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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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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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challenge to the age of these biomarkers, and 
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sterane compounds, respectively interpreted 
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group of organisms characterized by oxygen-
producing photosynthesis) and of eukaryotes 
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remarkable because it pushed back the mini-
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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 
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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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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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— 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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insights that they offered. 
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sterane compounds, respectively interpreted 
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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 
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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 
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.”  !

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.
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. 
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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. 
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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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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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Climats extrêmes du passé: exemple de la Terre “Boule de Neige”

La Terre ”Boule de Neige” 
Snowball Earth 338 G.P. Halverson et al. / Precambrian Research 182 (2010) 337–350

Fig. 1. Composite !13C records for the Neoproterozoic from marine carbonates (modified from Halverson, 2006, with Cambrian data from Brasier et al., 1994; Maloof et
al., 2005, and Saltzman, 2005) and from total organic carbon for the Ediacaran Period (Ediacaran data [open squares] from Fike et al., 2006; Cryogenian interglacial data
[dashed line] from Hayes et al., 1999; and Tonian-early Cryogenian data from Knoll et al., 1986 [triangles] and previously unpublished data [filled squares] from Svalbard.
See Swanson-Hysell et al., 2010 for methods). While significant other organic carbon data are available (e.g. Hayes et al., 1999; Walter et al., 2000), they are omitted here
because their relationship to this composite curve is ambiguous. See Halverson (2006) for a detailed explanation of the rationale behind the construction of the composite
!13Ccarb curve, upon which the chronology of the !13Corg, !34S and 87Sr/86Sr are based.

the Neoproterozoic oceans (Canfield et al., 2007, 2008; Shen et al.,
2008).

The applications of chemostratigraphy to Neoproterozoic Earth
history are diverse, and only small subsets of these are applied in
most studies. The purpose of this contribution is to review briefly
the most consequential, mainly inorganic chemostratigraphic tech-
niques that have been applied to the Neoproterozoic stratigraphic
record, along with some of the key published data and inter-
pretations. Organic geochemistry of sedimentary rocks including
biomarker studies is largely omitted from this review, although it
is of increasing importance in reconstructing Neoproterozoic pale-
oenvironments. Likewise, though post-depositional overprinting
of chemostratigraphic signatures is always of concern, it is only
treated briefly here. Various recent papers, cited in subsequent
sections, provide more comprehensive reviews of individual prox-
ies in Neoproterozoic rocks, including diagenetic considerations,
in particular with respect to carbon, oxygen, sulfur, and strontium
isotopes.

2. Stable isotopes

Light stable isotope geochemistry is the most widely applied
chemostratigraphic tool for rocks of all ages. Stable isotope data

from the Neoproterozoic reveal some of the most extraordinary
anomalies and extremes in all of Earth history. Simultaneous
carbon and oxygen isotope ratios can be measured rapidly,
reliably, and inexpensively on suitable carbonates, accounting
for the large amount of data available for Neoproterozoic suc-
cessions (Shields and Veizer, 2002). Carbon isotope ratios on
sedimentary organic matter and sulfur isotope ratios on sedi-
mentary sulfides and sulfates are also routine, although more
time-consuming to measure and typically with lower analytical
precision. Other stable isotope systems are analytically chal-
lenging, of limited practical use in stratigraphy, or only in the
early stages of development and application to the sedimentary
record.

2.1. Carbon isotopes (carbonates)

The carbon isotope compositions of unaltered carbonates
(!13Ccarb) precipitated in equilibrium with seawater closely
approximate the composition of the dissolved inorganic carbon
pool of that seawater. Debate continues as to whether carbon iso-
tope ratios in Neoproterozoic marine carbonates, particularly those
that are highly 13C-depleted, faithfully record original seawater
composition (Bristow and Kennedy, 2008; Knauth and Kennedy,
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Fig. 1. Composite !13C records for the Neoproterozoic from marine carbonates (modified from Halverson, 2006, with Cambrian data from Brasier et al., 1994; Maloof et
al., 2005, and Saltzman, 2005) and from total organic carbon for the Ediacaran Period (Ediacaran data [open squares] from Fike et al., 2006; Cryogenian interglacial data
[dashed line] from Hayes et al., 1999; and Tonian-early Cryogenian data from Knoll et al., 1986 [triangles] and previously unpublished data [filled squares] from Svalbard.
See Swanson-Hysell et al., 2010 for methods). While significant other organic carbon data are available (e.g. Hayes et al., 1999; Walter et al., 2000), they are omitted here
because their relationship to this composite curve is ambiguous. See Halverson (2006) for a detailed explanation of the rationale behind the construction of the composite
!13Ccarb curve, upon which the chronology of the !13Corg, !34S and 87Sr/86Sr are based.

the Neoproterozoic oceans (Canfield et al., 2007, 2008; Shen et al.,
2008).

