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The later stages of Earth’s transition to a permanently oxygenated atmosphere during the Great Oxidation
Event (GOE; ~2.43-2.06 Ga) is commonly linked with the suggestion of an “oxygen overshoot” during
the ~2.22-2.06 Ga Lomagundi Event (LE), which represents Earth’s most pronounced and longest-lived
positive carbon isotope excursion. However, the magnitude and extent of atmosphere-ocean oxygenation
and implications for the biosphere during this critical period in Earth’s history remain poorly constrained.
Here, we present nitrogen (N), selenium (Se), and carbon (C) isotope data, as well as bio-essential element
concentrations, for Paleoproterozoic marine shales deposited during the LE. The data provide evidence
for a highly productive and well-oxygenated photic zone, with both inner and outer-shelf marine
environments characterized by nitrate- and Se oxyanion-replete conditions. However, the redoxcline
subsequently encroached back onto the inner shelf during global-scale deoxygenation of the atmosphere-
ocean system at the end of the LE, leading to locally enhanced water column denitrification and
quantitative reduction of selenium oxyanions. We propose that nitrate-replete conditions associated with
fully oxygenated continental shelf settings were a common feature during the LE, but nitrification was
not sufficiently widespread for the aerobic nitrogen cycle to impact the isotopic composition of the global
ocean N inventory. Placed in the context of Earth’s broader oxygenation history, our findings indicate
that O, levels in the atmosphere-ocean system were likely much lower than modern concentrations.
Early Paleoproterozoic biogeochemical cycles were thus far less advanced than after Neoproterozoic

oxygenation.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Biological evolution and ecosystem complexity are intimately
linked to the magnitude and expansion of Earth’s surface oxy-
genation through time. Constraining the timing at which the
atmosphere-hydrosphere system became significantly oxygenated,
reaching near-modern levels, may help to shed new light on the
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emergence and proliferation of O,-dependent life, including com-
plex life forms such as eukaryotes. Geochemical evidence based on
multiple sulfur isotope systematics suggests a first transient rise in
atmospheric O, concentration to above 1076 of the present atmo-
spheric level (PAL) during the initial stages of the Great Oxidation
Event (GOE) at ~2.43-2.32 Ga (Bekker et al., 2004; Catling and
Zahnle, 2020; Farquhar et al., 2000; Hannah et al., 2003; Holland,
2006; Warke et al., 2020). In particular, the disappearance of mass-
independent fractionation of sulfur isotopes and redox-sensitive
detrital minerals (e.g., uraninite, pyrite) from sedimentary records,
followed by the appearance of red beds, are some of the most im-
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portant markers for the GOE (Bekker et al., 2004; Farquhar et al.,
2000; Holland, 2006; Lyons et al., 2014). However, the permanent
rise of atmospheric O likely occurred in the second half of the
GOE, during the ~2.22-2.06 Ga Lomagundi Event (LE) (Poulton et
al., 2021). The LE represents the most pronounced and longest-
lived positive carbon isotope excursion in Earth history (Bekker,
2022; Karhu and Holland, 1996), and is considered to have resulted
in transient highly elevated levels of O,, but to an extent that
is currently unclear (Bekker and Holland, 2012). Atmospheric O,
concentrations are estimated to have been at levels below 1% (Col-
wyn et al,, 2019) to as high as ~10% PAL (Holland, 2006; Kanzaki
and Murakami, 2016) throughout most of the subsequent Protero-
zoic, up until the ~750-539 Ma Neoproterozoic Oxygenation Event
(NOE), when atmospheric O, is commonly considered to have in-
creased further (Holland, 2006; Lyons et al.,, 2014; Colwyn et al.,
2019).

The Paleoproterozoic ocean is widely considered to have been
redox-stratified during the GOE (Alcott et al., 2019; Asael et al.,
2018; Cheng et al., 2019; Holland, 2006; Kipp et al., 2017, 2018;
Lyons et al., 2014; Poulton et al., 2021; Stiieken et al., 2016), with
a redoxcline situated above storm wave-base and with O, concen-
trations in surface waters that may have been above 0.4 to 1 pM
(Hardisty et al., 2014; Kipp et al., 2017). The post-GOE ocean likely
remained redox stratified (Poulton et al.,, 2010; Poulton and Can-
field, 2011; Ossa Ossa et al., 2018; Planavsky et al., 2011; Scott et
al., 2008), until episodic oxygenation of the deeper ocean occurred
during the NOE (Alcott et al., 2019; Canfield et al., 2007; Lenton et
al., 2014; von Strandmann et al., 2015).

Mainly based on carbon isotope systematics, the LE is gener-
ally considered to reflect a combination of high rates of primary
productivity and increased organic carbon burial (Bekker, 2022;
Bekker and Holland, 2012; Husson and Peters, 2017; Karhu and
Holland, 1996). Elevated organic productivity may have been ini-
tiated by a high phosphorus flux to the oceans, potentially due
to leaching of terrestrial rocks by sulfuric acid generated through
oxidative weathering of pyrite (Bekker and Holland, 2012; Kon-
hauser et al., 2011). The rate of organic matter burial exceeded the
rate of its reoxidation, allowing the release of marine photosyn-
thetic O, which likely caused an atmospheric O, overshoot (Bekker
and Holland, 2012). However, redox and biogeochemical proxies
used for constraining O, concentrations in the atmosphere-ocean
system during the LE have yielded contrasting estimates (Bldttler
et al,, 2018; Colwyn et al., 2019; Hardisty et al., 2014; Holland,
2006; Kanzaki and Murakami, 2016; Kipp et al., 2017; Mdnd et
al., 2020). For example, estimates based on the chemical and Cr
isotope compositions of Paleoproterozoic paleosols suggest that at-
mospheric Oy levels remained lower than 1-10% PAL (Colwyn et
al., 2019; Kanzaki and Murakami, 2016). By contrast, thick (~800
m) evaporite deposits supposedly deposited in marginal-marine
environments during the LE, which are interpreted to reflect the
oceanic sulfate inventory, as well as associated S, Ca, Sr and O iso-
tope compositions, have been proposed to reflect an oxygenated
atmosphere-ocean system with higher than 20% of the modern
atmosphere-ocean oxidizing capacity (Bldttler et al., 2018).

Although the mechanism that caused the end of the LE is still
debated, its termination, based on C, S, Fe, V, Mo, U and Se bio-
geochemical proxies in marine sediments, is viewed to be con-
temporaneous with a drop in O, levels in the atmosphere-ocean
system (Asael et al., 2018; Canfield et al., 2013; Kipp et al., 2017;
Kump et al., 2011; Lyons et al., 2014; Ossa Ossa et al., 2018, 2021a;
Planavsky et al., 2012; Scott et al., 2014). However, based on U and
Cr isotope compositions and trace-metal (Mo, Cr, U and Re) enrich-
ments in mid-Paleoproterozoic shales from the Zaonega Formation,
northwestern Russia, it has been proposed that the atmosphere-
ocean system was still well-oxygenated millions of years after the
termination of the LE (Mdnd et al., 2020, 2022). Since the biogeo-
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chemical cycling of S, Fe, V, Mo and U yield stable oxyanions at
circumneutral pH in marine environments at relatively low redox
potential (i.e., Eh < 0 V; Rue et al, 1997; Stumm and Morgan,
1970), they are only sensitive as redox indicators at very low levels
of environmental O; (e.g., Andersen et al., 2020; Dang et al., 2022).
Furthermore, a wide range of redox and non-redox processes can
significantly fractionate Cr isotopes, regardless of the level of O,
available in the environment (e.g., Babechuk et al., 2017, 2018;
Miletto et al., 2021). Clearly, further constraints are needed given
current uncertainties in estimates of environmental O, availability.
Marine proxies that are redox-sensitive at a higher oxygen thresh-
old (i.e., Eh > 0 V) at circumneutral pH are thus required to shed
light on the potential for higher oxygenation levels during the LE.

