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The Archean Eon was a time of predominantly anoxic Earth surface
conditions, where anaerobic processes controlled bioessential ele-
ment cycles. In contrast to “oxygen oases” well documented for the
Neoarchean [2.8 to 2.5 billion years ago (Ga)], the magnitude, spatial
extent, and underlying causes of possible Mesoarchean (3.2 to 2.8 Ga)
surface-ocean oxygenation remain controversial. Here, we report
8'°N and §'3C values coupled with local seawater redox data for
Mesoarchean shales of the Mozaan Group (Pongola Supergroup,
South Africa) that were deposited during an episode of enhanced
Mn (oxyhydr)oxide precipitation between ~2.95 and 2.85 Ga. Iron
and Mn redox systematics are consistent with an oxygen oasis in
the Mesoarchean anoxic ocean, but §'°N data indicate a Mo-based
diazotrophic biosphere with no compelling evidence for a signifi-
cant aerobic nitrogen cycle. We propose that in contrast to the
Neoarchean, dissolved O, levels were either too low or too limited
in extent to develop a large and stable nitrate reservoir in the
Mesoarchean ocean. Since biological N, fixation was evidently active
in this environment, the growth and proliferation of O,-producing
organisms were likely suppressed by nutrients other than nitrogen
(e.g., phosphorus), which would have limited the expansion of
oxygenated conditions during the Mesoarchean.

oxygen oasis | nitrogen isotopes | nutrient limitation | oxygenic
photosynthesis | Mesoarchean

dramatic rise in atmospheric oxygen level during the Great

Oxidation Event (GOE) at ~2.4 billion years ago (Ga) is
marked by the disappearance of mass-independent fractionation
of sulfur isotopes, oxidation of detrital pyrite and uraninite, and
the appearance of red beds, reflecting the irreversible transition
from an anoxic to an oxic world (1, 2). While it is widely accepted
that oxygenic photosynthesis was a first-order control on the
GOE (3), Archean shallow-marine “oxygen oases” and “whiffs”
of atmospheric oxygen (O,) have been proposed to have oc-
curred up to several hundred million years before the GOE (4-
18). However, while processes that drove oxygen production
during transient and localized oxygenation events in the Neo-
archean (2.8 to 2.5 Ga) are supported by a wide range of geo-
chemical proxies (e.g., refs. 4-6 and 13-18), those from the
Mesoarchean (3.2 to 2.8 Ga) are constrained by only a limited
number of studies (7-12).

The nitrogen (N) cycle from the Paleoarchean up to ~2.7 Ga is
widely considered to have been dominated by bioavailable am-
monia (NH,*) under anoxic water-column conditions (15, 16).
Oxidation of NH,* would have been suppressed in an early Ar-
chean ocean characterized by extremely low O, concentrations
(15-17). Free O, is produced through oxygenic photosynthesis, the
rate of which is mainly controlled by the concentrations of bio-
available N and phosphorus (P) (19-24). While the sedimentary
8N record suggests that N was bioavailable and that diazotrophic
molybdenum (Mo)-based nitrogenase dominated N, fixation in
the Mesoarchean, the record also places a robust minimum age for
the occurrence of aerobic N cycling at ~2.72 Ga in the Neoarchean
(e.g., refs. 15 and references therein). Indeed, prominent
N isotope excursions in the Neoarchean provide evidence for
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temporary NH,* oxidation, and thus the 5'°N record has been
used to infer the development of locally oxygenated surface-
ocean environments after ~2.7 Ga (5, 15, 17, 18, 25).

Independently, stable-isotope systematics of redox-sensitive
elements such as iron (Fe), Mo, uranium, and sulfur, as well as
locally enhanced manganese (Mn) (oxyhydr)oxide precipitation,
support an earlier emergence of oxygenic photosynthesis and
episodic development of oxygen oases in the Mesoarchean sur-
face ocean (7-9, 11), well before currently accepted evidence for
oxidative nitrogen cycling. Furthermore, phylogenomic estimates
based on molecular clocks also suggest that cyanobacterial stems
capable of oxygenic photosynthesis might find their roots in the
Archean, with a development and progressive diversification start-
ing as early as ~3.5 Ga (26-28). However, the factors that caused
a delay in pervasive oxygenation of the atmosphere-hydrosphere
system after the establishment of oxygenic photosynthesis earlier in
the Archean remain poorly constrained, particularly with regard to
the role of their two main biolimiting nutrients, N and P (19-23).
Modeling studies have demonstrated that low dissolved P concen-
trations would severely suppress the rate of oxygenic photosynthesis
and ultimately the spatial extent of Archean oxygen oases (29).
However, there is currently no consensus on dissolved P concen-
trations in the Archean ocean (21-23, 30-32).