The applications of chemostratigraphy to Neoproterozoic Earth
history are diverse, and only small subsets of these are applied in
most studies. The purpose of this contribution is to review briefly
the most consequential, mainly inorganic chemostratigraphic tech-
niques that have been applied to the Neoproterozoic stratigraphic
record, along with some of the key published data and inter-
pretations. Organic geochemistry of sedimentary rocks including
biomarker studies is largely omitted from this review, although it
is of increasing importance in reconstructing Neoproterozoic pale-
oenvironments. Likewise, though post-depositional overprinting
of chemostratigraphic signatures is always of concern, it is only
treated briefly here. Various recent papers, cited in subsequent
sections, provide more comprehensive reviews of individual prox-
ies in Neoproterozoic rocks, including diagenetic considerations,
in particular with respect to carbon, oxygen, sulfur, and strontium
isotopes.

2. Stable isotopes

Light stable isotope geochemistry is the most widely applied
chemostratigraphic tool for rocks of all ages. Stable isotope data

from the Neoproterozoic reveal some of the most extraordinary
anomalies and extremes in all of Earth history. Simultaneous
carbon and oxygen isotope ratios can be measured rapidly,
reliably, and inexpensively on suitable carbonates, accounting
for the large amount of data available for Neoproterozoic suc-
cessions (Shields and Veizer, 2002). Carbon isotope ratios on
sedimentary organic matter and sulfur isotope ratios on sedi-
mentary sulfides and sulfates are also routine, although more
time-consuming to measure and typically with lower analytical
precision. Other stable isotope systems are analytically chal-
lenging, of limited practical use in stratigraphy, or only in the
early stages of development and application to the sedimentary
record.

2.1. Carbon isotopes (carbonates)

The carbon isotope compositions of unaltered carbonates
(!13Ccarb) precipitated in equilibrium with seawater closely
approximate the composition of the dissolved inorganic carbon
pool of that seawater. Debate continues as to whether carbon iso-
tope ratios in Neoproterozoic marine carbonates, particularly those
that are highly 13C-depleted, faithfully record original seawater
composition (Bristow and Kennedy, 2008; Knauth and Kennedy,
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Norway is also post-Marinoan in age and likely 
equivalent to the Gaskiers glacials (Fig. 1). 
Stratigraphic, paleontological, and carbon-
isotope data also imply a Gaskiers age for the 
Hankalchoug diamictite in northwestern China, 
where Marinoan-aged and putative Sturtian-
aged glacial deposits are also present (Xiao et 
al., 2004).

This paper begins with a review of the Neo-
proterozoic successions in northern Namibia, 
northwestern Canada, and South Australia, all 
of which contain Sturtian- and Marinoan-aged 
glacial deposits whose correlations are straight-
forward (Kennedy et al., 1998; Hoffman and 
Schrag, 2002). Pertinent published stratigraphic, 
isotopic, and radiometric data from Svalbard, 
the southwestern United States (Death Valley), 
Scotland, and Oman are reviewed to broaden 
the chronology. New carbon-isotope data from 
Namibia and Svalbard provide detailed pre-Stur-
tian and post-Marinoan records, while new data 
from northern Norway support a Gaskiers age 
for the Mortensnes glacials. This glacial event 
appears to correspond, at least temporally, to the 
largest negative b13C anomaly in the Proterozoic 
and is the key to linking the Oman record to the 
composite b13C curve. New Sr isotope data from 
Namibia and Svalbard and an U-Pb age on an 
ash bed in the pre-Sturtian Ombombo Subgroup 
in Namibia reinforce the compilation. Ambigui-
ties in the timing and duration of the glaciations 
and the scarcity of useful radiometric ages 
preclude a defi nitive time-calibration of the 
b13C record at this time. Two permissible but 
speculative time scales are suggested, but it is 
expected that the composite b13C record will be 
amended as new data emerge.

