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Ocean oxygenation in the wake of the Marinoan
glaciation
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Metazoans are likely to have their roots in the Cryogenian
period1–3, but there is a marked increase in the appearance of novel
animal and algae fossils shortly after the termination of the late
Cryogenian (Marinoan) glaciation about 635 million years ago4–6.
It has been suggested that an oxygenation event in the wake of the
severe Marinoan glaciation was the driving factor behind this early
diversificationofmetazoans and the shift in ecosystemcomplexity7,8.
But there is little evidence for an increase in oceanic or atmospheric
oxygen following the Marinoan glaciation, or for a direct link
between early animal evolution and redox conditions in general9.
Models linking trends in early biological evolution to shifts in
Earth system processes thus remain controversial10. Here we report
geochemical data from early Ediacaran organic-rich black shales
( 635–630million years old) of the basal Doushantuo Formation
in South China. High enrichments of molybdenum and vanadium
and low pyrite sulphur isotope values (D34S values $65 per mil)
in these shales record expansion of the oceanic inventory of
redox-sensitive metals and the growth of the marine sulphate
reservoir in response to a widely oxygenated ocean. The data
provide evidence for an early Ediacaran oxygenation event, which
pre-dates the previous estimates for post-Marinoan oxygenation11–13

by more than 50 million years. Our findings seem to support a link
between the most severe glaciations in Earth’s history, the oxygena-
tion of the Earth’s surface environments, and the earliest diversifica-
tion of animals.
The increase of oxygen in Earth’s surface environments was pro-

tracted and is thought to have proceeded in two major steps. The
ocean–atmosphere system was essentially devoid of oxygen until very
early in the Proterozoic eon, when atmospheric oxygen rose to.1% of
the present atmospheric level (PAL)14,15. The timing and dynamics of
this initial oxygenation are under active investigation, but there is little
doubt that amajor atmospheric transition, the ‘GreatOxidation Event’
(GOE), occurred about 2.4 billion years (Gyr) ago14,15. It is commonly
assumed that there was a second significant oxygen rise to near PAL
during the late Neoproterozoic (,750–542Myr ago)14,15; however,
the timing and magnitude of this second oxygenation event remain
elusive9,15.
The appearance of metazoan fossils has traditionally been used as a

minimum estimate for the timing of the late Neoproterozoic oxygena-
tion event16. Molecular clock estimates place the origin of crown-group
animals in the Cryogenian period (850–635Myr ago)1. There are also
sponge biomarkers2 and sponge-like fossils3 in Cryogenian or older
rocks, but these areonly simplemetazoanswith limitedoxygendemands
(see Supplementary Information). Novel micro-and macrofossils
interpreted as early metazoans appear immediately above Marinoan-
age (,635Myr ago) glacial deposits in SouthChina4–6 (see Supplemen-
tary Information). Further, there is a radiation in marine algae
following the Marinoan glaciation, which is probably linked to a

metazoan-driven shift in trophic structure and ecosystem complexity17.
It has been proposed that this biological innovation is linked to an
oxygenation event following the extensive Marinoan glaciation7,8.
However, there is no direct geochemical evidence for an increase in
ocean oxygenation in the immediate aftermath of the Marinoan
glaciation. Most existing geochemical evidence for a late Neoproterozoic
redox shift is much younger (,580–550Myr old), controversial, or
records a local shift in redox conditions that may not be globally
representative9,11–13.
Trace-metal enrichments in black shales can record information

about the global ocean redox state13,18–20. Following the establishment
of pervasive oxidative weathering after the GOE at ,2.4Gyr ago14,15,
the size of the global marine reservoir of redox-sensitive elements
(RSEs) was primarily controlled by the spatial extent of anoxic versus
oxic marine conditions18,19. In reducing marine environments, the
burial fluxes of many RSEs, notablymolybdenum (Mo) and vanadium
(V), exceed those in oxygenated settings by several orders ofmagnitude.
Hence, it follows that when oxic conditions are more widespread, the
global seawater concentrations of these RSEs will be higher18. For
example, in today’s predominantly oxygenated oceans, Mo is the most
abundant transition metal (,105 nM; ref. 18), despite its very low
crustal abundance (,1 p.p.m.; ref. 21). Because the residence time of
Mo (800–440 kyr)18,22 and V (,50kyr)18 in seawater is much longer
than the ocean mixing time (,1.5 kyr), Mo and V in marine basins
track the global average conditions18–20,22. This concept is well-
grounded in an understanding of the modern Mo and V global mass
balances18,19.
The magnitude of RSE enrichments in anoxic marine sediments

