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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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BIOGEOCHEMISTRY 

Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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regions where the upper mantle is very anomalous. An approximate
formula for this curve is

δTs = −3: + 0:52 A + 4:5ð Þ1:65

where S is the vertical travel time, residual δTs is expressed in seconds,
and A is the lithospheric age in Ga.

2.3. A “seismic continental growth curve”

Applying this S-delay versus age relationship to the global maps of
Fig. 2, we obtain a histogram that relates surface of continents with a
given lithospheric age. A cumulative representation of this distribu-
tion may be interpreted as a “continental growth curve”. The curve
obtained from the 250 km S vertical travel times, plotted in Fig. 6,
is very similar to the average of a large collection of the curves
published by geochronologists (for a recent compilation see Fig. 1 of
Rino et al., 2004). In both sets of curves, the largest increase in the
growth rate of continents occurs between 3 and 1 Ga. The growth
curve derived from seismology is also reminiscent of the curves
obtained from heat flow interpretations (Pollack, 1986; Artemieva,
2006) but Pollack's curve is shifted towards older ages. Despite the
better constraint provided by seismological measurements on the
deep structure of the lithosphere, the trend of secular evolution of the
continents is similar that from other disciplines. The growth curve
of Fig. 6 depends strongly on the validity of the S delay versus
age relationship. Use of a more “linear” relationship would shift the
growth curve toward older ages. The initial S delay histograms do not
contain very large peaks and this may indicate continuity in the rate
of continental growth. Alternatively, it could reflect the lack of lateral
resolution of surface wave tomography. The inversion smoothes
velocity variations and does not preserve the discontinuous nature of
the velocity histogram.

2.4. A global map of “lithospheric ages” derived from seismology

The map in Fig. 7 is a direct conversion of the S delay map into a
map showing the ages of the continental lithosphere. It is similar in
many ways to a map of tectonothermal ages. The smoothness of the
initial S delay map is transferred to the lithospheric age map. The map
clearly shows the principal cratons and indicates a significant
variation in their tectonothermal ages. A relatively young age
(b2.5 Ga) for some cratons could be caused by thermal and/or tectonic
perturbations resulted in rejuvenation of their lithosphere.

3. Conclusions

Knowing the age of the continental lithosphere is necessary if we
are to understand its origin and its tectonic and thermal evolution. This
parameter, however, is difficult to determine. Geological ages of
exposed crustal rocks are commonly used as proxies for lithospheric
ages but this approximation only works if the crust and the upper
mantle formed at the same time; it breaks downwhen thermal process
in the crust and the mantle lithosphere are decoupled. Moreover, in
many regions, the ages of crustal rocks are poorly constrained or totally
unknown. Therefore, it could be useful to find alternative methods to
establish the age of the continental lithosphere.

Many seismological studies demonstrated a clear correlation
between the age of the continental lithosphere and its seismic prop-
erties. We have attempted to use this correlation to establish a simple
quantitative relationship between seismic travel times and lithospheric
age. A similar approach has been recently applied by Ritzwoller et al.
(2004) to study oceanic lithosphere across the Pacific. Based on
inversion of surface wave dispersion data and a simple cooling model
they mapped the “thermal age” of the oceanic lithosphere. At young
ages (b70 My) this parameter was found to be in excellent agreement
with the sea floor age as determined from magnetic anomalies

Fig. 7. Map of the age of the lithosphere computed from the CUB2.0 tomographic model and the relationship between the age of the lithosphere and the S vertical traveltime delay
shown in Fig. 5.
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capable of ejecting undamaged cells into space would have been rare.
However, a Perelandrian19 origin of life in early Cytherean oceans is not
impossible. Mars is more suitable: it is a smaller planet and could have
provided a suitable nurturing place given its possible early shallow seas
under a CO2-rich air, into which volcanoes would have been erupting20.
Being small in comparison to Venus, major impacts would have ejected
rocks relatively frequently that were capable of reaching Earth. Impact
sterilization would have been a significant danger to life on any inner
planet. Overall, early Mars may have been safer than the early Earth, and
Mars was possibly habitable in the Hadean21. The ‘giant impactor’ that
hit Earth is also a possible although improbable birthplace, with a small
chance that cells survived the impact by being ejected into orbit until the
Earth’s surface cooled or were transferred to Mars or Venus by the 
collision. Exchange between the inner planets is ~106 times easier than
exchange between the inner planets and outer planet satellites. 
Transfer from shallow interiors of large asteroids to inner planets is 
possible, but soft landing of debris on asteroids is unlikely. Finally, it is
worth noting that if life did originate on Earth, rather than being 
carried here from Mars or another planet, it is possible that a meteorite
impact could have ejected terrestrial living cells to infect Mars or 
Venus, despite the difficulty of leaving our relatively large planet.

The ‘faint young Sun’ puzzle
If the modern Earth were an airless, rapidly rotating planet of its present
colour, its surface temperature — the ‘effective temperature’ Te —
would be 255 K (the effective temperature of modern Venus is similar)4.
Because of the H2O–CO2 greenhouse, the actual surface is 33 K warmer

and thus sustains liquid water (which in turn allows abundant water
vapour in the air, the main component of the greenhouse). The early
Sun was fainter by a factor of roughly a quarter to a third22, and if such a
sun shone on the present-day Earth there would be global glaciation.On
the early Earth, therefore, the possibilities are either that there was
indeed global glaciation, or that warmth was sustained by a massive
global CO2 greenhouse: a 10–100-bar CO2–CO atmosphere over liquid
ocean, with the CO2 content of the air declining as the Sun warmed.

A CO2 greenhouse would imply CO2-rich oceans, which would
react with basalt to form carbonates, especially with the huge supply
of basalt fragments from impact ejecta. A CO2 greenhouse would also
have evolved to lower temperatures until volcanic outgassing of CO2

matched the carbonate precipitation. This would take millions of
years, during which the water temperature would linger near 100 !C.
Thereafter, surface temperature may have been cool, even glacial. It is
possible that the Hadean between 4.4 and 4.0 Gyr was mostly a Norse
Ice-Hades, with intervals of Inferno after major impacts occurred
when the Earth’s surface was a lake of fire and brimstone. A glacial
Earth in the Hadean would not lose much hydrogen to space, as so 
little water would be present in the high atmosphere. On Venus, being
closer to the Sun, the slightly warmer temperatures may have allowed
a moist greenhouse to be sustained in the long gaps between impacts,
and the planet was consequently dehydrated.

Alternative hypotheses can be proposed. Ammonia and methane
are strong greenhouse gases, and if their mixing ratio were high
enough, they could have sustained liquid oceans. However, ammonia
photodissociates quickly in solar UV. It is possible that methane in the
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Figure 1 Late-Archaean biosphere — the living communities and their chemical
products. The upper part of the left panel shows a model of possible habitats of
microbial communities. Field and isotopic evidence exists for many of these settings,
but the presence of plankton is inferred from sediment record and molecular
interpretation, and the mid-ocean ridge community is inferred. (Figure not to scale.)
Microbial mat communities are illustrated in the lower part of the left panel and the right
panel. Columns show possible mat communities and biofilms (numbers refer to typical
settings in the habitat model). Evolutionary heritage follows standard model. 
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What is life? Natural science has never found
a satisfactory definition. Cardinal
Newman1, following Thomas Scott, lived
by the parable “Growth is life”. This is not
the answer to the puzzle, but it reduces the

problem by providing a useful working tool to the geologist.
Life can be recognized by its deeds — life is disequilibrium,
leaving behind the signatures of disequilibrium such as
fractionated isotopes or complex molecules. It is more
besides, but the larger question ‘what is life?’ is perhaps
beyond natural science. Continuum exists between
chemistry, autocatalysis and what every one would agree is
life. But defining the point at which autocatalysis becomes
life is like searching for the world’s smallest giant.

The prebiotic Hadean environment
The Solar System began after one or more local supernova
explosions about 4,600 million years (4.6 Gyr) ago. In one
widely accepted scenario of the later stages of accretion of the
Solar System it is thought that there were 500 or so planetesi-
mals, bodies about the size of the Moon, in the region now
occupied by the inner planets2,3. Collision between planetesi-
mals produced the inner planets. Venus, Earth and Mars all
received inventories of water vapour and carbon, perhaps
with early oceans on all three. But other models are also 
possible4. The fate of the volatile inventory5 in each planet was
completely different: Venus is dry, with a surface now at
around 500 !C under 90 bar (9"106 Pa) of carbon dioxide
(CO2). Mars is in permafrost. Earth has approximately the
same external inventory of  CO2 as Venus, and both planets
radiate heat to space at very similar ‘effective’ temperatures (in
some senses Earth is hotter), but for us the CO2 is tied up in
carbonate minerals (for example, limestone). The blanket is
less and so the oceans can exist. 

Water is a strong greenhouse gas and, at some stages early in
the history of Venus and Earth, water vapour was probably
present high in the atmosphere. Such water vapour would have
been photolysed into hydrogen and oxygen, and the hydrogen
present in the upper atmosphere would have been lost rapidly
to space. Deuterium would have been lost also, but being more
massive, would have been lost more slowly. In comparison to
the D:H ratio of hydrogen that is thought to have been origi-
nally in the planetary mix, the residual hydrogen in Venus’s

atmosphere has a strong deuterium enrichment. The simplest
explanation is that Venus lost its water early in its history when
a runaway greenhouse developed. In this model, initially
Venus had oceans and a warm (>75 !C) surface; water was 
partitioned into the high atmosphere, photolysed, and hydro-
gen was lost and the planet dehydrated6, leaving a more 
oxidized planet. Alternately, if Venus has or had a molten
magma ocean in its mantle it may there too have sequestered
‘light’ hydrogen as OH. Mantle minerals are typically ‘light’, or
depleted in deuterium relative to sea water7.

Modern Earth does not lose significant amounts of water
to space. Today, the top of Earth’s troposphere is cold and
water falls back to the surface: the stratosphere is extremely
dry, and relatively little hydrogen reaches the top of the atmos-
phere. It is possible that on the early Earth, as probably on
early Venus, there was a substantial hydrogen loss to space, but
to a lesser extent, losing only up to a little over a third of the
ocean8. If so, the residual oxygen (up to 100 bar) would have
meant that the outer part of the young Earth was significantly
enriched in oxidant compared to the interior. The noble gases
of Earth’s atmosphere have a complex history9, in part 
recording primordial accretion in planetesimals, but 
perhaps also recording the early onset of subduction.

On Mars, residual water is today present as subsurface
brine aquifers subject to rare break-out floods; there is 
evidence for earlier events when water was free on the 
surface10. Mars also had early volcanic activity. With water
and volcanoes, early Mars may have been an eminently 
habitable place, perhaps more so than Earth. 

Earth is unique among the inner planets in possessing a 
disproportionate Moon. Of the explanations for the origin of
the Moon, the most persuasive is that proto-Earth was struck,
around 4.5 Gyr, by another inner planet about the size of Mars
or even larger11. This impact spun and tilted the Earth12. The
heat of the impact would have been enough to melt the Earth,
even if it were not already molten from infall heat and the heat
from radioactive decay. The impact (the ‘big splat’) would have
ejected enormous amounts of molten mantle into orbit, some
of which coalesced to form the Moon. The consequences of the
impact are wide. The spin and tilt of the Earth have evolved
from that event, dissipated by tides, to give us the present
day–night cycle and the seasons, both crucial in distributing
heat around the planet and making the Earth habitable by 

The habitat and nature of early life
E. G. Nisbet* & N. H. Sleep†

*Department of Geology, Royal Holloway, University of London, Egham TW20 0EX, UK
†Department of Geophysics, Stanford University, Stanford, California 94305, USA

Earth is over 4,500 million years old. Massive bombardment of the planet took place for the first 500–700
million years, and the largest impacts would have been capable of sterilizing the planet. Probably until 4,000
million years ago or later, occasional impacts might have heated the ocean over 100 !C. Life on Earth dates
from before about 3,800 million years ago, and is likely to have gone through one or more hot-ocean
‘bottlenecks’. Only hyperthermophiles (organisms optimally living in water at 80–110 !C) would have survived.
It is possible that early life diversified near hydrothermal vents, but hypotheses that life first occupied other
pre-bottleneck habitats are tenable (including transfer from Mars on ejecta from impacts there). Early
hyperthermophile life, probably near hydrothermal systems, may have been non-photosynthetic, and many
housekeeping proteins and biochemical processes may have an original hydrothermal heritage. The
development of anoxygenic and then oxygenic photosynthesis would have allowed life to escape the
hydrothermal setting. By about 3,500 million years ago, most of the principal biochemical pathways that
sustain the modern biosphere had evolved, and were global in scope.
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
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inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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of Astrophysics, National Research Council of 
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Canada.
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Rapid emergence of life shown by discovery of 
3,700-million-year-old microbial structures
Allen P. Nutman1,2, Vickie C. Bennett3, Clark R. L. Friend4, Martin J. Van Kranendonk2,5,6 & Allan R. Chivas1

Biological activity is a major factor in Earth’s chemical cycles, 
including facilitating CO2 sequestration and providing climate 
feedbacks. Thus a key question in Earth’s evolution is when did life 
arise and impact hydrosphere–atmosphere–lithosphere chemical 
cycles? Until now, evidence for the oldest life on Earth focused 
on debated stable isotopic signatures of 3,800–3,700 million year 
(Myr)-old metamorphosed sedimentary rocks and minerals1,2 
from the Isua supracrustal belt (ISB), southwest Greenland3. Here 
we report evidence for ancient life from a newly exposed outcrop 
of 3,700-Myr-old metacarbonate rocks in the ISB that contain 
1–4-cm-high stromatolites—macroscopically layered structures 
produced by microbial communities. The ISB stromatolites grew 
in a shallow marine environment, as indicated by seawater-like 
rare-earth element plus yttrium trace element signatures of the 
metacarbonates, and by interlayered detrital sedimentary rocks 
with cross-lamination and storm-wave generated breccias. The ISB 
stromatolites predate by 220 Myr the previous most convincing and 
generally accepted multidisciplinary evidence for oldest life remains 
in the 3,480-Myr-old Dresser Formation of the Pilbara Craton, 
Australia4,5. The presence of the ISB stromatolites demonstrates the 
establishment of shallow marine carbonate production with biotic 
CO2 sequestration by 3,700 million years ago (Ma), near the start 
of Earth’s sedimentary record. A sophistication of life by 3,700 Ma 
is in accord with genetic molecular clock studies placing life’s origin 
in the Hadean eon (>4,000 Ma)6.

Stromatolites are broadly defined as sedimentary structures that 
are produced by microorganism communities through trapping and 
binding of sediment, and/or precipitation of carbonate7. Stromatolites 
are the most persistent evidence of life in Earth history, and are known 
from the present (for example, Shark Bay, Western Australia) to 
3,480 Ma in the rock record4,5.

Little deformed and weakly metamorphosed 3,480–3,350 Ma sed-
imentary rocks from the East Pilbara Terrane of the Pilbara Craton 
(Western Australia) contain the oldest convincing evidence for life on 
Earth in the form of domical and coniform stromatolites5,8. In these 
cases, a biological origin for stromatolites is supported by morphology8,  
stable isotope signatures9, seawater-like trace element signatures of 
the dolomitic host rocks10 and the presence of microfossils11. Early 
life environments in the Pilbara Craton included shallow marine and  
emergent sedimentary settings, as well as thermal springs. This variety  
of environments, combined with a diversity of stromatolite forms within 
individual units, indicates that by 3,480 Ma the biosphere was already 
diverse, and thus life must have originated significantly earlier12.

The search for even earlier life is confounded by the scarcity of 
Eoarchaean (> 3,600 Ma) and Hadean (> 4,000 Ma) rocks and the 
strong deformation and high grade metamorphism (500–750 °C) that 
affected them. In most localities this has eliminated primary features 
within these rocks (‘primary’ here means structures pertaining to the 

formation of the protolith, before superimposed metamorphism)3. This 
is a particular problem in the search for signs of early life in carbonate 
rocks, owing to the propensity of carbonates to undergo ductile defor-
mation and recrystallize as marble during metamorphism and orogeny. 
Consequently, the search for evidence of life in Eoarchaean rocks has 
focused on chemical signatures, such as the isotopic compositions of 
carbon (as graphite) and iron from metasedimentary rocks, but the  
origin of these signatures is not unique and their significance as evi-
dence of ancient life remains debated2,13,14,15. Most isotopic searches for 
the oldest evidence of life have targeted the ISB of southwest Greenland, 
because it contains by far the largest areal extent of diverse Eoarchaean 
metasedimentary rocks with rare, small areas of low deformation in 
which primary sedimentary structures are preserved16.

This contribution presents the discovery of ∼ 3,700-Myr-old structures  
(Fig. 1) interpreted as stromatolites in an ISB outcrop of dolomitic 
rocks, newly exposed by melting of a perennial snow patch. The stro-
matolite discovery locality (Extended Data Fig. 1) is within the hinge of 
an anticline cored by 3,709 ±  9-Myr-old andesitic metavolcanic rocks 
with locally preserved pillow structures and a maximum metamorphic 
temperature of ∼ 550 °C17,18. The pillowed metavolcanic rocks are over-
lain by bedded dolomite-rich metasedimentary rocks and in turn, by 
interlayered quartzites and metamorphosed banded iron formation that 
contain rare, small, high Th/U oscillatory-zoned volcano-sedimentary  
zircons with ages of 3,699 ±  12 and 3,691 ±  6 Myr3,18. The term  
‘dolomite’ is used here for compositions ranging from ferroan dolomite 
to magnesian ankerite.

Most ISB metadolomitic rocks are strongly deformed with 
quartz +  tremolite +  calcite ±  phlogopite ±  muscovite or tremolite  
+  dolomite +  calcite ±  phlogopite ±  muscovite mineral assemblages 
(Extended Data Fig. 2a). However, within the ∼ 30 m by ∼ 70 m low-
strain lacuna discovery locality, there are domains where a CO2-rich 
fluid phase was maintained during 550–500 °C metamorphism, mean-
ing that quartz and dolomite were still in equilibrium and did not react 
to form tremolite (Fig. 2a; Extended Data Fig. 2b). It is this absence of 
reaction between dolomite and quartz that aided the preservation of 
the fine-scale primary structures in these rocks.

At two outcrops in the low strain area are several beds with distinct, 
1–4 cm high, coniform and apparently low-amplitude domical stro-
matolites interbedded with sedimentary rocks in which several types 
of depositional structures are displayed, pointing to shallow water 
conditions are locally preserved. At site ‘A’ near the edge of the low-
strain lacuna, coniform to domical stromatolites occur in three beds  
(Fig. 1a, b; see Extended Data Figs 2c, 3 and 4). The outcrop preserves 
these structures only in cross section, and their profiles are triangular to 
dome-shaped, the former geometry having a sharp apex at the top and 
a flat base that is consistent with bedding top directions in associated 
metasedimentary rocks (see Methods for more detailed description). 
The three-dimensional geometry of the stromatolites is as elongated, 
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commonly asymmetrical cones or domes, as demonstrated by images 
of a sawn block from the outcrop (Extended Data Fig. 4). Some of the 
coniform structures are asymmetrical, with one of their sides steeper 
than the other, similar to the asymmetry displayed by some better pre-
served stromatolites from the ∼ 3,400-Myr-old Strelley Pool Formation 
and ∼ 2,030-Myr-old Wooly Dolomite (Fig. 1c, d: for example, see ref. 12).

Amphibolite facies metamorphism has caused recrystallization 
of the stromatolites to 100–200 µ m granoblastic aggregates of dolo-
mite +  quartz (Extended Data Fig. 3a) that mostly obscures original 
fine-scale growth structures. Nonetheless, on outcrop the outer mar-
gins of site A stromatolites show internal lamination that is continuous 
across the crests of the structures (Fig. 1a, b). Additionally, backscat-
tered electron imaging near the crest of a structure demonstrates 
preservation of a millimetre-scale compositional layering parallel to 
the upper bounding surface of the stromatolite, despite Ostwald rip-
ening during recrystallization giving the current granoblastic texture 
(Extended Data Fig. 3). Both the outcrop exposures (Fig. 1a, b) and 
cut surfaces of the sawn sample (Extended Data Fig. 4) show that thin, 
horizontal sedimentary beds onlap the dipping sides of the stroma-
tolites in a similar fashion as documented for 3,400-Myr-old Strelley 
Pool Formation stromatolites and indeed stromatolites of any age12. 
Significantly, Ti and K abundances, which are indicative of phlogo-
pite content reflecting an original muddy component of the sediment, 
are lower by an order of magnitude in the stromatolites relative to the 
adjacent sediment (Extended Data Fig. 4d). This supports the theory 
of the stromatolites having grown by microbial activity rather than by 
abiogenic precipitation of mineral crusts.

At site ‘B’, lower amplitude (1 cm), more closely spaced, domical 
stromatolites are outlined at the top of a metadolomite unit where it is 
overlain by bedded, cross-laminated metasandstones (quartz +  minor 
dolomite +  phlogopite ±  muscovite; Fig. 2b, c, Extended Data  
Fig. 2d and Extended Data Table 1). Bedding in the sedimentary rock 
immediately above the metadolomite is defined by draping phlogopite  
+  dolomite laminae and contrasts sharply with the well-developed,  
centimetre-scale cross-stratification present in the overlying quartz-rich 
metasandstones that gives a way-up indicator. The cross-lamination 
is hummocky, with clearly developed erosional surfaces. This type of 
depositional structure is most widely developed where there is repeated 
change of current direction, such as controlled by tides. This bedding 
style is distinct from, and unaffected by, the underlying domical struc-
tures and represents one of the best-preserved sedimentary structures 
in the Isua supracrustal belt (Fig. 2b, c; Extended Data Fig. 2b).

Low-deformation lacuna site ‘C’ preserves a 30-cm-thick dolomite- 
rich breccia lens that is associated with dolostone (Fig. 2d). The  
breccia consists of randomly orientated, angular clasts of bedded 
quartz-rich and carbonate-rich metasedimentary rocks in a finer 
grained dolomite +  quartz matrix. Some clasts contain abundant hyalo-
phane (Extended Data Table 1), a barium-rich feldspar that commonly 
develops in metamorphosed dolomitic, marly, evaporitic rocks19. The 
random orientation of the clasts, combined with some showing plastic 
deformation, resembles tempestite breccias formed in shallow marine 
environments where partially lithified material is ripped up and rede-
posited by deepening of the wave base during storms. This shallow 
water setting contrasts with evidence that sedimentary rocks in other 
tectonic packages of the ISB formed in deeper water conditions2,16. This 
reinforces the diverse origins of different packages of rocks in the belt18.

The barium-rich character of some layers of the dolomitic succession 
(up to 1 wt% BaO) now represented by halogen-rich barian phlogo-
pite ±  barian muscovite ±  hyalophane (Extended Data Table 1), support 
periodic evaporitic conditions and the generally shallow water envi-
ronment. Tempestite breccias formed by wave action require ice-free 
waters. This, together with the absence of glaciogenic diamictites in 
the ISB, indicates an equable climate at 3,700 Ma that, under the faint 
young Sun, was probably supported by a more CO2- and/or CH4-rich 
atmosphere20,21.
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Figure 1 | ISB site A stromatolites and younger ones from Western 
Australia. a, Site A stromatolites. Image is inverted because layering is 
overturned in a fold. b, Interpretation of a, with isolated stromatolite 
(strom) and aggregate of stromatolites (stroms). Locally, lamination is 
preserved in the stromatolites (blue lines). Layering in the overlying 
sediment (red lines) onlaps onto the stromatolite sides. A weak tectonic 
foliation is indicated (green lines). c, Asymmetrical stromatolite and 
d, linked domical stromatolites from the Palaeoproterozoic28 Wooly 
Dolomite, Western Australia. The lens cap is 4 cm in diameter. Image c is 
left-right-reversed for comparison with panels a, b.
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Figure 2 | ISB stromatolite mineralogical textures and site B and C 
occurrences. a, SEM image showing quartz (qtz) and dolomite (dol) 
equilibrium, with phlogopite (phlog) and pyrite +  magnetite (py-mag). 
Blue crosses with numerals are energy dispersive spectra analytical sites. 
b, Site B dolostone (dolostone) has domical interface with cross-laminated 
dolomitic sandstone (dol +  qtz; image top). The red arrow indicates 
erosional scouring of a layer. ‘C’ indicates the site of the thin section in c. 
Pen for scale. c, Photomicrograph from the domical interface, showing 
draping of phlogopite +  dolomite layers (blue arrows) within sediment 
immediately above a dolostone domical structure. d, Site C breccia with 
layered chert (ch) and dolomite (dol) jumbled clasts.
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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BIOGEOCHEMISTRY 

Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Rapid emergence of life shown by discovery of 
3,700-million-year-old microbial structures
Allen P. Nutman1,2, Vickie C. Bennett3, Clark R. L. Friend4, Martin J. Van Kranendonk2,5,6 & Allan R. Chivas1

Biological activity is a major factor in Earth’s chemical cycles, 
including facilitating CO2 sequestration and providing climate 
feedbacks. Thus a key question in Earth’s evolution is when did life 
arise and impact hydrosphere–atmosphere–lithosphere chemical 
cycles? Until now, evidence for the oldest life on Earth focused 
on debated stable isotopic signatures of 3,800–3,700 million year 
(Myr)-old metamorphosed sedimentary rocks and minerals1,2 
from the Isua supracrustal belt (ISB), southwest Greenland3. Here 
we report evidence for ancient life from a newly exposed outcrop 
of 3,700-Myr-old metacarbonate rocks in the ISB that contain 
1–4-cm-high stromatolites—macroscopically layered structures 
produced by microbial communities. The ISB stromatolites grew 
in a shallow marine environment, as indicated by seawater-like 
rare-earth element plus yttrium trace element signatures of the 
metacarbonates, and by interlayered detrital sedimentary rocks 
with cross-lamination and storm-wave generated breccias. The ISB 
stromatolites predate by 220 Myr the previous most convincing and 
generally accepted multidisciplinary evidence for oldest life remains 
in the 3,480-Myr-old Dresser Formation of the Pilbara Craton, 
Australia4,5. The presence of the ISB stromatolites demonstrates the 
establishment of shallow marine carbonate production with biotic 
CO2 sequestration by 3,700 million years ago (Ma), near the start 
of Earth’s sedimentary record. A sophistication of life by 3,700 Ma 
is in accord with genetic molecular clock studies placing life’s origin 
in the Hadean eon (>4,000 Ma)6.

