrian Res. 306 (2018) 64–93.
N. Riedinger, M.J. Formolo, T.W. Lyons, S. Henkel, A. Beck, S. Kasten, An inorganic geochemical argument for coupled anaerobic oxidation of methane and
iron reduction in marine sediments, Geobiology 12 (2) (2014) 172–181.
M. Oshiki, S. Ishii, K. Yoshida, N. Fujii, M. Ishiguro, H. Satoh, S. Okabe, Nitratedependent ferrous iron oxidation by anaerobic ammonium oxidation (anammox)
bacteria, Appl. Environ. Microbiol. 79 (13) (2013) 4087–4093. AEM. 00743-13.
J.-C. Clément, J. Shrestha, J.G. Ehrenfeld, P.R. Jaffé, Ammonium oxidation coupled to dissimilatory reduction of iron under anaerobic conditions in wetland soils,
Soil Biol. Biochem. 37 (12) (2005) 2323–2328.
L.R. Kump, W.E. Seyfried, Hydrothermal Fe fluxes during the Precambrian: effect
of low oceanic sulfate concentrations and low hydrostatic pressure on the composition of black smokers, Earth Planet. Sci. Lett. 235 (3) (2005) 654–662.
D.L. Roerdink, P.R. Mason, J. Farquhar, T. Reimer, Multiple sulfur isotopes in
Paleoarchean barites identify an important role for microbial sulfate reduction in
the early marine environment, Earth Planet. Sci. Lett. 331 (2012) 177–186.
Y. Ueno, S. Ono, D. Rumble, S. Maruyama, Quadruple sulfur isotope analysis of ca.
3.5 Ga Dresser Formation: new evidence for microbial sulfate reduction in the
early Archean, Geochem. Cosmochim. Acta 72 (23) (2008) 5675–56.
Y. Shen, J. Farquhar, A. Masterson, A.J. Kaufman, R. Buick, Evaluating the role of
microbial sulfate reduction in the early Archean using quadruple isotope systematics, Earth Planet. Sci. Lett. 279 (3–4) (2009) 383–391.
I. Zhelezinskaia, A.J. Kaufman, J. Farquhar, J. Cliff, Large sulfur isotope fractionations associated with Neoarchean microbial sulfate reduction, Science 346
(6210) (2014) 742–744.
S.A. Crowe, G. Paris, S. Katsev, C. Jones, S.-T. Kim, A.L. Zerkle, S. Nomosatryo,
D.A. Fowle, J.F. Adkins, A.L. Sessions, Sulfate was a trace constituent of Archean
seawater, Science 346 (6210) (2014) 735–739.
S.W. Poulton, P.W. Fralick, D.E. Canfield, The transition to a sulphidic ocean
~1.84 billion years ago, Nature 431 (2004) 173 7005.
A.D. Anbar, Y. Duan, T.W. Lyons, G.L. Arnold, B. Kendall, R.A. Creaser,
A.J. Kaufman, G.W. Gordon, C. Scott, J. Garvin, A whiff of oxygen before the great
oxidation event? Science 317 (5846) (2007) 1903–1906.
S.W. Poulton, D.E. Canfield, Ferruginous conditions: a dominant feature of the
ocean through Earth's history, Elements 7 (2) (2011) 107–112.
R. Haugaard, E. Pecoits, S.V. Lalonde, O. Rouxel, K.O. Konhauser, The Joffre
banded iron formation, Hamersley Group, Western Australia: assessing the palaeoenvironment through detailed petrology and chemostratigraphy, Precambrian
Res. 273 (2016) 12–37.
G.K. Druschel, D. Emerson, R. Sutka, P. Suchecki, G.W. Luther III, Low-oxygen and
chemical kinetic constraints on the geochemical niche of neutrophilic iron(II)
oxidizing microorganisms, Geochem. Cosmochim. Acta 72 (14) (2008)
3358–3370.
U. Lueder, G. Druschel, D. Emerson, A. Kappler, C. Schmidt, Quantitative analysis

Free Radical Biology and Medicine 140 (2019) 154–166

M. Schad, et al.

[175]
[176]
[177]
[178]

[179]

[182]
[183]

[184]

[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]
[198]