To assess controls on the spatial development and intensity of
Earth’s first oxygen oases, we measured nitrogen (5'°N) and

Significance

Episodic development of “oxygen oases” during the Archean
Eon characterizes the hundreds of millions of years transition
to permanent oxygenation in the atmosphere-hydrosphere
system at the Great Oxidation Event (~2.4-2.3 Ga). One of
these well-characterized oxygen oases is recorded in Meso-
archean sediments of the Pongola Supergroup. We show that
in contrast to the Neoarchean, biological oxygen production in
a shallow ocean having Mo-based nitrogen fixation was not
sufficient to result in a dissolved nitrogen reservoir that would
carry the isotopic effects of an aerobic nitrogen cycle. Never-
theless, it appears that low concentrations of bioavailable
phosphorus, rather than nitrogen, suppressed the growth and
expansion of oxygenic photosynthesizers and may explain
why pervasive and permanent oxygenation was delayed dur-
ing the Archean Eon.
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organic carbon (613C0rg) isotopes, local water-column redox
proxies (Fe speciation and Mn concentrations), and elemental
data for shales of the ~2.95- to 2.85-Ga Mozaan Group, Pongola
Supergroup, South Africa (SI Appendix includes geologic setting
and all data). Our aim is to clarify the factors that controlled the
nature and development of oxygen oases in the Mesoarchean.

Results and Discussion

Water Column Redox Reconstruction. Our samples span from a shallow-
marine (above wave base) depositional setting in the White Mfolozi
Inlier to a deeper-water (below wave base) equivalent in the Non-
goma area and comprise three sequences deposited at different
water depths (Fig. 1 and ST Appendix, Figs. S1 and S2 and Table S1).
In the White Mfolozi Inlier, sequence I, deposited in the most
proximal, intertidal to shallow subtidal setting, is characterized by
high Mn contents and Mn/Fe ratios compared with average values
for shales of the Pongola Supergroup (ref. 33 and SI Appendix, Table
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S1). It has mostly high ratios of highly reactive Fe to total Fe (FeHR/
FeT), and high Fe/Al ratios (see SI Appendix, Methods for detailed
analytical techniques). Sequence II was deposited in a deep subtidal
but above fair-weather wave base setting and shows a progressive
decrease in Mn contents and Mn/Fe, FeHR/FeT, and Fe/Al ratios,
whereas Mn and Fe contents are higher than those in average
Pongola shales (ref. 33 and SI Appendix, Table S1). The uppermost
sequence III represents deepening to between fair-weather and
storm wave base and is characterized by persistently low Mn contents
and Mn/Fe, FeHR/FeT, and Fe/Al ratios, with Mn and Fe contents
similar to those in average Pongola shales (ref. 33 and SI Appendix,
Table S1). In the more distal, deeper-water setting of the Nongoma
area, where distinct compositional trends were not observed, Fe/Al
ratios tend to be high, but Mn contents remain low and Mn/Fe ratios
shift to values lower than the average for shales of the Pongola
Supergroup (ref. 33 and SI Appendix, Table S1).
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Fig. 1. Geochemical data for shale samples plotted along the lithostratigraphic columns of the studied sections of the Mozaan Group (Pongola basin) from
the shallow part of the Ntombe Formation in the White Mfolozi Inlier (A), and its deeper-water equivalent in the Nongoma area (B) (see S/ Appendix, Fig. S2
for details). Sequences are defined based on water-depth indicators and chemostratigraphic data. Vertical lines and horizontal arrows on Fe/Al plots are
based on the description provided in S/ Appendix, Supplementary Methods and on the data in S/ Appendix, Table S1 (70), whereas the average value for the