Stromatolites are broadly defined as sedimentary structures that 
are produced by microorganism communities through trapping and 
binding of sediment, and/or precipitation of carbonate7. Stromatolites 
are the most persistent evidence of life in Earth history, and are known 
from the present (for example, Shark Bay, Western Australia) to 
3,480 Ma in the rock record4,5.

Little deformed and weakly metamorphosed 3,480–3,350 Ma sed-
imentary rocks from the East Pilbara Terrane of the Pilbara Craton 
(Western Australia) contain the oldest convincing evidence for life on 
Earth in the form of domical and coniform stromatolites5,8. In these 
cases, a biological origin for stromatolites is supported by morphology8,  
stable isotope signatures9, seawater-like trace element signatures of 
the dolomitic host rocks10 and the presence of microfossils11. Early 
life environments in the Pilbara Craton included shallow marine and  
emergent sedimentary settings, as well as thermal springs. This variety  
of environments, combined with a diversity of stromatolite forms within 
individual units, indicates that by 3,480 Ma the biosphere was already 
diverse, and thus life must have originated significantly earlier12.

The search for even earlier life is confounded by the scarcity of 
Eoarchaean (> 3,600 Ma) and Hadean (> 4,000 Ma) rocks and the 
strong deformation and high grade metamorphism (500–750 °C) that 
affected them. In most localities this has eliminated primary features 
within these rocks (‘primary’ here means structures pertaining to the 

formation of the protolith, before superimposed metamorphism)3. This 
is a particular problem in the search for signs of early life in carbonate 
rocks, owing to the propensity of carbonates to undergo ductile defor-
mation and recrystallize as marble during metamorphism and orogeny. 
Consequently, the search for evidence of life in Eoarchaean rocks has 
focused on chemical signatures, such as the isotopic compositions of 
carbon (as graphite) and iron from metasedimentary rocks, but the  
origin of these signatures is not unique and their significance as evi-
dence of ancient life remains debated2,13,14,15. Most isotopic searches for 
the oldest evidence of life have targeted the ISB of southwest Greenland, 
because it contains by far the largest areal extent of diverse Eoarchaean 
metasedimentary rocks with rare, small areas of low deformation in 
which primary sedimentary structures are preserved16.

This contribution presents the discovery of ∼ 3,700-Myr-old structures  
(Fig. 1) interpreted as stromatolites in an ISB outcrop of dolomitic 
rocks, newly exposed by melting of a perennial snow patch. The stro-
matolite discovery locality (Extended Data Fig. 1) is within the hinge of 
an anticline cored by 3,709 ±  9-Myr-old andesitic metavolcanic rocks 
with locally preserved pillow structures and a maximum metamorphic 
temperature of ∼ 550 °C17,18. The pillowed metavolcanic rocks are over-
lain by bedded dolomite-rich metasedimentary rocks and in turn, by 
interlayered quartzites and metamorphosed banded iron formation that 
contain rare, small, high Th/U oscillatory-zoned volcano-sedimentary  
zircons with ages of 3,699 ±  12 and 3,691 ±  6 Myr3,18. The term  
‘dolomite’ is used here for compositions ranging from ferroan dolomite 
to magnesian ankerite.

Most ISB metadolomitic rocks are strongly deformed with 
quartz +  tremolite +  calcite ±  phlogopite ±  muscovite or tremolite  
+  dolomite +  calcite ±  phlogopite ±  muscovite mineral assemblages 
(Extended Data Fig. 2a). However, within the ∼ 30 m by ∼ 70 m low-
strain lacuna discovery locality, there are domains where a CO2-rich 
fluid phase was maintained during 550–500 °C metamorphism, mean-
ing that quartz and dolomite were still in equilibrium and did not react 
to form tremolite (Fig. 2a; Extended Data Fig. 2b). It is this absence of 
reaction between dolomite and quartz that aided the preservation of 
the fine-scale primary structures in these rocks.

At two outcrops in the low strain area are several beds with distinct, 
1–4 cm high, coniform and apparently low-amplitude domical stro-
matolites interbedded with sedimentary rocks in which several types 
of depositional structures are displayed, pointing to shallow water 
conditions are locally preserved. At site ‘A’ near the edge of the low-
strain lacuna, coniform to domical stromatolites occur in three beds  
(Fig. 1a, b; see Extended Data Figs 2c, 3 and 4). The outcrop preserves 
these structures only in cross section, and their profiles are triangular to 
dome-shaped, the former geometry having a sharp apex at the top and 
a flat base that is consistent with bedding top directions in associated 
metasedimentary rocks (see Methods for more detailed description). 
The three-dimensional geometry of the stromatolites is as elongated, 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Rapid emergence of life shown by discovery of 
3,700-million-year-old microbial structures
Allen P. Nutman1,2, Vickie C. Bennett3, Clark R. L. Friend4, Martin J. Van Kranendonk2,5,6 & Allan R. Chivas1

Biological activity is a major factor in Earth’s chemical cycles, 
including facilitating CO2 sequestration and providing climate 
feedbacks. Thus a key question in Earth’s evolution is when did life 
arise and impact hydrosphere–atmosphere–lithosphere chemical 
cycles? Until now, evidence for the oldest life on Earth focused 
on debated stable isotopic signatures of 3,800–3,700 million year 
(Myr)-old metamorphosed sedimentary rocks and minerals1,2 
from the Isua supracrustal belt (ISB), southwest Greenland3. Here 
we report evidence for ancient life from a newly exposed outcrop 
of 3,700-Myr-old metacarbonate rocks in the ISB that contain 
1–4-cm-high stromatolites—macroscopically layered structures 
produced by microbial communities. The ISB stromatolites grew 
in a shallow marine environment, as indicated by seawater-like 
rare-earth element plus yttrium trace element signatures of the 
metacarbonates, and by interlayered detrital sedimentary rocks 
with cross-lamination and storm-wave generated breccias. The ISB 
stromatolites predate by 220 Myr the previous most convincing and 
generally accepted multidisciplinary evidence for oldest life remains 
in the 3,480-Myr-old Dresser Formation of the Pilbara Craton, 
Australia4,5. The presence of the ISB stromatolites demonstrates the 
establishment of shallow marine carbonate production with biotic 
CO2 sequestration by 3,700 million years ago (Ma), near the start 
of Earth’s sedimentary record. A sophistication of life by 3,700 Ma 
is in accord with genetic molecular clock studies placing life’s origin 
in the Hadean eon (>4,000 Ma)6.

Stromatolites are broadly defined as sedimentary structures that 
are produced by microorganism communities through trapping and 
binding of sediment, and/or precipitation of carbonate7. Stromatolites 
are the most persistent evidence of life in Earth history, and are known 
from the present (for example, Shark Bay, Western Australia) to 
3,480 Ma in the rock record4,5.

Little deformed and weakly metamorphosed 3,480–3,350 Ma sed-
imentary rocks from the East Pilbara Terrane of the Pilbara Craton 
(Western Australia) contain the oldest convincing evidence for life on 
Earth in the form of domical and coniform stromatolites5,8. In these 
cases, a biological origin for stromatolites is supported by morphology8,  
stable isotope signatures9, seawater-like trace element signatures of 
the dolomitic host rocks10 and the presence of microfossils11. Early 
life environments in the Pilbara Craton included shallow marine and  
emergent sedimentary settings, as well as thermal springs. This variety  
of environments, combined with a diversity of stromatolite forms within 
individual units, indicates that by 3,480 Ma the biosphere was already 
diverse, and thus life must have originated significantly earlier12.

The search for even earlier life is confounded by the scarcity of 
Eoarchaean (> 3,600 Ma) and Hadean (> 4,000 Ma) rocks and the 
strong deformation and high grade metamorphism (500–750 °C) that 
affected them. In most localities this has eliminated primary features 
within these rocks (‘primary’ here means structures pertaining to the 

formation of the protolith, before superimposed metamorphism)3. This 
is a particular problem in the search for signs of early life in carbonate 
rocks, owing to the propensity of carbonates to undergo ductile defor-
mation and recrystallize as marble during metamorphism and orogeny. 
Consequently, the search for evidence of life in Eoarchaean rocks has 
focused on chemical signatures, such as the isotopic compositions of 
carbon (as graphite) and iron from metasedimentary rocks, but the  
origin of these signatures is not unique and their significance as evi-
dence of ancient life remains debated2,13,14,15. Most isotopic searches for 
the oldest evidence of life have targeted the ISB of southwest Greenland, 
because it contains by far the largest areal extent of diverse Eoarchaean 
metasedimentary rocks with rare, small areas of low deformation in 
which primary sedimentary structures are preserved16.

This contribution presents the discovery of ∼ 3,700-Myr-old structures  
(Fig. 1) interpreted as stromatolites in an ISB outcrop of dolomitic 
rocks, newly exposed by melting of a perennial snow patch. The stro-
matolite discovery locality (Extended Data Fig. 1) is within the hinge of 
an anticline cored by 3,709 ±  9-Myr-old andesitic metavolcanic rocks 
with locally preserved pillow structures and a maximum metamorphic 
temperature of ∼ 550 °C17,18. The pillowed metavolcanic rocks are over-
lain by bedded dolomite-rich metasedimentary rocks and in turn, by 
interlayered quartzites and metamorphosed banded iron formation that 
contain rare, small, high Th/U oscillatory-zoned volcano-sedimentary  
zircons with ages of 3,699 ±  12 and 3,691 ±  6 Myr3,18. The term  
‘dolomite’ is used here for compositions ranging from ferroan dolomite 
to magnesian ankerite.

Most ISB metadolomitic rocks are strongly deformed with 
quartz +  tremolite +  calcite ±  phlogopite ±  muscovite or tremolite  
+  dolomite +  calcite ±  phlogopite ±  muscovite mineral assemblages 
(Extended Data Fig. 2a). However, within the ∼ 30 m by ∼ 70 m low-
strain lacuna discovery locality, there are domains where a CO2-rich 
fluid phase was maintained during 550–500 °C metamorphism, mean-
ing that quartz and dolomite were still in equilibrium and did not react 
to form tremolite (Fig. 2a; Extended Data Fig. 2b). It is this absence of 
reaction between dolomite and quartz that aided the preservation of 
the fine-scale primary structures in these rocks.

At two outcrops in the low strain area are several beds with distinct, 
1–4 cm high, coniform and apparently low-amplitude domical stro-
matolites interbedded with sedimentary rocks in which several types 
of depositional structures are displayed, pointing to shallow water 
conditions are locally preserved. At site ‘A’ near the edge of the low-
strain lacuna, coniform to domical stromatolites occur in three beds  
(Fig. 1a, b; see Extended Data Figs 2c, 3 and 4). The outcrop preserves 
these structures only in cross section, and their profiles are triangular to 
dome-shaped, the former geometry having a sharp apex at the top and 
a flat base that is consistent with bedding top directions in associated 
metasedimentary rocks (see Methods for more detailed description). 
The three-dimensional geometry of the stromatolites is as elongated, 
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commonly asymmetrical cones or domes, as demonstrated by images 
of a sawn block from the outcrop (Extended Data Fig. 4). Some of the 
coniform structures are asymmetrical, with one of their sides steeper 
than the other, similar to the asymmetry displayed by some better pre-
served stromatolites from the ∼ 3,400-Myr-old Strelley Pool Formation 
and ∼ 2,030-Myr-old Wooly Dolomite (Fig. 1c, d: for example, see ref. 12).

Amphibolite facies metamorphism has caused recrystallization 
of the stromatolites to 100–200 µ m granoblastic aggregates of dolo-
mite +  quartz (Extended Data Fig. 3a) that mostly obscures original 
fine-scale growth structures. Nonetheless, on outcrop the outer mar-
gins of site A stromatolites show internal lamination that is continuous 
across the crests of the structures (Fig. 1a, b). Additionally, backscat-
tered electron imaging near the crest of a structure demonstrates 
preservation of a millimetre-scale compositional layering parallel to 
the upper bounding surface of the stromatolite, despite Ostwald rip-
ening during recrystallization giving the current granoblastic texture 
(Extended Data Fig. 3). Both the outcrop exposures (Fig. 1a, b) and 
cut surfaces of the sawn sample (Extended Data Fig. 4) show that thin, 
horizontal sedimentary beds onlap the dipping sides of the stroma-
tolites in a similar fashion as documented for 3,400-Myr-old Strelley 
Pool Formation stromatolites and indeed stromatolites of any age12. 
Significantly, Ti and K abundances, which are indicative of phlogo-
pite content reflecting an original muddy component of the sediment, 
are lower by an order of magnitude in the stromatolites relative to the 
adjacent sediment (Extended Data Fig. 4d). This supports the theory 
of the stromatolites having grown by microbial activity rather than by 
abiogenic precipitation of mineral crusts.

At site ‘B’, lower amplitude (1 cm), more closely spaced, domical 
stromatolites are outlined at the top of a metadolomite unit where it is 
overlain by bedded, cross-laminated metasandstones (quartz +  minor 
dolomite +  phlogopite ±  muscovite; Fig. 2b, c, Extended Data  
Fig. 2d and Extended Data Table 1). Bedding in the sedimentary rock 
immediately above the metadolomite is defined by draping phlogopite  
+  dolomite laminae and contrasts sharply with the well-developed,  
centimetre-scale cross-stratification present in the overlying quartz-rich 
metasandstones that gives a way-up indicator. The cross-lamination 
is hummocky, with clearly developed erosional surfaces. This type of 
depositional structure is most widely developed where there is repeated 
change of current direction, such as controlled by tides. This bedding 
style is distinct from, and unaffected by, the underlying domical struc-
tures and represents one of the best-preserved sedimentary structures 
in the Isua supracrustal belt (Fig. 2b, c; Extended Data Fig. 2b).

Low-deformation lacuna site ‘C’ preserves a 30-cm-thick dolomite- 
rich breccia lens that is associated with dolostone (Fig. 2d). The  
breccia consists of randomly orientated, angular clasts of bedded 
quartz-rich and carbonate-rich metasedimentary rocks in a finer 
grained dolomite +  quartz matrix. Some clasts contain abundant hyalo-
phane (Extended Data Table 1), a barium-rich feldspar that commonly 
develops in metamorphosed dolomitic, marly, evaporitic rocks19. The 
random orientation of the clasts, combined with some showing plastic 
deformation, resembles tempestite breccias formed in shallow marine 
environments where partially lithified material is ripped up and rede-
posited by deepening of the wave base during storms. This shallow 
water setting contrasts with evidence that sedimentary rocks in other 
tectonic packages of the ISB formed in deeper water conditions2,16. This 
reinforces the diverse origins of different packages of rocks in the belt18.

The barium-rich character of some layers of the dolomitic succession 
(up to 1 wt% BaO) now represented by halogen-rich barian phlogo-
pite ±  barian muscovite ±  hyalophane (Extended Data Table 1), support 
periodic evaporitic conditions and the generally shallow water envi-
ronment. Tempestite breccias formed by wave action require ice-free 
waters. This, together with the absence of glaciogenic diamictites in 
the ISB, indicates an equable climate at 3,700 Ma that, under the faint 
young Sun, was probably supported by a more CO2- and/or CH4-rich 
atmosphere20,21.
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Figure 1 | ISB site A stromatolites and younger ones from Western 
Australia. a, Site A stromatolites. Image is inverted because layering is 
overturned in a fold. b, Interpretation of a, with isolated stromatolite 
(strom) and aggregate of stromatolites (stroms). Locally, lamination is 
preserved in the stromatolites (blue lines). Layering in the overlying 
sediment (red lines) onlaps onto the stromatolite sides. A weak tectonic 
foliation is indicated (green lines). c, Asymmetrical stromatolite and 
d, linked domical stromatolites from the Palaeoproterozoic28 Wooly 
Dolomite, Western Australia. The lens cap is 4 cm in diameter. Image c is 
left-right-reversed for comparison with panels a, b.
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Figure 2 | ISB stromatolite mineralogical textures and site B and C 
occurrences. a, SEM image showing quartz (qtz) and dolomite (dol) 
equilibrium, with phlogopite (phlog) and pyrite +  magnetite (py-mag). 
Blue crosses with numerals are energy dispersive spectra analytical sites. 
b, Site B dolostone (dolostone) has domical interface with cross-laminated 
dolomitic sandstone (dol +  qtz; image top). The red arrow indicates 
erosional scouring of a layer. ‘C’ indicates the site of the thin section in c. 
Pen for scale. c, Photomicrograph from the domical interface, showing 
draping of phlogopite +  dolomite layers (blue arrows) within sediment 
immediately above a dolostone domical structure. d, Site C breccia with 
layered chert (ch) and dolomite (dol) jumbled clasts.
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organisms. Nonetheless, Kiessling’s (2002) data sup-
port earlier generalized recognition that microbial car-
bonates have markedly oscillatory Phanerozoic
abundance, with peaks in the Cambrian–Early Ordovi-
cian, Late Devonian, and Triassic (Riding, 1992).

Schubert and Bottjer (1994) stressed their view that
Disaster Form stromatolites are da phenomenon in the
level-bottom subtidal environmentT. Kiessling’s (2002)
data are reefal. However, the Paleoreef Database argu-
ably bincludes not only microbial carbonates within
algal–metazoan reefs, but also microbial domes and
horizons of the type referred to as Disaster Forms by
Schubert and Bottjer (1992)Q (Riding, 2005). If this is
correct then Paleoreef data can be used to assess the
secular abundance of stromatolites generally, not only
those within algal–metazoan reefs.

2.4. Metazoans and mass extinction events

Sepkoski (1992, 1997) compiled numbers of genera
of marine metazoans for the Vendian–Cambrian and
Phanerozoic, respectively (Fig. 4). These show rapid
early Palaeozoic increase, stability in the general range
1000–1500 genera for the remainder of the Palaeozoic,
and Mesozoic–Cenozoic increase from ~200 to 2500
genera. Marked fluctuations superimposed on this over-
all pattern include relatively brief ~50–80% reductions
in number of genera that mark major Mass Extinc-
tions (Sepkoski, 1996). According to these data, the
largest Mass Extinction Events were End-Ordovician
(60% of genera extinct), Late Devonian (57%), End-
Permian (82%), End-Triassic (50%), and End-Creta-
ceous (47%) (Sepkoski, 1996, table 1).

3. Secular patterns of microbial carbonates

Stromatolites increased in abundance from the late
Archaean to ~2250 Myr ago, remained at this level until
~1450 Myr ago and then rapidly increased to a peak
1350–1100 Myr ago (Fig. 3). Irregular decline from this
peak occurred until 550 Myr ago. This declining trend
was reversed immediately prior to the Cambrian Period,
~550 Myr ago. Awramik and Sprinkle (1999, fig. 2)
attributed increase in morphotypic diversity at 550–500
Myr to grouping of Vendian and Cambrian data.
However, reefal microbial carbonate relative abun-
dance data (Kiessling, 2002) also show progressive
Cambrian–Early Ordovician increase. Stromatolites,

Fig. 3. Stromatolite diversity (white columns, from Fig. 1) (Awramik and Sprinkle, 1999, fig. 2) and reefal microbial carbonate abundance (black

columns, from Fig. 2) (Kiessling, 2002, fig. 16) datasets juxtaposed. These differing measures of microbial carbonates are combined in this figure

simply by matching the Cambrian values of the two datasets. Major elements of the overall trend are arrowed.

Fig. 4. Marine metazoan generic diversity for the past 600 Myr (from

Sepkoski, 1992, 1997).
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Rapid emergence of life shown by discovery of 
3,700-million-year-old microbial structures
Allen P. Nutman1,2, Vickie C. Bennett3, Clark R. L. Friend4, Martin J. Van Kranendonk2,5,6 & Allan R. Chivas1

Biological activity is a major factor in Earth’s chemical cycles, 
including facilitating CO2 sequestration and providing climate 
feedbacks. Thus a key question in Earth’s evolution is when did life 
arise and impact hydrosphere–atmosphere–lithosphere chemical 
cycles? Until now, evidence for the oldest life on Earth focused 
on debated stable isotopic signatures of 3,800–3,700 million year 
(Myr)-old metamorphosed sedimentary rocks and minerals1,2 
from the Isua supracrustal belt (ISB), southwest Greenland3. Here 
we report evidence for ancient life from a newly exposed outcrop 
of 3,700-Myr-old metacarbonate rocks in the ISB that contain 
1–4-cm-high stromatolites—macroscopically layered structures 
produced by microbial communities. The ISB stromatolites grew 
in a shallow marine environment, as indicated by seawater-like 
rare-earth element plus yttrium trace element signatures of the 
metacarbonates, and by interlayered detrital sedimentary rocks 
with cross-lamination and storm-wave generated breccias. The ISB 
stromatolites predate by 220 Myr the previous most convincing and 
generally accepted multidisciplinary evidence for oldest life remains 
in the 3,480-Myr-old Dresser Formation of the Pilbara Craton, 
Australia4,5. The presence of the ISB stromatolites demonstrates the 
establishment of shallow marine carbonate production with biotic 
CO2 sequestration by 3,700 million years ago (Ma), near the start 
of Earth’s sedimentary record. A sophistication of life by 3,700 Ma 
is in accord with genetic molecular clock studies placing life’s origin 
in the Hadean eon (>4,000 Ma)6.

Stromatolites are broadly defined as sedimentary structures that 
are produced by microorganism communities through trapping and 
binding of sediment, and/or precipitation of carbonate7. Stromatolites 
are the most persistent evidence of life in Earth history, and are known 
from the present (for example, Shark Bay, Western Australia) to 
3,480 Ma in the rock record4,5.

Little deformed and weakly metamorphosed 3,480–3,350 Ma sed-
imentary rocks from the East Pilbara Terrane of the Pilbara Craton 
(Western Australia) contain the oldest convincing evidence for life on 
Earth in the form of domical and coniform stromatolites5,8. In these 
cases, a biological origin for stromatolites is supported by morphology8,  
stable isotope signatures9, seawater-like trace element signatures of 
the dolomitic host rocks10 and the presence of microfossils11. Early 
life environments in the Pilbara Craton included shallow marine and  
emergent sedimentary settings, as well as thermal springs. This variety  
of environments, combined with a diversity of stromatolite forms within 
individual units, indicates that by 3,480 Ma the biosphere was already 
diverse, and thus life must have originated significantly earlier12.

The search for even earlier life is confounded by the scarcity of 
Eoarchaean (> 3,600 Ma) and Hadean (> 4,000 Ma) rocks and the 
strong deformation and high grade metamorphism (500–750 °C) that 
affected them. In most localities this has eliminated primary features 
within these rocks (‘primary’ here means structures pertaining to the 

formation of the protolith, before superimposed metamorphism)3. This 
is a particular problem in the search for signs of early life in carbonate 
rocks, owing to the propensity of carbonates to undergo ductile defor-
mation and recrystallize as marble during metamorphism and orogeny. 
Consequently, the search for evidence of life in Eoarchaean rocks has 
focused on chemical signatures, such as the isotopic compositions of 
carbon (as graphite) and iron from metasedimentary rocks, but the  
origin of these signatures is not unique and their significance as evi-
dence of ancient life remains debated2,13,14,15. Most isotopic searches for 
the oldest evidence of life have targeted the ISB of southwest Greenland, 
because it contains by far the largest areal extent of diverse Eoarchaean 
metasedimentary rocks with rare, small areas of low deformation in 
which primary sedimentary structures are preserved16.

This contribution presents the discovery of ∼ 3,700-Myr-old structures  
(Fig. 1) interpreted as stromatolites in an ISB outcrop of dolomitic 
rocks, newly exposed by melting of a perennial snow patch. The stro-
matolite discovery locality (Extended Data Fig. 1) is within the hinge of 
an anticline cored by 3,709 ±  9-Myr-old andesitic metavolcanic rocks 
with locally preserved pillow structures and a maximum metamorphic 
temperature of ∼ 550 °C17,18. The pillowed metavolcanic rocks are over-
lain by bedded dolomite-rich metasedimentary rocks and in turn, by 
interlayered quartzites and metamorphosed banded iron formation that 
contain rare, small, high Th/U oscillatory-zoned volcano-sedimentary  
zircons with ages of 3,699 ±  12 and 3,691 ±  6 Myr3,18. The term  
‘dolomite’ is used here for compositions ranging from ferroan dolomite 
to magnesian ankerite.

Most ISB metadolomitic rocks are strongly deformed with 
quartz +  tremolite +  calcite ±  phlogopite ±  muscovite or tremolite  
+  dolomite +  calcite ±  phlogopite ±  muscovite mineral assemblages 
(Extended Data Fig. 2a). However, within the ∼ 30 m by ∼ 70 m low-
strain lacuna discovery locality, there are domains where a CO2-rich 
fluid phase was maintained during 550–500 °C metamorphism, mean-
ing that quartz and dolomite were still in equilibrium and did not react 
to form tremolite (Fig. 2a; Extended Data Fig. 2b). It is this absence of 
reaction between dolomite and quartz that aided the preservation of 
the fine-scale primary structures in these rocks.

At two outcrops in the low strain area are several beds with distinct, 
1–4 cm high, coniform and apparently low-amplitude domical stro-
matolites interbedded with sedimentary rocks in which several types 
of depositional structures are displayed, pointing to shallow water 
conditions are locally preserved. At site ‘A’ near the edge of the low-
strain lacuna, coniform to domical stromatolites occur in three beds  
(Fig. 1a, b; see Extended Data Figs 2c, 3 and 4). The outcrop preserves 
these structures only in cross section, and their profiles are triangular to 
dome-shaped, the former geometry having a sharp apex at the top and 
a flat base that is consistent with bedding top directions in associated 
metasedimentary rocks (see Methods for more detailed description). 
The three-dimensional geometry of the stromatolites is as elongated, 

1GeoQuEST Research Centre, School of Earth & Environmental Sciences, University of Wollongong, Wollongong, New South Wales 2522, Australia. 2Australian Centre for Astrobiology, University 
of New South Wales, Kensington, New South Wales 2052, Australia. 3Research School of Earth Sciences, Australian National University, Canberra, Australian Capital Territory 0200, Australia. 
4Glendale, Tiddington, Oxon, Oxford OX9 2LQ, UK. 5School of Biological, Earth and Environmental Sciences, University of New South Wales, Kensington, New South Wales 2052, Australia. 
6Australian Research Council Centre of Excellence for Core to Crust Fluid Systems, School of Biological, Earth and Environmental Sciences, University of New South Wales, Kensington, New South 
Wales 2052, Australia.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTERRESEARCH

5 3 6  |  N A T U R E  |  V O L  5 3 7  |  2 2  S E P T E M B E R  2 0 1 6

commonly asymmetrical cones or domes, as demonstrated by images 
of a sawn block from the outcrop (Extended Data Fig. 4). Some of the 
coniform structures are asymmetrical, with one of their sides steeper 
than the other, similar to the asymmetry displayed by some better pre-
served stromatolites from the ∼ 3,400-Myr-old Strelley Pool Formation 
and ∼ 2,030-Myr-old Wooly Dolomite (Fig. 1c, d: for example, see ref. 12).

