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Evidence for oxygenic photosynthesis half a billion
years before the Great Oxidation Event

Noah]J. Planavskyl*, Dan Asael?, Axel Hofmann?, Christopher T. Reinhard?, Stefan V. Lalonde”,

Andrew Knudsen®, Xiangli Wang1’7, Frantz Ossa Ossa®, Ernesto Pecoits®, Albertus J. B. Smith?,
Nicolas J. Beukes?>, Andrey Bekker?, Thomas M. Johnson’, Kurt O. Konhauser®, Timothy W. Lyons9
and Olivier J. Rouxel?

The early Earth was characterized by the absence of oxygen in the
ocean-atmosphere system, in contrast to the well-oxygenated
conditions that prevail today. Atmospheric concentrations first
rose to appreciable levels during the Great Oxidation Event,
roughly 2.5-2.3 Gyr ago. The evolution of oxygenic
photosynthesis is generally accepted to have been the ultimate
cause of this rise, but it has proved di°cult to constrain the timing
of this evolutionary innovation1,2. The oxidation of manganese in
the water column requires substantial free oxygen concentrations,
and thus any indication that Mn oxides were present in ancient
environments would imply that oxygenic photosynthesis was
ongoing. Mn oxides are not commonly preserved in ancient rocks,
but there is a large fractionation of molybdenum isotopes
associated with the sorption of Mo onto the Mn oxides that would
be retained. Here we report Mo isotopes from rocks of the Sinqeni
Formation, Pongola Supergroup, South Africa. These rocks
formed no less than 2.95 Gyr ago3 in a nearshore setting. The Mo
isotopic signature is consistent with interaction with Mn oxides.
We therefore infer that oxygen produced through oxygenic
photosynthesis began to accumulate in shallow marine settings at
least half a billion years before the accumulation of significant
levels of atmospheric oxygen.

Despite detailed investigations over the past 50 years, there is
still intense debate about when oxygenic photosynthesis evolved**.
Current estimates span more than a billion years of Earth history,
ranging from before 3.7 Gyr ago (Ga; ref. 6), the age of the
oldest sedimentary rocks, to 2.5-2.3 Ga, coincident with the rise
of atmospheric oxygen (the Great Oxidation Event, GOE; refs 7,8).
Until recently, organic molecular data were regarded as undisputed
evidence for cyanobacteria (and thus oxygenic photosynthesis)
by at least 2.7Ga’. However, given mounting evidence that
the initial excitement about this biomarker work was at least
premature®?, there is essentially no solid constraint on the onset of
biological oxygen production. Current geochemical and biomarker
evidence for the development of oxygenic photosynthesis before
the GOE (2.5-2.3 Ga) is, arguably, inconclusive*. As such, a new,
independent perspective is needed. We provide such a perspective
herein by using Mo isotopes in a new way to track the onset of Mn(1I)
(Mn?**) oxidation and thus biological oxygen production.

The oxidation of Mn(II) in modern marine settings requires free
dissolved oxygen (O,). Moreover, given strong kinetic inhibition,

Mn(1I) oxidation in marine settings is microbially mediated'*",
with most microbial Mn(II) oxidation being attributed to direct
enzymatic activity''. This reaction can also be catalysed by
transmembrane protein-driven reduction of O, to the redox
reactant superoxide (O,”) and this pathway is also likely to be
significant in natural environments'>">. Where the kinetics of
marine Mn oxidation have been studied in detail, O, concentrations
exert a direct control on the rate of Mn oxidation and the reaction
can be modelled with Michaelis—Menten-type kinetics'. In simple
aqueous solutions, photochemical Mn oxidation under anoxic
conditions is possible'”; however, this process is inhibited in the
presence of reductants (for example, Fe(II); ref. 15). Furthermore,
the rates of this process make it unlikely to be geologically
significant”®. Finally, there is no evidence for environmentally
significant microbial phototrophic Mn oxidation, despite intensive
investigation on anoxygenic photosynthetic pathways. In this
regard, Mn is rather unique in its environmental specificity for O,
as an electron acceptor among the redox-sensitive transition metals,
many of which, like Fe, can be oxidized under anoxic conditions
either through a microbial pathway and/or with alternative oxidants
such as NO; ™.

Microbial Mn oxidation in an aqueous environment requires O,
concentrations that are orders of magnitude higher than those in
gas exchange equilibrium with our best estimates for the prebiotic
or Archaean atmosphere ([O,] <« 107° present atmospheric levels').
It is only through photosynthetic water splitting that free oxygen
would be produced in the requisite quantities, allowing local oxygen
to build up in aqueous environments. Therefore, if we find a clear
signal for appreciable Mn oxidation in the sedimentary rock record,
oxygenic photosynthesis is likely to have evolved by that time.