[199]

of O2 and Fe2+ profiles in gradient tubes for cultivation of microaerophilic Iron
(II)-oxidizing bacteria, FEMS Microbiol. Ecol. 94 (2) (2017) fix177.
M. Maisch, U. Lueder, K. Laufer, C. Scholze, A. Kappler, C., Contribution of microaerophilic iron(II)-oxidizers to iron(III) mineral formation, Environ. Sci.
Technol. 53 (14) (2019) 8197–8204.
N.G. Holm, The 13C12C ratios of siderite and organic matter of a modern metalliferous hydrothermal sediment and their implications for banded iron formations, Chem. Geol. 77 (1) (1989) 41–45.
C.S. Chan, D. Emerson, G.W. Luther III, The role of microaerophilic Fe-oxidizing
micro-organisms in producing banded iron formations, Geobiology 14 (5) (2016)
509–528.
N. Klueglein, F. Zeitvogel, Y.-D. Stierhof, M. Floetenmeyer, K.O. Konhauser,
A. Kappler, M. Obst, Potential role of nitrite for abiotic Fe(II) oxidation and cell
encrustation during nitrate reduction by denitrifying bacteria, Appl. Environ.
Microbiol. 80 (3) (2014) 1051–1061.
C.L. Stanton, C.T. Reinhard, J.F. Kasting, N.E. Ostrom, J.A. Haslun, T.W. Lyons,
J.B. Glass, Nitrous oxide from chemodenitrification: a possible missing link in the
Proterozoic greenhouse and the evolution of aerobic respiration, Geobiology 16
(6) (2018) 597–609.
C.M. Johnson, J.M. Ludois, B.L. Beard, N.J. Beukes, A. Heimann, Iron formation
carbonates: paleoceanographic proxy or recorder of microbial diagenesis? Geology
41 (11) (2013) 1147–1150.
G. Steinhoefel, F. von Blanckenburg, I. Horn, K.O. Konhauser, N.J. Beukes,
J. Gutzmer, Deciphering formation processes of banded iron formations from the
Transvaal and the Hamersley successions by combined Si and Fe isotope analysis
using UV femtosecond laser ablation, Geochem. Cosmochim. Acta 74 (9) (2010)
2677–2696.
N.L. Teixeira, F.A. Caxito, C.A. Rosière, E. Pecoits, L. Vieira, R. Frei, A.N. Sial,
F. Poitrasson, Trace elements and isotope geochemistry (C, O, Fe, Cr) of the Cauê
iron formation, Quadrilátero Ferrífero, Brazil: evidence for widespread microbial
dissimilatory iron reduction at the Archean/Paleoproterozoic transition,
Precambrian Res. 298 (2017) 39–55.
K.O. Konhauser, E. Pecoits, S.V. Lalonde, D. Papineau, E.G. Nisbet, M.E. Barley,
N.T. Arndt, K. Zahnle, B.S. Kamber, Oceanic nickel depletion and a methanogen
famine before the Great Oxidation Event, Nature 458 (7239) (2009) 750.
K.O. Konhauser, L.J. Robbins, E. Pecoits, C. Peacock, A. Kappler, S.V. Lalonde, The
Archean nickel famine revisited, Astrobiology 15 (10) (2015) 804–815.
M. Blaut, Metabolism of methanogens, Antonie Leeuwenhoek 66 (1–3) (1994)
187–208.
J.G. Ferry, Biochemistry of methanogenesis, Crit. Rev. Biochem. Mol. Biol. 27 (6)
(1992) 473–503.
A. Neubeck, S. Sjöberg, A. Price, N. Callac, A. Schnürer, Effect of nickel levels on
hydrogen partial pressure and methane production in methanogens, PLoS One 11
(12) (2016) e0168357.
C.T. Reinhard, R. Raiswell, C. Scott, A.D. Anbar, T.W. Lyons, A late Archean sulfidic sea stimulated by early oxidative weathering of the continents, Science 326
(5953) (2009) 713–716.
C.T. Scott, A. Bekker, C.T. Reinhard, B. Schnetger, B. Krapež, D. Rumble III,
T.W. Lyons, Late Archean euxinic conditions before the rise of atmospheric
oxygen, Geology 39 (2) (2011) 119–122.
V. Busigny, O. Lebeau, M. Ader, B. Krapež, A. Bekker, Nitrogen cycle in the Late
Archean ferruginous ocean, Chem. Geol. 362 (2013) 115–130.
K. Hou, Y. Li, J. Gao, F. Liu, Y. Qin, Geochemistry and Si–O–Fe isotope constraints
on the origin of banded iron formations of the Yuanjiacun Formation, Lvliang
Group, Shanxi, China, Ore Geol. Rev. 57 (2014) 288–298.
C. Wang, L. Zhang, Y. Dai, C. Lan, Geochronological and geochemical constraints
on the origin of clastic meta-sedimentary rocks associated with the Yuanjiacun BIF
from the Lüliang Complex, North China, Lithos 212 (2015) 231–246.
C. Wang, K.O. Konhauser, L. Zhang, M. Zhai, W. Li, Decoupled sources of the
2.3–2.2 Ga Yuanjiacun banded iron formation: implications for the Nd cycle in
Earth's early oceans, Precambrian Res. 280 (2016) 1–13.
A.F. Trendall, The significance of iron-Formation in the precambrian stratigraphic
record, precambrian sedimentary environments: a modern approach to depositional systems, Spec. Publ. Internat. Assoc. Sedimentol. 33 (2002) 33–66.
A.E. Isley, D.H. Abbott, Plume-related mafic volcanism and the deposition of
banded iron formation, 1978–2012, J. Geophys. Res. Solid Earth 104 (B7) (1999)
15461–15477.
K.O. Konhauser, N.J. Planavsky, D.S. Hardisty, L.J. Robbins, T.J. Warchola,
R. Haugaard, S.V. Lalonde, C.A. Partin, P.B.H. Oonk, H. Tsikos, T.W. Lyons,
A. Bekker, C.M. Johnson, Iron formations: a global record of Neoarchaean to
Palaeoproterozoic environmental history, Earth Sci. Rev. 172 (2017) 140–177.
H.D. Holland, The Chemical Evolution of the Atmosphere and Oceans, Princeton