Amphibolite facies metamorphism has caused recrystallization 
of the stromatolites to 100–200 µ m granoblastic aggregates of dolo-
mite +  quartz (Extended Data Fig. 3a) that mostly obscures original 
fine-scale growth structures. Nonetheless, on outcrop the outer mar-
gins of site A stromatolites show internal lamination that is continuous 
across the crests of the structures (Fig. 1a, b). Additionally, backscat-
tered electron imaging near the crest of a structure demonstrates 
preservation of a millimetre-scale compositional layering parallel to 
the upper bounding surface of the stromatolite, despite Ostwald rip-
ening during recrystallization giving the current granoblastic texture 
(Extended Data Fig. 3). Both the outcrop exposures (Fig. 1a, b) and 
cut surfaces of the sawn sample (Extended Data Fig. 4) show that thin, 
horizontal sedimentary beds onlap the dipping sides of the stroma-
tolites in a similar fashion as documented for 3,400-Myr-old Strelley 
Pool Formation stromatolites and indeed stromatolites of any age12. 
Significantly, Ti and K abundances, which are indicative of phlogo-
pite content reflecting an original muddy component of the sediment, 
are lower by an order of magnitude in the stromatolites relative to the 
adjacent sediment (Extended Data Fig. 4d). This supports the theory 
of the stromatolites having grown by microbial activity rather than by 
abiogenic precipitation of mineral crusts.

At site ‘B’, lower amplitude (1 cm), more closely spaced, domical 
stromatolites are outlined at the top of a metadolomite unit where it is 
overlain by bedded, cross-laminated metasandstones (quartz +  minor 
dolomite +  phlogopite ±  muscovite; Fig. 2b, c, Extended Data  
Fig. 2d and Extended Data Table 1). Bedding in the sedimentary rock 
immediately above the metadolomite is defined by draping phlogopite  
+  dolomite laminae and contrasts sharply with the well-developed,  
centimetre-scale cross-stratification present in the overlying quartz-rich 
metasandstones that gives a way-up indicator. The cross-lamination 
is hummocky, with clearly developed erosional surfaces. This type of 
depositional structure is most widely developed where there is repeated 
change of current direction, such as controlled by tides. This bedding 
style is distinct from, and unaffected by, the underlying domical struc-
tures and represents one of the best-preserved sedimentary structures 
in the Isua supracrustal belt (Fig. 2b, c; Extended Data Fig. 2b).

Low-deformation lacuna site ‘C’ preserves a 30-cm-thick dolomite- 
rich breccia lens that is associated with dolostone (Fig. 2d). The  
breccia consists of randomly orientated, angular clasts of bedded 
quartz-rich and carbonate-rich metasedimentary rocks in a finer 
grained dolomite +  quartz matrix. Some clasts contain abundant hyalo-
phane (Extended Data Table 1), a barium-rich feldspar that commonly 
develops in metamorphosed dolomitic, marly, evaporitic rocks19. The 
random orientation of the clasts, combined with some showing plastic 
deformation, resembles tempestite breccias formed in shallow marine 
environments where partially lithified material is ripped up and rede-
posited by deepening of the wave base during storms. This shallow 
water setting contrasts with evidence that sedimentary rocks in other 
tectonic packages of the ISB formed in deeper water conditions2,16. This 
reinforces the diverse origins of different packages of rocks in the belt18.

The barium-rich character of some layers of the dolomitic succession 
(up to 1 wt% BaO) now represented by halogen-rich barian phlogo-
pite ±  barian muscovite ±  hyalophane (Extended Data Table 1), support 
periodic evaporitic conditions and the generally shallow water envi-
ronment. Tempestite breccias formed by wave action require ice-free 
waters. This, together with the absence of glaciogenic diamictites in 
the ISB, indicates an equable climate at 3,700 Ma that, under the faint 
young Sun, was probably supported by a more CO2- and/or CH4-rich 
atmosphere20,21.
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Figure 1 | ISB site A stromatolites and younger ones from Western 
Australia. a, Site A stromatolites. Image is inverted because layering is 
overturned in a fold. b, Interpretation of a, with isolated stromatolite 
(strom) and aggregate of stromatolites (stroms). Locally, lamination is 
preserved in the stromatolites (blue lines). Layering in the overlying 
sediment (red lines) onlaps onto the stromatolite sides. A weak tectonic 
foliation is indicated (green lines). c, Asymmetrical stromatolite and 
d, linked domical stromatolites from the Palaeoproterozoic28 Wooly 
Dolomite, Western Australia. The lens cap is 4 cm in diameter. Image c is 
left-right-reversed for comparison with panels a, b.
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Figure 2 | ISB stromatolite mineralogical textures and site B and C 
occurrences. a, SEM image showing quartz (qtz) and dolomite (dol) 
equilibrium, with phlogopite (phlog) and pyrite +  magnetite (py-mag). 
Blue crosses with numerals are energy dispersive spectra analytical sites. 
b, Site B dolostone (dolostone) has domical interface with cross-laminated 
dolomitic sandstone (dol +  qtz; image top). The red arrow indicates 
erosional scouring of a layer. ‘C’ indicates the site of the thin section in c. 
Pen for scale. c, Photomicrograph from the domical interface, showing 
draping of phlogopite +  dolomite layers (blue arrows) within sediment 
immediately above a dolostone domical structure. d, Site C breccia with 
layered chert (ch) and dolomite (dol) jumbled clasts.
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■

Sidney van den Bergh is at the Dominion 
Astrophysical Observatory, Herzberg Institute 
of Astrophysics, National Research Council of 
Canada, Victoria, British Columbia V9E 2E7, 
Canada.
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BIOGEOCHEMISTRY 

Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
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biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
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are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
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second-order effects on the overall evolution 
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a lesser part than previously believed.
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To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Figure 1 | Stromatolite facies of the Strelley Pool Chert, showing
reconstructed three-dimensional views and outcrop photographs.
a–c, ‘Encrusting/domical laminites’; d–f, ‘small crested/conical laminites’;
g–i, ‘cuspate swales’; j–l, ‘large complex cones’ (dashed lines in k trace lamina
shape and show outlines of intraclast conglomerate piled against the cone at

two levels).m–o, ‘Egg-carton laminites’; p, q, ‘wavy laminites’; r–t, ‘iron-rich
laminites’ (t is a cut slab). The scale card in b, h and i is 18 cm. The scale card
increments in c, e, k, l, n and s are 1 cm. The scale bar in o is about 1 cm. The
scale bars in the remaining pictures are about 5 cm.
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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a  b  s  t  r  a  c  t

Microbial  life  was  well  established  and widespread  by  the  Paleoarchean;  however,  the degree  of evolu-
tionary  advancement  such  as  microbial  motility,  intra-  and  inter-species  interactions,  phototropism,  or
oxygenic  photosynthesis  by  that time remains  highly  debated.  The  3.22  Ga Moodies  Group  in  the Bar-
berton  Greenstone  Belt (BGB,  South  Africa)  are Earth’s  oldest  well-preserved  siliciclastic  tidal  deposits.
They  exhibit  a unique  assemblage  of microbial  mats,  providing  an excellent  opportunity  to  decipher
the  morphological  adaptations  of microbial  communities  to different  paleoenvironmental  settings.  The
fossil  mats  are  preserved  as kerogenous  laminations  (0.5–1  mm  thick) that  can  be traced  laterally  for
∼15 km in  a ∼1000  m-thick  succession  of  fine-  to  coarse-grained  tidal  sandstones  and  conglomerates.
We  here  present  a detailed  stratigraphic  and  depositional  facies  analysis,  documenting  the  association
of  the  three  principal  mat  morphotypes  with specific  environmental  settings:  (1)  planar-type  in coastal
floodplain,  (2)  wavy-type  in intertidal,  and (3)  tufted-type  in  upper  inter-  to supratidal  facies.  All  mat
types  indicate  a flourishing  phototrophic  biota;  moreover,  the  tufted  morphology  suggests  an  intricate
level  of  coordinated  growth  commonly  known  from cyanobacterial  mats  in  modern  environments.

©  2015 Elsevier  B.V. All  rights  reserved.

1. Introduction

The study of the diversity and setting of early Archean ecosys-
tems is essential for unraveling the phylogenetic tree of life and
the onset of oxygenic photosynthesis, the principal source of free
oxygen in the atmosphere. Although the atmospheric oxygen con-
centration first rose globally and permanently during the ‘Great
Oxidation Event’ (GOE), 2.5–2.3 Ga ago, several recent geochemical
studies suggest a prolonged and dynamic transition from anoxic
conditions, starting 3 Ga ago or even earlier (Holland, 2002, 2006;
Anbar et al., 2007; Buick, 2008; Farquhar et al., 2011; Crowe et al.,
2013; Lyons et al., 2014; Mukhopadhyay et al., 2014; Planavsky
et al., 2014; Lalonde and Konhauser, 2015).

Studies aiming to investigate the structure and diversity of
early microbial communities are essentially restricted to two  loca-
tions worldwide in which sedimentary rocks have escaped regional
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high-grade metamorphism and penetrative deformation: the Pil-
bara Craton of Western Australia and the Barberton Greenstone Belt
(BGB) of the Kaapvaal Craton of southern Africa. In the strata of the
BGB, a variety of microbial traces are preserved, e.g., carbonaceous
chert containing filamentous, coccoidal and spindle-shaped micro-
fossils (Walsh and Lowe, 1985, 1999; Walsh, 1992; Westall et al.,
2006), planar microbial mats (Tice et al., 2004; Tice and Lowe, 2006;
Tice, 2009), pseudocolumnar, stromatolite-like structures (Byerly
et al., 1986; Walsh and Westall, 2003 and references therein),
and organic-walled, spheroidal microfossils (Javaux et al., 2010).
Moreover, the BGB includes the world’s oldest known regionally
mappable record of microbial mats in a siliciclastic tidal setting,
exposed in the 3.22 Ga, and remarkably well-preserved Moodies
Group (Noffke et al., 2006; Heubeck, 2009; Gamper et al., 2012).

Initially, the macroscopic laminations described here were
interpreted as shale partings in horizontally bedded sand-
stones (Visser, 1956; Eriksson, 1977); however, Heubeck and
Lowe (1994a) noted that the laminae were anastomosing in
cross-section and exhibited mushroom-shaped protrusions. Sub-
sequently, Noffke et al. (2006), Heubeck (2009), and Gamper et al.
(2012) established their biogenicity, based on carbonaceous com-
position, sedimentary environment, negative !13C values (−20.1‰

http://dx.doi.org/10.1016/j.precamres.2015.04.018
0301-9268/© 2015 Elsevier B.V. All rights reserved.
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Fig. 7. Photographs of polished sandstone slabs (cross-section view) and corresponding sketches, highlighting the mat morphotypes of each paleoenvironment. Reconstructed
mat  morphologies are indicated in the simplified sketch (top right) for each facies. (A) Planar mats that cover former sedimentary surfaces and occasionally onlap and drape
pebbly  conglomerate layers; dc = desiccation cracks. (B) Wavy-crinkly mats and small microbial domes (arrow), commonly underlain by bedding-plane-parallel layers of
chert.  Note that the upper contact of these layers is straight or gently undulating, whereas the lower part is commonly more irregular. (C) Tufted microbial mats with vertically
stacked cones that are partially filled with chert and supported by draping laminae (arrows). The successive growth stages of the tufts are depicted by different shades of
green.

laminations are indicative of, and consistent with, a biogenic ori-
gin (Schidlowski, 2001). Negative !13C values can also be produced
by abiotic processes, e.g., through Fischer–Tropsch-type reactions
in hydrothermal environments or during the decomposition of
siderite under metamorphic conditions (McCollom and Seewald,
2006, and references therein). However, the study area lacks any
evidence for hydrothermal activity such as chert veining. The differ-
ence in grain size above and below the microbial lamina indicate
changes in current velocity which may  correspond to periods of
enhanced mat  growth during phases of reduced water flow veloc-
ity and clastic deposition (Noffke et al., 1997; Noffke, 2010). For
the grain size distributions determined in thin section, the mini-
mum  flow velocities are approximately 0.08 m/s  before, 0.06 m/s
during, and 0.09 m/s  after mat  growth (calculated after Williams
et al., 2013; Tables S1 and S2, Supplementary Fig. 1). Observa-
tions of modern mat  growth suggest that the development of thick
mats is usually preceded by the establishment of biofilms during
times of low hydrodynamic energy (Krumbein et al., 1994; Noffke
et al., 1997). However, it is conceivable that a permanent sediment
bypass was occurring during mat  growth and only fine-sized parti-
cles and heavy mineral grains were trapped within the mat  fabric.
In contrast, the coarser-grained and poorly sorted sand layers

immediately overlying the mats likely reflect depositional events
in which current velocities were sufficiently high to transport
them but not high enough to erode the mats. During subsequent
periods of relative quiescence, the deposited sand was recolonized
by microbes which either originated from the water column or
migrated upwards from the buried mat  over a distance of millime-
ters to few centimeters (Noffke, 2010). Most laminae represent the
rare case of in situ preserved microbial mats which were partly
degraded, dehydrated and early cemented, but being only min-
imally compacted. The accumulation of detrital heavy minerals
within the mat  fabric, caused by microbial baffling and trapping,
is common in epibenthic microbial mats (Gerdes et al., 2000). Con-
sequently, heavy mineral laminations can be indicative of ancient
mats and thus could serve as biosignatures where no organic matter
has been preserved (Noffke, 2010).

6.2. Mat morphotypes and their relationship to siliciclastic facies

6.2.1. Description
Environmental parameters inferred from physical sedimentary

structures (Table 1) constrain the habitat and biological affin-
ity of the microbial community. Based on our field observations,



single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Although there is abundant evidence that microbial life 
thrived in the oceans as far back as there is a sedimentary 
record1–5, much less is known about microbial colonization 

of the land surface. Before 3,000 Ma, much of the Earth may have 
been submerged6, and, accordingly, direct fossil evidence for terres-
trial life before the Mesoarchaean era is extremely rare7,8. (The term 
‘terrestrial’ has multiple definitions; here we follow convention from 
literature on the Precambrian biosphere by considering any life on 
the emerged continental surface, aquatic or subaerial, as terrestrial 
(see supplementary text).) The evidence is also inferential, largely 
derived from the study of palaeosols as much as 3,200 Myr old9–13. 
A suite of suggestive biosignatures in hot spring deposits indicates 
that life may have already been occupying terrestrial niches by 
3,480 Ma14. Here we present the discovery of a new locality in the 
Palaeoarchaean Moodies Group, Barberton Greenstone Belt (BGB), 
South Africa, where exceptionally preserved microbial mats are 
exposed in sediments of an ancient fluvial system. These terrestrial 
fossils represent a considerable expansion of the known diversity 
of microbial life in the Moodies Group, which until now has been 
restricted to marine settings15–19.

The Moodies Group is the uppermost of the three stratigraphic 
units constituting the BGB (Supplementary Fig. 1) and represents the 
world’s oldest well-preserved alluvial to shallow-marine deposit20,21. 
It consists of a thick (up to 3.5 km) succession of alluvial to shallow-
marine quartz-rich sandstones with subordinate conglomerates, 
mudstones, thin tuffs, banded iron formations and a single basaltic 
lava21. The age of the Moodies Group is tightly constrained by sev-
eral dacitic tuffs and rare felsic dykes radiating from the Kaap Valley 
tonalite that crosscut the Moodies Group along the northern mar-
gin of the BGB. Uranium–lead dating of single-zircons from these 

units indicates that deposition began about (3,223 ±  1) Ma and had 
ended by about (3,219 ±  9) Ma22,23. The southwestward-plunging 
Dycedale Syncline, about 2 km east of Barberton, hosts a steeply 
dipping succession, > 350 m thick, of Moodies Group conglomer-
ates and cross-bedded sandstones. A large variety of sedimentary 
structures indicates that this succession records a transition from 
alluvial-fluvial (terrestrial) to tide-influenced marine sedimenta-
tion20,21 (Supplementary Fig. 2).

Terrestrial microbial mats in fluvial sandstones
Our study is focused on fossilized microbial mats discovered in this 
unique terrestrial-to-marine transition in the Dycedale Syncline. 
The base of the section begins with a sedimentary unit, ~75 m thick, 
including a ~40-m-thick, polymict, mostly clast-supported con-
glomerate in the central part (unit B of ref. 22; Supplementary Fig. 2). 
The poor sorting and angularity of clasts, poorly developed inter-
nal fabrics, clast imbrication, thin intercalated sandstone beds with 
upper-plane bed horizontal lamination, and immature composition 
of this conglomerate indicate a proximal sediment source associated 
with episodic, short-lived, high-energy unidirectional transport. 
These fabrics and associations are typical for sheet-flow-dominated 
alluvial fans and/or proximal braided streams with highly variable 
discharge. The conglomerate is under- and overlain by 10- and 
25-m-thick (respectively) gravelly sandstones with carbonaceous 
laminations and minor interbedded conglomerate beds. These lens- 
or wedge-shaped beds are 0.2 to 2 m thick, commonly vertically 
stacked, and show minor channel incision from erosional down-
cutting, characteristic of fluvial deposition and transport (Fig. 1a). 
Pebble- to boulder-sized clasts (up to ~40 ×  40 cm) are subrounded, 
poorly sorted and embedded in a quartz-rich coarse-sandy matrix 

Microbial life and biogeochemical cycling on land 
3,220 million years ago
Martin Homann1*, Pierre Sansjofre1, Mark Van Zuilen2, Christoph Heubeck3, Jian Gong2,  
Bryan Killingsworth! !1, Ian S. Foster! !1, Alessandro Airo4, Martin J. Van Kranendonk! !5,  
Magali Ader3 and Stefan V. Lalonde! !1

The colonization of emergent continental landmass by microbial life was an evolutionary step of paramount importance in Earth 
history. Here we report direct fossil evidence for life on land 3,220!million years ago (Ma) in the form of terrestrial microbial 
mats draping fluvial conglomerates and gravelly sandstones of the Moodies Group, South Africa. Combined field, petrographic, 
carbon isotope and Raman spectroscopic analyses confirm the synsedimentary origin and biogenicity of these unique fossil 
mats as well as their fluvial habitat. The carbon isotope compositions of organic matter (δ13Corg) from these mats define a  narrow 
range centred on − 21‰, in contrast to fossil mats of marine origin from nearby tidal deposits that show δ13Corg values as low 
as − 34‰. Bulk nitrogen isotope compositions (2!< !δ15N!< !5‰) are also significantly different from their marine counterparts 
(0!< !δ15N!< !3‰), which we interpret as reflecting denitrification in the terrestrial habitat, possibly of an atmospheric source of 
nitrate. Our results support the antiquity of a thriving terrestrial biosphere during the Palaeoarchaean and suggest that a com-
plex and microbially driven redox landscape existed during the deposition of the Moodies Group, with distinct  biogeochemical 
cycling occurring on land by 3,220!Ma.
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in CO2 diffusion rates all influence εp, the carbon isotopic frac-
tionation factor associated with phototrophic carbon fixation27,28. 
However, the influence of these factors on εp tends toward zero28 
as the partial pressure of CO2, pCO2

, approaches the elevated val-
ues inferred for the Archaean29, and some bacterial species exhibit 
little variation even at low CO2 concentrations30. A more likely 
explanation for this shift is a mixing of carbon sources with differ-
ent isotopic compositions. The terrestrial samples exhibit a narrow 
distribution in δ13Corg values, suggesting a relatively homogeneous 
source centred around − 21‰. This δ13Corg composition is consis-
tent with autotrophic carbon fixation through the Calvin–Benson 

cycle31,32, whether by oxygenic or anoxygenic phototrophs. Marine 
samples reach values that are isotopically as heavy, yet cover a larger 
spread extending to lighter δ13Corg values, some as low as − 34‰. 
These features suggest that in the marine realm, mixing occurred 
between material with the same isotopic composition as terrestrial 
samples (− 21‰) and material with carbon that was isotopically 
lighter than − 34‰. Under high pCO2

, carbon fixed by the Calvin–
Benson cycle is unlikely to reach such low values33, which are best 
explained instead by biomass derived from other carbon fixation 
pathways, notably the reductive acetyl-coenzyme A (CoA) pathway 
(Wood–Ljungdahl pathway)33–35. This includes acetogenic bacteria, 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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ABSTRACT 

Von Brunn, V. and Mason, T.R., 1977. Siliciclastic--carbonate tidal deposits from the 
3000 m.y. Pongola Supergroup, South Africa. Sediment. Geol., 18: 245--255. 

Sediments of the Pongola Supergroup with an age of 3000 m.y. are amongst the ear- 
liest epicratonic basin deposits on the ancient crustal surface of southern Africa. 

A volcanic--sedimentary succession of these rocks attains a thickness of 2500 m in the 
Wit-Mfolozi valley of northern Natal. Siliciclastic and carbonate sediments of this succes- 
sion are considered to have been deposited in a tide-dominated environment of an epeiric 
sea. 

Carbonates are restricted to the lower two-thirds of the succession where they are 
interlayered with siliciclastic and volcanic rocks. Stromatolites occurring in these car- 
bonates are probably the oldest so far documented. The growth of these biogenic struc- 
tures is likely to have been favoured by the volcanic environment. 

Siliciclastics are represented by vertically repetitive sequences comprising subtidal 
quartz arenites, rhythmically alternating mid-tidal arenaceous--argillaceous units, and 
high-tidal argillites. 

A sustained supply of detritus from a granitic source terrain, probably situated to the 
north, coupled with intermittent subsidence of the depositional basin, has produced sev- 
eral upward-fining regressive and upward-coarsening transgressive sequences. 

High current veolcities, associated with tidal amplitudes well in excess of those record- 
ed today, contributed significantly to an intense reworking of sedimentary material in the 
shallow marine environment. Such processes led to the accumulation of laterally coalescing 
bodies of mature sand on a gently inclined southeast-sloping platform. 

INTRODUCTION 

S e d i m e n t a r y  a n d  v o l c a n i c  rocks  o f  t h e  P o n g o l a  S u p e r g r o u p  o c c u r  in  t h e  
s o u t h e a s t e r n  T r a n s v a a l ,  S w a z i l a n d  a n d  n o r t h e r n  Na ta l .  

Th i s  d i s c u s s i o n  is c o n f i n e d  t o  a 2 5 0 0 - m  t h i c k  P o n g o l a  s u c c e s s i o n  e x p o s e d  
b e n e a t h  a cove r  o f  K a r r o o  S u p e r g r o u p  ( P h a n e r o z o i c )  s e d i m e n t s  in  t h e  
d e e p l y - i n c i s e d  Wi t -Mfo loz i  R ive r  va l l ey  in  t h e  B a b a n a n g o  d i s t r i c t  o f  Na ta l  



single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Fig. 3. Steep Rock stromatolites and associated limestone fabrics; see Supplemental Data for locality details. (a) Steeply dipping large, current-orientated, domical stroma-
tolites  at the platform margin; dome above hat is ∼5 m long. The domes consist of alternating dark and light gray centimetric layers respectively composed of crystal fan
crust,  interpreted as originally aragonite, and cuspate fenestral fabric interpreted as microbial, and combinations of these two fabrics (see d). Wilks #4 locality. (b) Small
irregularly laminated superimposed domical stromatolites, with layers emphasized by iron carbonate; width of view ∼5 cm. Wilks #3 locality. (c) Small closely spaced
columnar stromatolites with enveloping irregular laminae that frequently cross narrow inter-column spaces; width of view ∼5 cm. Wilks #3 locality. (d) Cuspate fenestral
fabric  composed of nested irregular concave-up fenestrae, filled by white sparry calcite, that grade upward into and are overprinted by subvertical crystal fans interpreted
as  originally aragonite; width of view ∼6 cm. Wilks #3 locality.

in sample SR16A were analyzed by laser ablation ICP-MS at the
University of Bremen, Germany. The eleven spots analyzed are
averaged in Fig. 5b. All spots showed significant negative Ce anoma-
lies. The shapes of the curves and the pronounced negative Ce
anomalies in samples SR22A and SR16A are very similar (Fig. 5),
even though quite different analytical techniques were used.

To estimate the dissolved oxygen level required to precipitate
calcium carbonate minerals at Steep Rock we first calculated the
ferrous iron concentration, assuming that siderite was in equilib-
rium with aragonite in Archean seawater containing 10–30 mmol/l
of Ca2+ (Canfield, 2005) at temperatures of 15–40 ◦C (Hren et al.,
2009; Rosing et al., 2010). Under this condition, siderite and ara-
gonite may  co-precipitate, but calcite is inhibited by the presence
of ferrous iron. To remove ferrous iron inhibition for calcite, we
assumed that oxidative removal of Fe(II) occurred. The minimum
amount of Fe(II) to be oxidized is thus equal to the difference
between this equilibrium concentration and the concentration that
inhibits calcite precipitation. We  used 10 !M ferrous iron as the
inhibition level, based on previous results that calcite rather than
aragonite precipitated when Fe2+ was <10 !M (Herzog et al., 1989).
The dissolved O2 was calculated assuming 4 moles of electrons from
Fe oxidation can be taken up by each mole of O2.

4. Results and discussion

4.1. Rare earth elements

A variety of distinct and relatively well-preserved limestone
components, including crystal fans that were originally aragonite,
cuspate fenestral fabric, and various stromatolites, were analyzed
for REE concentrations (Supplemental Data). Oxide, sulfide and
carbonate iron formation, together with chert and fine-grained sili-
ciclastic sediment from the deeper water facies were also analyzed.