ISOTOPIC DATA

Nearly 2000 new carbon-isotope data from 
Svalbard, Namibia, and Norway are presented 
in this paper. All carbon-isotope data are pre-
sented in per mil (‰) notation using the Vienna 
Pee Dee Belemnite (VPDB) standard and, 
along with simultaneously acquired b18O data, 
are available as supplementary online material 
(Tables DR1–DR5).1 Analytical methods are 
described in detail in Halverson et al. (2004).

New 87Sr/86Sr data published here (Table DR-
6; see footnote 1) are mainly from Sr-rich and 
Mn-poor samples from Svalbard and Namibia 
and were measured at the MIT Radiogenic Iso-
tope Laboratory. Following sample purifi cation 
and carbonate dissolution, Sr was isolated via 

standard column chemistry techniques and ana-
lyzed on a VG Sector 54 (TIMS) instrument with 
an average internal precision (2m) of 0.000012. 

U-Pb geochronologic data for zircons from 
an ash bed in Namibia were acquired by isotope 
dilution–thermal ionization mass-spectrometry 
(ID-TIMS) at the same laboratory as above. 
Analytical procedures are described in detail 
in Schmitz et al. (2003) and summarized in 
Table DR-7 (see footnote 1).

Diagenetic Alteration of Isotopic Signals

Diagenetic overprinting of original seawa-
ter isotopic signatures is always a concern in 
ancient carbonates, and it is safe to assume 
every carbonate sample we have analyzed has 
experienced some degree of chemical alteration  
during recrystallization, dolomitization, and 

other diagenetic processes. The b18O and 87Sr/
86Sr compositions and trace element concen-
trations (e.g., Sr and Mn) of carbonates are 
especially prone to alteration during meteoric 
diagenesis and dolomitization, and these chemi-
cal tracers can be used as one tool to monitor 
the extent of chemical alteration (Brand and 
Veizer, 1980, 1981; Banner and Hanson, 1990). 
Due to the high concentration of C in carbon-
ate rocks, relative to meteoric fl uids, the b13C 
composition of carbonate rocks is much more 
resistant to chemical overprinting than b18O, for 
example. Many previous studies have addressed 
the fi delity of b13C signatures in Neoproterozoic 
carbonates and the typical conclusion is that 
even clearly diagenetically altered and dolomi-
tized carbonates appear to preserve their original 
b13C composition (e.g., Kaufman et al., 1991; 
Derry et al., 1992; Kaufman and Knoll, 1995; 

1GSA Data Repository item 2005146, iso-
topic data, is available on the Web at http://
www.geosociety.org/pubs/ft2005.htm. Requests may 
also be sent to editing@geosociety.org.
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Figure 1. (A) Present-day locations of the Neoproterozoic successions discussed in this 
paper. (B) Schematic profi les of the successions from (A), showing their stratigraphic range, 
simplifi ed lithologies, distribution of glacial deposits, and occurrence of Ediacaran fossils. 
See text for references. EGES—East Greenland–East Svalbard platform.
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an isotope geochemist now at the Uni-
versity of Maryland, and Harvard Uni-
versity graduate student Galen Pippa
Halverson, we have discovered that the
isotopic variation is consistent over
many hundreds of kilometers of ex-
posed rock in northern Namibia.

Carbon dioxide moving into the
oceans from volcanoes is about 1 per-
cent carbon 13; the rest is carbon 12. If
the formation of carbonate rocks were
the only process removing carbon from
the oceans, then the rock would have the
same fraction of carbon 13 as that
which comes out of volcanoes. But the
soft tissues of algae and bacteria growing
in seawater also use carbon from the wa-
ter around them, and their photosynthet-
ic machinery prefers carbon 12 to carbon
13. Consequently, the carbon that is left
to build carbonate rocks in a life-filled
ocean such as we have today has a high-
er ratio of carbon 13 to carbon 12 than
does the carbon fresh out of a volcano.

