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How flowering plants may have regulated atmospheric oxygen (February 2021) 

Ultimately, the source of free oxygen in the Earth System is photosynthesis, but that is the 
result of a chemical balance in the biosphere and hydrosphere that operates at the surface 
and just beneath it in sediments. Burial of dead organic carbon in sedimentary rocks allows 
free oxygen to accumulate whereas weathering and oxidation of that carbon, largely to CO2, 
tends to counteract oxygen build-up. The balance is reflected in the current proportion of 
21% oxygen in the atmosphere. Yet in the past oxygen levels have been much higher. During 
the Carboniferous and Permian periods it rose dramatically to an all-time high of 35% in the 
late Permian (about 250 Ma ago). This is famously reflected in fossils of giant dragonflies 
and other insects from the later part of the Palaeozoic Era.  Insects breathe passively by tiny 
tubes (trachea) through whose walls oxygen diffuses, unlike active-breathing quadrupeds 
that drive air into lung alveoli to dissolve O2 directly in blood. Insect size is thus limited by 
the oxygen content of air; to grow wing spans of up to 2 metres a modern dragon fly’s body 
would consist only of trachea with no room for gut; it would starve. 

 

Woman holding a reconstructed Late Carboniferous dragonfly (Namurotypus sippeli) 

During the early Mesozoic oxygen fell rapidly to around 15% during the Triassic then rose 
through the Jurassic and Cretaceous Periods to about 30%, only to fall again to present 
levels during the Cenozoic Era. Incidentally, the mass extinction at the end of the Cretaceous 
(the K-Pg boundary event) was marked in the marine sedimentary record by unusually high 
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amounts of charcoal. That is evidence for the Chixculub impact being accompanied by global 
wild fires that a high-oxygen atmosphere would have encouraged. The high oxygen levels of 
the Cretaceous marked the emergence of modern flowering plants – the angiosperms. Six 
British geoscientists have analysed the possible influence on the Earth System of this new 
and eventually dominant component of the terrestrial biosphere. (Belcher, C.M. et al. The 
rise of angiosperms strengthened fire feedbacks and improved the regulation of 
atmospheric oxygen. Nature Communications, v. 12, article 503; DOI 10.1038/s41467-020-
20772-2) 

The episodic occurrence of charcoal in sedimentary rocks bears witness to wildfires having 
affected terrestrial ecosystems since the decisive colonisation of the land by plants at the 
start of the Devonian 420 Ma ago. Fire and vegetation have since gone hand in hand, and 
the evolution of land plants has partly been through adaptations to burning. For instance 
the cones of some conifer species open only during wildfires to shed seeds following 
burning. Some angiosperm seeds, such as those of eucalyptus, germinate only after being 
subject to fire . The nature of wildfires varies according to particular ecosystems: needle-like 
foliage burns differently from angiosperm leaves; grassland fires differ from those in forests 
and so on. Massive fires on the Earth’s surface are not inevitable, however. Evidence for 
wildfires is absent during those times when the atmosphere’s oxygen content has dipped 
below an estimated 16%. The current oxygen level encourages fires in dry forest during 
drought, as those of Victoria in Australia and California in the US during 2020 amply 
demonstrated. It is possible that with oxygen above 25% dry forest would not regenerate 
without burning in the next dry season. Wet forest, as in Brazil and Indonesia, can burn 
under present conditions but only if set alight deliberately. Evidence of a global firestorm 
after the K-Pg extinction implies that tropical rain forest burns easily when oxygen is above 
30%. So, how come the dominant flora of Earth’s huge tropical forests – the flowering 
angiosperms – evolved and hung on when conditions were ripe for them to burn on a 
massive scale? 