In a detailed comparison of the alteration of Archean carbonate
units, Veizer et al. (1982) found that the Steep Rock limestone was
among the least altered of the fourteen major carbonate bearing
rock successions sampled. In the present study, we  found that sam-
ples from adjacent (on the mm-scale), fenestra-dominated areas
(SR-5A and 8-24A) and blocky white cement-dominated areas
(SR-5B and 8-24B) (see Supplemental Table 2) have significantly
different REE concentrations. This is likely a primary signature,
since later alteration would homogenize REE abundances. Car-
bon and oxygen stable isotopes measured in twenty-three of our
limestone samples had values similar to other Archean carbon-
ate units, ı13C = 1.8 ± 0.6‰ PDB and ı18O = 21.4 ± 1.6‰ SMOW.  The
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The ~2800MaMosher Carbonate Formation at Steep Rock Lake in south central Canada is one of Earth's oldest lime-
stone deposits. It is both thick (up to 500m) and relativelywell-preserved, andwas one of thefirst Precambrian suc-
cessions to be noted for evidence of early life. It continues to provide information on the antiquity of such processes
as photosynthesis. The carbonate contains a variety of fabrics and facies, from apparentlyfine-grained, bedded lime-
stones with domal and columnar stromatolites, atikokania radial fans, and sheet-cracks, to closely packed metric-
scale hybrid domes of originally aragonite seafloor crust interlayeredwith fenestral fabric. Here we review previous
work, provide new observations concerning these sediments and their geochemistry, and discuss the inception,
overall development and ultimate demise of the Steep Rock platform. We divide the Mosher Carbonate into the
lower HogarthMember and upper ElbowPointMember. These units constitute a shallow-water carbonate platform
succession. The Hogarth Member overlies eroded ~3000 Ma tonalite and is at least 120 m thick. Thin horizons of
domal, pseudocolumnar, columnar and fenestral stratiform stromatolites, and occasional layers of ‘atikokania’ radial
crystal fans, occur within relatively fine-grained, thin-bedded limestone with iron-carbonate horizons. In the upper
part, meter-scale domes occur locally, with sheet cracks and stromatactis. The irregular laminae that build the small
domal and columnar stromatolites are interpreted to be lithified mats and biofilms, presumably cyanobacteria-
dominated. Fine-grained, well-bedded facies of the lower Hogarth Member and its varied association of small stro-
matolites is interpreted to have accumulated in a relatively protected inner platform environment. Numerous very
thin horizons of iron-carbonate in the lower and upper parts of the HogarthMember suggest temporally limited in-
fluence of iron-rich offshorewaters. Vertical trends in Fe,Mn, Ba, Sr, Ce and δ13C probably reflect progressive restric-
tionof circulationwith at least one abrupt, but short lived, change back tomore open seawater conditions. Theupper
Hogarth Member with large banded domes and fenestral crusts and stromatolites is interpreted as back margin fa-
cies. The overlying Elbow Point Member is at least 70 m thick and appears to be entirely composed of innumerable
juxtaposed, elongate, smooth and thickly layered domes lacking intervening sediment. Each dome is typically sev-
eralmeters across and composed of centimetric alternations of cuspate fenestral fabric, possiblymicrobial, and crys-
tal fan fabric that is probably abiotic seafloor aragonite precipitate. Adjacent cuspate fenestral and crystal fan fabric
show significant differences in concentration of δ13C, Sr, Ba, Fe and Mn. This ‘Giant Dome’ facies is interpreted as a
platform margin deposit in which alternating calcite–aragonite mineralogies within each dome reflect a laterally
fluctuating offshore redox boundary. Negative Ce anomalies, positive Gd anomalies and reduced positive Eu anom-
alies, relative to laterally correlative deep-water iron formation, occur in the majority of crystal fan samples and in
some cuspate fenestral fabric samples. Ca-carbonate precipitation at the margin of an anoxic iron-rich sea would
have been promoted by oxygenic removal of iron from seawater; otherwise Fe-carbonate would have been favored
over Ca-carbonate precipitation. TheMosher Carbonate Formation is interpreted as an early marine oxygen oasis: a
shallow-platform that favored cyanobacterial productivity,was sufficiently isolated fromopenmarine circulation for
the seawater to become relatively oxygenated, and where carbonate sediment aggradation was a positive feedback
that sustained these shallow-water conditions. Limestone accumulation terminated as transgressive suboxic and an-
oxic seawater deposited first manganese oxide-rich and then manganese oxide-poor iron formation sediments.
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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and Makarov5. 
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above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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diameter and 10–15 m in synoptic relief. Whereas such large 
cones appear to be relatively rare, metric to decametric domes 
are locally important subtidal components of Precambrian 
carbonate platform (SUMNER & GROTZINGER, 2004, p. 
16). Archaean examples include Steep Rock (e.g., NISBET & 
WILKS, 1989), Campbellrand-Malmani (e.g., YOUNG, 1932; 
TRUSWELL & ERIKSSON, 1973, p.6; ERIKSSON, 1977; 
BEUKES, 1987), and Carawine (e.g., MURPHY & SUMNER, 
2008). Palaeoproterozoic examples include the Whalen Group, 
Wyoming (HOFMANN & SNYDER, 1985, p. 843) (now 
regarded as probably correlative with the lower Nash Form 
Fm., and therefore ~2.1 Ga, BEKKER et al., 2003, p. 311), 
Pethei Group (e.g., HOFFMAN, 1969), Rocknest (GROTZ-
INGER, 1986b, p. 833) and Beechey Fm (PELECHATY & 
GROTZINGER, 1989, fi g. 9). A late Mesoproterozoic exam-
ple is the Burovaya Fm (PETROV & SEMIKHATOV, 2001). 
Neoproterozoic examples include Little Dal reefs (AITKEN, 
1989), Boot Inlet Fm (NARBONNE et al., 2000), and Noon-
day Dolomite (CLOUD et al., 1974; CORSETTI & GROTZ-
INGER, 2005).

In the latest Archaean Campbellrand-Malmani platform, 
elongate mounds up to 10m across and 40m or more in length 
(BEUKES, 1987, p. 9; SUMNER & GROTZINGER, 2004, 
fi gs. 10, 14) contain occasional pseudomorph fans, and grain-
stone and “cement” layers, but their principal constituents are 
“Boetsap-style lamellae” consisting of darker fi nely crys tal-
line and lighter coarse sparry layers (SUMNER & GROTZ-
INGER, 2004, p. 14, fi g. 11). Archaean and Palaeoproterozoic 
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with decimetric fans and crusts (GROTZINGER, 1986b, p. 
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INGER (1986b, p. 833) described Rocknest stromatolitic mo-
unds “5–40 m wide and with up to 4m of synoptic relief” 
locally “encrusted with layers of bladed, isopachous marine 
cement which may compose up to 50% of the bioherm”. At 
the Groot Boetsap River section, 45 km WNW of Warrenton, 

South Africa, a 135 m section of Cambrellrand-Malmani car-
bonates shows elongate stromatolite mounds up to 10 m wide, 
40 m long and 2.5m relief dominated by crinkled lamination 
with good inheritance (TRUSWELL & ERICKSSON, 1973, 
p. 6, fi g. 3) (Fig. 13).

Where well-preserved microstructures are documented, 
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or Hybrid Crusts. SAMI & JAMES (1996, p. 217) emphasized 
the importance of “spar-micrite couplets” in Pethei subtidal 
stromatolites, and in the late Mesoproterozoic Burovaya PET-
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strength and stability, a signifi cant abiogenic Sparry Crust 
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Fi gu re 13: Stromatolite domes, tens 
of metres in extent, elongated in 
direction of view. Late Archaean 
Campbellrand-Malmani platform, 
dry bed of Groot Boetsap River, 
South Africa. Note generally even 
layers and good inheritance, even at 
this scale. Persons at upper left 
indicate size.



single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
structural properties. Therefore, such factors 
as environment and initial spin induce only 
second-order effects on the overall evolution 
of galaxies. Surprisingly, Gavazzi et al. note 
that the correlation between the radii and the 
luminosities of galaxies seems to differ little, if 
at all, between relatively isolated galaxies and 
galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
interactions between galaxies may have played 
a lesser part than previously believed.

A similar result was obtained by Girardi 
et al.3, who divided observations of galax-
ies in the Virgo cluster into subregions: an 
inner region within a radius R = 0.5 mega-
parsec (Mpc); an intermediate shell with 
0.5 < R < 1 Mpc; and an outer zone with 
R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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Astrophysical Observatory, Herzberg Institute 
of Astrophysics, National Research Council of 
Canada, Victoria, British Columbia V9E 2E7, 
Canada.
e-mail: sidney.vandenbergh@nrc-cnrc.gc.ca

1. Disney, M. J. et al. Nature 455, 1082–1084 (2008). 
2. Gavazzi, G., Pierini, D. & Boselli, A. Astron. Astrophys. 312, 

397–408 (1996). 
3. Girardi, M., Biviano, A., Giuricin, G., Mardirossian, F. & 

Mezzetti, M. Astrophys. J. 366, 393–404 (1991).
4. van den Bergh, S. Astron. Astrophys. (in the press); preprint 

at http://arxiv.org/abs/0808.3601 (2008).
5. Karachentsev, I. D. & Makarov, D. I. in Galaxy Interactions at 

High and Low Redshifts (eds Barnes, J. E. & Sanders, D. B.) 
109–116 (Kluwer, 1999).

BIOGEOCHEMISTRY 

Life before the rise of oxygen
Woodward W. Fischer

The discovery of molecular fossils in 2.7-billion-year-old rocks prompted a 
re-evaluation of microbial evolution, and of the advent of photosynthesis 
and rise of atmospheric oxygen. That discovery now comes into question. 

Go back to Archaean time, the interval of 
Earth’s history between about 4 billion and 
2.5 billion years ago, and we’re in largely 
unknown biological territory. Attempts to 
identify a fossil record of life have produced 
meagre results1, and controversy persists about 
whether certain microfossil-like structures are 
of biological origin2. 

Almost a decade ago, however, Archaean 
palaeontology received a big boost with the 
discovery by Brocks et al.3 of a diverse assemb-
lage of lipid ‘biomarkers’ in 2.7-billion-year-
old geological samples from Western Australia. 
Biomarkers, or molecular fossils, are natural 
products (often hydrocarbons) whose synthe-
sis can be linked to a specific biological origin 
— and, by physiological proxy, to environ-
mental conditions. Together, this report and 
a subsequent study4 hinted at a much richer 
biological diversity than had previously 
been recognized. On page 1101 of this issue, 
however, Rasmussen et al.5 provide a robust 
challenge to the age of these biomarkers, and 
the palaeontological and palaeoenvironmental 
insights that they offered. 

The suite of lipid biomarkers reported by 
Brocks et al.3,4 included specific hopane and 
sterane compounds, respectively interpreted 
as the membrane remnants of cyanobacteria (a 
group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
(cells bearing a membrane-bound nucleus and 
a complex cytoskeleton). This discovery was so 
remarkable because it pushed back the mini-
mum time for the origin of these groups by 
more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
ornamented and ultrastructurally complex 
microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
eukaryotic fossils and sterane biomarkers. 

As well as creating a yawning palaeon-
tological divide, the lipid biomarker data3,4 
underscored an apparent paradox concerning 
the relative timing between the evolution of 
oxygenic photosynthesis and one of the most 
fundamental transitions in Earth history — the 
appearance and rise of atmospheric oxygen. 
Several lines of evidence indicate that a secular 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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single parameter — their present mass. In par-
ticular, they pointed out that the morphologies 
of galaxies exhibit little dependence on their 
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galaxies that are located in rich clusters. They 
conclude from these results that gravitational 
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R > 1 Mpc from the cluster centre. In all three of 
these regions, Girardi et al. found that galaxies 
obeyed similar luminosity–radius relations. In 
other words, galaxy evolution does not seem to 
be strongly affected by environment.

To check whether the luminosity–radius 
relation of galaxies is indeed not strongly cor-
related with galaxy environment, I have com-
pared4 the radii and the luminosities of the 80 
brightest galaxies within a distance of 10 Mpc 
(33 million light years) from the Sun. These 
data show that nearby galaxies seem to exhibit 
the same luminosity–radius relation as do the 
galaxies in great clusters such as those of Virgo 
and Coma. Furthermore, these nearby galaxies 
seem to show no obvious correlations between 
their luminosity–radius relation and their cur-
rent environment. In particular, no depend-
ence is found on the mass density of the local 
neighbourhood as defined by Karachentsev 
and Makarov5. 

The mounting volume of evidence discussed 
above suggests that galaxies constitute an 
(almost) one-parameter family based on their 
mass, with little or no indication of a major 
dependence on their environment. This con-
clusion poses several challenges to the prevail-
ing theory of hierarchical galaxy merging. But 
this is not a theory that will crumble easily. One 
is reminded of the saying by the Danish poet 
Piet Hein: “Problems worthy of attack prove 
their worth by hitting back.”  ■
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remarkable because it pushed back the mini-
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more than 700 million years (Fig. 1). The oldest 
unambiguous fossil cyanobacteria were found 
in tidal-flat sedimentary rocks, some 2 billion 
years old, from Canada’s Belcher Islands6. It is 
probable that the evolution of cyanobacteria 
occurred much earlier; they must have existed 
by 2.4 billion years ago7, because their metabo-
lism is required, at least in part, to explain the 
appearance and rise of environmental oxy-
gen at that time. But this still leaves a gap of 
300 million years. 

The discordance between the sterane 
biomarkers and the oldest accepted eukary-
otic fossils is even larger. The most convinc-
ing evidence for early eukaryotes comes from 
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microfossils known as acritarchs in the Roper 
Group of Northern Australia8. These rocks 
are about 1.5 billion years old, leaving a gap of 
more than a billion years between unequivocal 
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As well as creating a yawning palaeon-
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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Figure 1 | The evolution of eukaryotes and 
cyanobacteria, and the rise of atmospheric 
oxygen. There are large gaps in time between 
the first morphological fossil evidence for 
cyanobacteria and eukaryotes, and the molecular-
fossil occurrences inferred by Brocks et al.3,4 from 
lipid biomarkers. This discrepancy may disappear 
if the results of Rasmussen et al.5, showing that 
the biomarkers are younger than their host rocks, 
are confirmed — as may the 300-million-year 
delay before the later rise in atmospheric oxygen. 
Because oxygenic photosynthesis is the ultimate 
source of environmental oxygen, cyanobacteria 
must have evolved by a minimum of 2.4 billion 
years ago. This still leaves a gap of about 
400 million years in the other direction, 
between the rise of oxygen and the first 
firm fossil evidence of cyanobacteria. 
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The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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Figure 2 | Summary of carbon (black) and sulphur (red and grey) isotope
data through Earth’s history. Data are shown as d13C (left axis and D33S
(5 d33S 2 0.515d34S; right axis). Grey sulphur data were generated by
secondary ion mass spectrometry (SIMS); red circles designate all other data—
bulk and small sample (micro-drilled and laser) analyses. Notable features

include the large range of D33S values during Archaean time, the large d13C
excursion during the early Proterozoic, relative stasis in d13C during the mid-
Proterozoic, and the large negative d13C excursions during the late Proterozoic.
Data are from references as compiled in refs 33 and 53.
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Figure 1 | Evolution of Earth’s atmospheric oxygen content through time.
The faded red curve shows a ‘classical, two-step’ view of atmospheric
evolution95, while the blue curve shows the emerging model (pO2 , atmospheric
partial pressure of O2). Right axis, pO2 relative to the present atmospheric level
(PAL); left axis, log pO2 . Arrows denote possible ‘whiffs’ of O2 late in the
Archaean; their duration and magnitude are poorly understood. An additional

frontier lies in reconstructing the detailed fabric of ‘state changes’ in
atmospheric pO2 , such as occurred at the transitions from the late part of the
Archaean to the early Proterozoic and from the late Proterozoic to the early
Phanerozoic (blue boxes). Values for the Phanerozoic are taken from refs 96
and 97.
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The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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include the large range of D33S values during Archaean time, the large d13C
excursion during the early Proterozoic, relative stasis in d13C during the mid-
Proterozoic, and the large negative d13C excursions during the late Proterozoic.
Data are from references as compiled in refs 33 and 53.
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Figure 1 | Evolution of Earth’s atmospheric oxygen content through time.
The faded red curve shows a ‘classical, two-step’ view of atmospheric
evolution95, while the blue curve shows the emerging model (pO2 , atmospheric
partial pressure of O2). Right axis, pO2 relative to the present atmospheric level
(PAL); left axis, log pO2 . Arrows denote possible ‘whiffs’ of O2 late in the
Archaean; their duration and magnitude are poorly understood. An additional

frontier lies in reconstructing the detailed fabric of ‘state changes’ in
atmospheric pO2 , such as occurred at the transitions from the late part of the
Archaean to the early Proterozoic and from the late Proterozoic to the early
Phanerozoic (blue boxes). Values for the Phanerozoic are taken from refs 96
and 97.
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The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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Figure 2 | Summary of carbon (black) and sulphur (red and grey) isotope
data through Earth’s history. Data are shown as d13C (left axis and D33S
(5 d33S 2 0.515d34S; right axis). Grey sulphur data were generated by
secondary ion mass spectrometry (SIMS); red circles designate all other data—
bulk and small sample (micro-drilled and laser) analyses. Notable features

include the large range of D33S values during Archaean time, the large d13C
excursion during the early Proterozoic, relative stasis in d13C during the mid-
Proterozoic, and the large negative d13C excursions during the late Proterozoic.
Data are from references as compiled in refs 33 and 53.
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Figure 1 | Evolution of Earth’s atmospheric oxygen content through time.
The faded red curve shows a ‘classical, two-step’ view of atmospheric
evolution95, while the blue curve shows the emerging model (pO2 , atmospheric
partial pressure of O2). Right axis, pO2 relative to the present atmospheric level
(PAL); left axis, log pO2 . Arrows denote possible ‘whiffs’ of O2 late in the
Archaean; their duration and magnitude are poorly understood. An additional

frontier lies in reconstructing the detailed fabric of ‘state changes’ in
atmospheric pO2 , such as occurred at the transitions from the late part of the
Archaean to the early Proterozoic and from the late Proterozoic to the early
Phanerozoic (blue boxes). Values for the Phanerozoic are taken from refs 96
and 97.
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The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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Figure 2 | Summary of carbon (black) and sulphur (red and grey) isotope
data through Earth’s history. Data are shown as d13C (left axis and D33S
(5 d33S 2 0.515d34S; right axis). Grey sulphur data were generated by
secondary ion mass spectrometry (SIMS); red circles designate all other data—
bulk and small sample (micro-drilled and laser) analyses. Notable features

include the large range of D33S values during Archaean time, the large d13C
excursion during the early Proterozoic, relative stasis in d13C during the mid-
Proterozoic, and the large negative d13C excursions during the late Proterozoic.
Data are from references as compiled in refs 33 and 53.
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Figure 1 | Evolution of Earth’s atmospheric oxygen content through time.
The faded red curve shows a ‘classical, two-step’ view of atmospheric
evolution95, while the blue curve shows the emerging model (pO2 , atmospheric
partial pressure of O2). Right axis, pO2 relative to the present atmospheric level
(PAL); left axis, log pO2 . Arrows denote possible ‘whiffs’ of O2 late in the
Archaean; their duration and magnitude are poorly understood. An additional

frontier lies in reconstructing the detailed fabric of ‘state changes’ in
atmospheric pO2 , such as occurred at the transitions from the late part of the
Archaean to the early Proterozoic and from the late Proterozoic to the early
Phanerozoic (blue boxes). Values for the Phanerozoic are taken from refs 96
and 97.
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Atmospheric oxygenation three billion years ago
Sean A. Crowe1{*, Lasse N. Døssing1,2*, Nicolas J. Beukes3, Michael Bau4, Stephanus J. Kruger3, Robert Frei2 & Donald E. Canfield1

It is widely assumed that atmospheric oxygen concentrations remained
persistently low (less than 1025 times present levels) for about the first
2 billion years of Earth’s history1. The first long-term oxygenation of
the atmosphere is thought to have taken place around 2.3 billion years
ago, during the Great Oxidation Event2,3. Geochemical indications of
transient atmospheric oxygenation, however, date back to 2.6–2.7
billion years ago4–6. Here we examine the distribution of chromium
isotopes and redox-sensitive metals in the approximately 3-billion-
year-old Nsuze palaeosol and in the near-contemporaneous Ijzermyn
iron formation from the Pongola Supergroup, South Africa. We find
extensive mobilization of redox-sensitive elements through oxidative
weathering. Furthermore, using our data we compute a best mini-
mum estimate for atmospheric oxygen concentrations at that time of
3 3 1024 times present levels. Overall, our findings suggest that there
were appreciable levels of atmospheric oxygen about 3 billion years
ago, more than 600 million years before the Great Oxidation Event
and some 300–400 million years earlier than previous indications for
Earth surface oxygenation.

We searched for signs of early atmospheric oxygenation in rocks from
the Pongola Supergroup (Fig. 1), deposited some 3 Gyr ago during the
Mesoarchaean era7,8. Metamorphism in the Pongola Supergroup is lar-
gely restricted to greenschist facies7,8, and Pongola rocks generally retain
well-preserved geochemical signatures7,9 (Supplementary Information).
We analysed the distribution of Cr isotopes and redox-sensitive metals
both in a newly discovered palaeoweathering horizon10, the Nsuze
palaeosol, formed between 2.98 and 2.96 Gyr ago, and in marine chemi-
cal sediments from the regionally expansive, shallow-water Ijzermyn
iron formation7,9, deposited between 2.96 and 2.92 Gyr ago (Fig. 1).

We analysed Cr isotopes in these rocks because they provide a sensitive
indicator for oxidative weathering6,11,12 (see Supplementary Information
for a detailed description of the Cr isotope proxy). This is because isotopic
fractionation occurs when oxygen induces Cr redox reactions6,13,14. Oxid-
ation of trivalent Cr (Cr(III)) to soluble hexavalent Cr (Cr(VI)) can enrich
the resulting Cr(VI) in the heavy 53Cr isotope by comparison with the
residual Cr(III) (ref. 14). In the weathering environment, this leaves
soils depleted in 53Cr when the 53Cr-enriched Cr(VI) pool is removed
by run-off12. Partial reduction of Cr(VI) in groundwater further enriches
53Cr in the mobile Cr(VI) pool, whereas light, 53Cr-depleted Cr(III) is
precipitated and retained13. The overall effect of Cr redox reactions in
the weathering environment leads to heavy Cr(VI) (ref. 12) that is ulti-
mately exported to the oceans by rivers. Chemical sediments, such as
iron formations, can capture this signal of continental oxidative weath-
ering if the mobile 53Cr-enriched Cr(VI) pool is large enough to alter the
Cr isotope composition of sea water6. Importantly, acid dissolution of
Cr2O3 to aqueous Cr(III) does not induce measureable Cr isotope frac-
tionation (Supplementary Information), and Cr(III) liberation by the
acid weathering of rocks, which may have occurred on the continents
with exceptional vigour in association with the Great Oxidation Event15,
is therefore not expected to cause Cr isotope fractionation.

The oxidation of Cr(III) in soils requires the presence of manganese
oxide phases16,17. Manganese oxide production, in turn, requires both

molecular oxygen (O2) and microorganisms, which catalyse the reac-
tion between oxygen and reduced Mn (ref. 18). Overall, fractionated
Cr isotopes in soils and marine sediments provide a record of oxidative
weathering on the continents and the presence of O2 in the surface
environment. As an additional proxy, we also explored the distribution
of uranium, which is oxidized from U(IV), forming minerals with low
solubility, to soluble U(VI) in the presence of oxygen19.

We begin our exploration with the Nsuze palaeosol, which meets all
five of the criteria for a true palaeoweathering profile (see additional
description in the Supplementary Information), providing a new record
of continental weathering in the Mesoarchaean era10. The Nsuze pala-
eosol is regionally developed on basaltic andesites and marks the ero-
sional surface that separates the basaltic andesites of the Nsuze Group
from marine and fluvial sedimentary rocks of the overlying Mozaan
Group10. The palaeosol is divided into two horizons on the basis of the
dominant mineralogy: a thin upper sericitic horizon and a thick lower
chloritic horizon (Fig. 2 and Supplementary Tables 1 and 2). The upper-
most layers of the original soil have been lost, and the true thickness
of the palaeosol is therefore unknown10. Extensive weathering is indi-
cated by large depletions of Ca and Na (Supplementary Information
and Supplementary Fig. 1), which extend well into the chloritic zone.
High values for standard indices of alteration (CIA-K, defined as Al2O3/
(Al2O3 1 CaO 1 Na2O) 3 100; ref. 20) thus reflect this massive loss of
readily weathered soil components (Fig. 2). Primary igneous minerals
(feldspar and amphibole) are present in the deepest samples of the lower
palaeosol (Supplementary Table 2), which have elevated Ca contents
and low CIA-K; therefore, this region probably approaches, but may not
quite reach, the composition of the parent basaltic andesites.

Chromium isotopes are 53Cr-depleted and cations are lost in a
region of extensive weathering within the middle and upper reaches
of the chloritic palaeosol, demonstrating Cr oxidation during weath-
ering (Fig. 2). There is some evidence for the oxidative loss of U in the
upper chloritic zone (Fig. 2), but loss based on ratios of U to some
immobile elements is not as clear (Supplementary Fig. 2). Oxidative U
loss may not be expected if U in the parent basaltic andesite is assoc-
iated with refractory phases, such as apatites and sphene or minor
zircons5. We also note that Fe(III) is retained in the middle and upper
chlorite zones (Fig. 2). Retention of Fe (III) during primary subaerial
weathering implies soil development in the presence of oxygen, whereas
substantial Fe(III) loss can be expected under anoxic conditions21.
Together, these data are best explained by weathering of the Nsuze
basaltic andesites in the presence of oxygen.