The carbon isotopes in the Neopro-
terozoic rocks of Namibia record a dif-
ferent situation. Just before the glacial
deposits, the amount of carbon 13
plummets to levels equivalent to the vol-
canic source, a drop we think records
decreasing biological productivity as ice
encrusted the oceans at high latitudes
and the earth teetered on the edge of a
runaway freeze. Once the oceans iced
over completely, productivity would
have essentially ceased, but no carbon
record of this time interval exists be-
cause calcium carbonate could not have
formed in an ice-covered ocean. This
drop in carbon 13 persists through the
cap carbonates atop the glacial deposits
and then gradually rebounds to higher
levels of carbon 13 several hundred me-
ters above, presumably recording the
recovery of life at the end of the hot-
house period. 

Abrupt variation in this carbon iso-
tope record shows up in carbonate
rocks that represent other times of mass
extinction, but none are as large or as
long-lived. Even the meteorite impact
that killed off the dinosaurs 65 million
years ago did not bring about such a

prolonged collapse in biological activity.
Overall, the snowball earth hypothe-

sis explains many extraordinary obser-
vations in the geologic record of the
Neoproterozoic world: the carbon iso-
topic variations associated with the
glacial deposits, the paradox of cap car-
bonates, the evidence for long-lived
glaciers at sea level in the tropics, and the
associated iron deposits. The strength of
the hypothesis is that it simultaneously
explains all these salient features, none
of which had satisfactory independent
explanations. What is more, we believe
this hypothesis sheds light on the early
evolution of animal life.

Survival and Redemption of Life

In the 1960s Martin J. S. Rudwick,
working with Brian Harland, pro-

posed that the climate recovery follow-
ing a huge Neoproterozoic glaciation
paved the way for the explosive radia-
tion of multicellular animal life soon
thereafter. Eukaryotes—cells that have
a membrane-bound nucleus and from
which all plants and animals descend-
ed—had emerged more than one billion
years earlier, but the most complex or-
ganisms that had evolved when the first
Neoproterozoic glaciation hit were fila-
mentous algae and unicellular proto-
zoa. It has always been a mystery why
it took so long for these primitive or-
ganisms to diversify into the 11 animal

body plans that show up suddenly in
the fossil record during the Cambrian
explosion [see illustration on this page].

A series of global freeze-fry events
would have imposed an environmental
filter on the evolution of life. All extant
eukaryotes would thus stem from the
survivors of the Neoproterozoic calam-
ity. Some measure of the extent of eu-
karyotic extinctions may be evident in
universal “trees of life.” Phylogenetic
trees indicate how various groups of or-
ganisms evolved from one another,
based on their degrees of similarity.
These days biologists commonly draw
these trees by looking at the sequences
of nucleic acids in living organisms.

Most such trees depict the eukaryotes’
phylogeny as a delayed radiation crown-
ing a long, unbranched stem. The lack of
early branching could mean that most
eukaryotic lineages were “pruned” dur-
ing the snowball earth episodes. The
creatures that survived the glacial epi-
sodes may have taken refuge at hot
springs both on the seafloor and near the
surface of the ice where photosynthesis
could be maintained. 

The steep and variable temperature
and chemical gradients endemic to eph-
emeral hot springs would preselect for
survival in the hellish aftermath to
come. In the face of varying environ-
mental stress, many organisms respond
with wholesale genetic alterations. Se-
vere stress encourages a great degree of

74 Scientific American January 2000 Snowball Earth

ALL ANIMALS descended from the first eukaryotes, cells with a membrane-
bound nucleus, which appeared about two billion years ago. By the time of
the first snowball earth episode more than one billion years later, eukary-
otes had not developed beyond unicellular protozoa and filamentous algae.
But despite the extreme climate, which may have “pruned” the eukaryote
tree (dashed lines), all 11 animal phyla ever to inhabit the earth emerged
within a narrow window of time in the aftermath of the last snowball event.
The prolonged genetic isolation and selective pressure intrinsic to a snow-
ball earth could be responsible for this explosion of new life-forms.
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Standard Mean Ocean Water (SMOW). (Bio)chemical
marine sedimentary rocks of Archean, Proterozoic and
early Phanerozoic age, that is older than about 0.4 Ga,
typically have δ18O values that are lower than those of
modern carbonates, by ∼6–10‰ [1–6]. Data from an-
cient carbonates are shown in Fig. 1. The chert data show
a roughly similar trend towards isotopically lighter values
in the distant past, although the change during the
Phanerozoic is somewhat less and the difference between
the Archean and Proterozoic is more marked [6]. The
highest estimated temperatures are derived from Archean
cherts dated at∼3.3 Ga [5]. Even taking into account the
second order effects of glaciation at modulating global
seawater δ18O, mean surface ocean temperatures during
the Precambrian are estimated to have been 60±20 °C.