There are large Mo isotope fractionations, approximately
—2.7%0 in 8%Mo, associated with the sorption of Mo (as a
polymolybdate complex) onto Mn oxyhydroxides (for example,
birnessite, vernadite; Fig. 1a; refs 16,17). In contrast, sorption of
Mo onto the Fe oxyhydroxide (for example, ferrihydrite) results
in a fractionation of only —1.1%o (Fig. 1a) or less'®. Therefore, if
Mn oxidation occurred during sediment deposition it would be an
important vector of Mo transfer to the sediment, and, owing to
the large associated Mo isotope fractionation, Mo isotope values
should become lighter with increasing Mn content, relative to Fe
content. In other words, we suggest that a positive correlation
between Fe/Mn ratios and Mo isotope values in chemical sediments
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Figure 1| Evidence for Mn oxidation in Precambrian iron formations.

a, Characteristic Mo isotope fractionations during sorption to oxide mineral
surfaces, highlighting the larger Mo isotope fractionations associated with
Mo sorption onto Mn oxides relative to Fe oxides (note that the seawater
value is modern sea water'®'8). b, The strong positive correlation between
Mo isotope values and the amount of Fe relative to Mn in the ~2.95 Myr
old (Ma) Singeni Formation (and slightly younger Parktown Formation;
diamond), the ~2,700 Ma Manjeri iron formation (triangle), the

~2,320 Ma Timeball Hill ironstone (cross) and the 1,880 Ma Animikie
Basin iron formations (circle). The apparent inverse correlation between Mn
oxide content and $°8 Mo values suggests that Mn oxidation was a vector
of Mo transfer to the sediment during deposition of the Singeni Formation.
Error bars based on full protocol duplicates (Supplementary Information).

(for example, iron formations or carbonates) provides compelling
evidence for Mn oxidation in the environment. The water column
underneath the zone of Mn oxidation needs to be free of sulphide
and ferrous Fe for Mn- oxyhydroxide-bound Mo to be shuttled to
sediments, given that these species are efficient reductants for Mn
oxyhydroxide phases. As molybdate should be the stable Mo species
even at prebiotic oxygen levels and small amounts of Mo are likely
to be sourced to the oceans regardless of atmospheric pO, (ref. 19),
this approach can be used to track the presence of local marine

oxygen oases. Furthermore, this Mo isotope approach should hold
regardless of the original isotopic composition of sea water.

We find a strong positive correlation between 6°*Mo values and
Fe/Mn ratios in iron formations deposited before and after the GOE.
Most strikingly, Mo isotope values and Fe/Mn ratios correlate over a
2.5%0 range in 8**Mo values (Fig. 1) in the Mn-rich (0.1-6 wt%) iron
formation of the 2.95-Gyr-old Sinqeni Formation, South Africa’.
The large isotopic shifts occur over a relatively thin (3-m-thick)
horizon (see Supplementary Information for details on the
geological setting). We propose this relationship is best explained
by short-term variations in the degree of Mn oxidation that are
consistent with localized O, generation and rapid consumption in
a geochemical backdrop that was otherwise reducing. The observed
range in 8** Mo values and the correlation between 8* Mo values and
Fe/Mn ratios is statistically identical (Supplementary Information)
to that found in the ~1.89-Gyr-old iron formations from the Lake
Superior region, Animikie Basin®, which were deposited well after
the rise of atmospheric oxygen.

We find this signal for Mn(II) oxidation even though the Mn in
the Singeni Formation is present in reduced (Mn?*) forms (Fig. 2)—
associated with carbonate minerals and to a lesser extent spessartine,
a Mn-rich garnet (Supplementary Information). This mineralogical
association points to retention of 8**Mo signatures for Mn oxidation
despite subsequent reduction of the Mn host within the sediment
pile. Given that the examined sections of the Sinqeni iron formation
are extremely sulphide-poor, the Mo delivered to the sediments
with Mn oxyhydroxides is likely to have been trapped in early
diagenetic mineral phases (for example, diagenetic carbonates).
In situ mineral analysis confirms that Mo is found in the carbonate
fraction (Supplementary Fig. 5).

The large observed range of Mo isotope values is not easily
tied to progressive removal of light Mo onto Fe oxyhydroxides in
an upwelling water mass. This process should lead to a negative
correlation between Mo and Fe isotope values due to the progressive
sequestration of isotopically heavy Fe and light Mo isotopes with
precipitating Fe oxyhydroxides”. A negative Mo and Fe isotope
correlation would develop in an Fe-rich chemical sediment even if
there was a switch from partial to quantitative Fe oxidation. In our
samples from the Singeni Formation there is a weak (though non-
significant), positive correlation between 8**Mo and &°°Fe values
(Supplementary Information). Thus, coupled Mo and Fe isotope
systematics seem to exclude the possibility that the observed Mo
isotope variability in the Sinqeni Formation is tied to a distillation
process and amplification of small Mo isotope fractionations.