To provide new insight into the evolution of oceanic redox
structure during and after the LE and links to environmental
oxygenation, we present combined nitrogen and selenium iso-
tope ratios, together with new Fe speciation and organic car-
bon isotope data, for well-preserved black shales from the mid-
Paleoproterozoic Francevillian Group (Gauthier-Lafaye and Weber,
2003; Ossa Ossa et al., 2018, 2021a), which we compare with
other LE sedimentary successions. These isotopic systems allow us
to track the marine biogeochemical cycles of nitrogen and sele-
nium in redox-stratified basins (Ader et al., 2016; Rue et al., 1997,
Sigman and Fripiat, 2019; Stiieken, 2017; Stiieken et al., 2016),
as well as the behavior of nitrate (NO3~) and selenate (Se042™),
both of which are stable at much higher redox thresholds than
S042~, M0o042~, Fe3t and Ut (Rue et al.,, 1997; Stumm and Mor-
gan, 1970). Both nitrate and selenate are stable at Eh > 0.4 V at
circumneutral pH, and only build up to significant levels in open-
marine environments if the water column is well oxygenated (Rue
et al., 1997). Tracing the biogeochemical nitrogen cycle is com-
plicated, because the nitrogen isotope composition of sedimentary
rocks can be influenced by a wide range of both biotic and abiotic
processes (Ader et al,, 2016; Sigman and Fripiat, 2019; Stiieken et
al., 2016). However, when paired with the Se biogeochemical cycle,
a more rigorous constraint may be achieved, whereby the behavior
of NO3~ and Se042~ is expected to be internally consistent under
oxic, suboxic and anoxic conditions, and this consistency should
be recorded in the isotopic signatures. Combined N and Se isotope
analyses thus provide a powerful opportunity to unravel the mag-
nitude and extent of ocean oxygenation during and shortly after
the LE.

2. Geological setting

The Francevillian Group is an unmetamorphosed ~2.1 Ga
Paleoproterozoic sedimentary succession, characterized by well-
preserved smectite-rich clay minerals in black shales (see Sup-
plementary Information SI 1 for the preservation of Francevil-
lian Group samples studied here), in southeast Gabon (Gauthier-
Lafaye and Weber, 2003; Ossa Ossa et al, 2013, 2018), devel-
oped within the ~44,000 km? Francevillian basin (Fig. 1A). The
Francevillian basin is subdivided into four sub-basins including the
Booué (Plateau des Abeilles), Lastoursville, Franceville and Okindja
(Fig. 1A). The Francevillian Group was deposited during the peak
and end of the ~2.22-2.06 Ga LE (Bros et al., 1992; Horie et al,,
2005; Ossa Ossa et al., 2013, 2018, 2021a; Préat et al., 2011) and
is subdivided into five formations from the Francevillian A (FA) at
the bottom to FE at the top (Fig. 1B; Gauthier-Lafaye and Weber,
2003). Our study focuses on carbonaceous, fine-grained sedimen-
tary rocks spanning the FB to FC formations. These units were
deposited in open to marginal marine settings (see Supporting In-
formation SI 1 for detailed sedimentological description) during
the peak and fall of the LE (Ossa Ossa et al., 2013, 2018; Préat et
al., 2011). Besides sedimentological constraints, a high rate of man-
ganese oxidation associated with moderate iron enrichment in an
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Fig. 1. (A) Simplified geological map of the Francevillian basin and sample locations. (B) Lithostratigraphic column of the Francevillian Group showing stratigraphic position
of samples (modified from Gauthier-Lafaye and Weber, 2003; Ossa Ossa et al., 2013, 2018, 2021a; Préat et al.,, 2011).

upwelling zone (Canfield et al., 2013; Gauthier-Lafaye and Weber,
2003; Ossa Ossa et al., 2018), as well as elevated V/Al ratios (Can-
field et al., 2013; Ossa Ossa et al., 2021a), provide support that the
Francevillian basin was well connected to the open ocean during
deposition of the FB and FC formations.

3. Methods
3.1. Major elements

Powdered samples were analysed for major element concen-
trations by X-ray fluorescence spectroscopy. Analyses were carried
out on fusion beads, using a PANalytical MagiX Pro PW2540 spec-
trometer at the University of Johannesburg. Accuracy was checked
with certified reference materials and was better than 1%. Elemen-
tal concentrations are reported in wt.% with a detection limit of
0.004 wt.%.

3.2. Iron speciation analysis

Iron speciation analyses was performed at the University of
Leeds, UK using a calibrated sequential extraction protocol fol-
lowed by Fe analysis via AAS (Poulton et al., 2021; Poulton and
Canfield, 2005). This method is designed to operationally quan-
tify four different pools of Fe considered to be highly-reactive
(Fepr) towards sulfide in surface and near-surface environments:

(a) pyrite S extracted via Cr-reduction followed by trapping as
AgyS, with Fe calculated assuming an FeS; stoichiometry (Fepy);
(b) carbonate-associated iron extracted with a sodium acetate so-
lution (Fecarp); (c) ferric oxides extracted with a dithionite solution
(Feox); and (d) mixed-valence iron oxides, principally magnetite,
extracted using ammonium oxalate (Femag). The total iron content
in ancient marine shales (Fer) represents the sum of Feyr and
Fe bound in silicates (Poulton et al.,, 2021; Poulton and Canfield,
2005). Samples were run alongside an international Fe speciation
standard (WHIT; Alcott et al., 2020), with replicate analyses giving
a RSD of <5% for all Fe pools. For a detailed description of the in-
terpretation of Fe speciation data, see Supplementary Information
SI 2.