Even though the Sun was substantially less luminous
in the geological past, such temperatures could in theory
have been sustained by a dense greenhouse atmosphere
rich in CO2 and H2O [8], and perhaps CH4 as well [9].
Yet, new calculations [10] indicate that about 2–6 bars
of CO2 would be required to produce these high tem-
peratures at 3.3 Ga, assuming atmospheric CH4 concen-
trations of b1% by volume. While such high CO2

concentrations have been predicted by some models that
assume delayed formation of continents [11], contrast-
ing models show low early CO2 levels because of
enhanced seafloor weathering [12].

High CO2 levels at this time, and high surface tem-
peratures throughout the Precambrian, are difficult to
reconcile with well-documented glacial intervals be-
tween 0.75 Ga and 0.58 Ga [13] and 2.45 and 2.22 Ga

[14], and with possible evidence for regional glaciation
at 2.9 Ga [15]. High surface temperatures should also
have caused intense continental weathering, yet the
geologic record suggests that weathering in the distant
past was not significantly more intense than it is today
[16–18]. The paleobiological record, too, appears at
odds with high temperatures on the early Earth. Mole-
cular and fossil evidence for eukaryotes as far back as
the Neoarchean and Paleoproterozoic [19] appears to
rule out temperatures at the higher end of the estimated
range. Similarly, the evolution of vertebrates during the
Ordovician Period [20], clearly within the interval of
anomalously low δ18O values, is incompatible with
even the minimum O-isotope estimate of 40 °C. These
clear contradictions have led many researchers to search
for alternative explanations for the marine oxygen
isotope record.

The explanation offered most frequently for the high
estimated paleotemperatures is that they reflect diage-
netic alteration within sediments rather than ocean
temperatures [21,22]. In this view, the alteration of
sedimentary rocks is proportional to their age due to
continuous post-depositional equilibration with meteor-
ic and/or warm basinal waters. Careful analyses by
many different workers [3,5,7,23,24], though, show that
this explanation is unlikely to be valid, or, at least, that
significant secular trends in the data remain after
diagenetic effects have been taken into account. Our
reasoning is as follows:. First, the secular trends are
parallel for limestones, dolostones and cherts. If con-
tinuous alteration was the cause, the trends would

Fig. 1. δ18O values from 9957 ancient marine calcites, based on published analyses of Precambrian to Ordovician limestones [4] and Phanerozoic
calcitic fossils [7]. All data can be downloaded at http://www.science.uottawa.ca/geology/isotope_data/. The thick line through the database is a cubic
smoothing spline. Note that diagenetic resetting and most post-depositional alteration phenomena tend to shift δ18O values downwards. We therefore
argue that the upper envelope of the band represents the best approximation of the original δ18O signal.
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A palaeotemperature curve for the Precambrian
oceans based on silicon isotopes in cherts
François Robert1 & Marc Chaussidon2

The terrestrial sediment record indicates that the Earth’s climate
varied drastically in the Precambrian era (before 550 million years
ago), ranging from surface temperatures similar to or higher than
today’s to global glaciation events1. The most continuous record of
sea surface temperatures of that time has been derived from var-
iations in oxygen isotope ratios of cherts (siliceous sediments)2,
but the long-term cooling of the oceans inferred from those data3–5

has been questioned because the oxygen isotope signature could
have been reset through the exchange with hydrothermal fluids
after deposition of the sediments6. Here we show that the silicon
isotopic composition of cherts more than 550 million years old
shows systematic variations with age that support the earlier con-
clusion of long-term ocean cooling and exclude post-depositional
exchange as the main source of the isotopic variations. In agree-
ment with other lines of evidence1,7, a model of the silicon cycle in
the Precambrian era shows that the observed silicon isotope var-
iations imply seawater temperature changes from about 70 6C
3,500 million years ago to about 20 6C 800 million years ago.