We also note Fe(II) enrichment in the region of maximum weathering
within the chloritic palaeosol (Fig. 2). Such enrichment could result from
Fe redistribution in association with primary weathering through leach-
ing of Fe from overlying soil horizons, as has been observed in palaeo-
sols forming after the Great Oxidation Event21, when oxygen levels were
substantially higher than at earlier times. There could also have been
mobilization of Fe(II) during burial of the palaeosol and in the presence
of anoxic groundwater. Even so, Cr and U signals derived from oxid-
ative processes are likely to remain stable under anoxic groundwater
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Evidence for oxygenic photosynthesis half a billion
years before the Great Oxidation Event
Noah J. Planavsky1*, Dan Asael2, Axel Hofmann3, Christopher T. Reinhard4, Stefan V. Lalonde5,
Andrew Knudsen6, Xiangli Wang1,7, Frantz Ossa Ossa3, Ernesto Pecoits8, Albertus J. B. Smith3,
Nicolas J. Beukes3, Andrey Bekker9, Thomas M. Johnson7, Kurt O. Konhauser8, TimothyW. Lyons9

and Olivier J. Rouxel2

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

Despite detailed investigations over the past 50 years, there is
still intense debate about when oxygenic photosynthesis evolved1,4,5.
Current estimates span more than a billion years of Earth history,
ranging from before 3.7Gyr ago (Ga; ref. 6), the age of the
oldest sedimentary rocks, to 2.5–2.3Ga, coincident with the rise
of atmospheric oxygen (the Great Oxidation Event, GOE; refs 7,8).
Until recently, organic molecular data were regarded as undisputed
evidence for cyanobacteria (and thus oxygenic photosynthesis)
by at least 2.7Ga5. However, given mounting evidence that
the initial excitement about this biomarker work was at least
premature4,9, there is essentially no solid constraint on the onset of
biological oxygen production. Current geochemical and biomarker
evidence for the development of oxygenic photosynthesis before
the GOE (2.5–2.3Ga) is, arguably, inconclusive1,4. As such, a new,
independent perspective is needed. We provide such a perspective
herein by usingMo isotopes in a newway to track the onset ofMn(II)
(Mn2+) oxidation and thus biological oxygen production.

The oxidation of Mn(II) in modern marine settings requires free
dissolved oxygen (O2). Moreover, given strong kinetic inhibition,

Mn(II) oxidation in marine settings is microbially mediated10,11,
with most microbial Mn(II) oxidation being attributed to direct
enzymatic activity11. This reaction can also be catalysed by
transmembrane protein-driven reduction of O2 to the redox
reactant superoxide (O2

�) and this pathway is also likely to be
significant in natural environments12,13. Where the kinetics of
marineMn oxidation have been studied in detail, O2 concentrations
exert a direct control on the rate of Mn oxidation and the reaction
can be modelled with Michaelis–Menten-type kinetics14. In simple
aqueous solutions, photochemical Mn oxidation under anoxic
conditions is possible15; however, this process is inhibited in the
presence of reductants (for example, Fe(II); ref. 15). Furthermore,
the rates of this process make it unlikely to be geologically
significant15. Finally, there is no evidence for environmentally
significant microbial phototrophic Mn oxidation, despite intensive
investigation on anoxygenic photosynthetic pathways. In this
regard, Mn is rather unique in its environmental specificity for O2
as an electron acceptor among the redox-sensitive transitionmetals,
many of which, like Fe, can be oxidized under anoxic conditions
either through amicrobial pathway and/or with alternative oxidants
such as NO3

�.
Microbial Mn oxidation in an aqueous environment requires O2

concentrations that are orders of magnitude higher than those in
gas exchange equilibrium with our best estimates for the prebiotic
or Archaean atmosphere ([O2]⌧10�5 present atmospheric levels1).
It is only through photosynthetic water splitting that free oxygen
would be produced in the requisite quantities, allowing local oxygen
to build up in aqueous environments. Therefore, if we find a clear
signal for appreciable Mn oxidation in the sedimentary rock record,
oxygenic photosynthesis is likely to have evolved by that time.

There are large Mo isotope fractionations, approximately
�2.7h in �98Mo, associated with the sorption of Mo (as a
polymolybdate complex) onto Mn oxyhydroxides (for example,
birnessite, vernadite; Fig. 1a; refs 16,17). In contrast, sorption of
Mo onto the Fe oxyhydroxide (for example, ferrihydrite) results
in a fractionation of only �1.1h (Fig. 1a) or less18. Therefore, if
Mn oxidation occurred during sediment deposition it would be an
important vector of Mo transfer to the sediment, and, owing to
the large associated Mo isotope fractionation, Mo isotope values
should become lighter with increasing Mn content, relative to Fe
content. In other words, we suggest that a positive correlation
between Fe/Mn ratios andMo isotope values in chemical sediments
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a  b  s  t  r  a  c  t

The early  Earth  was  essentially  anoxic.  A  number  of  indicators  suggest  the presence  of oxygenic  photosyn-
thesis  ∼2700–3000  million  years  (Ma)  ago,  but  direct  evidence  for  molecular  oxygen  (O2) in seawater  has
remained  elusive.  Here  we  report rare earth  element  (REE)  analyses  of ∼2800  million  year  old  shallow-
marine  limestones  and  deep-water  iron-rich  sediments  at Steep Rock  Lake,  Canada.  These  show  that
the seawater  from  which  extensive  shallow-water  limestones  precipitated  was  oxygenated,  whereas  the
adjacent deeper  waters  where  iron-rich  sediments  formed  were  not.  We  propose  that  oxygen  promoted
limestone  precipitation  by oxidative  removal  of  dissolved  ferrous  iron  species,  Fe(II),  to insoluble  Fe(III)
oxyhydroxide,  and  estimate  that  at least  10.25  !M oxygen  concentration  in seawater  was  required  to
accomplish  this at Steep  Rock.  This  agrees  with  the  hypothesis  that  an  ample  supply  of dissolved  Fe(II)
in  Archean  oceans  would  have  hindered  limestone  formation.  There is no direct  evidence  for  the  oxy-
gen source  at Steep  Rock,  but  organic  carbon  isotope  values  and  diverse  stromatolites  in  the  limestones
suggest  the  presence  of  cyanobacteria.  Our  findings  support  the view that  during  the Archean  signif-
icant  oxygen  levels  first  developed  in protected  nutrient-rich  shallow  marine  habitats.  They  indicate
that  these  environments  were  spatially  restricted,  transient,  and  promoted  limestone  precipitation.  If
Archean  marine  limestones  in  general  reflect  localized  oxygenic  removal  of  dissolved  iron  at  the  margins
of otherwise  anoxic  iron-rich  seas,  then  early  oxygen  oases  are  less elusive  than has been  assumed.

©  2014  Elsevier  B.V.  All rights  reserved.

1. Introduction

Progressive oxygenation of the atmosphere and hydrosphere
had a major long-term effect on Earth-surface environments and
the development of life. Its inception is widely attributed to the
development of oxygenic photosynthesis by cyanobacteria dur-
ing the Archean (Canfield, 2005, Holland, 2006). The existence of
oxygenic photosynthesis ∼2700 to 3000 Ma  ago (Canfield, 2005;
Nisbet et al., 2007; Buick, 2008; Schwartzman et al., 2008; Schopf,
2011) is suggested by chromium isotopes and redox-sensitive
metals in 2920–2980 Ma  sediments (Crowe et al., 2013), very neg-
ative carbon isotope values 2760 Ma  ago that suggest methane
oxidation (Hayes, 1994), phototrophic filaments in 2720 Ma  stro-
matolites (Buick, 1992), hydrocarbon biomarkers for oxygenic
photosynthetic cyanobacteria at 2720–2560 Ma  (Eigenbrode et al.,
2008), and correlated iron and molybdenum isotope composi-
tions in 2680 Ma  sediments (Czaja et al., 2012). Much of the early
free oxygen (O2) is thought to have been removed by reaction

∗ Corresponding author. Tel.: +1 865 974 9976.
E-mail address: rriding@utk.edu (R. Riding).

with dissolved iron in seawater, contributing to widespread depo-
sition of deep water iron- and silica-rich banded iron formation
(Canfield, 2005; Holland, 2006). Nonetheless, substantial amounts
of molecular oxygen might have accumulated locally in pro-
tected shallow-water environments that favored cyanobacterial
productivity (MacGregor, 1927; Cloud, 1965; Kasting, 1992) and
were sufficiently isolated so that the oxygen was  not all imme-
diately scavenged (Hayes, 1983). With a low rate of atmospheric
exchange, O2 levels in these ‘oxygen oases’ (Fischer, 1965) could
have approached 0.016 atm (0.08 PAL), even under an anoxic atmo-
sphere (Kasting, 1992; Pavlov and Kasting, 2002; Olson et al., 2013).

2. Steep Rock

We  collected samples from ∼2800 Ma (Fralick et al., 2008) lime-
stones at Steep Rock Lake, 5 km north of Atikokan, Northwestern
Ontario, in the central Wabigoon Subprovince of the Canadian
Shield (Supplemental Data). This 500 m thick (Fig. 1) unit of calcium
carbonate (CaCO3) was  chosen for study as the biogenic structures
are well preserved (Wilks and Nisbet, 1988) and there is little evi-
dence of chemical alteration (Veizer et al., 1982). The succession
was deposited on an oceanic, volcanic plateau (Fralick et al., 2008)

http://dx.doi.org/10.1016/j.precamres.2014.06.017
0301-9268/© 2014 Elsevier B.V. All rights reserved.
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ABSTRACT
It is widely believed that atmospheric oxygen saturation rose from 

<10−5 present atmospheric level (PAL) in the Archean to >10−2 PAL at 
the Great Oxidation Event (GOE) at ca. 2.4 Ga, but it is unclear if any 
earlier oxygenation events occurred. Here we report U-Pb zircon data 
indicating that a pyrophyllite-bearing paleosol, from Keonjhar in the 
Precambrian Singhbhum Craton of eastern India, formed between 
3.29 and 3.02 Ga, making it one of very few known Archean paleo-
sols globally. Field and geochemical evidence suggests that the upper 
part of the paleosol was eroded prior to unconformable deposition 
of an overlying sequence of shallow-marine siliciclastic sediments. A 
negative cerium anomaly within the currently preserved level of the 
paleosol indicates that ancient oxidative weathering occurred in the 
original upper soil profile. The presence of redox-sensitive detrital 
uraninite and pyrite together with a complete absence of pyrophyllite 
in the overlying sediments indicate that the mineralogical and geo-
chemical features of the paleosol were established prior to the uncon-
formable deposition of the sediments and are not related to subse-
quent diagenetic or hydrothermal effects. We suggest that a transient 
atmospheric oxygenation event occurred at least 600 m.y. prior to the 
GOE and ~60 m.y. prior to a previously documented Archean oxygen-
ation event. We propose that several pulsed and short-lived oxygen-
ation events are likely to have occurred prior to the GOE, and that 
these changes to atmospheric composition arose due to the presence 
of organisms capable of oxygenic photosynthesis.

INTRODUCTION
Paleosols are ancient soil horizons formed by terrestrial weathering 

of rock surfaces. They preserve chemical records of atmospheric composi-
tion and various biotic or abiotic mediated chemical weathering pathways 
at the time of their formation. Paleosols from deep time provide a valuable 
opportunity to study evolution of the early atmosphere and emergence of 
distinct processes on Earth (Bekker et al., 2004; Holland, 2006). Very few 
Archean paleosols have been documented worldwide; these include the Pil-
bara (Western Australia, 3.4 Ga; Johnson et al., 2008), Nsuze (South Africa, 
ca. 2.96 Ga; Crowe et al., 2013) and Mount Roe (Western Australia, 2.76 
Ga; Macfarlane et al., 1994) paleosols. The Pilbara and Mount Roe paleo-
sols indicate that surface weathering took place in an oxygen-poor atmo-
sphere (Macfarlane et al., 1994; Yang et al., 2002), although controversy 
exists surrounding the Mount Roe paleosols, in that some studies suggest 
oxygen was present (Ohmoto, 1996; Philippot et al., 2013). Work on the 
Nsuze Paleosol (Crowe et al., 2013) from the Pongola Supergroup of South 
Africa suggests that by 2.96 Ga, oxygen levels had risen to at least 3 × 10−4 
present atmospheric level (PAL), thus extending the chemical record of the 
first appreciable levels of atmospheric oxygen by ~500 m.y.

Here we describe a previously undated supracrustal sequence in 
the Singhbhum Craton of eastern India. We demonstrate that a paleosol, 
termed the Keonjhar Paleosol, formed between 3.29 and 3.02 Ga, and 
did so in the presence of molecular oxygen. This is the world’s oldest 
documented example of oxidative weathering. These findings further push 

back the age at which pre–Great Oxidation Event (GOE; ca. 2.4 Ga) oxy-
genation of Earth’s atmosphere occurred. By integrating our findings with 
those from Archean supracrustal rocks, we give additional support to pro-
posed models for both a pre-GOE oxygenation (Anbar et al., 2007; Crowe 
et al., 2013; Planavsky et al., 2014) and fluctuating Archean atmospheric 
oxygen levels (Lyons et al., 2014; Rosing and Frei, 2004).

GEOLOGICAL SETTING
The Keonjhar Paleosol has previously been described; however, 

there have been no radiometric age constraints on its formation and it was 
speculated to be Paleoproterozoic in age (Bandopadhyay et al., 2010). The 
paleosol occurs between a Paleoarchean to Mesoarchean (3.3–3.1 Ga) mul-
ticomponent tonalite-trondhjemite-granodiorite (TTG) batholith known as 
the Singhbhum Granite and a thick unconformable succession of shallow-
marine quartzarenite sandstones and interbedded conglomerates (Fig. 1A). 
These siliciclastic sediments are exposed along a nearly continuous outcrop 
bordering a Paleoarchean (3.51–3.3 Ga) greenstone belt termed the Iron Ore 
Group (Mukhopadhyay et al., 2008, 2012). The sandstones are known as 
the Mahagiri Quartzite in the southeast and the Pallahara–Mankaharchua 
Quartzite in the west, along a >100 km southeast-northwest transect from 
the town of Keonjhar (Fig. 1A). One part of the sandstone outcrop also 
extends north for more than 80 km from Keonjhar. A clear angular uncon-
formity exists between the sandstones and underlying greenstone belt rocks 
as well as the TTG granitoids (Mukhopadhyay et al., 2012). The best expo-
sures of Keonjhar Paleosol occur near Madrangijori village, 6 km north of 
Keonjhar (Fig. 1A), where quartzarenite sandstones unconformably overlie 
the paleosol (Fig. 1B), which passes downward into saprolite and altered 
granite. The paleosol thickness varies from 1 m to >6 m and is distinguished 
by its contrasting pale color and talc-like feel. Petrographically the paleosol 
is dominantly composed of pyrophyllite and quartz (Fig. 1E), with subordi-
nate amounts of illite and muscovite. Pyrophyllite forms from kaolinite and 
quartz in very low grade metamorphic conditions, whereas kaolinite forms 
as a pedogenetic phyllosilicate due to chemical weathering of feldspar (from 
the original granite). The siliciclastic sediments from this region are devoid 
of pyrophyllite but contain detrital uraninite and pyrite (Figs. 1C and 1D). 
Detrital uraninite and pyrite have also been described from conglomerates 
near the western margin of the Bonai Granite (Fig. 1A) (Kumar et al., 2012) 
and are significant in that they illustrate low surface oxygen conditions of 
<10−3 PAL (Canfield et al., 2000) at the time of their deposition.

AGE OF THE KEONJHAR PALEOSOL
A component of the Singhbhum Granite, termed the Keonjhar-

Bhaunra Granite, forms the substrate to the paleosol. It has been dated 
as ca. 3.29 Ga (Tait et al., 2011) and represents the oldest possible age of 
formation of the Keonjhar Paleosol. Here we present U-Pb detrital zircon 
age spectra from seven representative samples (Table DR1 in the GSA 
Data Repository1) of the entire quartzarenite sandstone outcrop belt. Our 
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1GSA Data Repository item 2014329, Table DR1 (U-Pb detrital zircon 
ages) and Table DR2 (trace element concentrations of samples from Keonjhar 
Paleosol profile), is available online at www.geosociety.org/pubs/ft2014.htm, or 
on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 
9140, Boulder, CO 80301, USA.
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Abstract

Most geochemical proxies and models of atmospheric evolution suggest that the amount of free O2 in Earth’s atmosphere
stayed below 10!5 present atmospheric level (PAL) until the Great Oxidation Event (GOE) that occurred between "2.2 and
2.4 Ga, at which time free O2 in the atmosphere increased to approximately 10!1 to 10!2 PAL. Although photosynthetically
produced “O2 oases” have been proposed for the photic zone of the oceans prior to the GOE, it has been difficult to constrain
absolute O2 concentrations and fluxes in such paleoenvironments. Here we constrain free O2 levels in the photic zone of a Late
Archean marine basin by the combined use of Fe and Mo isotope systematics of Ca–Mg carbonates and shales from the 2.68
to 2.50 Ga Campbellrand–Malmani carbonate platform of the Kaapvaal Craton in South Africa. Correlated Fe and Mo iso-
tope compositions require a key role for Fe oxide precipitation via oxidation of aqueous Fe(II) by photosynthetically-derived
O2, followed by sorption of aqueous Mo to the newly formed Fe oxides. A dispersion/reaction model illustrates the effects of
Fe oxide production and Mo sorption to Fe oxides, and suggests that a few to a few tens of lM free O2 was available in the
photic zone of the Late Archean marine basin, consistent with some previous estimates. The coupling of Fe and Mo isotope
systematics provides a unique view into the processes that occurred in the ancient shallow ocean after production of free O2

began, but prior to oxygenation of the deep ocean, or significant accumulation of free O2 in the atmosphere. These results
require oxygenic photosynthesis to have evolved by at least 2.7 Ga and suggest that the Neoarchean ocean may have had
a different oxygenation history than that of the atmosphere. The data also suggest that the extensive iron formation deposition
that occurred during this time was unlikely to have been produced by anoxygenic photosynthetic Fe(II) oxidation. Finally,
these data indicate that the ocean had significant amounts of O2 at least 150 Myr prior to previously proposed “whiffs” of
O2 at the Archean to Proterozoic transition.
! 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Development of free O2 in Earth’s oceans and atmo-
sphere reflects a major milestone in the evolution of life.

Although some geologic evidence indicates significant free
O2 may have existed in Earth’s atmosphere and oceans
much earlier than 2.4 Ga, perhaps as far back as "3.8 Ga
(e.g., Towe, 1994; Ohmoto, 1996; Ohmoto et al., 2006;
Hoashi et al., 2009), the majority of models for Earth’s
atmospheric evolution, and evidence from the geologic re-
cord, indicate that the atmosphere was virtually devoid of
free O2 in the Archean. The first major increase in
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began, but prior to oxygenation of the deep ocean, or significant accumulation of free O2 in the atmosphere. These results
require oxygenic photosynthesis to have evolved by at least 2.7 Ga and suggest that the Neoarchean ocean may have had
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b Eberhard Karls University of Tübingen, Institute of Geochemistry, Wilhelmstraße 56, 72076 Tübingen, Germany
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a b s t r a c t

Mass-independently fractionated sulfur isotopes (MIF-S) provide strong evidence for an anoxic atmo-
sphere during the Archean. Moreover, the temporal evolution of MIF-S shows increasing magnitudes
between 2.7 and 2.5 Ga until the start of the Great Oxidation Event (G.O.E.) at around 2.4 Ga.
The conclusion of a completely anoxic atmosphere up to the G.O.E. is in contrast to recent studies on
redox-sensitive elements, which suggest slightly oxidizing conditions during continental weathering
already several hundred million years prior to the G.O.E. In order to investigate this apparent
inconsistency, we present multiple sulfur isotopes for 2.71 Ga pyritic black shales derived from the
Kidd Creek area, Ontario, Canada. These samples display high positive D33S values up to 3.8% and the
typical late Archean slope in D36S/D33S of !0.9. In contrast, the time period before (3.2–2.73 Ga) is
characterized by greatly attenuated MIF-S magnitudes and a slope in D36S/D33S of !1.5. We attribute
the increase in D33S magnitude as well as the contemporaneous change in the slope of D36S/D33S to
changes in the relative reaction rate of different MIF-S source reactions and changes in atmospheric
sulfur exit channels. Both of these are dependent on atmospheric CH4:CO2 and O2 mixing ratios. We
propose a distinct change in atmospheric composition at 2.7 Ga resulting from increased fluxes of
oxygen and methane as the best explanation for the observed Neoarchean MIF-S record. Our data and
modeling results suggest that oxygenic photosynthesis was a major contributor to primary productivity
2.7 billion years ago.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Earth’s atmosphere is thought to have witnessed a first
significant rise in atmospheric oxygen abundance some 2.4 billion
years ago (Ga), commonly referred to as the Great Oxidation
Event (Holland, 2006). The temporal record of mass-
independently fractionated sulfur isotopes (MIF-S, expressed as
D33S) in sedimentary rocks of Archean and early Proterozoic age
bracket this event between 2.45 and 2.32 Ga (Bekker et al., 2004;
Guo et al., 2009). The Archean D33S record, however, displays
significant variations in magnitude and sign (Farquhar et al.,
2010), which might provide additional information in respect to
atmospheric evolution. Different processes were suggested as a

cause for the observed MIF-S signals (Farquhar et al., 2001;
Francisco et al., 2005; Lyons, 2009; Watanabe et al., 2009), but
most widely accepted is the dissociation of SO2 via short ultra-
violet radiation (i.e. SO2þhv-SOþO; Farquhar et al., 2001; Ono
et al., 2003). This volcanogenic sulfur dioxide is believed to carry
no MIF-S signature (D33S¼070.2%; Farquhar et al., 2010). In
contrast, the final products of photochemistry under reducing
conditions are S8 (elemental sulfur from SOþhv-SþO is most
stable in this polymerized, cyclic form) with positive D33S values
and the residual SO2 and/or sulfuric acid (H2SO4) with negative
D33S values (Farquhar et al., 2001; Ono et al., 2003), both of which
are delivered to the ocean and subsequently to the sediments.
Although the details of how SO2 photolysis creates specific signs
and magnitudes in D33S are still debated (Lyons, 2009; Ueno et al.,
2009), modeling results indicate that an atmospheric oxygen
concentration lower than 10!5 of the Present Atmospheric Level
(PAL) is a precondition for the preservation of the distinctly
different D33S values in marine sediments (Pavlov and Kasting,
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Atmospheric oxygenation three billion years ago
Sean A. Crowe1{*, Lasse N. Døssing1,2*, Nicolas J. Beukes3, Michael Bau4, Stephanus J. Kruger3, Robert Frei2 & Donald E. Canfield1

It is widely assumed that atmospheric oxygen concentrations remained
persistently low (less than 1025 times present levels) for about the first
2 billion years of Earth’s history1. The first long-term oxygenation of
the atmosphere is thought to have taken place around 2.3 billion years
ago, during the Great Oxidation Event2,3. Geochemical indications of
transient atmospheric oxygenation, however, date back to 2.6–2.7
billion years ago4–6. Here we examine the distribution of chromium
isotopes and redox-sensitive metals in the approximately 3-billion-
year-old Nsuze palaeosol and in the near-contemporaneous Ijzermyn
iron formation from the Pongola Supergroup, South Africa. We find
extensive mobilization of redox-sensitive elements through oxidative
weathering. Furthermore, using our data we compute a best mini-
mum estimate for atmospheric oxygen concentrations at that time of
3 3 1024 times present levels. Overall, our findings suggest that there
were appreciable levels of atmospheric oxygen about 3 billion years
ago, more than 600 million years before the Great Oxidation Event
and some 300–400 million years earlier than previous indications for
Earth surface oxygenation.

We searched for signs of early atmospheric oxygenation in rocks from
the Pongola Supergroup (Fig. 1), deposited some 3 Gyr ago during the
Mesoarchaean era7,8. Metamorphism in the Pongola Supergroup is lar-
gely restricted to greenschist facies7,8, and Pongola rocks generally retain
well-preserved geochemical signatures7,9 (Supplementary Information).
We analysed the distribution of Cr isotopes and redox-sensitive metals
both in a newly discovered palaeoweathering horizon10, the Nsuze
palaeosol, formed between 2.98 and 2.96 Gyr ago, and in marine chemi-
cal sediments from the regionally expansive, shallow-water Ijzermyn
iron formation7,9, deposited between 2.96 and 2.92 Gyr ago (Fig. 1).

We analysed Cr isotopes in these rocks because they provide a sensitive
indicator for oxidative weathering6,11,12 (see Supplementary Information
for a detailed description of the Cr isotope proxy). This is because isotopic
fractionation occurs when oxygen induces Cr redox reactions6,13,14. Oxid-
ation of trivalent Cr (Cr(III)) to soluble hexavalent Cr (Cr(VI)) can enrich
the resulting Cr(VI) in the heavy 53Cr isotope by comparison with the
residual Cr(III) (ref. 14). In the weathering environment, this leaves
soils depleted in 53Cr when the 53Cr-enriched Cr(VI) pool is removed
by run-off12. Partial reduction of Cr(VI) in groundwater further enriches
53Cr in the mobile Cr(VI) pool, whereas light, 53Cr-depleted Cr(III) is
precipitated and retained13. The overall effect of Cr redox reactions in
the weathering environment leads to heavy Cr(VI) (ref. 12) that is ulti-
mately exported to the oceans by rivers. Chemical sediments, such as
iron formations, can capture this signal of continental oxidative weath-
ering if the mobile 53Cr-enriched Cr(VI) pool is large enough to alter the
Cr isotope composition of sea water6. Importantly, acid dissolution of
Cr2O3 to aqueous Cr(III) does not induce measureable Cr isotope frac-
tionation (Supplementary Information), and Cr(III) liberation by the
acid weathering of rocks, which may have occurred on the continents
with exceptional vigour in association with the Great Oxidation Event15,
is therefore not expected to cause Cr isotope fractionation.

The oxidation of Cr(III) in soils requires the presence of manganese
oxide phases16,17. Manganese oxide production, in turn, requires both

molecular oxygen (O2) and microorganisms, which catalyse the reac-
tion between oxygen and reduced Mn (ref. 18). Overall, fractionated
Cr isotopes in soils and marine sediments provide a record of oxidative
weathering on the continents and the presence of O2 in the surface
environment. As an additional proxy, we also explored the distribution
of uranium, which is oxidized from U(IV), forming minerals with low
solubility, to soluble U(VI) in the presence of oxygen19.

We begin our exploration with the Nsuze palaeosol, which meets all
five of the criteria for a true palaeoweathering profile (see additional
description in the Supplementary Information), providing a new record
of continental weathering in the Mesoarchaean era10. The Nsuze pala-
eosol is regionally developed on basaltic andesites and marks the ero-
sional surface that separates the basaltic andesites of the Nsuze Group
from marine and fluvial sedimentary rocks of the overlying Mozaan
Group10. The palaeosol is divided into two horizons on the basis of the
dominant mineralogy: a thin upper sericitic horizon and a thick lower
chloritic horizon (Fig. 2 and Supplementary Tables 1 and 2). The upper-
most layers of the original soil have been lost, and the true thickness
of the palaeosol is therefore unknown10. Extensive weathering is indi-
cated by large depletions of Ca and Na (Supplementary Information
and Supplementary Fig. 1), which extend well into the chloritic zone.
High values for standard indices of alteration (CIA-K, defined as Al2O3/
(Al2O3 1 CaO 1 Na2O) 3 100; ref. 20) thus reflect this massive loss of
readily weathered soil components (Fig. 2). Primary igneous minerals
(feldspar and amphibole) are present in the deepest samples of the lower
palaeosol (Supplementary Table 2), which have elevated Ca contents
and low CIA-K; therefore, this region probably approaches, but may not
quite reach, the composition of the parent basaltic andesites.

