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Late-Neoproterozoic
Deep-Ocean Oxygenation and
the Rise of Animal Life
Don E. Canfield,1* Simon W. Poulton,2 Guy M. Narbonne3

Because animals require oxygen, an increase in late-Neoproterozoic oxygen concentrations has
been suggested as a stimulus for their evolution. The iron content of deep-sea sediments shows
that the deep ocean was anoxic and ferruginous before and during the Gaskiers glaciation
580 million years ago and that it became oxic afterward. The first known members of the Ediacara
biota arose shortly after the Gaskiers glaciation, suggesting a causal link between their evolution
and this oxygenation event. A prolonged stable oxic environment may have permitted the
emergence of bilateral motile animals some 25 million years later.

Large, architecturally complex life forms
first appeared about 575 million years
ago (Ma) (1, 2). These life forms are epit-

omized by the Ediacara biota, a globally dis-
tributed assemblage of fossil impressions of
centimeter- to meter-scale soft-bodied organisms
and colonies. The Ediacara biota developed after
the Gaskiers glaciation at 580 Ma and abruptly
disappeared coincident with the Cambrian ex-
plosion of skeletal animals about 35 million
years later (3, 4). The Ediacara biota most likely
included a mixture of stem-group animals and
potentially other extant kingdoms of eukaryotes,
along with fossils that may represent “failed
experiments” in evolution (3). Fossilized animal
embryos (5) dated at 560 to 580 Ma (6) further
support the view that animals were an important
part of Ediacaran life. Animals have an absolute
requirement for oxygen, and it has been widely
hypothesized that a late-Neoproterozoic rise in
oxygen created an environment permissive for
animal evolution (7–10). Direct evidence for
late-Neoproterozoic ocean oxygenation, how-
ever, has been lacking. We used several geo-
chemical tracers to show that the deep ocean
became oxidized shortly before the first appear-
ance of the Ediacara biota.

In the Avalon Peninsula, Newfoundland, 6
km of late-Neoproterozoic sedimentary rocks
represent at least 15 million years of late-
Neoproterozoic time (Fig. 1). The sediment
sequence begins about 800 m below the glacial
deposits and cap carbonate of the Gaskiers
Formation dated at 580 Ma (2). The Gaskiers
glaciation was the last of the major Neo-
proterozoic glaciations (4, 11) and is represented
on four continents (12), although it was
probably not as widespread as the previous

Sturtian and Marinoan “snowball” glaciations
(11, 12). Ediacara-type fossils are present
through most of the post-Gaskiers succession.
The first Ediacaran fossils, represented by a
low-diversity assemblage of Ivesheadia (“piz-
za disks”), Thectardis, and species of Charnia
(1, 3, 4, 13) (Fig. 2, A and B), were found in
the upper Drook Formation within 5 million
years of the glacial terminus. These are the
earliest large and architecturally complex eu-
karyote fossils known anywhere in the world.
By 565 Ma, the high-density and high-diversity
Ediacaran assemblages of Mistaken Point
existed (Fig. 2C) (3, 13, 14), and numerous oc-
currences of Ediacaran disks continue through
the Fermeuse Formation (Fig. 2D).

The Ediacaran animals of the Avalon Penin-
sula lived on the sea floor in deep-water envi-
ronments well below the photic zone (3, 13, 15).
The Mall Bay through Briscal Formations (Fig. 1)
accumulated as axial basin floor deposits in
water depths exceeding several hundred meters,
and possibly extending 1 km or more (3, 16). The
Mistaken Point and Trepassey Formations repre-

sent a deep-water slope environment (14, 15).
Beginning with the Fermeuse Formation, the se-
quence gives way to mudstones likely deposited
as delta front deposits (3, 17). The Neoproterozoic
sediments of Newfoundland were deposited at the
northern margins of ancient Gondwana, with no
evidence for basin restriction, suggesting open
access to the global ocean (18, 19).