Figure 2 | Backscattered electron images and energy-dispersive X-ray spectroscopy major element maps of a representative Mn-rich ((Mn] = 5.8%)

sample from the Singeni iron formation (TSB07-26-165.42). a,b, The Mn is present in Fe-Mn carbonates (light grey) in a matrix of microcrystalline quartz
(dark grey). The Fe-Mn carbonates are associated with euhedral magnetite grains (white grains). The Mo isotope signature of oxidative processes is found
in rocks dominated by reduced mineral phases, suggesting that the isotopic signal is not tied to late-stage supergene alteration. Scale bars, 500 um (a) and

100 um (b). See Supplementary Information for additional petrography.
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Figure 3 | Overview of the presented model for Mn-Fe-Mo cycling during deposition of the 2.95-Gyr-old Singeni iron formation. Sediment Mo isotope
variability is tied to Mo being brought to the sediment pile with either Fe or Mn oxyhydroxides. Sediments record the isotopic composition of Mo shuttled

to the sediment-water interface by metal oxides.

Furthermore, Mo sorption to iron oxyhydroxides does not provide
an explanation for the observed correlation between **Mo values
and Fe/Mn ratios, which is easily explained by a Mn oxide flux to
the sediment-water interface.

The mineral assemblage and post-depositional history of the
Singeni iron formation provide additional constraints on the origin
of the observed Mn enrichments. The dominance of reduced
Mn and Fe mineral phases strongly suggests that the strong Mn
enrichments are not linked to postdepositional supergene alteration,
which is probably the case for some Mn-rich Mesoarchaean units
(for example, the ~2.75-Gyr-old Paint Rock member of the Steep
Rock Group?). The Singeni Formation in sampled drillcore and
outcrop sections of the White Mfolozi Inlier has experienced
greenschist facies metamorphism, with peak metamorphism before
2.6 Ga (refs 23,24). Moreover, the Pongola Supergroup is intruded
by undeformed post-Pongola granites, which typically fall in
the age range between 2.8 and 2.7Gyr (ref. 3). In the iron
formations, the most significant mineralogical change during this
peak metamorphism was the formation of coarse-grained magnetite
and ankerite and the Mn-rich garnet spessartine (Supplementary
Information). In more highly metamorphosed sections of the
Singeni Formation in southern Swaziland, essentially all of the Mn
is present as spessartine®. Spessartine is a common metamorphic
product in sedimentary Mn-rich rocks, but its presence in the
Singeni Formation is significant as peak metamorphism before
about 2.6 Ga (ref. 24) firmly places the observed Mn enrichment
and thus the associated Mo isotope effect as Archaean in origin.
Thus, fairly straightforward geologic and mineralogical constraints
provide strong evidence that the Sinqueni Formation preserves
a primary signal for Mn oxidation (and thus local free O,)
that is Mesoarchaean in age and is most readily attributed to
syndepositional processes 2.95 Ga.

We suggest that these new Mo isotope data from the Sinqeni
Formation, attesting as they do to the antiquity of Mn oxidation
(Fig. 3), provide a new and robust minimum estimate for biological
oxygen production that pre-dates the most popular estimates by
roughly 300-500 Myr (ref. 5). The iron formations of the Sinqeni
Formation were deposited in a broad epicontinental sea®. There
would have been a limited supply of reductants sourced from deep

waters (for example, methane, ammonium, ferrous iron) to this
depositional setting, allowing for local (and perhaps anomalous)
oxygen accumulation to levels supporting Mn oxidation even
beneath an oxygen-poor atmosphere. This model is consistent with
previous interpretations of light iron isotope values in the Singeni
Formation (Supplementary Information) that linked negative **Fe
values to drawdown of the ferrous iron reservoir?” or to a microbially
recycled, benthic iron flux®®.

Until recently, organic biomarkers have been the main tool
used to track early biological evolution and were essential in
establishing the paradigm that oxygenic photosynthesizers appeared
by at least 2.7 Ga (ref. 29). This early biomarker work has shaped
our view of Precambrian biological evolution and has been central
in establishing the idea that the Earth’s atmosphere was essentially
anoxic for hundreds of millions of years after the emergence of
oxygenic photosynthesis'. However, conclusions drawn based on
previous biomarker data are now challenged with increasing vigour
(for example, ref. 4). In parallel with growing concerns about
the integrity of the Archaean biomarker record, there has been
a resurgence of models linking the rise of atmospheric oxygen
directly to the first appearance of oxygenic photosynthesis*®*.
This shift in paradigm contrasts with the emerging record of
molecular evolution. New phylogenomic approaches exploring
the collective record of the evolution of gene families and
protein domain structures point towards a rapid diversification
of aerobic enzymes—and by inference an aerobic biosphere, at
least locally—between ~3.1 and ~2.85Ga (ref. 31). Our study
and other recent geochemical work on the Pongola Supergroup™
reconcile geochemical and molecular records for the emergence
of oxygenic photosynthesis and provides strong evidence that
there was biological oxygen production well before its permanent
accumulation in the atmosphere around 2.5-2.3 Ga.

Methods

For Mo and Fe isotope analyses acid digest splits were doped with a Mo double
spike and chromatographically separated. After spike addition, element
separation was achieved using a two-stage column procedure. Mo and Fe isotope
compositions were analysed using a Thermo Neptune MC-ICP-MS instrument at
the Pole Spectrométrie Océan, IFREMER Brest (France). Error, based on
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duplicate analysis, is at 20 level <0.15%o (see Supplementary Information for
full methods)
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