Chromium isotopes are 53Cr-depleted and cations are lost in a
region of extensive weathering within the middle and upper reaches
of the chloritic palaeosol, demonstrating Cr oxidation during weath-
ering (Fig. 2). There is some evidence for the oxidative loss of U in the
upper chloritic zone (Fig. 2), but loss based on ratios of U to some
immobile elements is not as clear (Supplementary Fig. 2). Oxidative U
loss may not be expected if U in the parent basaltic andesite is assoc-
iated with refractory phases, such as apatites and sphene or minor
zircons5. We also note that Fe(III) is retained in the middle and upper
chlorite zones (Fig. 2). Retention of Fe (III) during primary subaerial
weathering implies soil development in the presence of oxygen, whereas
substantial Fe(III) loss can be expected under anoxic conditions21.
Together, these data are best explained by weathering of the Nsuze
basaltic andesites in the presence of oxygen.

We also note Fe(II) enrichment in the region of maximum weathering
within the chloritic palaeosol (Fig. 2). Such enrichment could result from
Fe redistribution in association with primary weathering through leach-
ing of Fe from overlying soil horizons, as has been observed in palaeo-
sols forming after the Great Oxidation Event21, when oxygen levels were
substantially higher than at earlier times. There could also have been
mobilization of Fe(II) during burial of the palaeosol and in the presence
of anoxic groundwater. Even so, Cr and U signals derived from oxid-
ative processes are likely to remain stable under anoxic groundwater
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Evidence for oxygenic photosynthesis half a billion
years before the Great Oxidation Event
Noah J. Planavsky1*, Dan Asael2, Axel Hofmann3, Christopher T. Reinhard4, Stefan V. Lalonde5,
Andrew Knudsen6, Xiangli Wang1,7, Frantz Ossa Ossa3, Ernesto Pecoits8, Albertus J. B. Smith3,
Nicolas J. Beukes3, Andrey Bekker9, Thomas M. Johnson7, Kurt O. Konhauser8, TimothyW. Lyons9

and Olivier J. Rouxel2

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

Despite detailed investigations over the past 50 years, there is
still intense debate about when oxygenic photosynthesis evolved1,4,5.
Current estimates span more than a billion years of Earth history,
ranging from before 3.7Gyr ago (Ga; ref. 6), the age of the
oldest sedimentary rocks, to 2.5–2.3Ga, coincident with the rise
of atmospheric oxygen (the Great Oxidation Event, GOE; refs 7,8).
Until recently, organic molecular data were regarded as undisputed
evidence for cyanobacteria (and thus oxygenic photosynthesis)
by at least 2.7Ga5. However, given mounting evidence that
the initial excitement about this biomarker work was at least
premature4,9, there is essentially no solid constraint on the onset of
biological oxygen production. Current geochemical and biomarker
evidence for the development of oxygenic photosynthesis before
the GOE (2.5–2.3Ga) is, arguably, inconclusive1,4. As such, a new,
independent perspective is needed. We provide such a perspective
herein by usingMo isotopes in a newway to track the onset ofMn(II)
(Mn2+) oxidation and thus biological oxygen production.

The oxidation of Mn(II) in modern marine settings requires free
dissolved oxygen (O2). Moreover, given strong kinetic inhibition,

Mn(II) oxidation in marine settings is microbially mediated10,11,
with most microbial Mn(II) oxidation being attributed to direct
enzymatic activity11. This reaction can also be catalysed by
transmembrane protein-driven reduction of O2 to the redox
reactant superoxide (O2

�) and this pathway is also likely to be
significant in natural environments12,13. Where the kinetics of
marineMn oxidation have been studied in detail, O2 concentrations
exert a direct control on the rate of Mn oxidation and the reaction
can be modelled with Michaelis–Menten-type kinetics14. In simple
aqueous solutions, photochemical Mn oxidation under anoxic
conditions is possible15; however, this process is inhibited in the
presence of reductants (for example, Fe(II); ref. 15). Furthermore,
the rates of this process make it unlikely to be geologically
significant15. Finally, there is no evidence for environmentally
significant microbial phototrophic Mn oxidation, despite intensive
investigation on anoxygenic photosynthetic pathways. In this
regard, Mn is rather unique in its environmental specificity for O2
as an electron acceptor among the redox-sensitive transitionmetals,
many of which, like Fe, can be oxidized under anoxic conditions
either through amicrobial pathway and/or with alternative oxidants
such as NO3

�.
Microbial Mn oxidation in an aqueous environment requires O2

concentrations that are orders of magnitude higher than those in
gas exchange equilibrium with our best estimates for the prebiotic
or Archaean atmosphere ([O2]⌧10�5 present atmospheric levels1).
It is only through photosynthetic water splitting that free oxygen
would be produced in the requisite quantities, allowing local oxygen
to build up in aqueous environments. Therefore, if we find a clear
signal for appreciable Mn oxidation in the sedimentary rock record,
oxygenic photosynthesis is likely to have evolved by that time.

There are large Mo isotope fractionations, approximately
�2.7h in �98Mo, associated with the sorption of Mo (as a
polymolybdate complex) onto Mn oxyhydroxides (for example,
birnessite, vernadite; Fig. 1a; refs 16,17). In contrast, sorption of
Mo onto the Fe oxyhydroxide (for example, ferrihydrite) results
in a fractionation of only �1.1h (Fig. 1a) or less18. Therefore, if
Mn oxidation occurred during sediment deposition it would be an
important vector of Mo transfer to the sediment, and, owing to
the large associated Mo isotope fractionation, Mo isotope values
should become lighter with increasing Mn content, relative to Fe
content. In other words, we suggest that a positive correlation
between Fe/Mn ratios andMo isotope values in chemical sediments
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a  b  s  t  r  a  c  t

The early  Earth  was  essentially  anoxic.  A  number  of  indicators  suggest  the presence  of oxygenic  photosyn-
thesis  ∼2700–3000  million  years  (Ma)  ago,  but  direct  evidence  for  molecular  oxygen  (O2) in seawater  has
remained  elusive.  Here  we  report rare earth  element  (REE)  analyses  of ∼2800  million  year  old  shallow-
marine  limestones  and  deep-water  iron-rich  sediments  at Steep Rock  Lake,  Canada.  These  show  that
the seawater  from  which  extensive  shallow-water  limestones  precipitated  was  oxygenated,  whereas  the
adjacent deeper  waters  where  iron-rich  sediments  formed  were  not.  We  propose  that  oxygen  promoted
limestone  precipitation  by oxidative  removal  of  dissolved  ferrous  iron  species,  Fe(II),  to insoluble  Fe(III)
oxyhydroxide,  and  estimate  that  at least  10.25  !M oxygen  concentration  in seawater  was  required  to
accomplish  this at Steep  Rock.  This  agrees  with  the  hypothesis  that  an  ample  supply  of dissolved  Fe(II)
in  Archean  oceans  would  have  hindered  limestone  formation.  There is no direct  evidence  for  the  oxy-
gen source  at Steep  Rock,  but  organic  carbon  isotope  values  and  diverse  stromatolites  in  the  limestones
suggest  the  presence  of  cyanobacteria.  Our  findings  support  the view that  during  the Archean  signif-
icant  oxygen  levels  first  developed  in protected  nutrient-rich  shallow  marine  habitats.  They  indicate
that  these  environments  were  spatially  restricted,  transient,  and  promoted  limestone  precipitation.  If
Archean  marine  limestones  in  general  reflect  localized  oxygenic  removal  of  dissolved  iron  at  the  margins
of otherwise  anoxic  iron-rich  seas,  then  early  oxygen  oases  are  less elusive  than has been  assumed.

©  2014  Elsevier  B.V.  All rights  reserved.

1. Introduction

Progressive oxygenation of the atmosphere and hydrosphere
had a major long-term effect on Earth-surface environments and
the development of life. Its inception is widely attributed to the
development of oxygenic photosynthesis by cyanobacteria dur-
ing the Archean (Canfield, 2005, Holland, 2006). The existence of
oxygenic photosynthesis ∼2700 to 3000 Ma  ago (Canfield, 2005;
Nisbet et al., 2007; Buick, 2008; Schwartzman et al., 2008; Schopf,
2011) is suggested by chromium isotopes and redox-sensitive
metals in 2920–2980 Ma  sediments (Crowe et al., 2013), very neg-
ative carbon isotope values 2760 Ma  ago that suggest methane
oxidation (Hayes, 1994), phototrophic filaments in 2720 Ma  stro-
matolites (Buick, 1992), hydrocarbon biomarkers for oxygenic
photosynthetic cyanobacteria at 2720–2560 Ma  (Eigenbrode et al.,
2008), and correlated iron and molybdenum isotope composi-
tions in 2680 Ma  sediments (Czaja et al., 2012). Much of the early
free oxygen (O2) is thought to have been removed by reaction

∗ Corresponding author. Tel.: +1 865 974 9976.
E-mail address: rriding@utk.edu (R. Riding).

with dissolved iron in seawater, contributing to widespread depo-
sition of deep water iron- and silica-rich banded iron formation
(Canfield, 2005; Holland, 2006). Nonetheless, substantial amounts
of molecular oxygen might have accumulated locally in pro-
tected shallow-water environments that favored cyanobacterial
productivity (MacGregor, 1927; Cloud, 1965; Kasting, 1992) and
were sufficiently isolated so that the oxygen was  not all imme-
diately scavenged (Hayes, 1983). With a low rate of atmospheric
exchange, O2 levels in these ‘oxygen oases’ (Fischer, 1965) could
have approached 0.016 atm (0.08 PAL), even under an anoxic atmo-
sphere (Kasting, 1992; Pavlov and Kasting, 2002; Olson et al., 2013).

2. Steep Rock

We  collected samples from ∼2800 Ma (Fralick et al., 2008) lime-
stones at Steep Rock Lake, 5 km north of Atikokan, Northwestern
Ontario, in the central Wabigoon Subprovince of the Canadian
Shield (Supplemental Data). This 500 m thick (Fig. 1) unit of calcium
carbonate (CaCO3) was  chosen for study as the biogenic structures
are well preserved (Wilks and Nisbet, 1988) and there is little evi-
dence of chemical alteration (Veizer et al., 1982). The succession
was deposited on an oceanic, volcanic plateau (Fralick et al., 2008)

http://dx.doi.org/10.1016/j.precamres.2014.06.017
0301-9268/© 2014 Elsevier B.V. All rights reserved.
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Oxygenation of the Archean atmosphere: New paleosol constraints 
from eastern India
Joydip Mukhopadhyay1, Quentin G. Crowley2*, Sampa Ghosh1, Gautam Ghosh1, Kalyan Chakrabarti1,3,  
Brundaban Misra1,3, Kyle Heron2, and Sankar Bose1
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2Department of Geology, School of Natural Sciences, Trinity College Dublin, Dublin 2, Ireland
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ABSTRACT
It is widely believed that atmospheric oxygen saturation rose from 

<10−5 present atmospheric level (PAL) in the Archean to >10−2 PAL at 
the Great Oxidation Event (GOE) at ca. 2.4 Ga, but it is unclear if any 
earlier oxygenation events occurred. Here we report U-Pb zircon data 
indicating that a pyrophyllite-bearing paleosol, from Keonjhar in the 
Precambrian Singhbhum Craton of eastern India, formed between 
3.29 and 3.02 Ga, making it one of very few known Archean paleo-
sols globally. Field and geochemical evidence suggests that the upper 
part of the paleosol was eroded prior to unconformable deposition 
of an overlying sequence of shallow-marine siliciclastic sediments. A 
negative cerium anomaly within the currently preserved level of the 
paleosol indicates that ancient oxidative weathering occurred in the 
original upper soil profile. The presence of redox-sensitive detrital 
uraninite and pyrite together with a complete absence of pyrophyllite 
in the overlying sediments indicate that the mineralogical and geo-
chemical features of the paleosol were established prior to the uncon-
formable deposition of the sediments and are not related to subse-
quent diagenetic or hydrothermal effects. We suggest that a transient 
atmospheric oxygenation event occurred at least 600 m.y. prior to the 
GOE and ~60 m.y. prior to a previously documented Archean oxygen-
ation event. We propose that several pulsed and short-lived oxygen-
ation events are likely to have occurred prior to the GOE, and that 
these changes to atmospheric composition arose due to the presence 
of organisms capable of oxygenic photosynthesis.

INTRODUCTION
Paleosols are ancient soil horizons formed by terrestrial weathering 

of rock surfaces. They preserve chemical records of atmospheric composi-
tion and various biotic or abiotic mediated chemical weathering pathways 
at the time of their formation. Paleosols from deep time provide a valuable 
opportunity to study evolution of the early atmosphere and emergence of 
distinct processes on Earth (Bekker et al., 2004; Holland, 2006). Very few 
Archean paleosols have been documented worldwide; these include the Pil-
bara (Western Australia, 3.4 Ga; Johnson et al., 2008), Nsuze (South Africa, 
ca. 2.96 Ga; Crowe et al., 2013) and Mount Roe (Western Australia, 2.76 
Ga; Macfarlane et al., 1994) paleosols. The Pilbara and Mount Roe paleo-
sols indicate that surface weathering took place in an oxygen-poor atmo-
sphere (Macfarlane et al., 1994; Yang et al., 2002), although controversy 
exists surrounding the Mount Roe paleosols, in that some studies suggest 
oxygen was present (Ohmoto, 1996; Philippot et al., 2013). Work on the 
Nsuze Paleosol (Crowe et al., 2013) from the Pongola Supergroup of South 
Africa suggests that by 2.96 Ga, oxygen levels had risen to at least 3 × 10−4 
present atmospheric level (PAL), thus extending the chemical record of the 
first appreciable levels of atmospheric oxygen by ~500 m.y.

Here we describe a previously undated supracrustal sequence in 
the Singhbhum Craton of eastern India. We demonstrate that a paleosol, 
termed the Keonjhar Paleosol, formed between 3.29 and 3.02 Ga, and 
did so in the presence of molecular oxygen. This is the world’s oldest 
documented example of oxidative weathering. These findings further push 

back the age at which pre–Great Oxidation Event (GOE; ca. 2.4 Ga) oxy-
genation of Earth’s atmosphere occurred. By integrating our findings with 
those from Archean supracrustal rocks, we give additional support to pro-
posed models for both a pre-GOE oxygenation (Anbar et al., 2007; Crowe 
et al., 2013; Planavsky et al., 2014) and fluctuating Archean atmospheric 
oxygen levels (Lyons et al., 2014; Rosing and Frei, 2004).

GEOLOGICAL SETTING
The Keonjhar Paleosol has previously been described; however, 

there have been no radiometric age constraints on its formation and it was 
speculated to be Paleoproterozoic in age (Bandopadhyay et al., 2010). The 
paleosol occurs between a Paleoarchean to Mesoarchean (3.3–3.1 Ga) mul-
ticomponent tonalite-trondhjemite-granodiorite (TTG) batholith known as 
the Singhbhum Granite and a thick unconformable succession of shallow-
marine quartzarenite sandstones and interbedded conglomerates (Fig. 1A). 
These siliciclastic sediments are exposed along a nearly continuous outcrop 
bordering a Paleoarchean (3.51–3.3 Ga) greenstone belt termed the Iron Ore 
Group (Mukhopadhyay et al., 2008, 2012). The sandstones are known as 
the Mahagiri Quartzite in the southeast and the Pallahara–Mankaharchua 
Quartzite in the west, along a >100 km southeast-northwest transect from 
the town of Keonjhar (Fig. 1A). One part of the sandstone outcrop also 
extends north for more than 80 km from Keonjhar. A clear angular uncon-
formity exists between the sandstones and underlying greenstone belt rocks 
as well as the TTG granitoids (Mukhopadhyay et al., 2012). The best expo-
sures of Keonjhar Paleosol occur near Madrangijori village, 6 km north of 
Keonjhar (Fig. 1A), where quartzarenite sandstones unconformably overlie 
the paleosol (Fig. 1B), which passes downward into saprolite and altered 
granite. The paleosol thickness varies from 1 m to >6 m and is distinguished 
by its contrasting pale color and talc-like feel. Petrographically the paleosol 
is dominantly composed of pyrophyllite and quartz (Fig. 1E), with subordi-
nate amounts of illite and muscovite. Pyrophyllite forms from kaolinite and 
quartz in very low grade metamorphic conditions, whereas kaolinite forms 
as a pedogenetic phyllosilicate due to chemical weathering of feldspar (from 
the original granite). The siliciclastic sediments from this region are devoid 
of pyrophyllite but contain detrital uraninite and pyrite (Figs. 1C and 1D). 
Detrital uraninite and pyrite have also been described from conglomerates 
near the western margin of the Bonai Granite (Fig. 1A) (Kumar et al., 2012) 
and are significant in that they illustrate low surface oxygen conditions of 
<10−3 PAL (Canfield et al., 2000) at the time of their deposition.

AGE OF THE KEONJHAR PALEOSOL
A component of the Singhbhum Granite, termed the Keonjhar-

Bhaunra Granite, forms the substrate to the paleosol. It has been dated 
as ca. 3.29 Ga (Tait et al., 2011) and represents the oldest possible age of 
formation of the Keonjhar Paleosol. Here we present U-Pb detrital zircon 
age spectra from seven representative samples (Table DR1 in the GSA 
Data Repository1) of the entire quartzarenite sandstone outcrop belt. Our 

*E-mail: crowleyq@tcd.ie.
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1GSA Data Repository item 2014329, Table DR1 (U-Pb detrital zircon 
ages) and Table DR2 (trace element concentrations of samples from Keonjhar 
Paleosol profile), is available online at www.geosociety.org/pubs/ft2014.htm, or 
on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 
9140, Boulder, CO 80301, USA.
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Abstract

Most geochemical proxies and models of atmospheric evolution suggest that the amount of free O2 in Earth’s atmosphere
stayed below 10!5 present atmospheric level (PAL) until the Great Oxidation Event (GOE) that occurred between "2.2 and
2.4 Ga, at which time free O2 in the atmosphere increased to approximately 10!1 to 10!2 PAL. Although photosynthetically
produced “O2 oases” have been proposed for the photic zone of the oceans prior to the GOE, it has been difficult to constrain
absolute O2 concentrations and fluxes in such paleoenvironments. Here we constrain free O2 levels in the photic zone of a Late
Archean marine basin by the combined use of Fe and Mo isotope systematics of Ca–Mg carbonates and shales from the 2.68
to 2.50 Ga Campbellrand–Malmani carbonate platform of the Kaapvaal Craton in South Africa. Correlated Fe and Mo iso-
tope compositions require a key role for Fe oxide precipitation via oxidation of aqueous Fe(II) by photosynthetically-derived
O2, followed by sorption of aqueous Mo to the newly formed Fe oxides. A dispersion/reaction model illustrates the effects of
Fe oxide production and Mo sorption to Fe oxides, and suggests that a few to a few tens of lM free O2 was available in the
photic zone of the Late Archean marine basin, consistent with some previous estimates. The coupling of Fe and Mo isotope
systematics provides a unique view into the processes that occurred in the ancient shallow ocean after production of free O2

began, but prior to oxygenation of the deep ocean, or significant accumulation of free O2 in the atmosphere. These results
require oxygenic photosynthesis to have evolved by at least 2.7 Ga and suggest that the Neoarchean ocean may have had
a different oxygenation history than that of the atmosphere. The data also suggest that the extensive iron formation deposition
that occurred during this time was unlikely to have been produced by anoxygenic photosynthetic Fe(II) oxidation. Finally,
these data indicate that the ocean had significant amounts of O2 at least 150 Myr prior to previously proposed “whiffs” of
O2 at the Archean to Proterozoic transition.
! 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Development of free O2 in Earth’s oceans and atmo-
sphere reflects a major milestone in the evolution of life.

Although some geologic evidence indicates significant free
O2 may have existed in Earth’s atmosphere and oceans
much earlier than 2.4 Ga, perhaps as far back as "3.8 Ga
(e.g., Towe, 1994; Ohmoto, 1996; Ohmoto et al., 2006;
Hoashi et al., 2009), the majority of models for Earth’s
atmospheric evolution, and evidence from the geologic re-
cord, indicate that the atmosphere was virtually devoid of
free O2 in the Archean. The first major increase in
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Archean marine basin by the combined use of Fe and Mo isotope systematics of Ca–Mg carbonates and shales from the 2.68
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tope compositions require a key role for Fe oxide precipitation via oxidation of aqueous Fe(II) by photosynthetically-derived
O2, followed by sorption of aqueous Mo to the newly formed Fe oxides. A dispersion/reaction model illustrates the effects of
Fe oxide production and Mo sorption to Fe oxides, and suggests that a few to a few tens of lM free O2 was available in the
photic zone of the Late Archean marine basin, consistent with some previous estimates. The coupling of Fe and Mo isotope
systematics provides a unique view into the processes that occurred in the ancient shallow ocean after production of free O2

began, but prior to oxygenation of the deep ocean, or significant accumulation of free O2 in the atmosphere. These results
require oxygenic photosynthesis to have evolved by at least 2.7 Ga and suggest that the Neoarchean ocean may have had
a different oxygenation history than that of the atmosphere. The data also suggest that the extensive iron formation deposition
that occurred during this time was unlikely to have been produced by anoxygenic photosynthetic Fe(II) oxidation. Finally,
these data indicate that the ocean had significant amounts of O2 at least 150 Myr prior to previously proposed “whiffs” of
O2 at the Archean to Proterozoic transition.
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a b s t r a c t

Mass-independently fractionated sulfur isotopes (MIF-S) provide strong evidence for an anoxic atmo-
sphere during the Archean. Moreover, the temporal evolution of MIF-S shows increasing magnitudes
between 2.7 and 2.5 Ga until the start of the Great Oxidation Event (G.O.E.) at around 2.4 Ga.
The conclusion of a completely anoxic atmosphere up to the G.O.E. is in contrast to recent studies on
redox-sensitive elements, which suggest slightly oxidizing conditions during continental weathering
already several hundred million years prior to the G.O.E. In order to investigate this apparent
inconsistency, we present multiple sulfur isotopes for 2.71 Ga pyritic black shales derived from the
Kidd Creek area, Ontario, Canada. These samples display high positive D33S values up to 3.8% and the
typical late Archean slope in D36S/D33S of !0.9. In contrast, the time period before (3.2–2.73 Ga) is
characterized by greatly attenuated MIF-S magnitudes and a slope in D36S/D33S of !1.5. We attribute
the increase in D33S magnitude as well as the contemporaneous change in the slope of D36S/D33S to
changes in the relative reaction rate of different MIF-S source reactions and changes in atmospheric
sulfur exit channels. Both of these are dependent on atmospheric CH4:CO2 and O2 mixing ratios. We
propose a distinct change in atmospheric composition at 2.7 Ga resulting from increased fluxes of
oxygen and methane as the best explanation for the observed Neoarchean MIF-S record. Our data and
modeling results suggest that oxygenic photosynthesis was a major contributor to primary productivity
2.7 billion years ago.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Earth’s atmosphere is thought to have witnessed a first
significant rise in atmospheric oxygen abundance some 2.4 billion
years ago (Ga), commonly referred to as the Great Oxidation
Event (Holland, 2006). The temporal record of mass-
independently fractionated sulfur isotopes (MIF-S, expressed as
D33S) in sedimentary rocks of Archean and early Proterozoic age
bracket this event between 2.45 and 2.32 Ga (Bekker et al., 2004;
Guo et al., 2009). The Archean D33S record, however, displays
significant variations in magnitude and sign (Farquhar et al.,
2010), which might provide additional information in respect to
atmospheric evolution. Different processes were suggested as a

cause for the observed MIF-S signals (Farquhar et al., 2001;
Francisco et al., 2005; Lyons, 2009; Watanabe et al., 2009), but
most widely accepted is the dissociation of SO2 via short ultra-
violet radiation (i.e. SO2þhv-SOþO; Farquhar et al., 2001; Ono
et al., 2003). This volcanogenic sulfur dioxide is believed to carry
no MIF-S signature (D33S¼070.2%; Farquhar et al., 2010). In
contrast, the final products of photochemistry under reducing
conditions are S8 (elemental sulfur from SOþhv-SþO is most
stable in this polymerized, cyclic form) with positive D33S values
and the residual SO2 and/or sulfuric acid (H2SO4) with negative
D33S values (Farquhar et al., 2001; Ono et al., 2003), both of which
are delivered to the ocean and subsequently to the sediments.
Although the details of how SO2 photolysis creates specific signs
and magnitudes in D33S are still debated (Lyons, 2009; Ueno et al.,
2009), modeling results indicate that an atmospheric oxygen
concentration lower than 10!5 of the Present Atmospheric Level
(PAL) is a precondition for the preservation of the distinctly
different D33S values in marine sediments (Pavlov and Kasting,
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Archean “whiffs of oxygen” go Poof! 

JOSEPH L. KIRSCHVINK 1,*, TIMOTHY D. RAUB 2, & WOODWARD 

FISCHER1
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NASA’s scientific drillcore ABDP-9 penetrated ~90 m of strata 

from the Archean-Paleoproterozoic boundary interval in the mid- 

Hamersley Basin of the Pilbara craton, Western Australia beneath 

~100 m of regolith.  A series of geochemical studies of the core in the 

past 5 years starting with [1, 2] have reported Mo and Re 

concentration enrichments, mass-independent sulfur isotope 

fractionations, 15N-enrichments, and iron speciation that were argued 

to represent “whiffs” of atmospheric oxygen. These datasets have lent 

support to controversial traces of biomarkers in both this unit and 

strata elsewhere in the Hamersley Basin that have been interpreted to 

contain evidence for cyanobacteria and eukaryotes inhabiting 

widespread late Archean niches. Similar, though less conspicuous 

Mo, Re, S, N, Fe, and lipid biomarker anomalies in ~2.7-2.5 Ga 

marine strata of South Africa’s Kaapvaal cratonic margin have been 

interpreted in context of ABDP-9 “whiffs” of oxygen to suggest even 

“pervasive” Late Archean oxygenation. These interpretations are 

surprising because they appear to conflict with other longstanding 

geological proxies (e.g. red beds, redox-sensitive detrital grains, mass 

independent S fractionation) that suggest the rise of oxygen occurred 

several hundred million years later. If correct, these data solicit a 

complete reevaluation of our knowledge of how solid Earth and 

surface Earth processes operate to keep oxygen in balance over 

geological time. It is reasonable to ask whether the inferences made 

from elemental and isotopic relationships captured in these rocks are 

sufficiently strong to warrant such reevaluation.  