We used iron extraction techniques to ex-
plore ocean redox conditions. In this approach,
operationally defined iron extraction protocols
(20) are used to partition iron into its highly re-
active components and its unreactive phases.
Highly reactive iron includes iron oxide, car-
bonate, and sulfide minerals; this represents the
iron that is geochemically and biologically ac-
tive during early sediment diagenesis (21). By
contrast, “unreactive” iron is geochemically inert
on early diagenetic time scales. Previous studies
have shown that in a broad suite of marine sed-
iments deposited from an oxygen-containing
water column, the ratio of highly reactive iron to
total iron (FeHR/FeT) is consistently below 0.38,
with a modern average (±SD) of 0.26 ± 0.08
(22, 23) and a Phanerozoic average (past 542
million years and excluding the modern) of
0.15 ± 0.06 (23). By contrast, sediments de-
posited from anoxic water columns may obtain
additional reactive iron from iron mineral for-
mation in the water column; in these environ-
ments, FeHR/FeT may exceed 0.38.

This is true both if the anoxic water col-
umn is sulfidic, such as the modern Black Sea
(22) and ancient sulfidic marine water bodies
(23, 24), and if it contained dissolved iron, as
was the case early in Earth’s history (25). We
also used the concentrations of organic carbon
and pyrite sulfur, as well as the isotopic com-
position of sulfur, to aid our characterization of
the depositional environment (26) (table S1).

There is a marked difference in the propor-
tion of highly reactive iron in sediments depos-
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Tyne, NE1 7RU, UK. 3Department of Geological Sciences
and Geological Engineering, Queen’s University, Kingston,
Ontario K7L 3N6, Canada.
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Fig. 1. Location (A and B) and stratigraphic setting (C) of geochemical samples. Location numbers
are the same as in (19) (sites 1, 2, and 4 to 17) and (39) (sites 1 to 8, 13, and 14), which contain
details on the precise location, access, lithostratigraphy, sedimentology, and fossil taxa for each
locality. The supporting online material includes stratigraphic positioning of the samples (26). U/Pb
dates are from (2, 40).
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ited before and after the Gaskiers glaciation
(Fig. 3A). In numerous instances, the Gaskiers
diamictite shows FeHR/FeT ratios exceeding
0.38, indicative of anoxic deposition. This is also
the case, to a lesser extent, in the upper Mall
Bay Formation. In other cases, the FeHR/FeT
ratio of Gaskiers and Mall Bay samples is less
than 0.38 but more than both the modern and
Phanerozoic average ratios (Fig. 3A). In these
cases, the extraction results are somewhat
equivocal, but given the numerous instances in
which FeHR/FeT exceeds 0.38 and the high
overall ratios of FeHR/FeT, the results suggest
that the water column was anoxic during dep-
osition of the Gaskiers diamictite and probably
also the upper Mall Bay (27). There is little sul-
fide sulfur in these rocks, and most of the reactive
iron is bound as iron oxide and iron carbonate
(26). Therefore, a sulfidic water column can be
ruled out (25), indicating that the water column
was most likely ferruginous, containing elevated
concentrations of dissolved ferrous iron (Fe2+).
Therefore, the deep-ocean chemistry accompa-
nying the Gaskiers glaciation (and possibly also
the Mall Bay) appears similar to the water
chemistry associated with the earlier “snowball
Earth” glaciations, in which banded iron forma-
tions accompanied the deposition of Sturtian-aged
diamictites (about 700 Ma) (11) and Fe-enriched
carbonates were deposited immediately after
the Marinoan glaciation (about 630 Ma) (28),
both of which are indicative of ferruginous ocean-
ic conditions.

In sediment accumulated immediately after
the Gaskiers glaciation and during a period of
time representing more than 15 million years,
most FeHR/FeT ratios are much lower than in

the underlying rocks and fall between the Phan-
erozoic and modern average for oxic sediment
deposition; nearly all are less than 0.38 (Fig.
3A). These data provide evidence for a long pe-
riod of stable deep-water oxic marine conditions.
Overall, our data point to a pre-Drook anoxic
iron-containing ocean giving way to oxic marine
conditions after the Gaskiers glaciation.