upper crust on P/Al plots is from ref. 65.
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To explain these data, we invoke upwelling of anoxic waters that
were rich in Fe** and Mn?" into oxic shallow waters. Precipitation
of Fe as (oxyhydr)oxide minerals may have started under low-
oxygen or anoxic conditions, potentially via photoferrotrophy in
shallower waters directly overlying deeper anoxic waters (34), and
this likely explains the observed Fe enrichments in the distal
Nongoma setting (Fig. 1B). Fe(Il) oxidation would have been
progressive during upwelling, leading to increased FeHR/FeT and
Fe/Al enrichments (Fig. 14) as water depth shallowed through a
redoxcline (as captured by sequence II in the White Mfolozi In-
lier) into the shallow and locally oxygenated waters of sequence I,
where Mn(IV) (oxyhydr)oxides precipitated (Figs. 14 and 2). In-
creased Mn/Fe ratios in shallower waters thus reflect progressive
removal of dissolved Fe(II) and/or enhanced precipitation of Mn
(oxyhydr)oxides as upwelling anoxic waters reached the redox
threshold for Mn(II) oxidation. However, sequence III in the
White Mfolozi Inlier has Mn/Fe ratios similar to the average value
for shales of the Pongola Supergroup, with no evidence for FeHR
enrichment, likely reflecting deeper anoxic waters where there was
limited oxidant availability to promote Fe or Mn (oxyhydr)oxide
precipitation in the water column. At first glance, Fe enrichments
in shallower waters and their absence in deeper waters of the White
Mfolozi Inlier may appear contradictory, since Fe enrichments are
commonly taken to denote water-column anoxia (35). However, our
data are entirely consistent with the current understanding of how
Fe enrichment may be enhanced under anoxic ferruginous condi-
tions, whereby one prominent pathway for developing high FeHR/
FeT and Fe/Al ratios is via upwelling of deep, anoxic waters into
shallower oxic settings (35, 36).

After Mn and Fe (oxyhydr)oxides had formed and been de-
posited, they were then largely converted to carbonate minerals
through microbial respiration during diagenesis, as indicated
by high Fe,, concentrations in sediments of sequences I and II
(SI Appendix, Table S1). In support of this, highly negative
8'°C values [between —22%o and —13%o, Vienna Pee Dee

Belemnite (VPDB) and §'%0 values (between —21%o and —8%o,
VPDB] indicate carbonate precipitation through organic carbon
(OC) remineralization during diagenesis (7, 37). This happened
below the sediment-water interface in sediments deposited under
a water column characterized by relatively high rates of OC burial
(high productivity) (7). In contrast, Fe., is scarce in the deeper-
water sequence III and the more distal Nongoma setting (S7 Ap-
pendix, Table S1), where instead, most of the Fe is associated with
chlorite and stilpnomelane (7). It is thus likely that Fe (oxyhydr)
oxides were converted to Fe-rich clay minerals during diagenesis
in this setting, probably via reverse weathering (38). Another
possibility involves conversion of Fe (oxyhydr)oxides into mixed
ferrous/ferric phases, such as green rust during settling (39, 40),
before their final transformation to stilpnomelane and chlorite
during diagenesis and metamorphism. Thermodynamic estimates
based on the chemical composition of Fe-chlorite showed that Fe-
and Mn-rich clay minerals of the Mozaan Group formed during
diagenesis and metamorphism (37). Regardless of the precise
nature of precursor Fe minerals, Fe/Al ratios much higher than
those in average Pongola shales (ref. 33 and SI Appendix, Table S1)
indicate that their precipitation gave rise to significant Fe enrich-
ments in the deep-water sediments and during upwelling of deep
ferruginous waters into shallower oxic settings.