We present new observations from ABDP-9 that reveal 

significant open-system, post-depositional alteration of the 

sedimentary rocks in this region of the Hammersley Basin: these 

include observations of widespread highly-crystalline, high-

temperature, late-stage chlorite veins, preferentially developed within 

shale lithologies and concentrated in the “whiff” interval, locally 

associated with iron and sulfur metasomatism; and regionally set in 

~300-450 °C burial metamorphic, multiply-deformed terrane. 

Preliminary micro-scale work to measure isotopic and elemental 

abundances show clear texture-specific differences that may allow 

untangling of several episodes of diagenesis and metasomatism to 

provide a framework for better interpreting the bulk data. 

These post-depositional features in ABDP-9 argue that the 

‘whiffs’ are metasomatic artifacts. We suspect similar problems in 

other Archean cores, which are sulfide-remagnetized during orogenic 

episodes associated with Pb-Zn-mineralizing crustal fluids in the 

foreland.  We note that a late origin of oxygenic photosynthesis can 

explain the Lomagundi-Jutali event, the Makganyene snowball, the 

Kalahari Mn field, the Sishen iron deposit, and Shungite deposition 

[3]. The timing is consistent with recent molecular clock estimates for 

the radiation of the Eukaryotes, which post-date 2 Ga. [4]. 

[1] Kaufman et al., Science 317(2007): 1900-1903. [2] Anbar et al., 

Science 317(2007): 1903-1906.  [3] Kirschvink et al., GCA 73, 

A662-A662. [4] Parfrey et al., PNAS 108 (2011): 13624-13629. 

Nitrate transformation and 
immobilization: effects of biotic-

abiotic and oxic-anoxic conditions  
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Biogeochemistry under redox-dynamic conditions: 

processes, speciation, and fluxes 
It has been hypothesized that incorporation of dissolved 

inorganic nitrogen into organic matter (OM) via abiotic (chemical) 

prossesses is one of the mechanisms that account for the high N 

retention observed in temperate forest soils [1]. Soil incubations 

under sterile conditions have shown that N from nitrate (N-NO3
-) is 

rapidly transformed to organic nitrogen [2, 3]. Transformation of N-

NO3
- to organic nitrogen involves a decrease in N oxidation state. 

Hence, NO3
- reduction to nitrite (NO2

-) or other more reduced species 

may be a required step prior to N immobilization. In this study, solid 

OM was spiked with 15NO3
- and incubated in suspensions in four 

combinations of biotic-abiotic and oxic-anoxic conditions at pH 6.5 

for five days. Our objectives are to elucidate how biotic-abiotic and 

redox conditions affect NO3
- transformations and to determine 

whether N-NO3
- will be incorporated into solid OM under abiotic 

conditions.  Within the first hour, the experimental (NO3
- spiked) system 

incubated under biotic and oxic (Bio-Ox) conditions showed a drastic 

decrese (22%) in NO3
- concentration, which increased again towards 

the end of incubation. Increases in the concentrations of NH4
+ and 

dissolved organic nitrogen (DON) in the experimental system were of 

the same magnitude as in the blank (no NO3
- spiked) systems. 

However, significant increases did not occur until after ~3 days in the 

blank. These results suggest that NO3
- addition accelerates microbial 

activity, which facilitates N mineralization to NH4
+. Incubations of 

experimental and blank systems under abiotic oxic (Abio-Ox) 

conditions showed no significant change in NH4
+ with time; but a 

steady increase, of the same magnitude, was observed for DON.  The 

experimental system showed a steady decrease in NO3
- of 8% with 

time under Abio-Ox conditions. Comparison of Bio-Ox and Abio-Ox 

systems thus suggests that microbial activity is not required for the 

production of DON, but seem to be needed for DON mineralization 

to NH4
+.   

We also performed incubations under anoxic conditions to test 

whether the same mechanisms are operative in reduced environments, 

e.g., in the interior of soil aggregates or wetlands. Under anoxic 

conditions, the spiked NO3
- disappeared within the first 24 h in both 

the biotic and abiotic experimental systems. In these systems, NO2
- 

was detected; its concentration first increased then droped to zero. 

Biotic anoxic (Bio-Anox) systems showed an increase in the 

concentration of NH4
+ with time. However, the increase of NH4

+ in 

the experimental system was twice that of the blank. Another striking 

result is that DON in the blank increased with time whereas it 

remained constant in the experimental system. Under abiotic anoxic 

(Abio-Anox) conditions, the experimental and blank systems showed 

the same trend and magnitude in DON decrease and NH4
- increase.  

Disappearance of NO3
- and NO2

- detection under anoxic 

conditions suggest that NO3
- is reduced to NO2

- which is either 

volatized or incorporated into the solid OM. Under biotic conditions, 

immobilization (microbial and chemical) seems to be the primary 

pathway for NO3
- disappearance. Our interpreation of the fate of NO3

- 

under various conditions will be further verified by 15N 

measurements.   [1] Aber et al. (1998) Bioscience 48, (11), 921-934. [2] Dail et al. 

(2001) Biogeochemistry 54, (2), 131-146. [3] Fitzhugh et al. (2003) 

Global Change Biology 9, (11), 1591-1601.  

 
…. s ign i f i can t open-sys tem, pos t -

depositional alteration of the sedimentary 

rocks in this region of the Hamersley 

Basin….  
….widespread highly-crystalline, high-

temperature, late-stage chlorite veins, 

preferentially developed within shale 

lithologies and concentrated in the “whiff” 

interval…  

 
 
… The analysis is further complicated 

by the presence of a thick, intrusive 

igneous sill within metres of the 

Sinqeni beds that were studied from a 

drill core… 

 
… additional samples that were 

collected from a weathered outcrop 

further away… 

 
… cou ld equa l l y be t ha t t he 

sedimentary geochemistry reflects the 

d i f f e r e n t f o r m s o f a l t e r a t i o n 

experienced by the core and outcrop 

rather than any primary feature… 

 
… I t i s a lso unc lear whether 

manganese oxides must indicate the 

presence of free oxygen…. 
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news & views

Marine sediments underlying oxygenated 

waters are usually a soupy mix. They 

are often poked, prodded or digested by 

creatures in the substrate and the waters 

above. Tiny foraminifera and ostracods 

crawling through the sediments, larger 

animals burrowing, and even puffer fish 

creating sand art, all rework the sea floor 

to depths of eight or more centimetres. 

In stark contrast, sediments underlying 

anoxic waters tend to be neatly layered, 

undisturbed since deposition.

Before the evolution of digging 

creatures, sediments were unmixed, 

too. Generally, early records of fossilized 

burrows and feeding trails, evident from the 

earliest Cambrian period about 550 million 

years ago, are considered the onset of 

sediment mixing. This Cambrian substrate 

revolution is thought to have ushered 

in the era of the oxygenated sediment 

column, with substantial implications for 

biogeochemical cycles, particularly for 

the amount of phosphorus retained in the 

sediments. Lidya Tarhan and Mary Droser, 

however, suggest there may have been 

a considerable delay between the onset 

of burrowing and the full bioturbation of 

marine sediments (Palaeogeogr. Palaeoclim. 

Palaeoecol. http://doi.org/rt7; 2013).

Late to the mixPALAEONTOLOGY

Tarhan and Droser assessed the 

sedimentary fabric of large sections of 

early and middle Cambrian-aged rocks. 

The sections, from the Great Basin (USA), 

southern Spain and Newfoundland, were 

deposited in shallow, oxygenated marine 

settings. Even in individual beds with high 

concentrations of burrows, the fabric of 

the surrounding sediment was minimally 

disrupted. So it seems that little mixing 

occurred outside the burrows. The earliest 

evidence for a prominent sedimentary 

mixed layer occurred no earlier than the 

middle Cambrian. This is at least 30 million 

years after the inferred evolution of 

trilobites, whose search for food in the 

sediments was thought to have churned 

the sea floor.

Without significant mixing that could 

have brought oxygen-rich water down, 

the sediment column should have been 

largely anoxic, even though the overlying 

waters were oxygenated. Largely anoxic 

sediments, in turn, could explain the 

sulphur isotope signature of seafloor 

minerals at this time, and would also have 

promoted the preservation of soft-bodied 

organisms, whose fossils are relatively 

abundant in early Cambrian-aged rocks. 

The coexistence of anoxic sediments 

and an oxygenated water column 

throughout much of the shallow oceans 

represents a highly unusual state. This 

anomaly is one of the factors that mark 

the early Cambrian oceans as the unique 

and irreversible transition from an anoxic 

microbial domain to the oxygenated 

multicellular world.

ALICIA NEWTON
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Cyanobacteria at work

Oxygen-producing photosynthesis must have evolved before the pervasive oxidation of the atmosphere around 

2.4 billion years ago, but how long before is unclear. Geochemical analyses of ancient sedimentary rocks now 

suggest that cyanobacteria generated oxygen at least 3 billion years ago.

Alan J. Kaufman

W
ith every breath, we and other 

animals are indebted to the 

cyanobacteria. These microbes 

developed the capacity to harness light 

energy to harvest electrons and hydrogen 

from water and use them to fix carbon 

into organic matter in the process of 

oxygenic photosynthesis. As an unintended 

consequence of this biochemical innovation, 

surplus oxygen was released, and slowly built 

up in the ocean and atmosphere. The antiquity 

of this microbial process, as well as the path 

to the ultimate rise of oxygen to modern 

levels, has long been a source of debate. 

Complicating the issue, the key biochemical 

fingerprint for cyanobacteria, found in 

2.7-billion-year-old organic-rich sedimentary 

rocks from Western Australia, is likely to be 

a contaminant1,2. Searching for an alternative 

barometer of ancient oxygen levels, Planavsky 

and colleagues3 present in Nature Geoscience 

a study of molybdenum isotopes in middle 

Archaean and late Palaeoproterozoic banded 

iron formations (Fig. 1), and suggest that 

oxygenic photosynthesis evolved at least 

3 billion years ago.

The molybdenum isotope signature of 

ancient marine sediments may be used to 

assess past oxygen concentrations in the 

overlying water column. The concentration 

of the trace element molybdenum in sea 

water is expected to scale with the oceanic 

oxygen level. This scaling occurs because the 

molybdate anion (MoO4
2−) is more soluble in 

oxidized sea water than the reduced form of 

the element, which is found in water lacking 

oxygen. The adsorption of molybdate anions 

to the surface of manganese-rich oxides and 

oxyhydroxides, such as the nodules that 

© 2014 Macmillan Publishers Limited. All rights reserved



EARTHBLOOM	Objec&ves	
✤  When	did	oxygenic	photosynthesis	arise	on	Earth?	

✤  When	did	phototrophic	life	begin	exer&ng	control	over	the	carbon	cycle?	

Earth’s first biological 
bloom: 

An	integrated	field,	geochemical,	and	geobiological	examina&on	of	the	origins		
of	photosynthesis	and	carbonate	produc&on	3	billion	years	ago		
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Modifié à partir de Kusky et Hudleston, 1999!

https://chalkboardpublishing.com/quizzes/topic-the-canadian-shield/!

Trois sites mésoarchéens situés dans la 
Province Supérieure au Canada:!
!
Red Lake Greenstone Belt !2,87 Ga!
!
Woman Lake Greenstone Belt !2,86 Ga!
!
Steep Rock Group ! !2,80 Ga !



Stromatolithes dolomitiques en dômes (A) et stromatolithes calcitiques laminés (B) des carbonates de Red Lake. Photos de Afroz (2019)!
!

Lithofaciès sédimentaires du Ball Assemblage au Red Lake!

à  plus de 200 m de carbonates (dolomite et calcite), largement stromatolithiques, composés également 
de lits massifs de calcite et de couches de crystal fans!



à grande diversité de microbialites:!

stromatolithes divers, thrombolithes, microbialites 
fenestrés!
!
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Photos provenant de Ramsay (2020)!

Lithofaciès sédimentaires du Woman Lake Assemblage!



– grande diversité de microbialites, incluant des 
stromatolithes columnaires, stratiformes, fenestrés, 
dômes multi-métriques, et d’autres carbonates 
associés (grainstones, crystal fans)!
!
!

Lithofaciès sédimentaires du Steep Rock Group!

Images provenant de Fralick et Riding (2015)!

similar material. Sample 8-24: from Unit 4, 23 m above base of section,
laminated dark gray limestone (Sample 8-24A) with white calcite filled
vugs (Sample 8-24B). In Unit 5, ~24.5–32.5 m above the tonalite, small
stromatolite domes with millimetric layering mainly composed of
dense mid-pale gray limestone, locally picked out by Fe-carbonate

laminae, are common. Unit 6 contains laterally persistent centimetric
beds of flat layered gray limestone showing bed disruption and inter-
tonguing that may be synsedimentary. Unit 7 occurs 37–40.5 m above
the tonalite. Small obliquely oriented, laterally linked stromatolite col-
umns (2–3 cm wide, 10 cm high) that may reflect current influence

Fig. 6.HogarthMember, Locality 1.Well-preserved stromatolites in the upper part of Unit 1, ~10m above the lowest level of tonalite and level with the top of the buried tonalite hill (see
Fig. 5). A) Domal-stratiform biostrome with laterally linked centimetric domes. B) Crinkly stratiform stromatolite associated with low domes. C) Layering accentuated by alternations of
gray calcite and brown ferroan dolomite (ankerite). D) Enveloping laminae in successive domal forms. Coin diameter 19 mm.

Fig. 7.Atikokania, HogarthMember, Locality 1. A) Partly hematizeddecimetric horizon ofmostly upward oriented radial clusters of narrow crystals, 2mabove baseUnit 7. B) Similar radial
crystals, mostly downward oriented, near base of Unit 7.
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8.3.1. Unit 1
40m, base not seen, section commences at a pale green-gray diabase

dyke, dark–light cm–dm bedded limestone with locally abundant
laminoid fenestrae, beds show good lateral continuity.

~6 m pale gray-green diabase dyke

8.3.2. Unit 2
9 m, as Unit 1.

8.3.3. Unit 3
15mwell layered light–dark limestonewith large (0.75mhigh, 1.5–

2 m wide) smooth steep-sided (Ribbon Rock) domes (Fig. 13A) 2 m
above base; composed of dark–light layers (Fig. 13E, F), some delicately
laminated (Fig. 13C), overprinted by traces of radial fabric. 10 m above
base, centimetric light layers (sheet crack fenestrae) are abundant
(Fig. 14C) in complex stromatolitic macrofabrics with radial fan fabric
(Fig. 14G). In the top 2 m of Unit 3, stromatolitic fabrics are well-
developed, with laterally linked large and small domes with abundant
fenestrae (Fig. 15A, B). Light–dark thrombolite-like mottled fabric, pos-
sibly disrupted/altered, also occurs (Fig. 16). Samples: SR-2, 2 m above
base, SR-2A parallel laminated layers of dark gray possible granules

and fine-grained sand, SR-2B parallel laminated possible very fine to
fine-grained sand; SR-5, 10m above base, SR-5A very dark parallel lam-
inated limestone with small stromatolitic domes, SR-5B white blocky
cement filling fenestrae.

8.3.4. Unit 4
10 m limestone with weathered surfaces associated with dyke and

fault; fault displacement uncertain.

8.3.5. Unit 5
27 m well layered, thinly (cm/dm) banded, dark-gray and black

limestone with abundant white spar filled fenestrae (Fig. 14). In the
lower part of the unit (e.g., 4.5 to 7 m above the base) generally
laminoid fenestrae make up ~30% of rock. Some are 1 cm thick sheet
cracks but most are very irregular, almost hieroglyphic in shape, from
2 to 3 mm to 0.5 × 3 cm in size, with generally flatter bases than tops.
They are separated by fenestra-poor bands of darker limestone, and lo-
cally are associated with Fe-carbonate layers (Fig. 14D, E). Similar fab-
rics are also seen in large fallen blocks at this location. The top 2 m of
Unit 5 consists of 2–10 cm bands of (i) mottled fenestral fabric, (ii)
pale wavy layered crusts, (iii) dark limestone with sheet cracks and/or
large anastomosing fenestrae, and (iv) dark gray ‘granular’ limestone

Fig. 9.Narrow columnar stromatolites, HogarthMember, Unit 11, Locality 1. Vertical sections of columns showing bridging laminae.Most of the apparent coarse grains could beproducts of
recrystallization. A) Shows local sub-parallel branching (loose Sample 8-43, from foot of slope). B, C) Elongate finger-like columns showingwalls and sub-parallel branching (loose Sample
8.44, 0.5 km to north).

Fig. 10. Upper Hogarth Member, Locality 2. Transition (marked by hat) from hematized zone (Unit 13) on left, to Unit 14 (center and right). Unit 14 consists mainly of bedded dark gray
limestone, locally possibly grainy and cross-bedded (see Fig. 11), separated by darker apparently finer grained limestone. Hat 33 cm wide.
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à   comportement géochimique cohérent sauf dans certaines 
conditions!

à   puissants traceurs pale ́o-environnementaux !
!

à   rayons ioniques modérés, ions chargés généralement (+III), peu 
mobiles et généralement bien conservés dans les roches 
carbonatées !

 !
à   fournissent des informations importantes sur la composition de 

l'eau de mer lors du dépôt des sédiments!

Les terres rares (REE):!

Tostevin et al., 2016 !
	



Plusieurs indicateurs utiles chez les REE (en incluant Y)!
!

à   Anomalie en La (La/La*): !salinité!
à   Anomalie en Y/Ho: ! !océan ouvert / fermé!

à   Enrichissement HREE: !complexation (REE)CO3
2-!

à   Anomalie en Eu (Eu/Eu*): !fluide haute température!

à   Anomalie en Ce (Ce/Ce*): !présence d’oxygène!

! !à oxydation Ce(III) → Ce(IV)!
soluble → insoluble!

Les terres rares (REE):!

Tostevin et al., 
2016 !
	



Bohlar et al (2004) 

mation (BIF), provide a record of certain aspects of
seawater composition through Earth’s history. Be-
cause oceanic trace element and isotope inventories
reflect a balance between mantle-derived vs. conti-
nental-derived inputs, the temporal evolution of
seawater chemistry proxies offers important clues
to past surface processes. Marine precipitates are
also important targets in the search for traces of
early life. On the one hand, they may contain
chemical, isotopic or molecular remains of organ-
isms that lived or were deposited in chemical
sediments. On the other hand, aspects of the
recorded marine chemical and isotopic inventory
themselves may hold clues to the presence of life
in the oceans at the time of sediment deposition.
Two separate claims for traces of early life in
chemical sediments [1,2] have recently been chal-
lenged (e.g., [3,4]). In both cases the authors not
only questioned the actual evidence for traces of
life but also the nature of the rocks in which these
traces were discovered. Here we specifically address
this latter topic because we believe that compre-
hensive trace element data are capable of ascertain-
ing whether a particular rock was deposited as
sediment with chemical features inherited from
seawater.

We begin with a review of current knowledge
about the trace element characteristics of modern and
ancient seawater, as reflected in the geochemical
compositions of present-day seawater, Phanerozoic
and Precambrian chemical sediments. Emphasis is
placed on the rare earth elements (REE) and Y.
Processes will be discussed which fractionate these
elements in various physicochemical environments,
thereby producing the characteristic trace element
signatures in seawater-precipitated sediments. We
then present new data for 3.7–3.8 Ga samples of
BIF in order to establish whether early Archaean
ocean water chemistry was controlled by processes
similar to those operating during later time. REE +Y
are also explored in light of contamination by detrital
phases, diagenetic and metamorphic overprinting and
mixing between water masses with distinct REE +Y
inventories. Finally, we use the identified geochem-
ical criteria to test whether some of the rocks
claimed to contain traces of earliest marine life were
indeed deposited as chemical sediments in the an-
cient oceans.

2. Geochemical characteristics of modern seawater

Abundances of REE +Y in modern seawater from
the open ocean (and anoxic marine basins) (Fig. 1) are
controlled by factors relating to different input sources
(terrestrial vs. hydrothermal) and by particle–solution
interactions, in turn functions of water depths, salinity
and redox state of seawater [5]. An understanding of
these processes is prerequisite for identifying seawater
signatures of past oceans, and key features are sum-
marised below.

A relative deficiency of Ce relative to neighbouring
REE is one of the most characteristic features of
modern seawater. The anomaly can be understood in
terms of oxidation of trivalent Ce to less soluble,
tetravalent Ce and subsequent removal through scav-
enging by suspended particles that settle through the
water column (e.g., [6]). This is well reflected by
decreasing dissolved Ce abundances with depth, in
contrast to the nutrient-like behaviour of the remain-
ing REE [7]. REE patterns with positive Ce anomalies
in settling particles support preferential scavenging of
Ce over remaining REE [8].

An equally important but considerably less dis-
cussed feature is the strong positive La anomaly of
seawater in shale-normalised REE patterns. It has

Fig. 1. PAAS-normalised REE+Y diagram showing representative

compositions for modern seawater: South Pacific (average of 0, 9

and 30 m depth samples from stations SA-5: [16]), North Pacific

Deep Water (NPDW at depth 2500 m: [26]), South Ocean (at depth

3 m: [7]), Black Sea (average of 180, 800 and 2185 m depth

samples: [22] and Saanich Inlet (average of 165 and 215 m depth

samples: [61]). Note that the latter three datasets lack concentrations

for elements which are essential for calculating elemental anomalies

characteristic of seawater (La, Ce and Y anomalies).
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Archaean Australian shale of Taylor and McLennan
[23] as this composition has been most frequently
used in normalisation procedures and thus facilitates
comparison with literature data.

3. Geochemical characteristics of seawater proxies

The geochemistry of marine sediments has proved
to be a powerful tool for studying geologic environ-
ments and processes through time. In particular,
marine sediments which precipitated directly from
seawater (e.g., cherts and BIFs) provide important
clues to the complex evolution of the terrestrial
atmosphere–hydrosphere–lithosphere system since
the early Archaean. Early studies on BIFs have
demonstrated the significance of changing Eu and
Ce anomalies for interpreting changes in the oxidation
states of marine waters (e.g., [27]) and evaluating the
role of hydrothermal inputs into the oceans with time
[28]. Derry and Jacobsen [29] and Alibert and McCul-
loch [30] presented comprehensive studies of BIFs
(Archaean and Proterozoic) and found that REE and
Nd isotope systematics can be explained in terms of
mixing of submarine hydrothermal vent fluids and
ambient seawater at variable proportions. Despite

having provided significant insights into the chemistry
and formation of Archaean BIFs, early studies failed
to recognise many of the compositional features
observed in modern seawater. This was largely due
to a lack of complete datasets. However, the mono-
isotopic elements Pr and Tb are both essential for
assessing anomalous abundances of Ce and Gd. Also,
in earlier studies, Y was not included in shale-nor-
malised graphic presentations of trace elements, al-
though this element proved to be a fingerprint of
seawater. In subsequent years, studies have been
refined and complemented by more precise and com-
plete datasets using inductively-coupled-plasma mass
spectrometry (ICP-MS) (e.g., [24]). More recently,
studies of marine REE +Y systematics have been
extended to include microbial carbonates (Fig. 2),
which appear to contain higher absolute abundances
than BIF and chert and offer excellent potential for
geochemical reconstruction [31,32].

4. Sample collection

All samples were collected by S. Moorbath, except
for sample AK33, which was collected from Akilia by
C. Fedo and M. Whitehouse. The samples are from
three separate early Archaean terrains in southwestern
Greenland.

Seven samples (155 781, 155 782 155 783, 248 470,
SM-GR 93/45, SM-GR 93/47, SM-GR 96/23) are
finely laminated, variably deformed rocks from the
easternmost sector of the 3.71–3.81 Ga Isua Green-
stone Belt (IGB), which contains the largest and most
typical BIF formations (see [33] for review). The first
three BIF samples listed were described byMoorbath et
al. [34] who obtained a Pb–Pb regression age of 3.71
Ga (recalculated with modern decay constants) for five
such samples. This age agrees with U–Pb ion-probe
dating of zircons from nearby supracrustal rocks [35].
These samples, as well as SM-GR/93/47 and SM-GR/
96/23, are banded magnetite-quartz rocks, whilst 248
470 and SM-GR/93/45 consist of quartz with bands
containing varying proportions of fine magnetite
grains. Isua BIF horizons, as a whole, range from
magnetite-rich to magnetite-poor, whilst virtually mag-
netite-free cherts are common as intercalations. All
analysed BIF samples contain variable amounts of
ferromagnesian-silicate minerals (mostly pyroxene

Fig. 2. PAAS-normalised REE+Y diagram comparing average

compositions for Archaean (BIF from Penge Formation, average of

samples AD2a, AD2b, AD4, and Kuruman Formation, average of

samples PE21, PE71, PE81: [24]; stromatolites from Campbellrand

Formation, average of samples 1, 2, 3, 5, 6: [32]), Phanerozoic

(Devonian reef carbonates, average of 11 microbialite samples:

[62]) and Recent (microbialites from Heron Island, Great Barrier

Reef: [31]) seawater proxies. Note distinct anomalies for La, Ce, Eu

and Y (as indicated by grey bars).
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mation (BIF), provide a record of certain aspects of
seawater composition through Earth’s history. Be-
cause oceanic trace element and isotope inventories
reflect a balance between mantle-derived vs. conti-
nental-derived inputs, the temporal evolution of
seawater chemistry proxies offers important clues
to past surface processes. Marine precipitates are
also important targets in the search for traces of
early life. On the one hand, they may contain
chemical, isotopic or molecular remains of organ-
isms that lived or were deposited in chemical
sediments. On the other hand, aspects of the
recorded marine chemical and isotopic inventory
themselves may hold clues to the presence of life
in the oceans at the time of sediment deposition.
Two separate claims for traces of early life in
chemical sediments [1,2] have recently been chal-
lenged (e.g., [3,4]). In both cases the authors not
only questioned the actual evidence for traces of
life but also the nature of the rocks in which these
traces were discovered. Here we specifically address
this latter topic because we believe that compre-
hensive trace element data are capable of ascertain-
ing whether a particular rock was deposited as
sediment with chemical features inherited from
seawater.