For the Mall Bay through the Trepassey
Formations, organic carbon concentrations are,
in general, extremely low and are completely
consistent with deposition in oligotrophic deep-
water basinal or outer slope marine settings (29).
Whereas higher organic carbon concentrations
might be expected under anoxic conditions (30),
our rather low concentrations in the Mall Bay
and Gaskiers Formations are similar to those
found (0.1 to 0.3 weight % C) in the Sturtian-
aged (about 730 Ma) Rapitan Iron Formation,
which also deposited from anoxic Fe-containing
waters (31). The somewhat higher concentra-
tions observed in the Fermeuse Formation are
consistent with an environment closer to shore
of higher sediment deposition rate such as a
delta front would offer.

The isotopic composition of sulfur is quite
variable but demonstrates patterns consistent
with the above scenario for deep-ocean oxygen-
ation, providing further insights into the nature
of ocean chemistry. The isotopic composition of
sulfide in pre-Gaskiers sediments is consistently
greater than zero, indicating relatively small
fractionations from seawater sulfate of around
18 ± 10 per mil (Fig. 3C) [the isotopic
composition of seawater sulfate from 590 to
560 Ma is well constrained at between 22 and
28 per mil (32)]. This, combined with generally

low concentrations of organic carbon and
sulfide, is consistent with low rates of sulfate
reduction under sulfate-limiting concentrations.
Previous modeling (33) suggests that such low
fractionations should occur with submillimolar
sulfate concentrations. Higher fractionations in
the Gaskiers, and particularly in the Drook
Formation, demonstrate a change in the sulfur
cycle. Indeed, the higher post–Mall Bay fraction-
ations are consistent with an increase in sulfate
concentration, which allows the expression of
higher fractionations when compared with those
produced with low sulfate levels. This pattern of
increased fractionations also occurs with sedi-
ments deposited in association with and immedi-
ately after the Sturtian and Marinoan glaciations
(34) and is thus a general feature of Neo-
proterozoic glacial and postglacial deposits.

To explain these increased fractionations, we
suggest that glacial melting increased the nutri-
ent load to the ocean. This stimulated primary
production and carbon burial and thus increased
atmospheric oxygen levels. Increased oxygen
enhanced the oxidative weathering of sulfide to
sulfate on the continents, thus increasing the
flux of sulfate to the ocean and marine sulfate
concentrations. The presence of anoxygenic
photosynthetic biomarkers in post-Sturtian and
post-Marinoan deposits argues against substantial
ocean oxygenation after the earlier Neoprotero-
zoic glaciations (35, 36), but the post-Gaskiers
event was sufficient to result in oxygenation of
the deep ocean. A return to much lower fraction-
ations in post–Mistaken Point sediments could
reflect a return to lower marine sulfate concen-
trations or, perhaps more likely, a reduction in
isotope fractionation as might be expected with
higher rates of sediment deposition and increased
rates of sulfate reduction in a delta-front environ-
ment (33).

Our evidence for deep-water oxygenation in
the post-Gaskiers ocean may place some con-
straints on the minimum level of atmospheric
oxygen at this time. We reason as follows: Or-
ganic matter produced in the surface ocean con-
sumes oxygen during degradation as it falls
through the water column. In the modern ocean,
oxygen concentrations reach a minimum at
depths of 500 to 1500 m (37). The magnitude
of the oxygen deficit is about 40 to 100 mM in
the North Atlantic and 100 to 300 mM in the
North Pacific (37). If we assume that the ocean
structure was similar to its structure today and
that the Drook and Briscal Formations were
deposited in water depths of 500 to 1500 m, then
oxygen deficits would have ranged somewhere
between 40 and 300 mM. If we take 40 mM as
the most conservative estimate, then at least this
much O2 was dissolved in the waters supply-
ing the deep ocean. Probably a bit more oxy-
gen was required, given that the Ediacara
biota would have likely needed 10 to 20 mM
for their respiration (38), which we add to our
minimum estimate of the oxygen content of the
water supplying the deep ocean. At present,