The &3 Corg values average —27.6%o in the shallow-water se-
quence I samples, reflecting isotopic fractionations expected
during autotrophlc CO; fixation (41). During deposition of se-
quence II, &' CUrg values progresswely decrease to the average
value of —30%o, and down to —38%eo in the deep-water settings
of the White Mf01021 Inlier and Nongoma areas (Fig. 1). The
highly negative &' COrg values in these deeper-water, ferruginous
settings likely reflect biological carbon cycling with a significant
contribution from methanogens and methanotrophs (42). The
variability in biological processes with water-depth might be linked
to the water-column redox gradient, where (i) high Mn/Fe ratios
and Mn(II) oxidation (which requires free O,) are consistent with
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Fig. 2. Proposed paleoenvironmental reconstruction of the Mesoarchean Pongola basin during deposition of the Ntombe Formation, Mozaan Group. (A)
Water-column chemistry and biogeochemical cycles developed in the localized oxygenated surface waters (recorded by the sequences | and Il), overlying
anoxic deep waters (recorded by the sequence Ill and the sedimentary succession in the Nongoma area). Low biological O, production in shallow-marine
environments likely limited expression of nitrification and denitrification signals in sediments deposited in the Pongola basin. (B) Mn/Fe ratios in sediments
reflective of seawater redox increase toward the shoreline as ferruginous waters upwelled from anoxic, deep settings to mildly oxygenated, shallow-marine
environments. S.I (sequence 1); S.II (sequence I1); S.III (sequence lll). Modified from ref. 7.
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photoautotrophic CO, fixation and oxygenic photosynthesis in the
shallow-water settings, and (i) Fe enrichments without Mn(II)
oxidation (Mn/Fe ratios lower than the average Pongola shale
values) are consistent with methanotrophs utilizing dissolved O,
or Fe(IlI) compounds to oxidize methane at the redoxcline or
chemocline, respectively, under hypoxic or anoxic conditions in
deeper-water settings. In view of this, the water column appears to
have been both redox and ecologically stratified.

N Isotope Systematics and Preservation of Primary Isotopic Signals.
Our geochemical data suggest a shallow-water oxygen oasis in the
Mesoarchean Pongola sea at ~2.9 Ga. If these conditions were
stable and extensive enough to support oxic nitrogen metabolism,
then this should be reflected in nitrogen isotope systematics, as
observed in younger Neoarchean sedimentary successions (5, 15,
17, 18, 25). Large N isotope heterogeneity revealed by the Nano-
SIMS technique in isolated microfossils from the ~3.0-Ga Farrel
Quartzite (Western Australia) has been linked to biological aerobic
nitrification (43), indicating the emergence of this metabolic path-
way even before deposition of the Mozaan Group. In ancient ma-
rine sediments, 8'°N values between —4%o¢ and +2%o (Air-N,) are
usually attributed to isotopic fractionation imparted during bi-
ological N, fixation using the Mo-nitrogenase enzyme (5, 15-18,
25). The use of vanadium-based and Fe-based alternative nitro-
genase enzymes produces more depleted 5'°N values, between
—6%o0 and —8%o (15, 44). "N values above +4%o would provide
compelling evidence for an aerobic N cycle coupling nitrification
and denitrification/anaerobic ammonium oxidation (anammox)
processes (e.g., refs. 5, 15, 17, 18, and 25). Nitrogen isotope values
for 18 of 22 samples fall in the range of —5 to +3%o (Air-N,), and
reflect isotopic fractionation driven by Mo-based diazotrophy (Fig.
1 and SI Appendix, Table S2). Positive values above +4%o are
limited to four samples, including two from the White Mfolozi
Inlier and two others from the more distal Nongoma area.
Here, we exclude abiotic sources for bioavailable nitrogen, be-
cause they were probably too small in magnitude and should have
otherwise dominated the early Precambrian &'°N record,
counter to what is observed (15). However, several mechanisms
can alter the original §'°N values of marine biomass, ranging
from early diagenesis to the thermal degradation of organic matter
(OM) during deeper burial diagenesis and metamorphism (15, 45—
48). The redox state of the water column, sedimentation rate, and
OM accumulation can also impart different N isotope fraction-
ations between sinking organic particles and surficial marine
sediments. NH,* release during OM remineralization below the
sediment-water interface and partial oxidation in pore waters can
increase bulk sediment '°N (6]5 Nbuik) values by ~4%o under oxic
diagenetic conditions, while this effect tends to be minimal during
anoxic diagenesis, with an isotopic fractionation <1%o (15, 45).
The predominance of Fe and Mn carbonate minerals derived from
the reduction of Fe and Mn (oxyhydr)oxides indicates anoxic
diagenetic conditions (7, 37) and thus likely a minimal effect of
carly diagenetic processes on primary 8°N values. Importantly,
oxic diagenesis would result in isotopic compositions that reflect
an aerobic nitrogen cycle, which is not seen in our dataset.
Organic-bound NH;* can also be released through thermal
devolatization of OM during burial diagenesis and metamorphism,
resulting in a maximum increase in 8 Ny values of 1 to 2%o at
greenschist facies, 3 to 4%o at lower amphibolite facies, and up to 6
to 12%o at upper amphibolite facies; even larger offsets can occur
in sedimentary rocks affected by circulating fluids (46). The Mozaan
Group experienced lower greenschist facies metamorphism (37),
suggesting a maximum increase in 8'° Ny values of less than 2%o.
To alleviate potential effects caused by mechanisms described above
on 8N values, N isotope data were also measured on extracted
kerogen (615Nker to compare with bulk sample data (615Nbu1k). The
offset between & Ny and 8Ny, values allows evaluation of the
extent of preservation of the N isotope signature imparted by