3.3. Carbon and nitrogen isotope analyses

The carbon and nitrogen stable isotope composition of bulk
rock (8]3Corg and §'3Cpy, respectively) and the nitrogen isotope
composition of the separated kerogen (8'°Nye;) were determined
by elemental analysis/isotope ratio mass spectrometry (EA/IRMS;
Flash EA coupled to a Thermo Scientific Delta V isotope ratio
mass spectrometer via a Conflow IIlI interface) at the Institute
of Earth Surface Dynamics, University of Lausanne (IDYST-UNIL).
Kerogen, the fraction of organic matter insoluble in organic sol-
vents, was separated from powdered shale samples using non-
oxidizing acids (HCl, HF) to dissolve the mineral matrix. For §13C
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and 8'°N analyses, separate EA combustions were performed using
sample aliquots with a 1:50 weight size difference. The isotope ra-
tios are expressed in conventional delta (§) notation as the per mil
(%0) of 13¢C/12C and >N/!“N of the sample relative to the standard
VPDB for §13C and Air-N, for §'°N. The measured isotopic ratios
were converted to the international scales with a 3- or 4-point
calibration using international reference materials (IRMs; USGS-
24, USGS-40, USGS-41, IAEA-600 or USGS64, USGS65, and USGS66)
and inhouse standards. The accuracy and precision of the analyses
were checked periodically through the analysis of standards not in-
cluded as calibration standards. Separate aliquots of the USGS SGR-
1b standard (petroleum and carbonate-rich shale) were decarbon-
ated and analysed for §'3C and 8'°N values. The obtained values
(813C = —29.29 + 0.17%o, V-PDB; n = 10; §'°N = 17.45 =+ 0.26%,
Air-Ny; n = 6) are in good agreement with the values reported
by Dennen et al. (2006) for SGR-1 (§13C = —29.3 % 0.3%0, n = 27;
815N = 17.4 4 0.9%o, n = 18). For a detailed description of the an-
alytical procedures, see Supplementary Information SI 2.

3.4. Selenium isotope and elemental analyses

Sample preparation and analysis was carried out at the Univer-
sity of Tuebingen, Germany. Selenium isotope composition was de-
termined by the double-spike method using a ThermoFisher Scien-
tific NeptunePlus multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) coupled with an HGX-200 hydride
generator (Kurzawa et al., 2017). Data are reported in §82/76Se no-
tation, that is, the per mil (%o) variation of 82Se/”6Se relative to
the NIST SRM 3149 standard. The accuracy and measurement pre-
cision were checked by analysing interlaboratory standard MH 495,
international rock reference materials and for sulfide analyses in
particular by repeated digestion of the Phanerozoic Navajtin pyrite
(Konig et al., 2019; Kurzawa et al,, 2017). The MH 495 measured
during the course of this study yielded a mean §%2/76Se value of
—3.24 + 0.05%0 (2 SD, n = 28), which is consistent with previ-
ously reported data, while the in-house reference Navajiin pyrite
(Konig et al., 2019 and references therein) yielded a mean §32/76Se
value of —2.45 4+ 0.10%0 (2 SD, n = 4), which is within the ex-
ternal reproducibility as derived from multiple analytical sessions
over 16 months, with a mean §%%/76Se value of —2.65 % 0.20%o
(2 SD, n=15). For a detailed description of the analytical proce-
dures, see Supplementary Information SI 2.

4. Results

The description of the main results (Tables S1, S2) is orga-
nized with respect to previous characterization of redox conditions
coupled to major upwelling and/or transgression events during de-
position of the FB Formation and FC; Member (Figs. 1B, 2, S2B;
Canfield et al., 2013; Ossa Ossa et al., 2018). For example, pub-
lished iron speciation data based on highly reactive (Feyr) to total
Fe (Fer) ratios indicate that deposition of the lower FB Formation
occurred in a well-oxygenated marine environment (Feygr/Fer <
0.22), which subsequently evolved to a suboxic and even euxinic
(anoxic and sulfidic; denoted by Feygr/Fer > 0.38 and pyrite Fe
(Fepy) to Feyr ratios > 0.7) water column setting during deposi-
tion of the upper part of the FBy. unit (Figs. 2, S2B; Canfield et al.,
2013; Ossa Ossa et al., 2013, 2018). Oxic conditions during depo-
sition of most of the FB Formation, with suboxic conditions during
deposition of the upper part of the FBy. unit, are further supported
by V/Al ratios averaging 7.7 ppm/wt.%, Mo/Al ratios averaging 0.2
ppm/wt.% and U/Al ratios averaging 7.7 ppm/wt.%, which are typi-
cal for marine black shale deposited under oxic conditions (Ossa
Ossa et al.,, 2021a). By contrast, higher ratios of V/Al averaging
46.5 ppm/wt.%, Mo/Al averaging 1.6 ppm/wt.%, and U/Al averaging
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1.2 ppm/wt.% in the Upper FC; Member and FD Formation indi-
cate enhanced seawater euxinia during deposition of the upper
part of the Francevillian Group (Canfield et al., 2013; Ossa Ossa
et al., 2021a). This is further supported by Fe speciation data, with
Feyr/Fer > 0.38 and Fepy/Feyr > 0.7 in the FD Formation (Canfield
et al,, 2013; Fig. S2).

In the lower part of the FB Formation (Fig. 2; Table S2), black
shales of the FB1; unit, which record the main transgressive event
in the basin (Canfield et al., 2013; Gauthier-Lafaye and Weber,
2003; Ossa Ossa et al., 2013; Weber, 1968), are characterized by Se
concentrations between 2 and 6 pg/g, with slightly negative §82Se
values between —0.35 and —0.28%¢ (mean value of —0.32%).
The 8°N values of bulk samples (§'>Npuk) and extracted kero-
gen (8'°Nyer) show no systematic offset and are positive, with
values between +4.4 and +8.1%o (mean value of +6.2%0). The to-
tal organic carbon (TOC) content of this sedimentary unit is high,
between 3.5 and 8.8 wt.%, with 8§13Croc values (expressed in %o
relative to VPDB) between —25.9 and —23.7%0 (mean value of
—24.6%0).

From the FBqp unit to the middle part of the FBy. units (Fig. 2;
Table S2), black shales have Se concentrations of 1 to 7 ng/g and
predominantly negative §32Se values between —1.49 and +0.26%0
(mean value of —0.64%o). These sedimentary units host early di-
agenetic pyrite concretions that yield much higher Se concen-
trations, between 10 and 167 ng/g, with predominantly negative
882Se values between —3.0 and 4+0.9%o (mean value of —1.1%y).
The 8'°N values of both bulk samples and extracted kerogen are
in the same range, between +1.3 and +4.9%. (mean values of
+3.4%0, with no systematic offset between §'>Npy and §'°Nye,
values), and are much lower than 8!°N values recorded in the
underlying FBy; unit (Fig. 2, Table S2). Their TOC contents are
highly variable with values between 0.6 and 17.9 wt.%, associated
with 8'3Croc values between —33.3 and —21.7%o0 (mean value
of —27.8%). The upper part of the FBi. unit corresponds to a
major upwelling event and Mn oxide precipitation during a de-
oxygenation episode (Fig. 2). Black shales of this sedimentary unit
deposited in the upwelling zone have Se concentrations between
2 and 3 pg/g, but show higher, albeit near-to-zero, §32Se values
(between —0.2 and 0.0%c) relative to the underlying units (Fig. 2;
Table S2). Their 8'°N values, exclusively above +5%o (mean value
of 46.2%o, with no systematic offset between 81> Ny and 812Ny,
values), are also much higher than those for the underlying lower
FB1c and FBjp units, but are in the same range as those for the
transgressive FB1, unit (Fig. 2; Table S2). The upper FBq. unit has
TOC contents in the 4 to 6 wt.% range and §'3Croc values between
—32.5 and —31.6%0 (mean value of —32.1%o), which are slightly
lower than those for the lower part of the FB; Member.