Fig. 2. Ediacaran fossils from Newfoundland. Scale bars represent 5 cm. (A and B) Low-diversity
assemblage of fossils from the Drook Formation (575 Ma) at locality 4. (A) Two specimens of the discoid
fossil Ivesheadia. (B) Charnia frond. (C) High-diversity Mistaken Point assemblage (565 Ma), exhibiting
large fronds (Charniodiscus) along with frondose, bushlike, and spindle-shaped rangeomorph fossils at
locality 7. (D) Fermeuse assemblage (about 560 Ma) of Aspidella disks at locality 13.
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deep water is formed at high latitudes with an
air-saturated O2 concentration of 325 mM. If we
require a minimum of 50 mM O2 in this water,
then we need to saturate with atmosphere con-
taining greater than 15% of present day oxygen
levels. Thus, 15% of present day oxygen levels
is a minimum estimate for post-Gaskiers atmo-
spheric O2.

In the Avalon region, this oxygenation was
stable and persisted for at least 15 million years.
In our preferred scenario, this oxygenation was
widespread, marking the first time that oxygen
concentrations reached levels permissive for
the metabolism of large multicellular hetero-
trophic eukaryotes. If so, evolution into this new
permissive ecology could have been quite rapid
(7), resulting in the emergence of the Ediacara
biota within 5 million years (1, 2), and re-
cognizable motile animals within another 20
million years (3, 4). In another scenario, the
Ediacaran biota populating Avalonia evolved
earlier, perhaps before the Gaskiers glaciation,
and migrated to Avalon after oxygenation of
the local environment. The available data
support the first scenario, but further explo-
ration of pre-Gaskiers ocean chemistry and

biology will help to elucidate the possibility
of the second.
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Fig. 3. The chemistry of late-Neoproterozoic sediments from the Avalon Peninsula, Newfoundland.
(A) FeHR/FeT ratios. Solid line represents the 0.38 ratio. Dashed lines represent the ratios for
average modern and average Phanerozoic sediments deposited in an oxic water column. (B)
Concentrations of reduced sulfur (pyrite) and organic carbon (OC) by weight (wt) %. (C) Isotopic
composition of pyrite sulfur. A dashed line at 0 per mil is shown for reference. Also indicated are
key dates (as in Fig. 1) and the stratigraphic level of prominent fossil locations.
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Climate Change Affects Marine Fishes
Through the Oxygen Limitation of
Thermal Tolerance
Hans O. Pörtner* and Rainer Knust

A cause-and-effect understanding of climate influences on ecosystems requires evaluation of
thermal limits of member species and of their ability to cope with changing temperatures.
Laboratory data available for marine fish and invertebrates from various climatic regions led to
the hypothesis that, as a unifying principle, a mismatch between the demand for oxygen and the
capacity of oxygen supply to tissues is the first mechanism to restrict whole-animal tolerance to
thermal extremes. We show in the eelpout, Zoarces viviparus, a bioindicator fish species for
environmental monitoring from North and Baltic Seas (Helcom), that thermally limited oxygen
delivery closely matches environmental temperatures beyond which growth performance and
abundance decrease. Decrements in aerobic performance in warming seas will thus be the first
process to cause extinction or relocation to cooler waters.

Climate change is projected to affect in-
dividual organisms, the size and structure
of their populations, the species com-

position of communities, and the structure and
functioning of ecosystems. Effects include pole-
ward or high-altitude shifts in the distribution of
ectothermic animals (1). A comprehensive mech-
anistic understanding has so far been lacking (2)
but is needed for prediction of climate change
effects. Physiological studies can address the
mechanisms and reasons for the thermal sensi-
tivity of organisms and their life stages.

In aquatic animals, a decrease in the capacity
to perform aerobically (a drop in aerobic scope)
characterizes the onset of thermal limitation at
both ends of the thermal envelope [pejus thresh-
olds Tp, fig. S1 (3–6)]. The reduction in aerobic
scope is caused by limited capacity of circulatory
and ventilatory systems to match oxygen de-
mand. Such a constraint affects all higher func-
tions (muscular activity, behavior, growth, and
reproduction) and might thereby shape the long-
term fate of species. Aerobic scope becomes
minimal beyond low or high critical temperatures
(Tc). Survival is then passive and time-limited,
supported by anaerobic metabolism and protec-
tion of proteins and membranes by heat shock
proteins and antioxidative defense. Thermal tol-
erance is hierarchical, with narrowing windows
from molecular to cellular to systemic levels (6).