6650 | www.pnas.org/cgi/doi/10.1073/pnas.1818762116

the initially deposited biomass. Two samples from the Nongoma
area showing evidence for hydrothermal processes are characterized
by large offsets between 6" Ny and 8'°Ny., values and by very
positive N isotope values (Fig. 1 and SI Appendix, Table S2), which
likely support postdepositional alteration by circulating fluids.
Therefore, these two samples will not be further considered in this
study. In contrast, the minimal offset in most of the studied samples
supports good preservation of the primary isotopic signature (Fig. 1
and SI Appendix, Table S2). The samples with minimal offset be-
tween 8N and 8Ny, values also lack evidence of secondary
alteration by later circulating fluids or hydrothermal processes (37).
Furthermore, a minimal effect of postdepositional processes on the
isotope composition of biomass is also indicated by the absence of
covariation between 8'°N and total N (TN), 5'°N and C/N, 8"°N and
§13C, as well as 8"*Croc and total OC (TOC) for bulk sediments (ST
Appendix, Fig. S4). A weak negative covariation between APNier_bulk
(the difference between 8 Nyer and 615Nbulk) and total K further
supports a minimal contribution of ammoniated phyllosilicates
(e.g., NH,* substituted for K*) with a distinct isotopic compo-
sition (SI Appendix, Fig. S5).

A Lack of Evidence for Aerobic Nitrogen Cycling in the Mesoarchean
Pongola Basin Oxygen Oasis. In the modern ocean, where the main
processes intrinsic to the aerobic N cycle (including N, fixation,
nitrification, and denitrification/anammox) are at play, 8'°N
values of +5%o to +7%o in sedimentary OM reflect '*N loss to
the atmosphere through denitrification and anammox in oxygen-
minimum zones (48). Buried biomass is an indirect archive of
this process, because organisms assimilate the isotopically heavy
nitrate (NO3™) as a nutrient. Therefore, 8'°N values of +4%o or
greater found in Neoarchean marine sediments are interpreted
to reflect temporary aerobic N cycling (e.g., refs. 5, 15, 17, 18,
and 25). In contrast, the nitrogen isotope data of the Mozaan
Group are inconsistent with the establishment of a significant
aerobic nitrogen cycle. Assuming that Mn(II) oxidation occurs at
higher redox potential than NH,* oxidation, redox conditions
may have been sufficient for evolved nitrifying bacteria in the
Pongola basin, because high Mn concentrations in sequence I
indicate the precipitation of Mn(IV) (oxyhydr)oxide minerals
(7), which required O,. Photochemical oxidation of Mn is
inhibited under Fe-saturated conditions (49), and, unlike Fe(II),
significant oxidation of Mn requires oxygen and a catalyst (50). It
is thus likely that free O, was locally available in the water col-
umn during deposition of sequence I (7) and that the subtle
increase in §'°Ny,, values (up to +5.2%o0) measured in two
samples from the upper part of sequence I (deposited at the
redoxcline) may reflect nitrification/denitrification and uptake of
residual nitrate in the water column (Fig. 2). However, the absence
of a more compelling isotopic shift in 8N values over the extended
stratigraphic interval indicates that NO5™ (i.e., the residual nitrogen
species that carries the isotopic information in the modern ocean)
did not build up to high enough concentrations to be an important
nitrogen source to the biosphere.