reflect dissolved RSE concentrations in seawater20,23. In general, RSE
enrichments also scale with the organic carbon flux because reduced,
particle-reactive metal species (for example, thiomolybdate or vanadyl
ions) are bound by organic particles, resulting in strong correlations
between the metal and total organic carbon (TOC) contents in
modern anoxically deposited sediments and black shales20,23. Therefore,
authigenic enrichments are commonly normalized to TOC concentra-
tions (for example, Mo/TOC and V/TOC)23. RSE enrichments in
anoxic shales may also depend on other factors, such as sedimentation
rates and sulphide levels. However, studies in modern anoxic basins
with access to the open ocean18–20,23 have shown that the dissolvedmetal
concentrations exert a first-order control on the degree of the enrich-
ment (see Supplementary Information). This relationship sets the stage
for usingRSE enrichments in anoxic shales to trackEarth’s oxygenation
history and specifically the extents of anoxia in the ocean9,13,23.
The temporal recordofRSE enrichments in shales deposited beneath

an anoxic water column currently provides the least controversial and
most direct geochemical signal for a significant redox shift in the late
Neoproterozoic9,13. However, the existing data only show a jump in
RSE enrichments to Phanerozoic values near the end of the Ediacaran
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period (,551Myr ago)9,13,24, long after the radiation of complex
metazoans including triploblastic animals4–6,25. There is a pronounced
data gap between this time and 663Myr ago in previous analyses due to
the lack of suitable open-marine, deep-water black shale samples9,13.
Here we fill this gap by analysing organic-rich black shales of the basal
Doushantuo Formation in South China that were probably deposited
between 635 and 630Myr ago (see Supplementary Information). We
found very high, Phanerozoic-like RSE enrichments within a few
million years after the Marinoan glaciation, coincident with the
appearance of the earliest non-poriferan metazoan fossils4,5.
In South China, Marinoan-age glacial diamictites of the Nantuo

Formation are overlain by a 3-to-6-m thick, 635.26 0.6Myr old26

cap carbonate commonly referred to as Member I of the Doushantuo
Formation (Fig. 1)27. The cap carbonate is conformably overlain by
organic-rich black shales (Member II of the Doushantuo Formation),
with subordinate carbonate layers and phosphorite-chert nodules in
shelf and upper-slope environments27 (see Supplementary Informa-
tion). Putativemetazoan fossils were found 6m above the Doushantuo
cap carbonate in the Yangtze Gorges area4,5, less than two metres
above an ash bed that has been dated as 632.56 0.5Myr old26.
Morphologically complex macroscopic fossils of the Lantian biota6

were reported from slope-basinal black shales, approximately 15m
above the cap carbonate (Fig. 1). Our geochemical analyses focus on
the basal Member II black shales, which are roughly equivalent or
slightly below these fossil horizons.
The basalMember II black shales have a transitional contact with the

underlying cap carbonate28. Their widespread occurrence across the
basin and lack of event beds (for example, turbidites and olistostromes)
suggest that they were deposited during the latest stage of postglacial
transgression or sea-level highstand,with the shelf-to-basin topography
inherited from the Cryogenian27 (see Supplementary Information).We
focused ondeepwaterMember II samples collected from three sections
in an open-marine, slope/basinal setting (Fig. 1 and Supplementary
Fig. 1). The black shales in the lower slope and basin sections contain
an average of,2.0wt% of both pyrite iron (Fepyrite) and total organic
carbon (TOC). The upper slope section has comparatively lower
Fepyrite (,0.3wt% on average) and higher TOC (2.3wt% on average);
see Supplementary Table 1.
Slope and basin post-glacial black shales of Member II show

strong Mo and V enrichments (Fig. 2). Mo enrichments in these
sections commonly exceed the average Phanerozoic euxinic (anoxic
and sulphidic) shale concentration of,100p.p.m. and the Phanerozoic

averageMo/TOC ratio (p.p.m./wt%) of,25 (refs 9, 13). These highMo
enrichments show that the local water column was not only anoxic but
also had free dissolved sulphide (euxinic conditions)23. Vanadium
enrichments of several thousand p.p.m. are common and equivalent
to the largest values observed in the Phanerozoic anoxic shale record9