The FB, Member, deposited in a predominantly oxygenated sea-
water column, has been inferred to represent a return to an oxy-
genated surface ocean following the global deoxygenation event
recorded by the underlying Mn-bearing Upper FB¢ unit (Ossa Ossa
et al, 2018). Black shales of the FB,, unit have Se concentra-
tions between 2 and 3 pg/g, with near-to-zero §%2Se values at
+0.2%0, whereas 81°N shifts to near-zero values between —0.7 and
+1.4%0 (mean value of +0.8%o, with no systematic offset between
8B Npuk and 8> Nyer values), relative to the significantly higher
values (81°N > +5%) recorded in the underlying Upper FBy. unit
deposited during a deoxygenation event (Fig. 2; Table S2). The TOC
content is between 0.7 and 4.8 wt.%, with §'3Croc values between
—34.7 and —31.5%0 (mean value of —33.1%). In the FBy, unit,
the 582Se values are negative, between —0.5 and —0.4%, in the
black shales, with Se concentrations of 1-2 pg/g (Fig. 2; Table S2).
Early diagenetic pyrite concretions hosted in these FBy}, unit black
shales yield higher Se concentrations, between 11 and 66 pg/g,
with lighter §32Se values between —1.1 and —0.2%o (mean value
of —0.8%) (Fig. 2; Table S2). The §'>N values are predominantly
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Fig. 2. Lithostratigraphic profile and geochemical data for the Francevillian Group FB and FC formations deposited during the Lomagundi Event (Ossa Ossa et al., 2013,
2018; Préat et al., 2011). Feyr/Fer data for the FB Formation (empty circles) are from previous work (Canfield et al., 2013; Ossa Ossa et al., 2018), while data shown as
black-filled circles for the Upper FC; Member are from this study. Oxic, anoxic and equivocal fields are determined according to Poulton and Canfield (2011) (see Methods
in Supplementary Text SI 2). Dashed lines labeled with UCC on Mn/Al and Se/Al plots represent the values for upper continental crust (Rudnick and Gao, 2014). In the Se
concentration and §32/76Se plots, black-filled circles represent shale, grey-filled squares correspond to pyrite concretions, and empty, grey circles indicate previously published
data from Kipp et al. (2017) and Mitchell et al. (2016). In the §'>N plot, black-filled circles are for bulk samples and grey-filled circles represent extracted kerogen. In the
stratigraphic log numbers refer to the depositional setting (Dep. Set.; see Supplementary text): 1 = intertidal; 2 = upper shoreface to offshore transition; 3 = lower offshore;
4 = distal outer shelf. Shaded, gray fields represent the two-step deoxygenation event recorded by the Francevillian Group (Deoxy.) and associated with upwelling of anoxic
deep-waters during deposition of the upper parts of the FBy. unit and FC Formation (Ossa Ossa et al., 2018). Transgr. = transgression.

close to zero and range between —1.2 and +4.8%o (mean value of
+0.4%o, with no systematic offset between 8°Npyy and §'°Nyer
values). The TOC and 813Crqgc values in the FByy, unit are similar to
those from the underlying FB,, unit.

The last black shale unit analyzed in this study occurs in the
Upper FC; Member, which corresponds to the end of the LE asso-
ciated with a deoxygenation event (Ossa Ossa et al., 2018, 2021a).
Here, Se concentrations in black shales are between 4 and 7 ng/g,
and §%2Se values are between —0.2 and 0.0%c (mean value of
—0.1%0), whereas early diagenetic pyrite concretions hosted in
these black shales yield Se concentrations of 68-70 pug/g and §32Se
values between —0.6 and —0.2%o (mean value of —0.4%o) (Fig. 2;
Table S2). 81°N values shift again to exclusively positive values
> +5%0 (mean value of +6.1%o, with no systematic offset be-
tween 81Ny and 8'°Nye, values) relative to the near-zero val-
ues recorded in the underlying FB; Member. The TOC content is
between 2.0 and 18.3 wt.%, with more negative §'3Croc values
(—48.9 to —37.1%o, mean value of —42.8%). Furthermore, new
iron speciation data from this sedimentary unit have Feygr/Fer ra-
tios > 0.38 (mean value of 0.93), while Fepy/Feyr ranges between
0.21 and 0.88 (mean value of 0.57) (Fig. 2; Table S1).

5. Discussion

As for any ancient sedimentary rock evaluated for biogeochem-
ical signatures and redox proxies, diagenetic and secondary al-
teration processes need to be carefully considered. The excellent
preservation of the FB shales has already been indicated (Ossa Ossa

et al,, 2013) and further discussion can be found in the Supple-
mentary Information (SI 1; Fig. S3). We further infer that post-
depositional alteration processes had only a minimal effect on N
isotope data presented in this study (see SI 3), as demonstrated by
a lack of a systematic offset between 8°Npyx and §'°Nye, values
(Fig. 2). Furthermore, the well-preserved pyrite concretions ana-
lyzed in this study rule out post-depositional alteration and/or sur-
face oxidative weathering (Fig. S3). In addition, a significant effect
on the Se isotope ratios of pyrite with such high Se concentrations
seems unlikely, given the large amount of Se that would have had
to be mobilized. Specifically for Se, the reducing conditions main-
tained by TOC and sulfide would have provided a strong O,-buffer,
which would not allow much (if any) soluble, oxidized Se phases to
be mobilized. In view of this, the excellent preservation, combined
with reducing conditions, indicate that Se and N biogeochemical
signatures are well preserved and thus robust.

5.1. Redox conditions in the Francevillian water column

The average Se concentration of the Francevillian black shales
(1 to 7 pg/g) shows authigenic enrichment, with high Se/Al ratios
between 0.04 and 1.43 ppm/wt.%, which are considerably higher
than the average UCC value of 0.01 ppm/wt.% (cf. Rudnick and
Gao, 2014). While Se appears to be mainly associated with sulfide
phases in the Francevillian Group black shales (see Fig. S4), this
enrichment is within the range of other Paleoproterozoic and late
Neoarchean sedimentary successions, and is interpreted to result
from oxidative terrestrial weathering of selenium-bearing miner-
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als, followed by Se sequestration into organic- and sulfide-bearing
sediments (Kipp et al., 2017; Mitchell et al., 2016; Stiieken, 2017;
Stiieken et al., 2015; von Strandmann et al., 2015).