We selected a suite of chert samples that covers most of the avail-
able sedimentary record from the early Archaean era (3.5 Gyr ago) to
the present (see Methods). Our sample set includes 9 Phanerozoic
samples and 99 Precambrian samples dating from about 3.5 Gyr ago
to about 0.5 Gyr ago and coming from 23 geological formations
(Supplementary Table S1). These cherts were selected on the basis
of several criteria (d13C and d15N values8) that were indicative of
good preservation of their original structure and composition (some
of them have been extensively studied for their abundant microfos-
sils9). The O and Si isotopic composition were measured with a
multicollector Cameca IMS 1270 ion microprobe (see Methods).

The d18O values of cherts show large variations that, for a given
geological age, range from the maximum previously determined
by Knauth and Lowe3 (hereafter reported as d18OKL) down to
d18O 5 d18OKL 2 15% (Fig. 1). The curve defined by the maximum
d18O (d18OKL) for a given age was proposed to reflect formation
temperatures at depth in the sediment. These formation tempera-
tures are in turn related to past seawater temperatures (Fig. 1).
The oxygen isotopic fractionation between chert and water
(D18O 5 d18Ochert 2 d18Owater) depends on temperature according
to the equation 1,000ln(D18O) 5 (3.09 3 106T22) 2 3.29. The large
range in d18O indicates that a significant fraction of Precambrian
cherts had their original d18O values lowered by post-depositional
isotopic exchange with meteoric or hydrothermal fluids3 or, in some
cases, were formed over a large range of temperature5.

The d30Si values of the present Phanerozoic cherts (nine samples)
vary from 21.7 6 0.8% to 11.3 6 0.3% (1 s.d.) (see Supplementary
Table S1), covering the range previously determined for diatoms
collected from open ocean surface waters (from 10.9% to
11.9%)10, diatoms from sedimentary cores (11.3% to 11.6%)11

or siliceous sediments from black smokers (23.5% to 20.2%)12,13.
In contrast, the present set of Precambrian cherts shows much higher
d30Si values (ranging from 21.1 6 0.4% to 15.0 6 0.8%; Supple-
mentary Table S1). Such high d30Si values have no counterpart in
the Phanerozoic sedimentary record but were previously reported
for a few Precambrian stromatolitic cherts12,13. Detailed studies of
Onverwacht cherts4 or of modern deep-sea cherts14 have shown that
their d18O values can depart from equilibrium with sea water by up to
about 210%5 because of either the contribution of meteoric waters
to the diagenetic fluids or the range in the crystallization tempera-
tures during burial diagenesis. To account in our data set for this
oxygen isotopic variability inherent in the process of chert formation,
we tentatively consider here that cherts having d18O # d18OKL 2 6%
did not preserve an original isotopic oceanic signature. Using this
criterion, it turns out that all the cherts (56 out of 99) having
d18OKL 2 6%# d18O # d18OKL show both an increase in their
d30Si values with time from 3.5 to 0.8 Gyr (Fig. 2a) when they return
abruptly to modern values and a corresponding positive correlation
between their d30Si and d18O values (Fig. 2b). Note that using a

1Muséum National d’Histoire Naturelle, CNRS LEME NanoAnalyses, UMS 2679, 57 rue Cuvier, 75005 Paris, France. 2Centre de Recherches Pétrographiques et Géochimiques, CRPG-
CNRS BP20, 54501 Vandoeuvre-lès-Nancy, France.
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Figure 1 | Variation in chert d18O values with geological age. Open squares,
our Precambrian samples; filled squares, Phanerozoic samples. Error bars
correspond to 1s error on the mean of three to five analyses per sample. The
solid line (referred to in the text as d18OKL (ref. 3)), shows the highest d18O
value found in cherts at a given age. Considering that the ice caps were
absent—that is, d18Osea water 5 21%—variation in d18OKL with time may
reflect seawater temperature variations3 between about 70 uC in the early
Archaean and about 30 uC in the late Proterozoic. d18O values of modern
deep-sea cherts14 can depart from equilibrium with sea water by up to about
24% (see the text). These variations, which are inherent in the process of
chert crystallization, control the precision on seawater temperature.
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