Early angiosperms had small leaves suggesting small stature and growth in stands of open 
woodland [perhaps shrubberies] that favoured the fire protection of wetlands. ‘Weedy’ 
plants regenerate and reach maturity more quickly than do those species that are destined 
to produce tall trees. With endemic wildfires, tree-sized plants – e.g. the gymnosperms of 
the Mesozoic – cannot attain maturity by growing above the height of flames. Diminutive 
early angiosperms in a forest understory would probably outcompete their more ancient 
companions.  Yet to become the mighty trees of later rain forests angiosperms must 
somehow have regulated atmospheric oxygen so that it declined well below the level where 
wet forest is ravaged by natural wild fires. The oldest evidence for angiosperm rain forest 
dates to 59 Ma, when perhaps more primitive tropical trees had been almost wiped-out by 
wildfires. Did angiosperms also encourage wildfires that consumed oxygen on a massive 
scale, as well as evolving to resist their affects on plant growth? Claire Belcher et al. suggest 
that they did, through series of evolutionary steps. Key to their stabilising oxygen levels at 
around 21%, the authors allege, was angiosperms’ suppression of weathering of phosphorus 
from rocks and/or transfer of that major nutrient from the land to the oceans. On land 
nitrogen is the most important nutrient for biomass, whereas phosphorus is the limiting 
factor in the ocean. Its reduction by angiosperm dominance on land thereby reduces carbon 
burial in ocean sediments. In a very roundabout way, therefore, angiosperms control the 
key factor in allowing atmospheric build-up of oxygen; by encouraging mass burning and 
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suppressing carbon burial.  Today, about 84 percent of wildfires are started by 
anthropogenic activities. As yet we have little, if any, idea of how such disruption of the 
natural flora-fire system is going to affect future ecosystems. The ‘Pyrocene’ may be an 
outcome of the ‘Anthropocene’ … 

 

Worth a read: Genes that prepared fish to invade the land (February 2021) 

Elizabeth Pennisi comments on three comparative studies of the genetics of modern fish 
and terrestrial tetrapods in the latest online issue of Science News. Apparently some fish 
genes were, perhaps fortuitously, ‘multipurpose’. They may have been exploited during the 
Devonian colonisation of land to help evolution of limbs, lungs and aspects of the nervous 
system to adapt shallow-water fishes to climb out onto dry land. (Pennisi, E. 2021. Fish had 
the genes to adapt to life on land—while they were still swimming the seas. Science, News 
10 February 2021; DOI: 10.1126/science.abg9265). 

 

News from the Chicxulub drilling project (March 2021) 

 

Artist’s impression of an asteroid slamming into the shallow sea off the present Yucatán Peninsula 
about 65 Ma ago (Credit: Donald E. Davis of NASA) 

Aimed at resolving the impact versus volcanism debate about the causes of the K-Pg mass 
extinction, the International Ocean Discovery Program (IODP) and International Continental 
Scientific Drilling Program (ICDP) began drilling into the focus of the Chicxulub impact 
structure off the Yucatán Peninsula, Mexico in 2016. The project recovered 830 m of rock 
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core, of which  about 140 cm contained the boundary between tsunami deposits and the 
post-impact marine limestones of Danian Age (basal Palaeogene); as close as one can get to 
the moment when the asteroid hit the sea floor. That an impact close to the start of the 
Danian had taken place was first discovered from abnormally high concentrations of the 
platinum-group metal iridium (Ir), shocked mineral grains and glass spherules, among other 
anomalous materials, in 350 marine and terrestrial sections across the globe. If the 
Chicxulub crater contained similar features to these ‘smoking guns’ then the link might 
seem to be done and dusted. A report on the crucial few centimetres from the Chicxulub 
drill core shows this to be the case (Goderis, S. and 32 others 2021. Globally distributed 
iridium layer preserved within the Chicxulub impact structure. Science Advances, v. 9, article 
eabe3647; DOI: 10.1126/sciadv.abe3647). 