(Fig. 3). Similarly, uranium (U) in the lower Doushantuo Formation
(Fig. 2) exceeds 30 p.p.m.—equivalent to the largest enrichments
observed in modern anoxic basins29. Therefore, the magnitude of
RSE enrichments used previously to argue for a late Neoproterozoic
oxygenation event at,551Myr ago9,13 are now found in.630-Myr-
old, early Ediacaran black shales (Fig. 3). It is well established that basin
restriction, if anything, decreases the extent of RSE enrichment20,23,
ruling out the possibility that the large enrichments have only local
significance (see Supplementary Information). Also, other factors,
such as persistent or transient occurrences of oxygen in overlying
waters, consistently mute the magnitude of RSE enrichment23.
Hence, the large RSE enrichments in the lower Doushantuo
Formation provide strong evidence for a significant global marine
oxygenation event in the aftermath of the Marinoan glaciation.
Simplemass-balance calculations confirm that the observedMoand

V enrichments in the lower Doushantuo Formation require a well-
oxidized ocean (see Supplementary Information). Building from the
global Mo and V cycles18,19, it is possible to estimate the effects of
increasing riverine RSE flux on the marine Mo and V reservoirs.
Even with a very elevated riverine flux of Mo and V, the marine redox
landscape will control RSE reservoir sizes and thus RSE enrichments.
For instance, based on mass-balance calculations, even a doubling of
the riverine Mo or V flux can be compensated for by relatively small
growth in the extent of euxinia (for example, 1–2% of the seafloor area;
see Supplementary Fig. 3). Although continentalMo andV fluxesmay
have been elevated for short periods (thousands of years) during the
most rapid stages of glacial retreat, glacially elevated fluxes are not
expected during deposition of the examined black shales, which span
a period of millions of years after glacial retreat. Mass-balance calcula-
tions also indicate that even a relatively small areal increase (for
example, 2–3%) in anoxic seafloorwould crash theMoandV reservoirs
on a timescale of #0.5Myr (see Supplementary Information). Thus,
the observed Mo and V enrichments in lower Doushantuo Formation
black shales suggest that oxic waters bathed the vast majority of the
ocean. Oxygen-deficient conditions must have been spatially limited
and only located where high organic matter loading caused oxygen
depletion along ocean margins, such as in the Nanhua basin.
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Figure 1 | Locality maps and stratigraphy. a, Simplified geological map with
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and important fossil horizons4–6 marked.
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Large variability in the magnitude of RSE enrichments in lower
Doushantuo Formation black shales suggests locally variable redox
conditions. There are intervals with high RSE enrichments adjacent
(,0.2m) to intervals with near-crustal, un-enriched RSE concentra-
tions, despite apparently constant physical conditions (that is, absence
of wave-, storm- and gravity-generated beds) well below the storm
wave base (see Supplementary Information). These variations suggest
significant redox shifts in environments and thus deposition of the
units under mixed oxic, suboxic-ferruginous, and euxinic conditions.
Redox fluctuations in deep-water environments well below the mixed

layer, including those at an estimated depth of.1,000m in the basinal
section27,28 (see Supplementary Information), are consistent with a
well-oxygenated global ocean–atmosphere system.
AllMo,V andU concentrations shift to lower values in the upper part

of the basal Doushantuo black shales (Fig. 2). Given the observed vari-
ability inRSE enrichmentswithin the basal unit, this drop inRSE enrich-
ments may record a local environmental shift towards less reducing
conditions that are not conducive to redox-sensitivemetal sequestration
(see Supplementary Information). Alternatively, the decrease of RSE
values may record a shift back to more reducing ocean conditions
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portion of the Doushantuo samples have unusually low total iron (FeT)/
aluminium (Al) ratios (Supplementary Table 1), we do not use highly reactive
iron (FeHR)/total iron (FeT) ratios as a quantitative palaeoredox proxy (see
Supplementary Information). The dashed line in the d34Spyrite panel marks the
average d34SCAS value of the analysed stratigraphic interval5,24. Sulphur isotope
data are reported as per mil (%) deviations from the isotope composition of
Vienna Cañon Diablo Troilite (VCDT).
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Figure 3 | Summary of redox-sensitive trace elements and evolution of the
ocean–atmosphere redox state. a, Atmospheric oxygen levels compared with
present atmospheric level (PAL). The early Ediacaran metazoans4,5 appeared
shortly after the Marinoan glaciation, during an increase in ocean–atmosphere
oxygen level (modified from ref. 8). b, Temporal trends in V enrichments
(crosses) and V/TOC ratios (circles) in euxinic black shales (Supplementary
Tables 2 and 3). c, Temporal trends in Mo enrichments (crosses) and Mo/TOC
ratios (circles) in euxinic black shales (Supplementary Tables 2 and 3). The spikes
of V, V/TOC, Mo and Mo/TOC from the lower Doushantuo black shales (this
study) are marked. d, Potential shift in nutrient-limiting factor from trace metals