The modern Se geochemical cycle is dominated by aerobic
processes, with an average §%2Se value of approximately +0.3%
in seawater (Fig. S5A; Cutter and Bruland, 1984; Stiieken, 2017;
Stiieken et al, 2015; von Strandmann et al., 2015). Terrestrial
runoff represents the dominant Se input to the oceans (~89% of
Se), with an average §%2Se value within the igneous inventory
range of between —0.3 to +0.3%c, while ~10% is contributed
by volcanic activity and/or aerosols (Stiieken, 2017). Incorpora-
tion into organic particles (§32Se ~ +0.3%0) and sulfide minerals
(882Se < 40.3%0) in suboxic and anoxic/euxinic areas (~45 and
7% of Se, respectively), as well as adsorption onto ferromanganese
oxides (8%2Se ~ +0.3%¢) in oxic seawater (~48% of Se), repre-
sent the main oceanic Se output channels (Stiieken, 2017). In the
modern, fully oxygenated ocean, negative sedimentary §32Se val-
ues reflect partial reduction of SeOy 2~ (i.e., Se042~, Se032~ and
HSeO3; ™) during diagenesis, although a similar signal may also be
generated in oxygen-minimum zone (OMZ) settings overlain by
oxygenated waters (Fig. 2B). Oxic water masses are enriched in dis-
solved Se and continuously supply Se oxyanions, which prevents
quantitative Se reduction in anoxic pore-waters or in OMZ set-
tings (Fig. S5A; Kipp et al,, 2017; Mitchell et al., 2016; Stiieken,
2017; Stiieken et al., 2015; von Strandmann et al., 2015). In a
strongly redox-stratified water column, sediments record positive
582Se values, similar to, or exceeding those, of local seawater, due
to near-quantitative reduction where the rate of SeOx2~ supply
lags behind its removal (Fig. S5A; Kipp et al., 2017; Mitchell et
al,, 2016; Stiieken, 2017; Stiieken et al., 2015; von Strandmann et
al,, 2015).

In the FB Formation black shales deposited during the LE, neg-
ative §%2Se values are dominant from inner to upper outer shelf
depositional environments (maximum water depth around 100 m)
and suggest non-quantitative reduction of SeOx2~ in oxic to sub-
oxic bottom waters and/or in sediments at the site of deposition
(Fig. 2; Table S2). Predominantly negative §32Se values in the upper
outer shelf are consistent with SeOx2~ resupply from oxygenated
lower outer shelf or much deeper water masses, as proposed for
the NOE and Phanerozoic oceans (von Strandmann et al., 2015).
Consequently, the seawater column in the Francevillian basin must
have been fully oxygenated during the LE, including nearshore and
offshore environments, with a sufficiently deep redoxcline (>100
to ~200 m deep; see SI.1) to allow for the build-up of a large
Se0x%™ reservoir in the surface ocean.

To distinguish between water-column and sedimentary SeOy%~
reduction, we investigated selenium isotope compositions in early
diagenetic pyrite concretions characterized by negative §34S (aver-
aging —20%o) and near-to-zero A33S values, which are considered
to have formed in equilibrium with sediment pore-waters (Ossa
Ossa et al, 2018). Here, pyrite has Se concentrations higher than
the host sediments (having values as high as 167 pg/g), with neg-
ative %2Se values (down to —3Y%o) in both shallow- and deep-
marine environments (Fig. 2; Table S2). The highly negative §%2Se
values of the FB Formation pyrite are similar to those of Jurassic,
Cretaceous and modern diagenetic pyrite concretions from sed-
iments deposited beneath an oxygenated seawater column (Ta-
ble S3). Therefore, combined S-Se isotope systematics for early di-
agenetic FB Formation pyrite concretions show that at high partial
sulfate reduction rates in the sediments, the reduction of SeOy2~
(likely a selenate; SeO42~) was not complete (Konig et al., 2019).
Furthermore, Mn oxides, which were present as electron acceptors
in Francevillian Group sediments (Canfield et al., 2013; Gauthier-
Lafaye and Weber, 2003; Ossa Ossa et al.,, 2018, 2021b) require a
redox potential higher than, or similar to, SeO4%~ at circumneu-
tral pH in marine environments (Figs. S6, S7). Therefore, SeO42~
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species are also expected to have been available as electron accep-
tors during early diagenesis (Canfield et al., 2013; Gauthier-Lafaye
and Weber, 2003; Ossa Ossa et al., 2018, 2021b). Incomplete diage-
netic SeOx%~ reduction thus further supports a continuous supply
of Se042~, a fully oxygenated water column in the open-marine
Francevillian basin, and a redoxcline likely situated much deeper
in the water column, below the outer shelf, during the LE (Figs. 2;
SL1).

Nevertheless, three intervals spanning inner- and outer-shelf
environments record small positive §32Se values in black shales,
with one of these intervals having a diagenetic pyrite concretion
with higher positive §82Se values (Fig. 2; Table S2). These posi-
tive values may have resulted from near-quantitative Se reduction
under anoxic seawater conditions, but this interpretation is incom-
patible with highly negative §34S values, low Feyr/Fer, V/Al, Mo/Al
and U/Al ratios for the black shales, which suggest oxic bottom
waters at the site of deposition during a period of high marine
sulfate concentration (Fig. 2; Canfield et al., 2013; Ossa Ossa et al.,
2018, 2021a, 2021b). We thus interpret the positive §32Se value of
+0.9%o for this early diagenetic pyrite concretion to reflect com-
plete Se reduction in the sediments, as proposed for the Cretaceous
Navajtin pyrite (Konig et al, 2019), while the host shale §%2Se
values of +0.2 to +0.3%o represent biomass accumulation, poten-
tially recording seawater Se isotope composition (Stiieken, 2017;
von Strandmann et al.,, 2015). Such conditions may have been due
to a higher rate of organic carbon sequestration causing extensive
anoxia during early diagenesis, thus likely exhausting the avail-
ability of electron acceptors, and/or Se assimilation into biomass,
perhaps due to an overall lower seawater SeO4%~ reservoir during
deposition. In the latter case, SeO42~ might have been more sensi-
tive to mild redox changes under moderately suboxic conditions in
the Francevillian basin seawaters than redox proxies based on Fe
and S.

For the upper part of the FC Formation black shales, the §32Se
data show near-to-zero to slightly negative values, which may be
interpreted in different ways (Stiieken, 2017). However, our new Fe
speciation data indicate deposition under euxinic to anoxic, ferrug-
inous conditions (Figs. 2, S2B; Table S1). Furthermore, previously
published §82Se data from a much higher resolution sample set
from this sedimentary succession show predominantly positive to
near-to-zero values and minor negative values (Fig. 2; Kipp et al,,
2017; Mitchell et al., 2016), which is consistent with an euxinic to
anoxic/suboxic setting. Indeed, a strongly redox-stratified marine
setting, with a shallow redoxcline, has been proposed for the up-
per part of the FC Formation (Kipp et al., 2017; Ossa Ossa et al.,
2018, 2021a). Collectively, trace elements (V, U, Mo), Fe speciation
and §82Se data for the upper part of the FC Formation support de-
position under anoxic seawater conditions, following upwelling of
Fe?t- and Mn?*-rich anoxic waters during a period of enhanced
submarine volcanic activity at the end of the LE (Fig. 2; Ossa Ossa
et al,, 2018, 2021a).