Yet the boundary layer at Chicxulub could not have been emplaced at the instant of impact. 
The gigantic power involved would have flung debris outwards, including seawater as well 
as the rocks that were once at considerable depth below the seabed. Much in the manner of 
a stone falling into a pond molten crust would have rebounded from the initial strike to 
form an axial peak and a ringed basin. Likewise huge tsunamis would have rolled away from 
the impact, then to return and fill the new basin, perhaps several times. Some of the ejected 
debris would have reached low orbit in the form of pulverised rock and asteroid to remain 
there for a while before completely falling back to Earth. The core includes about 130 m of 
once partly molten debris (suevite) above more-or-less intact granitic basement. Only the 
top 3.5 m show signs of having been deposited in water; fine-grained, well-sorted and 
laminated suevite containing clasts of once molten material and even late-Cretaceous 
foraminifera tests, formed probably by the refilling of the impact basin during the backflow 
of tusunamis. A mere 3 cm of silt and clay just below marine limestones has yielded the 
characteristic high Ir and nickel concentrations. This Ir-rich layer also contains the earliest 
Palaeocene foraminifera. 

Grains in the Ir-rich layer were the last to settle, the main question being ‘How long after 
the impact took place did that happen?’ Being very fine they are estimated to have fallen-
out from suspension and circulation in the atmosphere over a period of up to a few 
decades. Coarser material below them would have taken no longer than a few weeks to 
years. Yet these estimates are based mainly on Stokes’ law governing particles of different 
sizes falling through a viscous fluid. Taking an empirical view based on actual rates of clay 
sedimentation in the ocean (~5 mm per thousand years) the Ir-rich layer may have been 
deposited over 6000 years. That is hardly the ‘instant of the impact’. But the timing does say 
something interesting about the return of life to the seas; in geological terms it was swift, if 
the forams are anything to go by. Since the tsunamis swept onto and drained the 
surrounding land masses a great deal of nutrient would have ended up in the sea awaiting 
organisms at the bottom of the food chain. Biomarker chemicals and trace fossils in the Ir-
rich layer suggest  thriving bacterial communities, with forams, crustacea and larval fish. 

The authors conclude ‘The clear association of the Ir anomaly within the Chicxulub impact 
structure and the recorded biotic response confirms the direct relationship between the 
impact event and the K-Pg mass extinction’. Whether that is accepted by those geoscientists 
with their eyes on the Deccan Trap hypothesis is not so certain … 
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The DNA of some old mammoths (March 2021) 

The only positive outcome of the thawing of permafrost is that it exposes remains of ancient 
animals in a virtually intact state, most famously those of the woolly mammoth 
(Mammuthus primigenius). But not so well-preserved that anyone could be induced to feast 
on its thawed-out meat. Tales of select groups being served mammoth at banquets are 
almost certainly apocryphal, but several have tasted one, and found that the meat smelled 
rotten and tasted awful. Mammoth bones, being so large, are regularly found and most 
museums in the Northern Hemisphere display their enormous teeth. DNA from three 
species of these extinct elephants has been sequenced – North American and European 
woolly mammoths and the North American Columbian mammoth that thrived on the more 
temperate central plains. But they lived about 12 to 100 thousand years ago. Now genetic 
data are available from three molar teeth found in permafrost in the Chukochya river basin 
in northern Siberia. (van der Valk, T. and 21 others 2021. Million-year-old DNA sheds light 
on the genomic history of mammoths. Nature v.591, p. 265–269; DOI: 10.1038/s41586-021-
03224-9). 