to phosphorus after the Marinoan glaciation8,32. Data compilation, stratigraphic
and chronological details are provided in the Supplementary Information. The
Mo and V records indicate that the ocean experienced a late Neoproterozoic
growth in the inventory of redox-sensitive trace elements, which can be linked to
ocean ventilation. This redox shift was previously thought to have occurred at
,551Myr ago9,13. Our study provides evidence for an oxygenation event
associated with increased seawater Mo–V enrichments and Mo/TOC and
V/TOC ratios in the aftermath of the Marinoan glaciation, synchronous with or
slightly pre-dating the earliest non-poriferanmetazoan fossil record at,632Myr
ago.
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typical of the mid-Proterozoic (,1,800–700Myr ago)—implying that
the early Ediacaran oxygenation was not a unidirectional process (see
Supplementary Information). However, this possibility requires a
more comprehensive test in broader palaeogeographic settings of the
Nanhua basin and in other global successions.
Highly negative pyrite sulphur isotope (d34Spyrite) values down to

–35% from the basinal samples (Fig. 2; Supplementary Table 1)
further support our interpretation of an oxygenated ocean–atmosphere
system following Marinoan deglaciation. Coeval (,635–630Myr)
carbonate-associated sulphate sulphur isotope (d34SCAS) values from
shelf sections5,24 have an average of ,34%. In this framework, the
calculated isotope fractionation between pyrite and coeval sulphate
(D34S) in the deep basin section is .65%—equivalent to maximum
fractionations by modern sulphate reducing bacteria30 and the
maximum pyrite–coeval sulphate offset observed in the Phanerozoic
rock record9,31 (Supplementary Fig. 4). An increase in the isotopic off-
set between pyrite and seawater sulphate in the lateNeoproterozoic has
been commonly linked to growth of the global marine sulphate
reservoir and surface oxidation9,31. The large sulphur isotope fractiona-
tion in the basal Member II shales therefore points towards a perva-
sively oxygenated ocean with lower associated pyrite burial, consistent
with the conclusion drawn from RSE enrichments.
The shift to pervasively oxygenated oceans and, by inference, higher

atmosphere O2 conditions following the Marinoan glaciation may be
linked to high nutrient availability8. It has been proposed that there
was a large marine phosphate reservoir during and following the
Cryogenian glacial events7,8. Phosphate is commonly considered as
the ultimate limiting nutrient on geological timescales, as nitrogen
(N) can be supplied by biological nitrogen fixation from an essentially
limitless atmospheric supply. Therefore, glacially induced perturba-
tions to the phosphorus cycle may have triggered an organic carbon
burial event28 that induced a shift towards higher oxygen levels.
This model, however, overlooks the potential for persistent N stress

linked to trace-metal biolimitation32. In a broadly anoxic ocean,
chalcophilic tracemetals (for example,Mo,Cu, Cd)maybe co-limiting
nutrients and inhibit efficient N fixation—just as in the modern oxic
marine system Fe stress limits N fixation over broad swaths of the
ocean32. Significant Mo biolimitation may have limited the organic
carbon production and stabilized the redox state of the oceans through
themid-Proterozoic32. In this light, a jump in sulphidic black shaleMo
enrichments at the Cryogenian–Ediacaran transition probably records
a shift in nutrient regimes as well as in global redox conditions.
Marine chalcophilic trace-metal levels following glacial retreat must

have been sufficient to allow for significant organic carbon burial and
the switch to a more pervasively oxygenated ocean. Dissolved marine
Mo may have built up to the critical levels needed to move out of a
marine systemwith chronic Mo-induced N stress during glaciation. A
brief episode (for example, thousands of years) of increased Mo
delivery associated with high rates of postglacial weathering before
the deposition of the Doushantuo Member II shales may have also
helped to provide the perturbation needed to overcome persistent Mo
biolimitation.Mitigating coupledMo–N stress would have allowed for
efficient utilization of a large marine phosphate reservoir7,8—
ultimately promoting organic carbon burial and oxygen release.
Ventilation of the ocean would lead to significant growth of the Mo
reservoir (and other RSE reservoirs) as manifest in the Member II
shales deposited severalmillion years after glacial retreat. The formerly
enigmatic association of the ‘Snowball Earth’ glaciations and early
metazoan and algal diversification could thus be linked to shifts in
nutrient availability, burial of organic carbon, and ultimately the shift
to a more oxygenated ocean–atmosphere system that favoured the
early diversification of metazoan life and ecosystems.
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