5.2. Biogeochemical nitrogen cycle during the LE

Modern oceans are characterized by an aerobic N cycle, where
nitrate (NO3 ™) is the major dissolved species and carries a positive
815N signature (averaging ~ +5%o with respect to present-day at-
mospheric Ny, which, by definition, has a §1°N value of 0%o; Ader
et al., 2016; Sigman and Fripiat, 2019). This isotopic enrichment is
mainly controlled by partial loss of nitrate through water-column
denitrification and/or anammox in OMZs (Ader et al., 2016; Sig-
man and Fripiat, 2019; Stiieken et al., 2016). Nitrate-assimilating
biomass indirectly preserves the isotopic composition of dissolved
nitrate in marine sediments (Fig. S5B). By contrast, under anoxic
conditions, where nitrate is typically absent from the water col-
umn, the N isotope composition of biomass is controlled by bio-
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logical Ny fixation, with §'°N values in the range of —3 to +1%o
(Ader et al., 2016; Sigman and Fripiat, 2019; Stiieken et al., 2016),
with only rare examples down to ~ —7%o (Zhang et al., 2014).
Interpretations of N isotope data from ancient sedimentary rocks
have been challenged on the basis that the N isotopic composi-
tion of the atmosphere may have changed over time (e.g., Jia and
Kerrich, 2004; Kerrich et al., 2006). However, N isotope analyses of
fluid inclusions in cherts have shown that the §'>N value of at-
mospheric N has likely stayed close to 0% since at least ca. 3.5
Ga (Sano and Pillinger, 1990; Marty et al., 2013). Therefore, §'°N
values > +2Y%o in ancient unaltered marine sedimentary rocks are
generally interpreted to reflect the operation of an aerobic N cy-
cle (e.g., Fig. S5B; Ader et al.,, 2016; Cheng et al., 2019; Kipp et al.,
2018; Stiieken et al., 2016; Zerkle et al., 2017).

The Francevillian Group black shales are dominated by §'°N
values in the range of —2 to +3%. (average +1 =% 3%c), with
positive shifts of > 5%¢ (having no relationship to water depth)
at three stratigraphic levels (Fig. 2; Table S2). The assumed low
degree of post-depositional alteration of the N isotope data sug-
gests that the 8°N values obtained for the studied FB and FC
formations OM-rich shale and silty shale samples should provide
a best estimate of the primary isotopic composition of middle Pa-
leoproterozoic sediments and organic matter (see SI 3; Figs. 2, S8).
Combined Fe speciation, §82Se, §34S and trace metal concentration
data indicate deposition under a well-oxygenated water column.
By contrast, a few samples with elevated Feyg/Fer (> 0.38) ratios
from the FBy, unit, as well as the predominantly small §'>N val-
ues of +1 3% in the FB Formation (Fig. 2; Table S2), could be
interpreted to reflect deposition under anoxic water-column con-
ditions with a purely anaerobic N cycle. However, these elevated
Fenr/Fer ratios and low 8'°N values contrast with negative §82Se
values, low V/Al, low Mo/Al, and low U/AI ratios that are suggestive
of oxic water column conditions (Ossa Ossa et al., 2021a; Fig. 2).
We propose that the elevated Feyr/Fer ratios more likely represent
upwelling of deep anoxic waters onto oxic shallow shelves (po-
tentially changing the chemocline depth), causing precipitation of
iron from the water column. Hence, considering this generally oxic
setting, it is unlikely that these low 81°N values reflect a purely
anaerobic N cycle. Instead, we interpret the N isotope data to re-
flect quantitative nitrification in an oxic seawater column, while
denitrification mainly occurred in sediments, which typically re-
sults in very small isotopic effects (81°N values of +1 =& 3%:).

This interpretation further suggests that the redoxcline (at
which water-column denitrification occurs and imparts large frac-
tionations in 8'°N) was generally situated much deeper on the
outer shelf (maximum water depth < 200 m; SI 1), or even below
it, and that the Francevillian basin was not connected to a larger,
isotopically fractionated marine NO3~ reservoir during deposition
of the FB and FC formations. One possible explanation might be
that the basin was restricted at this time. However, this seems
unlikely because the FB and FC formations record the LE, which
was a typical feature of the open ocean (Bekker, 2022; Bekker et
al., 2003; Karhu and Holland, 1996). Furthermore, trace metal en-
richments (V, Mo and U) in the upper part of the FC Formation
(Ossa Ossa et al., 2021a) indicate that the Francevillian basin was
likely connected to the global ocean. Rather, we suggest that the
open ocean did not contain a significant NO3~ pool that could
have mixed with, and isotopically influenced, the nitrogen cycle
in shallow-water settings. If the offshore marine NO3;~ pool was
indeed small, biological N, fixation rather than NO3~ assimila-
tion would have been the major N uptake process, similar to some
Mesoarchean and Mesoproterozoic marine settings or the modern
Black Sea, and this may have contributed to dissolved N (likely am-
monium) with low §!°N values in the biological N, fixation range
(Ader et al, 2016; Ossa Ossa et al, 2019; Stiieken et al., 2016).
Mixing of this negligible ammonium reservoir (with low §'°N val-
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ues) with the shallow-marine, isotopically unfractionated nitrate
reservoir would explain the relatively low 81°N values observed in
the shallow-marine sediments.

Positive §'°N values, between +5 and +8%o, recorded dur-
ing the three episodes of redoxcline encroachment into shallow-
marine environments indicate that, during these intervals, NO3~
concentrations were high enough to allow only partial water-
column denitrification. The residual isotopically enriched NO3;~
pool was evidently large enough to be assimilated into biomass
followed by subsequent preservation in the sediments (Figs. 2, 3).
This is further supported by previously published N isotope data
for the upper part of the FC Formation (8'°N > +5%o), indicat-
ing partial water-column denitrification and/or anammox, with a
NO3;~ pool that was large enough to leave an isotopic signature of
strong redox cycling of nitrogen in the water column (Kipp et al.,
2018).

Importantly, deposition of the upper parts of the FBic unit
and FC Formation coincided with a global two-step deoxygena-
tion event during a period of enhanced submarine volcanic activity
at the end of the LE (Ossa Ossa et al., 2018). Associated with
these phenomena, an episodic redoxcline encroachment onto the
inner shelf would have locally provided anoxic conditions for par-
tial denitrification and/or anammox in the water-column, which
is supported by highly negative §'3Croc values (down to —48%,
V-PDB), reflecting enhanced activity of heterotrophs (e.g., methan-
otrophs and denitrifiers) in the water column during these two
deoxygenation events (Figs. 2, 3; Table S2; Ossa Ossa et al., 2018).
Before these events, the NO3~ reservoir progressively grew as a
result of enhanced oxygenic photosynthesis during the LE, which
resulted in an expansion of oxygenated conditions in the Francevil-
lian basin from the shelf edge to outer shelf. This scenario implies
availability of free O, at least at the level of a few pM, to al-
low buildup of NO3~ above the redoxcline. Nitrate reduction be-
comes pervasive when dissolved oxygen is below ~2 pM (Lam
and Kuypers, 2011), which is equivalent to roughly 1% of mod-
ern seawater dissolved oxygen in equilibrium with the atmosphere.
Hence, seawater dissolved oxygen at the depositional site of the
upper parts of the FBic unit and FC Formation appears to have
been above this threshold. Our combined N and Se isotope data
thus provide a minimum level of 1% modern marine O saturation
level for the dissolved oxygen content of seawater at the end of
the LE.