We begin with a review of current knowledge
about the trace element characteristics of modern and
ancient seawater, as reflected in the geochemical
compositions of present-day seawater, Phanerozoic
and Precambrian chemical sediments. Emphasis is
placed on the rare earth elements (REE) and Y.
Processes will be discussed which fractionate these
elements in various physicochemical environments,
thereby producing the characteristic trace element
signatures in seawater-precipitated sediments. We
then present new data for 3.7–3.8 Ga samples of
BIF in order to establish whether early Archaean
ocean water chemistry was controlled by processes
similar to those operating during later time. REE +Y
are also explored in light of contamination by detrital
phases, diagenetic and metamorphic overprinting and
mixing between water masses with distinct REE +Y
inventories. Finally, we use the identified geochem-
ical criteria to test whether some of the rocks
claimed to contain traces of earliest marine life were
indeed deposited as chemical sediments in the an-
cient oceans.

2. Geochemical characteristics of modern seawater

Abundances of REE +Y in modern seawater from
the open ocean (and anoxic marine basins) (Fig. 1) are
controlled by factors relating to different input sources
(terrestrial vs. hydrothermal) and by particle–solution
interactions, in turn functions of water depths, salinity
and redox state of seawater [5]. An understanding of
these processes is prerequisite for identifying seawater
signatures of past oceans, and key features are sum-
marised below.

A relative deficiency of Ce relative to neighbouring
REE is one of the most characteristic features of
modern seawater. The anomaly can be understood in
terms of oxidation of trivalent Ce to less soluble,
tetravalent Ce and subsequent removal through scav-
enging by suspended particles that settle through the
water column (e.g., [6]). This is well reflected by
decreasing dissolved Ce abundances with depth, in
contrast to the nutrient-like behaviour of the remain-
ing REE [7]. REE patterns with positive Ce anomalies
in settling particles support preferential scavenging of
Ce over remaining REE [8].

An equally important but considerably less dis-
cussed feature is the strong positive La anomaly of
seawater in shale-normalised REE patterns. It has

Fig. 1. PAAS-normalised REE+Y diagram showing representative

compositions for modern seawater: South Pacific (average of 0, 9

and 30 m depth samples from stations SA-5: [16]), North Pacific

Deep Water (NPDW at depth 2500 m: [26]), South Ocean (at depth

3 m: [7]), Black Sea (average of 180, 800 and 2185 m depth

samples: [22] and Saanich Inlet (average of 165 and 215 m depth

samples: [61]). Note that the latter three datasets lack concentrations

for elements which are essential for calculating elemental anomalies

characteristic of seawater (La, Ce and Y anomalies).
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Zoom sur l’anomalie en Ce 
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Fig. 5. Samples f rom the Kuruman IF (KK) and the Penge IF 

(PE) in a graph o f  ( C e / C e * ) s s  vs ( P r / P r  * )ss. Field I: neither 
CeSN nor LaSN anomaly; field Ila: positive Lass anomaly, no 
CeSN anomaly; field llb: negative Lass anomaly, no Cess 
anomaly; field Ilia: positive CeSN anomaly; field IIIb: negative 
CeSN anomaly. Note that excepting two shale samples from the 
Penge IF, all samples display positive Lass anomalies but no 
analytically significant negative Cess anomalies. For further ex- 
planation see text. 

individual REE. However, although we even anal- 
ysed samples from the same drillcore AD-5 which 
was sampled and analysed by Klein and Beukes 
(1989), we could not detect analytically significant 
CesN anomalies (Fig. 3). (Ce/Ce*)SN ratios below 
unity result from the presence of positive LasN 
anomalies, as is indicated by (Pr/Pr*)sN ratios 
close to unity (Fig. 5) and smooth shape of the 
patterns between CesN and SmsN (Fig. 3). Further- 
more, studies on the REE distribution in the Isua IF 
carried out prior to (Appel, 1983, 1987) and after 
(Shimizu et al., 1990) the study by Dymek and Klein 
(1988) did not report negative CesN anomalies. As 
mentioned previously (Dulski, 1992; Bau and MSller, 
1993), determinations of Ce by INAA (which was 
used in the studies suggesting occurrence of negative 
CeSN anomalies) may yield lower Ce abundances 
than actually prevail, because at F e / C e  ratios above 

10 4 there occurs considerable overlap of the pho- 
topeak of Fe (142 keV) on the photopeak of Ce (145 
keV). Correcting for this interference may eventually 
suggest Ce abundances which are too low. 

A general discussion of the significance of CeSN 
anomalies in Precambrian IFs is beyond the scope of 
this paper. However, the absence of positive CesN 
anomalies from the Kuruman IF bears some informa- 
tion on the pH of the Transvaal ocean. By compari- 
son with lakes such as Lake Van, Turkey, and the 
East-African rift lakes, Kempe and Degens (1985) 
suggested that Precambrian so-called 'soda-oceans' 
might have been characterized by an alkaline pH 
above 9. But in contrast to Precambrian IFs and 
hence seawater, alkaline waters from Lake Van (pH 
= 9.6) display a conspicuous positive Ce s anomaly 
(MSller and Ban, 1993) which is probably due to 
stabilization of polycarbonato-Ce(IV) complexes in 
solution. The absence of this positive anomaly from 
the Kuruman IF argues against a pH of Transvaal 
seawater that was considerably higher than the pH of 
Modem oceans which is 8.2. The absence of nega- 
tive CesN anomalies from Transvaal marine surface 
waters suggests that at the Archaean/Proterozoic 
boundary Ce(III) oxidation during supergene pro- 
cesses was minor to negligible. The oxygen content 
of the Early-Palaeoproterozoic atmosphere appar- 
ently was high enough for formation of Fe(III)- 
oxyhydroxides but too low for stabilization of signif- 
icant quantities of Ce(IV) compounds. 

6. Results and discussion: Penge IF 

6.1. Penge shales 

Shales (samples PE-11 and PE-31) from the Penge 
IF are ferruginous ( F e 2 0 3 :  ~ 21%), indicating that 
shale deposition occurred in iron-rich waters. Hence, 
these shales may result from events which caused 
transport of epiclastic material into the otherwise 
clastic-sediment-starving, chemical-sediments-pre- 
cipitating environment. Nevertheless, since the shales 
yield the highest trace element abundances of all 
samples analysed (Table 2), their FeEO3/Pr ratios 
are low ( ~  4). Ratios considering 'immobile' ele- 
ments, such as T h / H f  (2.3, 1.9), C r / T h  (23, 26), 
T h / S c  (0.5, 0.4), and L a / S c  (1.4, 1.4), are equal or 
very similar in both samples. REYsN patterns (Fig. 
6a) are parallel to each other, but slightly depleted in 
LREEs, and show small, but analytically significant 
positive EusN anomalies. Mixing of 80% Penge 

Bau and Dulski (1996) 



Anomalies en Ce au cours du Phanérozoïque!

Anomalie en Ce dans les 
carbonates !
!
! traceur de l’oxygénation marine !

Wallace et al. 
(2017)!
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Fig. 4. Contamination and co-variation plots for all data used in the Ce anomaly interpretation. After petrographic screening, samples were screened for Al < 900 ppm and 
Th < 0.3 ppm and not included if it fell above these levels. These thresholds were chosen based on the point at which REEY profiles were significantly changed (flattened) by 
REEY derived from clay contamination from the total data set, and are in line with broadly-used cut-off values. A) Ce anomaly does not correlate strongly to LREE depletion 
(lower Ndn/Ybn). B) and C) LREE depletion (Ndn/Ybn) does not co-vary with Mn or Al, suggesting neither Mn oxides or clays are contaminating carbonates, or causing 
normalised profiles to change significantly. D) Ce anomaly does not correlate to Al concentrations, and most samples have less than 50 ppm Al (≪ 1% shale contamination), 
suggesting clay contamination is not causing a loss of Ce anomaly in samples.

Fig. 5. Conventional Ce vs. Pr anomaly plot binned by time interval (Ce/Ce∗, cal-
culated as = 2Cen/(Lan + Ndn) (Bau and Dulski, 1996) vs. Pr anomaly (Pr/Pr∗

calculated as = 2Prn/(Cen + Ndn) (Bau and Dulski, 1996). Mean values for each 
time bin in black circles. A more pronounced negative Ce anomaly is developed in 
post-Late Devonian and modern samples. A slight negative Ce anomaly is found in 
Ediacaran and Paleozoic samples, while earlier Neoproterozoic samples show no Ce 
anomaly.

of Ce from the water column and increased oxygenation. Follow-
ing Ediacaran oxygenation, there is a period of weak negative Ce 
anomalies in the early Paleozoic (Early Cambrian through to Early 
Devonian mean Ceanom of 0.84), indicating a tendency towards 
anoxia through this time. The oldest very strong and modern-like 
negative Ceanom occur in the Late Devonian samples, providing evi-
dence for a strong oceanic oxygenation event during the Devonian. 
Younger data display strongly negative (but fluctuating) Ceanom to 
the present day (mean of all post-middle Devonian samples 0.55). 
Cerium data from shallow modern seawater (0–400 m depth) have 
similarly strongly negative values (mean Ceanom 0.36).

When binned by time (Tonian–Cryogenian, Ediacaran, Paleo-
zoic, Post-Mid Devonian and modern), shale-normalised REEY data 
(PAAS, McLennan, 1989) show distinct compositions on conven-
tional Ce vs. Pr anomaly diagrams and distinct profiles on REEY 
spider diagrams (Figs. 5, 6). Neoproterozoic normalised REEY dis-

tributions are slightly enriched in middle rare earth elements 
(MREEs) and lack a Ce anomaly, whereas Ediacaran profiles are 
more LREE-depleted, similar to modern seawater. Paleozoic REEY 
normalised profiles are similar to that of the earlier Neoprotero-
zoic, but have more pronounced Y/Ho and Ce anomalies (Figs. S5, 
S6). Modern-like REEY profiles are found in post-Mid-Devonian 
samples and modern carbonates with well-developed negative Ce 
anomalies and high Y/Ho ratios.

Y/Ho ratios in ancient carbonates have been used as an indica-
tor of marine-like or primary marine chemistry (Nothdurft et al., 
2004). This is because Y/Ho ratios are high in seawater relative to 
those in chondrites (Bau and Koschinsky, 2009). Y/Ho ratios have 
therefore been used as discriminators of silicate contamination or 
diagenetic alteration. The Y/Ho ratios of Neoproterozoic carbonates 
(Fig. S5) are consistently lower than modern marine values, regard-
less of whether they are whole rock or marine cement analyses. 
This suggests that the relatively low Y/Ho values of Neoproterozoic 
carbonates are not the result of silicate contamination and that 
Y/Ho ratios can be controlled by redox processes (Bau et al., 1997). 
Y/Ho ratios in marine iron oxides can be lower than chondritic 
values (Bau and Koschinsky, 2009), suggesting that scavenging by 
these oxides is what creates superchondritic seawater Y/Ho ratios.

A comparison between post-Mid Devonian data (when the first 
modern-like Ceanom are seen in the record) and earlier Neopro-
terozoic to Paleozoic data shows two clearly statistically significant 
populations (t-test: p = 2.35 × 10−36) (Fig. 7). A Mann–Whitney U 
test for equal population median values is similarly clearly rejected 
at the 1% significance level (p = 1.22 × 10−36). Although the data 
is not normally distributed, bootstrap resampled mean populations 
show an even clearer distinction between mean Ceanom values be-
fore and after the Mid-Devonian, with no overlap in distributions
(Fig. 7).

5. Discussion and implications

The consistency of the Ce anomaly (Figs. 2, 5) for time intervals 
from globally distributed samples suggests that it records global, or 
at least ocean basin-scale variations in oxygen levels. Early to mid 
Paleozoic data for example, all show weak negative Ceanom and 



Méthodes!
!
!
Digestion des échantillons carbonatés par « lessivage »,!

!5 % Acide acétique!
!

!à pour éviter la dissolution des argiles et obtenir le signal 
!authigénique des carbonates!

!
!
Mesures des éléments traces sur HR-ICP-MS ElementXR!
!
!
Effort collectif, données obtenues par Patry (Red Lake – NGI, ré-
analyse de tous sites), Homann, Sansjofre, Lalonde et Afroz (Red 
Lake), Ramsay (Woman Lake), et Wilmeth (Steep Rock). !

!!
!

!!
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Résultats et Discussion!

Zones colorées: toutes les données carbonates du projet !
ERC EARTHBLOOM!

!
Spectres individuels: échantillons avec anomalie en Ce sélectionnés pour 

datation La-Ce et réanalysés pour cette étude!



La méthode de datation radiométrique La-Ce 
se base sur la désintégration du 138La vers le 
138Ce!
!
!
Temps de décroissance très long !

!! nécessite très haute précision!
!
Min requis: ~0.000001 (2SE) sur le rapport 138Ce/142Ce!

!à  0.000000144 dans cette étude!
!
!
!
!
!
! t1/2 = 297 Ga!t1/2 = 155 Ga!

(Sonzogni, 2003)!(Sonzogni, 2003)!

Schéma d’après Schnabel et al. (2017)!

33 %!66 %!

Datation radiométrique 138La-138Ce !



Méthodes !

La purification chimique du Ce pour analyse 
nécessite le passage des échantillons à travers 
des colonnes de résines échangeuses 
d’ions en quatre étapes:!
!
!
1re étape: !résine TRU Spec  !
!
2e étape : !résine AG50W-X8!
!
3e étape : !résine LN Spec!
!
4e étape : !résine AG50W-X8!



Analyses des isotopes de Ce par TIMS!

L4 L3 L2 L1 C H1 H2 H3 H4
Oxides 134Ba16O 136Ce16O PT PT 138Ce16O PT x 142Ce16O 142Ce18O
Masses 150 152 152.64 153.37 154 154.61 x 158 160

Chargement sur filament Re !
avec activateur H3PO4 !
!
Analyses sur Triton no 619 de Brest!
et Triton Plus du LMV (M. Boyet)!
!
Analyses en oxydes !
selon Bonnand et al. (2019)!

Configuration des cages (PT - mesures de peak tailing):!
	

Triton Plus, LMV, Clermont Ferrand!

Triton no 619, GO, Brest!



Résultats La-Ce!

Un diagramme isochrone !
!
à différentes pentes pour différents âges!
!
!
Nous pouvons placer nos données sur 
des isochrones théoriques prédites pour 
des anomalies en Ce d’âges divers!



Résultats La-Ce!

Rappel du diagramme isochrone !
!
à différentes pentes pour différents âges!
!
!
Nous pouvons placer nos données sur 
des isochrones théoriques prédites pour 
des anomalies en Ce d’âges divers!



Résultats La-Ce!

Rappel du diagramme isochrone !
!
à différentes pentes pour différents âges!
!
!
Nous pouvons placer nos données sur des 
isochrones théoriques prédites pour des 
anomalies en Ce d’âges divers!
!
!
!
!
!
!
!
!
!
Regardons par la suite les données site par site…!
!

Les anomalies en Ce des trois 
plateformes mésoarchéennes !
sont clairement anciennes!



!
Isochron La-Ce pour Red Lake!
!
-  5 points cohérents, deux outliers!
-  Pente de 0.00668 ± 0.00051!
-  Intercept de 0.0225469 ± 0.0000044!
-  MSWD = 0.19!
!

!
Age de dépôt (par U-Pb): !

2,868 ± 0,08 Ga!
!
!

!
!!

0.000 0.005 0.010 0.015 0.020 0.025 0.030

13
8 C

e/
14

2 C
e

c

0.02255

0.02265

0.02275

138La/142Ce

0.000 0.005 0.010 0.015 0.020 0.025 0.030

0.000 0.005 0.010 0.015 0.020 0.025 0.030

13
8 C

e/
14

2 C
e

0.02255

0.02265

0.02275

138La/142Ce

Red Lake
La-Ce age: 2902 ± 178 Ma

a

138La/142

13
8 C

e/
14

2 C
e

0.02255

0.02265

0.02275

Ce

Steep Rock
La-Ce age: 2736 ± 147 Ma

b
Woman Lake
La-Ce age: 2797 ± 173 Ma



!
Isochron La-Ce pour Red Lake!
!
-  5 points cohérents, deux outliers!
-  Pente de 0.00668 ± 0.00051!
-  Intercept de 0.0225469 ± 0.0000044!
-  MSWD = 0.19!
!

!
Age de dépôt (par U-Pb): !

2,868 ± 0,08 Ga!
!

Age de fermeture La-Ce:!
2,90 ± 0,18 Ga!

!
Confirmé Mésoarchéen!

!
!!

0.000 0.005 0.010 0.015 0.020 0.025 0.030

13
8 C

e/
14

2 C
e

c

0.02255

0.02265

0.02275

138La/142Ce

0.000 0.005 0.010 0.015 0.020 0.025 0.030

0.000 0.005 0.010 0.015 0.020 0.025 0.030

13
8 C

e/
14

2 C
e

0.02255

0.02265

0.02275

138La/142Ce

Red Lake
La-Ce age: 2902 ± 178 Ma

a

138La/142

13
8 C

e/
14

2 C
e

0.02255

0.02265

0.02275

Ce

Steep Rock
La-Ce age: 2736 ± 147 Ma

b
Woman Lake
La-Ce age: 2797 ± 173 Ma



!
Isochron La-Ce pour Woman 
Lake!
!
-  4 points cohérents, deux outliers!
-  Pente de 0.00686 ± 0.00023!
-  Intercept de 0.0225427 ± 0.0000038!
-  MSWD = 2.7!
!

!
Age de dépôt (par U-Pb): !

2,86 ± 0,005 Ga!
!

!
!!
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!
Isochron La-Ce pour Woman 
Lake!
!
-  4 points cohérents, deux outliers!
-  Pente de 0.00686 ± 0.00023!
-  Intercept de 0.0225427 ± 0.0000038!
-  MSWD = 2.7!
!

!
Age de dépôt (par U-Pb): !

2,86 ± 0,005 Ga!
!

Age de fermeture La-Ce:!
2,80 ± 0,17 Ga!

!
Confirmé Mésoarchéen!

!
!!
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!
Isochron La-Ce pour Steep Rock !
!
-  5 points cohérents, zéro outliers!
-  Pente de 0.00666 ± 0.00015!
-  Intercept de 0.0225458 ± 0.0000025!
-  MSWD = 2!
!

!
Age de dépôt (par U-Pb): !

2,80 ± 0,011 Ga!
!

!
!!
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!
Isochron La-Ce pour Steep Rock !
!
-  5 points cohérents, zéro outliers!
-  Pente de 0.00666 ± 0.00015!
-  Intercept de 0.0225458 ± 0.0000025!
-  MSWD = 2!
!

!
Age de dépôt (par U-Pb): !

2,80 ± 0,011 Ga!
!

Age de fermeture La-Ce:!
2,74 ± 0,15 Ga!

!
Confirmé Mésoarchéen!

!
!!
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Conclusion!
!
Datation radiométrique La-Ce appliquée aux carbonates stromatolithiques 
mésoarchéens: Succès!
!
Pour les trois sites, les anomalies en Ce sont primaires !
!
!
!
!
!
!
!

9.3. Elbow Point Member section at Locality 3

This 5 m high cliff section above a bench by the lake shows large
domes exposed for 20–25 m along strike overlooking the southern
end of the Middle Arm of Steep Rock Lake, near the current lake level.
This outcrop includes large low domes 2–3.5 m wide and at least
4.5 m long, with 0.5 m relief. Their smooth dimpled surfaces meet at
regular intersections with wide angles. The domes consist of beds
10–20 cm thick with a vertical fabric, which may be crystal fan but is
much less well-preserved than at Locality 2, and has a friable granular
texture. The dimples are ~1 cm in size. These large domes appear to rep-
resent part of the Elbow Point Member but, as at Locality 2, intercalated
bedded limestone suggests they are in a transition zone between the
Hogarth Member and the Elbow Point Member.

9.4. Elbow Point Member section at Locality 6

The lower ~70 m of the Elbow Point Member is well-exposed, often
in three-dimensions, on the irregular floor of the bench and in the cliff
immediately above, that overlooks Errington Pit and is located

immediately below Locality 5 (Supplemental Fig. S1B). The iron ore
whose extraction created Errington Pit is a massive mottled, vuggy
orange-brown-gray rock with occasional hematite botryoids that bor-
ders the limestone on the south and east.

9.4.1. Unit 8
~70 m of closely juxtaposed elongate giant domes ~5 m long, 2 m

wide and 1.4 m thick with their long axes oriented vertical up the cliff
face. The domes lack conspicuous intervening sediment and formed
against and upon one another. The well-developed banding continues
from dome to dome. Their Fe-carbonate coated upper surfaces are pat-
terned by 1–2 cm linear ridges and grooves with an elongate dimpled
pattern that parallels the dome's long axis (Fig. 20A, B). Internally the
domes consist of ~1–12 cm alternations of dark gray radial crystal
crust and paler gray cuspate fenestrae (Figs. 17, 19). The radial fans ap-
pear to be arranged in mm/cm tufts and crusts within the bands, al-
though these seem to be traversed by crystal needles. The radial crust
has a serrate upper surface and commonly overprints the fenestral fab-
ric, locally producing narrow vertical v-shaped clefts up to 4 mm wide
and 5 cm long. Cuspate fenestrae (Figs. 17E, 19C–F) can contain short
ladder-like fenestrae, 1–3 mm wide and 1–2 mm high (Fig. 17E).

Fig. 18. A) Steeply dipping well-preserved giant domes in plan view in the lower Elbow Point Member at Locality 2. B) Cross-section through broad, low-relief domes at Locality 4. Red
arrow indicates a layer of silicified crystals. Black arrow indicates one of the many prominent stylolites in this succession. These domical structures at Locality 4 could represent deformed
and altered domes of either the ElbowPointMember or upper HogarthMember. C) Smoothly layered dome at Locality 4. D) Detail of laminated fabrics that occur in the domes figured in B
and C. Hand lens case is 4.5 cm long at Locality 4.

151P. Fralick, R. Riding / Earth-Science Reviews 151 (2015) 132–175
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Conclusion!
!
Datation radiométrique La-Ce appliquée aux carbonates stromatolithiques 
mésoarchéens: Succès!
!
Pour les trois sites, les anomalies en Ce sont primaires !
!
!
!
!
!
!
!

Notre étude place fermement l'origine de la photosynthèse 
oxygénique à l’Archéen !

9.3. Elbow Point Member section at Locality 3

This 5 m high cliff section above a bench by the lake shows large
domes exposed for 20–25 m along strike overlooking the southern
end of the Middle Arm of Steep Rock Lake, near the current lake level.
This outcrop includes large low domes 2–3.5 m wide and at least
4.5 m long, with 0.5 m relief. Their smooth dimpled surfaces meet at
regular intersections with wide angles. The domes consist of beds
10–20 cm thick with a vertical fabric, which may be crystal fan but is
much less well-preserved than at Locality 2, and has a friable granular
texture. The dimples are ~1 cm in size. These large domes appear to rep-
resent part of the Elbow Point Member but, as at Locality 2, intercalated
bedded limestone suggests they are in a transition zone between the
Hogarth Member and the Elbow Point Member.

9.4. Elbow Point Member section at Locality 6

The lower ~70 m of the Elbow Point Member is well-exposed, often
in three-dimensions, on the irregular floor of the bench and in the cliff
immediately above, that overlooks Errington Pit and is located

immediately below Locality 5 (Supplemental Fig. S1B). The iron ore
whose extraction created Errington Pit is a massive mottled, vuggy
orange-brown-gray rock with occasional hematite botryoids that bor-
ders the limestone on the south and east.

9.4.1. Unit 8
~70 m of closely juxtaposed elongate giant domes ~5 m long, 2 m

wide and 1.4 m thick with their long axes oriented vertical up the cliff
face. The domes lack conspicuous intervening sediment and formed
against and upon one another. The well-developed banding continues
from dome to dome. Their Fe-carbonate coated upper surfaces are pat-
terned by 1–2 cm linear ridges and grooves with an elongate dimpled
pattern that parallels the dome's long axis (Fig. 20A, B). Internally the
domes consist of ~1–12 cm alternations of dark gray radial crystal
crust and paler gray cuspate fenestrae (Figs. 17, 19). The radial fans ap-
pear to be arranged in mm/cm tufts and crusts within the bands, al-
though these seem to be traversed by crystal needles. The radial crust
has a serrate upper surface and commonly overprints the fenestral fab-
ric, locally producing narrow vertical v-shaped clefts up to 4 mm wide
and 5 cm long. Cuspate fenestrae (Figs. 17E, 19C–F) can contain short
ladder-like fenestrae, 1–3 mm wide and 1–2 mm high (Fig. 17E).

Fig. 18. A) Steeply dipping well-preserved giant domes in plan view in the lower Elbow Point Member at Locality 2. B) Cross-section through broad, low-relief domes at Locality 4. Red
arrow indicates a layer of silicified crystals. Black arrow indicates one of the many prominent stylolites in this succession. These domical structures at Locality 4 could represent deformed
and altered domes of either the ElbowPointMember or upper HogarthMember. C) Smoothly layered dome at Locality 4. D) Detail of laminated fabrics that occur in the domes figured in B
and C. Hand lens case is 4.5 cm long at Locality 4.
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ders the limestone on the south and east.
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wide and 1.4 m thick with their long axes oriented vertical up the cliff
face. The domes lack conspicuous intervening sediment and formed
against and upon one another. The well-developed banding continues
from dome to dome. Their Fe-carbonate coated upper surfaces are pat-
terned by 1–2 cm linear ridges and grooves with an elongate dimpled
pattern that parallels the dome's long axis (Fig. 20A, B). Internally the
domes consist of ~1–12 cm alternations of dark gray radial crystal
crust and paler gray cuspate fenestrae (Figs. 17, 19). The radial fans ap-
pear to be arranged in mm/cm tufts and crusts within the bands, al-
though these seem to be traversed by crystal needles. The radial crust
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ric, locally producing narrow vertical v-shaped clefts up to 4 mm wide
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Conclusion!
!
Datation radiométrique La-Ce appliquée aux carbonates stromatolithiques 
mésoarchéens: Succès!
!
Pour les trois sites, les anomalies en Ce sont primaires !
!
!
!
!
!
!
!

Notre étude place fermement l'origine de la photosynthèse 
oxygénique à l’Archéen !
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