Temperate species are able to acclimatize and
shift the thermal window through changes in
mitochondrial densities as well as other molecu-
lar to systemic adjustments of functional capaci-
ties (3, 6–10) (fig. S1). Limits to acclimatization
are set by trade-offs at various structural and
functional levels that constrain the width of the
thermal window, for example, through the trend
tominimize energy turnover in relation to climate
variability (9, 10).

We investigated thermal limitation of the
common eelpout, Zoarces viviparus, in its south-
ernmost distribution area, the German Wadden
Sea (part of the southern North Sea) during
summer and thereby tested the ecological rele-
vance of the concept of oxygen- and capacity-
limited thermal tolerance (fig. S1). During the
past 40 years, water temperatures in the German
Bight increased by 1.13°C (at Helgoland Roads).
Cold winters with sea surface temperatures
(SSTs) around –1°C had occurred about once
every 10 years up to 1944 but were experienced
only once since 1960 (11). Models predict further
SST increments for the next 90 to 100 years, by
about 1.6° to 3.0°C in the northern and even by
3.0° to 3.9°C in the shallower southern North
Sea (12), accompanied by rising sea levels (13 to
68 cm by 2050) and an increasing frequency of
storm events (13).

Comparison of existing data sets indicates
that field observations can be explained by the
eelpout’s physiological responses to warming
(Fig. 1). The relative abundance of the non-
migratory eelpout decreases upon warming
(5-year running means, data from 1954 to 1989,
Fig. 1A) (14, 15), reflecting a higher mortality

in hot summers. Reduced field abundance
coincides with reduced growth of laboratory-
maintained, temperature-acclimated individuals
(Fig. 1B). Individual growth is a key parameter
shaping population growth and depends on
aerobic scope. Lopsided growth curves result
from the exponential rise in net aerobic scope
upon warming, which is counterbalanced by the
concomitant exponential rise in baseline meta-
bolic costs (Fig. 1). Both abundance and growth
begin to fall beyond upper pejus temperatures
(Tp) (Fig. 1, C to E), reflecting the species-
specific limits of acclimation capacity.

Pejus temperatures were derived from limi-
tations in circulatory capacity (Fig. 1C), which
occur before ventilatory limitations in eelpout (Z.
viviparus and Pachycara brachycephalum) and
Atlantic cod (Gadus morhua) (4, 16–18). The
loss of aerobic scope can also be derived from the
shift of critical oxygen tensions, Pc, or concen-
trations, [O2]c. Pc or [O2]c indicate oxygen lim-
itation to the passive organism in hypoxia and the
onset of anaerobic metabolism. Upon warming,
[O2]c reaches air saturation atTc, where anaerobic
metabolism begins in animals exposed to fully
aerated waters (Fig. 1D). Aerobic scope thus
begins to fall when [O2]c starts to rise beyond Tp
(Fig. 1E). Warming exacerbates oxygen limita-
tions not only by the forced rise in oxygen
demand, but also by reducing oxygen solubility
(Fig. 1E).

The analysis of ecological responses in re-
lation to 5-year running means of summer max-
ima, albeit improving the signal-to-noise ratio,
may not precisely quantify temperatures and
mechanisms effective in the field. Analysis of
individual summers in long-term data series (19)
should provide more detailed insight into cause-
and-effect relationships (Figs. 2 and 3). The
limited data set indicates that extreme temper-
atures of previous summers cause reduced
abundance. Sampling took place in July, so the
effects of the hottest season only become visible
in the next year. Thermal limitation of aerobic
scope may also translate into the next year by
reducing the degree of successful fertilization
and reproduction.

Thermal sensitivity is likely to be enhanced
at large body sizes. In contrast to eelpout from
the Baltic or from colder regions like the Russian
White Sea, eelpout of the Wadden Sea only
reach a maximum body length of about 23 cm at
a maximum age of 3 to 4 years (20). A pre-
liminary analysis of seasonal changes in size
frequency distribution (fig. S2) shows that older
specimens (larger than 20 cm) have low overall
abundance and thus high mortality rates. High
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