Another sedimentary succession, the lower ca. 2.1-2.0 Ga Za-
onega Formation of Russia (see Ossa Ossa et al., 2018, 2021a for
detailed discussion on the depositional age), where Fe speciation
and trace-metal data suggest deposition under oxic conditions dur-
ing the late stage of the LE (Canfield et al., 2013; Scott et al., 2014),
also shows a correlation between extracted kerogen §'°N values <
+2%o (Kump et al., 2011) and light §32Se values (Fig. 4; Table S3).
By contrast, the upper part of the Zaonega Formation, which was
deposited during the deoxygenation event at the end of the LE
(Asael et al., 2018; Canfield et al., 2013; Kump et al., 2011; Scott
et al,, 2014), yielded more positive §!°N values of > +2% for ex-
tracted kerogen (Kump et al., 2011) and more positive §82Se values
(Fig. 4; Table S3). Combined, the Francevillian Group and the lower
Zaonega Formation N and Se isotope data show parallel trends
associated with similar seawater redox changes. Continental-shelf
black shales with near-to-zero §!°N values of extracted kerogen
are also known from several other sedimentary successions record-
ing the LE, including the ca. 2.2 Ga Wewe Slate, ca. 2.15 Ga Sen-
goma Argillite Formation, and ca. 2.1 Ga Hautes Chute Formation
(Kipp et al., 2018). Collectively, this indicates that oxic conditions
with small seawater NO3 - and Se042~ -reservoirs, episodically af-
fected by an encroaching redoxcline, were a common feature in
marginal-marine basins across the LE until its end. Hence, en-
hanced biological O, production drove pervasive oxygenation in
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Fig. 3. Reconstruction of paleoenvironmental changes during deposition of the Francevillian Group showing a fully oxygenated, continental-shelf water column having a minor
expression of N aerobic cycle with predominantly sedimentary denitrification and relatively deep redoxcline in the ocean during the LE (e.g., A and C). Episodes of redoxcline
encroachment into shallow-marine environments led to the development of extensive anoxic conditions on the continental shelf that enhanced local consumption of NO; ™~
in the water column and caused a stronger local isotopic expression of aerobic N cycle at the end of the LE (e.g., B and D). Full metabolic reactions for T (consortia of
denitrifiers, sulfate reducers and methane oxidizers) and S (sulfide oxidizers) as well as variations in sea level are only shown in D for clarity.

shelf environments, which likely shifted the redoxcline deeper in
the water column to allow growth of the O, NO3~ and Se042~
pools in open, marginal-marine settings during the LE (Fig. 3).

5.3. Implications for Earth surface oxygenation during the LE

Based on the molybdenum isotope records of black shales de-
posited during the GOE, it has been inferred that the oceans were
redox-stratified and largely anoxic, but with pulsed intervals of
progressively expanding euxinia from the early stage of the GOE
(ca. 2.43 Ga) to its termination (ca. 2.06 Ga) (Asael et al., 2018).
This view is also supported by previously published Se isotope
data for contemporaneous continental-shelf black shales, which
are dominated by positive §82Se values (Fig. 5; Kipp et al., 2017;
Mitchell et al., 2016; Stiieken et al., 2015), inferred to reflect quan-
titative SeOx%~ reduction in strongly redox-stratified oceans with
a shallow redoxcline situated above storm wave-base (Fig. 5; Kipp
et al., 2017). The predominantly positive §1°N values (> +4%o) in
these black shales deposited during the early stage of the GOE—
before the LE— are also consistent with partial water-column den-
itrification and anammox in strongly redox-stratified oceans with
a significant nitrate reservoir in the oxic surface layer (Cheng et
al,, 2019; Kipp et al., 2018; Stiieken et al., 2016), similar to that
inferred for the two-step deoxygenation event at the end of the
LE recorded in the Francevillian basin (Figs. 2, 3; Table S2). It thus

appears that positive §1°N values recorded in marginal-marine set-
tings at the beginning and end of the GOE—before and immedi-
ately after the LE—reflect a locally enhanced isotopic expression of
partial water-column denitrification and/or anammox, as a conse-
quence of redox stratification. A minimum O, surface ocean con-
centration of >0.4 uM has been proposed during these two time
intervals, based on Se isotope data alone (Kipp et al., 2017). Our
combined N and Se isotope data increase the minimal seawater
dissolved O, concentration to >2 pM for the later timer interval.
Molybdenum isotope data show that during the LE, the ocean
redox state evolved towards the more expansive development of
oxic conditions, before returning at the end of the LE to oceans
with a shallow redoxcline and extensive development of euxinic
conditions (Asael et al,, 2018). High I/(Ca4+Mg) ratios in shallow-
water carbonates, which are interpreted to reflect a substantial
[03~ reservoir in the surface ocean, with dissolved O, concen-
trations of at least 1 puM, agree with more expansive seawater
oxygenation during the LE (Hardisty et al., 2014), although off-
shore environments—outer shelf and beyond—are inferred to have
remained anoxic (Kipp et al,, 2017; Stiieken et al., 2016). Our data
show a small range in §'°N values (+1 = 3%o), combined with pre-
dominantly negative §%2Se values, for sediments deposited below
storm wave-base, suggesting extensive oxygenation of the lower
outer shelf during the LE (Figs. 2, 3). Dissolved NO3~ with a max-
imum concentration of ~4 uM (Cheng et al., 2019) has been sug-
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Fig. 4. Co-variation among 8">Npyx, 8" Nyer (kerogen fraction) and §3%/76Se data for the lower Zaonega Formation, Russia (FAR-DEEP drill-core 12B). Nitrogen isotope data
are from Kump et al. (2011). The highest §'> Ny values in the lowermost part are from sandstone and may be due to post-depositional alteration (as indicated by a
marked offset between 8'>Npyx and 83Ny, values), while §'5Npyx and 8'>Nye; values in shales are closer to each other and may reflect primary N isotopic composition,
which corresponds to lighter Se isotopic composition in the lower section. Both §'"> Ny and §'>Nye, values increase in the upper part of the lower Zaonega Formation and
correspond to higher Se isotope values. On the §'>N plots, black-filled circles are for bulk samples and grey-filled circles represent extracted kerogen.

gested for proximal-shelf marine environments during the early
stage of the GOE (Cheng et al., 2019; Kipp et al., 2018; Stiieken
et al,, 2016), and such conditions might have developed, at least
episodically, as early as the Neoarchean (cf. Stiieken et al., 2016
and references therein). However, this NO3~ pool did not reach a
pervasive and stable level in offshore environments situated on the
lower part of the outer shelf during the Paleoproterozoic (Cheng
et al, 2019; Kipp et al, 2018; Stiieken et al., 2016). Our com-
bined N and Se isotope data show for the first time that the NO3—
and Se042~ reservoirs were persistent and stable across the en-
tire continental shelf during the LE (Fig. 3). This requires a much
higher rate of oxidant accumulation, with O, and NOs~ concen-
trations well above the minimum levels reached during the early
stage and end of the GOE, which indicates enhanced biological O,
production in the surface ocean. Such a high rate of oxygenic pho-
tosynthesis in shallow-marine environments must have caused O,
downwelling, resulting in a deeper position of the redoxcline in
the water column (Fig. 5), which nevertheless likely remained shal-
lower than in the NOE oceans (Alcott et al., 2019; Canfield et al.,
2007; Lenton et al., 2014; von Strandmann et al., 2015).