While the iron and manganese proxies have the capacity to
promptly respond to redox perturbations on a local scale, the ni-
trogen isotope proxy requires the buildup of a dissolved nitrogen
reservoir that carries the isotopic effects of redox reactions at the
ecosystem scale. A good modern analog illustrating such a dis-
crepancy between Mn (higher redox potential) and N (lower redox
potential) cycles can be found in the Black Sea. Here, rapid
oxygen-dependent microbial Mn(II) oxidation is observed at low
micromolar (<3 to 5 pM) dissolved oxygen contents in the suboxic
zone of the Black Sea (51), where nitrification produces a maxi-
mum nitrate concentration of only 3.5 pM (52). However, this
maximum nitrate level appears to be too low to leave an isotopic
signature of aerobic N cycling (53) (in contrast to open-ocean
nitrate concentrations of up to ~35 uM, which leave an average 5N
signal of around +5%o; ref. 15 and references therein). Estimates
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of O, contents based on §°°Fe variations in Mesoarchean oxygen
oases suggest a maximum concentration of 10 pM (7, 11). Such
dissolved O, levels are thus consistent with the potential activity
of both Mn(II) oxidizing and nitrifying bacteria during de-
position of the Mozaan Group.

It appears that the geographical extent of oxygen oases was
likely too restricted in the Mesoarchean ocean to develop a nitrate
reservoir that was large enough to leave an isotopic signature,
which contrasts with their Neoarchean equivalents [assuming
water-column O, concentrations were similar in the Mesoarchean
and Neoarchean oxygen oases; (7, 11, 29)]. An overwhelming
supply of reducing inputs [e.g., Fe(II) and Mn(II)] from submarine
volcanism to the Mesoarchean ocean could have suppressed more
widespread oxygenation and, thus, limited nitrification. However,
iron formation (IF) secular records (e.g., refs. 54 and 55) indicate
that volumetrically, the Neoarchean IFs are much larger than their
Mesoarchean analogs, yet the Neoarchean to early Paleoproterozoic
IFs are characterized by compelling evidence for aerobic N cycling
(5, 25, 56). It therefore appears that the reducing sinks from sub-
marine volcanism were not the main driving factor that suppressed
the expression of aerobic N cycle in the Mesoarchean ocean.

Implications for Oxygenic Photosynthesis in the Mesoarchean Ocean.
Overall, our data reveal an ecosystem that was dominated by
Mo-based diazotrophy in an oxygen oasis where a combination
of the restricted spatial extent and low dissolved O, concentra-
tion likely limited the buildup of a sufficient nitrate reservoir to
impart an isotopic expression of aerobic N cycling. In the modern
ocean, cyanobacteria are the main N, fixers (57), and our data
suggest that this relationship may extend back to the Mesoarchean.
Mo-based diazotrophy requires soluble MoO,>~ availability in
the ocean. In the modern ocean, Mo is mainly delivered via
riverine inputs after oxidative continental weathering, with a
minor contribution from submarine hydrothermal systems (see
ref. 16 and references therein). The mild Mo enrichment (rela-
tive to average concentration for the upper crust) recorded by
the Mozaan Group (SI Appendix, Table S1) suggests that dis-
solved Mo was available in this oxygen oasis (8). However, it has
been shown that a very low Mo content (down to 1 nM, which is
around 1% of modern seawater concentrations) can sustain Mo-
based diazotrophy in modern environments (58). In view of this,
submarine hydrothermal Mo inputs could have been sufficient to
sustain Mo-based N, fixation in the Archean ocean (see ref. 16
and references therein). Moreover, it has also been demon-
strated that continental Mo could have been mobilized and de-
livered to the ocean, even under Archean anoxic atmospheric
conditions (O, concentration <107 present atmospheric level;
refs. 59 and 60 and references therein).

Free O, produced by oxygenic photosynthesis had an impact on
the water-column redox and ecological gradients of the Pongola
basin, as observed in stable-isotope data confirming aerobic Fe
and Mn cycling in shallow-water settings (7). Bioavailable N and P
are the main nutrients that control marine productivity over time
(e.g., refs. 19-23). Their scarcity may have limited biological O,
production, resulting in delayed pervasive and permanent oxy-
genation of the atmosphere-hydrosphere system after the emer-
gence of oxygenic photosynthesis in the Mesoarchean. Since
our 8'°N data indicate that N was bioavailable in the Mesoarchean
marine oasis, P scarcity could have been the main limiting factor in
biological O, production, consistent with previous biogeochemical
modeling (29). Indeed, we observe very low P contents in the
Pongola sediments (Fig. 1 and SI Appendix, Table S1), which would
be entirely consistent with the suggestion of widespread P limitation
under global ferruginous conditions (21) and before more extensive
anoxic P recycling linked to the buildup of seawater sulfate fol-
lowing more expansive environmental oxygenation (22).

