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Clays and the rise of an oxygenated atmosphere (March 2006) 

Almost all eukaryote organisms require oxygen to be available in their environment. 
Therefore the eukaryote cell probably appeared only after oxygen had become a permanent 
component of the atmosphere and hydrosphere, which itself depended on photosynthetic 
metabolism outweighing the scavenging of free oxygen by abundant dissolved iron. It also 
depends on efficient burial of dead organic matter. For the metazoa – multicellular 
eukaryote animals – the oxygen demand rises with their bulk. The first tangible fossils of 
metazoans appear in Ediacaran, after the last global glacial episode of the late-Precambrian, 
around 600 Ma ago.  Apart from the evidence for an oxygen bearing atmosphere after 
about 2.4 Ga, not much is known about actual levels of oxygen and their changes during the 
Precambrian. The sudden emergence of the soft-bodied but bulky Ediacaran faunas has 
been ascribed by many to an equally abrupt rise in the availability of oxygen, on which their 
evolution must have depended. How that might have occurred has been disputed and 
pretty vague. 

The central requirements to boost oxygen levels are increased photosynthesis – difficult if 
the period preceding the Ediacaran was one where large tracts of ocean were covered with 
ice – or increased burial of dead organic matter. The second option is also difficult to 
imagine if ‘snowball’ conditions had reduced living marine biomass to a very low level. What 
geoscientists have not been able to grasp, is information on the efficiency with which dead 
organic matter was buried. Mineralogists and geochemists from the Universities of 
California (Riverside) and Maine have addressed that aspect from the standpoint of the 
Precambrian history of clay mineral deposition (Kennedy, M. et al. 2006. Late Precambrian 
oxygenation; inception of the clay mineral factory. Science, v. 311, p. 1446-1449; DOI: 
10.1126/science.1118929). If organic matter is buried in porous and permeable  sea-floor 
sediments, the chances of its metabolism by bacterial action is high. Research on modern 
sea floor sediments shows that the bulk of organic debris at continental margins is adsorbed 
onto clay-mineral particles, thereby increasing its chance of preservation over simple 
incorporation as particles in silt-sized sediment. Kennedy et al. tested the hypothesis that 
sedimentation in the late-Precambrian changed from dominance by physically weathered 
micas and other silicates to one more dominated by products of chemical weathering on the 
continental surface, i.e. clays. 

Around 700 Ma ago, the record of marine strontium isotopes in limestones began a major 
change towards higher 87Sr/86Sr ratios, suggesting an increase in the chemical weathering of 
ancient continental rocks. Australia provides a continuous sequence, from 850 to 530 Ma, of 
quietly deposited shelf sediments that span this transition and also contain the Ediacaran. 
Sure enough, the mudstones in the sequence show a distinct increase in swelling clays and 
kaolinite, implicated in modern preservation of dead organic matter. Rather than an abrupt 
step, the increase is linear from about 800 Ma, and is matched by similar data from other 
Precambrian cratons. What might have started this chemical weathering of the land 
surface? Possibly it was due to a much earlier colonisation of the land than direct evidence 
suggests.  The DNA-based phylogeny of mosses, fungi, lichens and liverworts – all terrestrial 
organisms – suggests that they arose between 700 and 600 Ma ago.  All would have 
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contributed organic acids to the process of chemical weathering.  Kennedy et al. model the 
rate at which free oxygen would have increased as a result of increased deposition of clays, 
and conclude that between 730 and 500 Ma retention of oxygen in the environment would 
have increased six-fold. Thereafter, land-based organisms and further colonisation 
permanently increased weathering, establishing increasingly efficient marine burial of 
organic debris, and so creating an environment in which metazoans could evolve and 
radiate. If confirmed by further analyses, this work establishes yet another non-
uniformitarian process in the Earth system. 

 

Oxygen in the atmosphere: why the delay? (November 2006) 

Several lines of evidence suggest that the Earth’s atmosphere only accumulated sufficient 
oxygen for it to be significantly oxidising around 2.4 Ga ago. Yet the much earlier emergence 
of blue-green bacteria, assumed to be the organisms that secreted the intricate biofilms 
that make up stromatolites, suggest that it was being generated by photosynthesis as a 
much as a billion years beforehand. Many geochemists now suggest that oxygen was readily 
mopped up in the oceans by the conversion of soluble iron(II) ions derived from sea-floor 
lavas to insoluble compounds of iron(III), through oxidation reactions. As the rate of 
production of oceanic lithosphere gradually slowed, there would come a point when all 
available iron(II) was precipitated leaving excess photosynthetic oxygen to accumulate and 
enter the atmosphere. But other factors would have been at work: burial of organic carbon 
produced by photosynthesisers also works to increase the rate at which oxygen remains 
uncombined (otherwise it combines with oxygen to reproduce carbon dioxide). 
Complicating the geochemistry of atmospheric oxygen is the way in which it may combine 
with biogenic methane by reactions catalysed by ultraviolet radiation. Since UV penetration 
also falls as oxygen levels rise, because of the formation of ozone. That makes possible 
extremely complex systems of positive and negative feedback.  

Assessing such mechanisms, three British environmental scientists suggest a kind of 
potential ‘flipping’ from two possible states for the Archaean to Palaeoproterozoic 
atmosphere; one rich in oxygen the other forced to have low levels (Goldblatt, C. et al. 2006. 
Bistability of atmospheric oxygen and the Great Oxidation. Nature, v. 443, p. 683-686; DOI: 
10.1038/nature05169). Various permutations of the rates of carbon burial, methane and 
oxygen production might have locked the pre-2.4 Ga atmosphere in a low-oxygen state. The 
authors estimate that just a 3% increase in organic carbon burial could have flipped the 
dynamics towards a state of rapid oxygen accumulation that by generating ozone would be 
destined to persist. Their model helps resolve a number of awkward geochemical 
observations that an iron buffering model cannot explain. 

See also: Kasting, J.F. 2006. Ups and downs of ancient oxygen. Nature, v. 443, p. 643-645; 
DOI: 10.1038/443643a. 
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