Thick sulfate evaporite deposits, consistent with high seawater
sulfate concentrations and developed in a supposedly marginal-
marine basin during the LE, have been linked to the buildup of
an oxidant reservoir equivalent to more than 20% of the modern
atmosphere-ocean oxidizing capacity (Bldttler et al., 2018). How-
ever, an open-marine setting for this succession in the Onega basin
on the Karelia craton has been recently questioned on sedimento-
logical and geochemical grounds (Alfimova et al., 2022), and an
apparently large thickness of the sulfate evaporite deposit might
reflect a drill core intersection through the central part of a salt
diapir rather than true stratigraphic thickness (cf. Esipko et al.,
2014). Furthermore, based on large U and Cr isotope fractiona-
tions recorded in black shales deposited at the end of the LE, it
has been proposed that the middle Paleoproterozoic oceans re-
mained well-oxygenated even after the end of the LE, and that
modern-style biogeochemical cycling developed during the middle
Paleoproterozoic (Mdnd et al., 2020, 2022). However, the Cr and U
isotope data can be explained by slow depositional rates and the
removal of redox-sensitive elements from the oceans under sub-

oxic to weakly euxinic settings after the GOE. Furthermore, large
Cr and U isotope fractionations, which have not been systemati-
cally recognized in sedimentary deposits until the Neoproterozoic
(e.g., Dang et al., 2022; Planavsky et al., 2014), may alternatively
suggest that these redox-sensitive elements were drawn from a
relatively small seawater reservoir, either in the whole ocean or in
somewhat isolated basins (see Andersen et al.,, 2020; Dang et al.,
2022). Considering the regional stratigraphic framework for Karelia
in Finland and Russia, where multiple sedimentary basins record
flooding at the end of the Lomagundi carbon isotope excursion,
as also recorded by the Zaonega Formation, it appears that these
large U and Cr isotope variations over short stratigraphic intervals
likely reflect a very small U and Cr reservoir in the ocean. It is
also important to emphasize that multistage reduction-oxidation
processes subsequent to deposition and in association with hy-
drothermal fluid or hydrocarbon migration, as well as a wide range
of redox-independent processes, could fractionate Cr and U iso-
topes regardless of ocean dissolved oxygen content (Andersen et
al., 2020; Babechuk et al., 2017, 2018; Dang et al., 2022; Miletto et
al., 2021), which limits their application to infer O, levels in the
atmosphere-ocean system.

Regardless of this difference in interpretation, in contrast to N
and Se, S and U yield oxyanions that are stable at low Eh (< 0 V;
Figs. S6, S7; Rue et al, 1997; Stumm and Morgan, 1970) under
the circumneutral pH conditions of the Paleoproterozoic oceans
(Halevy and Bachan, 2017). Although our combined N and Se iso-
tope data support extensive ocean oxygenation during the LE, it
appears that the NOs~ inventory was not sufficient to shift the
N isotopic composition of the global ocean. A model arguing for
biogeochemical cycling comparable with the oxidant reservoir ap-
proaching the size of the modern atmosphere-ocean capacity (Blat-
tler et al,, 2018; Mand et al.,, 2020) thus seems unlikely for the
middle Paleoproterozoic. Moreover, the N and Se isotope data in-
dicate that the oxyanions of these two elements, which are redox-
sensitive at a higher redox potential (Eh > 0.4 V at circumneutral
pH; Figs. S6, S7, S1), were more attuned to O, dynamics in the
atmosphere-ocean system across the GOE, compared to S- and U-
based proxies. Indeed, N and Se isotope data record progressive
oxygenation of the atmosphere-ocean system from the beginning
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Fig. 5. Evolution of ocean redox seascape during the GOE, indicating progressive
oxygenation of the oceans. Predominantly negative §82/76Se values during the peak
of the LE mark the development of a relatively deep redoxcline in the water col-
umn. The upper panel shows §'3C values for marine carbonates compiled from the
literature (Bekker, 2022; Bekker et al., 2003, 2016; Bekker and Holland, 2012; Karhu
and Holland, 1996; Ossa Ossa et al., 2018; Planavsky et al., 2012). The lower panel
shows the distribution of oxic (blue) vs. anoxic (grey) conditions in the water col-
umn. (1) = predominantly anoxic ocean with oxygen oases in sublittoral zone (e.g.,
Lyons et al., 2014; Kipp et al,, 2017; Stiieken et al., 2016); (2, 4) = redox-stratified
oceans with the maximum depth of the redoxcline above the storm wave-base; (3)
= redox-stratified ocean with a relatively deep redoxcline in the distal outer shelf
or below. Empty circles are §8%/76Se data from previous studies (Kipp et al., 2017;
Mitchell et al., 2016; Stiieken, 2017; Stiieken et al., 2015) (§82/76Se = 1.5*§32/78Se).
Filled circles represent §32/76Se data from this study. Shaded, grey field represents
§82/765e range of modern seawater. (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

of the GOE to the LE, which is not clearly expressed in S and U
isotope data (e.g., Bldttler et al., 2018; Holland, 2006; Mdnd et al.,
2020; Ossa Ossa et al., 2018; Planavsky et al,, 2012; Scott et al,,
2014). Furthermore, N and Se isotope data also record widespread
ocean deoxygenation at the end of the LE/GOE that is not obvi-
ous in U and Mo isotope records (Mdnd et al., 2020; but see Asael
et al., 2018 and Andersen et al., 2020 for a different view on sec-
ular Mo and U isotope variations). Development of deoxygenated
marine conditions at the end of the LE is further supported by
high V enrichment in black shales (Asael et al., 2018; Ossa Ossa et
al., 2018; Scott et al., 2014), which reflects strong anoxia in open,
continental-shelf settings (Canfield et al., 2013; Ossa Ossa et al.,
2021a). Anoxic seawater conditions at the end of the LE does not
imply that these oceanic conditions remained steady until the NOE,
and indeed, several local to potentially global mid-Proterozoic oxy-
genation events have recently been described (Canfield et al., 2018;
Dang et al., 2022; Luo et al., 2021; Stiieken et al., 2021; Zhang et
al,, 2018). The evolving picture of oxygen dynamics in the Paleo-
proterozoic atmosphere-ocean system thus highlights an increase
in the amplitude of oxygenation from the beginning of the GOE to
the LE, with superimposed smaller scale oxygen oscillations. This
implies that, despite transiently elevated oxygen concentrations
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during the LE, feedbacks linking terrestrial weathering, nutrient
controls on primary organic productivity, and low oxygen levels
maintained the atmosphere-ocean system at an oxygenation state
far below the modern level.

6. Conclusions

Dissolved nitrate was heterogeneous and unstable in offshore
marine environments during the ca. 2.43-2.06 Ga GOE. By con-
trast, new combined Se and N isotope data presented here show
that continental shelf waters were highly oxygenated, with unlim-
ited supply of nitrate and selenium oxyanions during the peak
of the LE. Although enhanced accumulation of oxidants clearly
demonstrates high rates of oxygenic photosynthesis in shallow-
marine environments during the LE, the oceanic O, inventory re-
mained well below the modern level. Pervasive redox stratification
in the deep oceans during the LE implies that the global extent of
modern biogeochemical cycles and their isotopic effects were not
achieved until the end of the Neoproterozoic.
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