University Press, 1984.
[200] D.T. Johnston, S.W. Poulton, P.W. Fralick, B.A. Wing, D.E. Canfield, J. Farquhar,
Evolution of the oceanic sulfur cycle at the end of the Paleoproterozoic, Geochem.
Cosmochim. Acta 70 (23) (2006) 5723–5739.
[201] B. Kendall, G.W. Gordon, S.W. Poulton, A.D. Anbar, Molybdenum isotope constraints on the extent of late Paleoproterozoic ocean euxinia, Earth Planet. Sci.
Lett. 307 (3–4) (2011) 450–460.
[202] N. Planavsky, O. Rouxel, A. Bekker, R. Shapiro, P. Fralick, A. Knudsen, Iron-oxidizing microbial ecosystems thrived in late Paleoproterozoic redox-stratified
oceans, Earth Planet. Sci. Lett. 286 (1–2) (2009) 230–242.
[203] A. Camacho, X.A. Walter, A. Picazo, J. Zopfi, Photoferrotrophy: remains of an
ancient photosynthesis in modern environments, Front. Microbiol. 8 (2017) 323.
[204] L.J. Robbins, S.V. Lalonde, N.J. Planavsky, C.A. Partin, C.T. Reinhard, B. Kendall,
C. Scott, D.S. Hardisty, B.C. Gill, D.S. Alessi, Trace elements at the intersection of
marine biological and geochemical evolution, Earth Sci. Rev. 163 (2016) 323–348.
[205] U. Raye, P.K. Pufahl, T.K. Kyser, E. Ricard, E.E. Hiatt, The role of sedimentology,
oceanography, and alteration on the δ56Fe value of the Sokoman Iron Formation,
Labrador Trough, Canada, Geochem. Cosmochim. Acta 164 (2015) 205–220.
[206] M.S. Dodd, D. Papineau, Z. She, M.L. Fogel, S. Nederbragt, F. Pirajno, Organic
remains in late Palaeoproterozoic granular iron formations and implications for
the origin of granules, Precambrian Res. 310 (2018) 133–152.
[207] M. Thoby, K.O. Konhauser, P.W. Fralick, W. Altermann, P.T. Visscher, S.V.
Lalonde, Global Importance of Oxic Molybdenum Sinks Prior to 2.6 Ga Revealed
by the Mo Isotope Composition of Precambrian Carbonates, Geology.
[208] A.L. Zerkle, C.H. House, P.P. Cox, D.E. Canfield, Metal limitation of cyanobacterial
N2 fixation and implications for the Precambrian nitrogen cycle, Geobiology 4 (4)
(2006) 285–297.
[209] E.E. Stüeken, M.A. Kipp, M.C. Koehler, R. Buick, The evolution of Earth's biogeochemical nitrogen cycle, Earth Sci. Rev. 160 (2016) 220–239.
[210] D.M. Karl, A.M. Brittain, B.D. Tilbrook, Hydrothermal and microbial processes at
Loihi Seamount, a mid-plate hot-spot volcano, Deep Sea Res. Part a.Oceanographic
Research Papers 36 (11) (1989) 1655–1673.
[211] N. Flament, N. Coltice, P.F. Rey, A case for late-Archaean continental emergence
from thermal evolution models and hypsometry, Earth Planet. Sci. Lett. 275 (3–4)