It is possible that positive 5'°N values in the ~3.2-Ga riverine
deposits of the Moodies Group, South Africa [interpreted as
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evidence for denitrification (12)] and a weakly oxidizing U cycle in
the Mesoarchean ocean (11, 61) may reflect episodes of mild,
local oxidizing conditions in the atmosphere-hydrosphere system
(ref. 13 and references therein). However, estimates based on
preserved Mesoarchean detrital uraninite in the Witwatersrand
Supergroup, South Africa, deposited contemporaneously with the
Pongola Supergroup, suggest that atmospheric O, concentrations
were lower than 3.2 x 10~ atm (62). Furthermore, the general
absence of 8'°N values above +4%o in most Mesoarchean marine
and continental deposits around the world (refs. 15, 16, and 63 and
this study) is consistent with the view that low rates of biological
O, production limited the geographical extent of oases and, ulti-
mately, controlled the size of the seawater nitrate reservoir, which
did not reach the level necessary to leave a more widespread and
persistent isotopic signature of an aerobic N cycle. Regardless of
the mechanism(s) that controlled dissolved P concentrations in
Archean oceans, oxygenation of Earth’s early biosphere was ap-
parently limited by a low supply of bioavailable P, rather than N,
under anoxic to very low oxygen surface conditions.

Methods

Major and Trace Elements. Powdered samples were analyzed for major ele-
ment concentrations by X-ray fluorescence spectroscopy on fusion beads,
using a PANalytical MagiX Pro PW2540 spectrometer at the University of
Johannesburg. Accuracy was checked with certified reference materials and
was better than 1%. Elemental concentrations are reported in wt %, with a
detection limit of 0.04 wt %. Trace elements were measured at the University
of Tuebingen according to the analytical procedure previously described (14,
64). Analyses were performed using the iCap-Qc ICP-MS instrument coupled
to an ESI SC-2 DX autosampler with an ESI Fast uptake system equipped with
a 4-mL sample loop. Analytical accuracy, estimated from the 1 relative SD of the
mean, varied between 3% and 15% and was monitored by repeated mea-
surements of reference materials OU-6, QS-1, W-2a, and AGV-2 (see S/ Appendix
for analytical details). Enrichment factors were calculated as (element/Al)sampie/
(element/Al)eference Using the average concentrations for the upper crust as
reference (65).

Iron Speciation Analysis. Iron speciation analysis was performed at the Uni-
versity of Leeds using a calibrated sequential extraction protocol followed by Fe
analysis via atomic absorption spectroscopy (66). This method is designed to
quantify four different pools of Fe considered to be highly reactive (FeHR)
toward H,S in surface and near-surface environments: (i) pyrite S extracted via
Cr reduction, followed by trapping as Ag,S, with Fe calculated assuming an FeS,
stoichiometry (Fep,); (i) carbonate-associated iron extracted with a sodium
acetate solution (Fecaw); (iii) ferric oxides extracted with a dithionite solution
(Feox); and (iv) mixed-valence iron oxides, principally magnetite, extracted using
ammonium oxalate (Fev,) (see S/ Appendix for further description).

Carbon and Nitrogen Isotope Analyses. The nitrogen isotope composition of
bulk rock (8"*Ny,i) and the carbon and nitrogen isotope compositions of the
extracted kerogen (8'Coyq, 8'°Nier) were determined by elemental analysis/
isotope ratio mass spectrometry at the Institute of Earth Surface Dynamics of
University of Lausanne, using a Carlo Erba 1108 (Fisons Instruments) ele-
mental analyzer connected to a Delta V Plus isotope ratio mass spectrometer
via a ConFlo Il open-split interface (both of Thermo Fisher Scientific) oper-
ated under continuous helium flow (67, 68). The average §'°C value
obtained for the reference material USGS40 was —26.4 + 0.1%o (n = 6), which
is in good agreement with accepted value of —26.39%o (69). The accuracy of
the analyses was checked periodically through the analysis of international
reference materials. For 8'°N, we obtained —4.5 + 0.2%o (n = 6) for USGS40
and +1.0 + 0.2%o for IAEA-600, also in good agreement with accepted values
of —4.52%0 and +1.0%o, respectively (69). TOC and TN concentrations were
determined from the peak areas of the major isotopes using the calibrations
for 5'C and 8'°N values. The repeatability was better than 0.2 wt % for
carbon and nitrogen contents (see S/ Appendix for further description).
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