(2008) 326–336.
[212] P.F. Rey, N. Coltice, Neoarchean lithospheric strengthening and the coupling of
Earth's geochemical reservoirs, Geology 36 (8) (2008) 635–638.
[213] N. Flament, N. Coltice, P.F. Rey, The evolution of the 87Sr/86Sr of marine carbonates does not constrain continental growth, Precambrian Res. 229 (2013)
177–188.
[214] I.H. Campbell, D.R. Davies, Raising the continental crust, Earth Planet. Sci. Lett.
460 (2017) 112–122.
[215] N.J. Beukes, H. Dorland, J. Gutzmer, M. Nedachi, H. Ohmoto, Tropical laterites,
life on land, and the history of atmospheric oxygen in the Paleoproterozoic,
Geology 30 (6) (2002) 491–494.
[216] J.M. Byrne, N. Klueglein, C. Pearce, K.M. Rosso, E. Appel, A. Kappler, Redox cycling of Fe(II) and Fe(III) in magnetite by Fe-metabolizing bacteria, Science 347
(6229) (2015) 1473–1476.
[217] E. Shelobolina, H. Xu, H. Konishi, R. Kukkadapu, T. Wu, M. Blöthe, E. Roden,
Microbial lithotrophic oxidation of structural Fe(II) in biotite, Appl. Environ.
Microbiol. 78 (16) (2012) 5746–5752. AEM. 01034-12.
[218] E.S. Shelobolina, H. Konishi, H. Xu, J. Benzine, M.Y. Xiong, T. Wu, M. Blöthe,
E. Roden, Isolation of phyllosilicate–iron redox cycling microorganisms from an
illite–smectite rich hydromorphic soil, Front. Microbiol. 3 (2012) 134.
[219] S. Nabhan, M. Wiedenbeck, R. Milke, C. Heubeck, Biogenic overgrowth on detrital
pyrite in ca. 3.2 Ga Archean paleosols, Geology 44 (9) (2016) 763–766.
[220] Y. Watanabe, J.E. Martini, H. Ohmoto, Geochemical evidence for terrestrial ecosystems 2.6 billion years ago, Nature 408 (6812) (2000) 574.
[221] Y. Watanabe, B.W. Stewart, H. Ohmoto, Organic-and carbonate-rich soil formation
~2.6 billion years ago at Schagen, East Transvaal district, South Africa, Geochem.
Cosmochim. Acta 68 (9) (2004) 2129–2151.
[222] R. Rye, H.D. Holland, Life associated with a 2.76 Ga ephemeral pond?: evidence
from Mount Roe# 2 paleosol, Geology 28 (6) (2000) 483–486.
[223] E.E. Stüeken, R. Buick, R.E. Anderson, J.A. Baross, N.J. Planavsky, T.W. Lyons,
Environmental niches and metabolic diversity in Neoarchean lakes, Geobiology 15
(6) (2017) 767–783.
[224] R. Sakurai, M. Ito, Y. Ueno, K. Kitajima, S. Maruyama, Facies architecture and
sequence-stratigraphic features of the Tumbiana Formation in the Pilbara Craton,
northwestern Australia: implications for depositional environments of oxygenic
stromatolites during the Late Archean, Precambrian Res. 138 (3–4) (2005)
255–273.

166