 

Woolly mammoth tooth offered for sale at Christie’s in 2015, which fetched £2750 (Credit: Christie’s 
on-line archives) 

The mammoth molars have been dated at 0.68, 1.0 and 1.2 Ma (conservative estimates), far 
older than a horse dated between 560 and 780 ka that yielded DNA several years back. The 
sheer mass of the teeth and the fact that they had been preserved in frozen soil shielded 
genetic material from complete breakdown, but it was nonetheless heavily degraded to 
fragments no more than 50 base pairs long. This presented a major challenge to the team of 
palaeogeneticists’ reconstruction of the three mammoths’ genomes. Comparing the 
genomes with those of far younger woolly mammoths and their closest living relatives, 
Indian elephants, reveals that the ancient beasts were cold-adapted and probably had 
woolly coats. Two of the genomes suggest direct ancestry to both later woolly mammoths, 
whereas the third – the oldest – can be linked to the enormous Columbian mammoth (M. 
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columbi) that lived on mid-American grasslands during the Late Pleistocene. During glacial 
maxima when sea levels were ~100 m lower than at present Siberian faunas could easily 
have migrated into and colonised the Americas, using the Beringia land bridge across the 
Bering Strait. An early migration by the oldest Siberian mammoth could have given rise to 
the Columbian mammoth, later crossings to the American woollies. In fact it seems that 
genetic strands from the two younger Siberian mammoths also entered the DNA of M. 
columbi at some stage in its evolution. 

Interesting as these revelations are about Arctic ice-age megafaunas, finding human 
remains that predate a few 10’s of ka in permafrost is unlikely. Modern humans and 
 Neanderthals are known to have migrated through Arctic Siberia, and perhaps Denisovans 
did too. Some individuals may have been unfortunate enough to have fallen into boggy 
ground that froze to form permafrost. However, there is no evidence for older human 
species having moved north of about 40°N since the first Africans entered 1.8 Ma ago. In 
any case, without the protection of massive bones, human DNA would probably have 
degraded more quickly than did that of these old mammoths. 

See also: Roca, A.L. 2021. Million-year-old DNA provides a glimpse of mammoth evolution. 
Nature, v. 591, p. 208-209; DOI: 10.1038/d41586-021-00348-w; Black, R. 2021. Oldest DNA 
sequenced yet comes from million-year-old mammoths (Smithsonian Magazine, 17 
February, 2021) 

 

Multitudes of Tyrannosaurus rex in Cretaceous North America (April 2021) 

 

 

Full-frontal skull of ‘Sue’, the best-preserved and among the largest specimens of T. rex (Credit: Scott 
Robert Anselmo, Wikimedia Commons) 
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Long-term followers of Earth-logs and its predecessor Earth-pages News will have observed 
my general detachment from the dinosaur hullabaloo, which just runs and runs. That is, 
except for real hold-the-front-page items. One popped up in the 16 April 2021 issue of 
Science (Marshall, C.R. et al. 2021. Absolute abundance and preservation rate of 
Tyrannosaurus rex. Science, v. 372, p. 284-287; DOI:10.1126/science.abc8300). For over two 
million years in the Late Cretaceous, just before all dinosaurs – except for birds – literally bit 
the dust, the authors estimated a lot of the dinosaurian poster-childTyrannosaurus rex 
lurking in North America. I write ‘lurking’ because ‘tyrant lizard the king’ when fully grown 
was so big that if it ran and fell over, it would have been unable to get up! Tangible evidence 
from trackways suggests that it ambled from place to place. The leg bones of a 7-tonner 
would probably have shattered at speeds above 18 km per hour, and accelerating to the 
speed of a human jogger would, anyhow, have exhausted its energy reserves, But it was 
agile enough to be an ambush predator; it could even pirouette! And it could crush bones so 
well that it was able to consume prey entirely. It has been suggested that T. rex may have 
been a scavenger, at least in old age. Whatever, how is it possible to estimate numbers of 
any extinct species, let alone dinosaurs? 

The stumbling block to getting a result that is better than guesswork is the fossil record of a 
species. First, it is incomplete, secondly the chance of finding a fossil varies from area to 
area, depending on all kinds of factors. These include the degree of exposure of sedimentary 
rock formed by the environment in which they thrived, as well as the vagaries of 
preservation due to post-mortem scavenging, erosion and water transport. In life the 
population density of a particularspecies varies between different ecosystems and from 
species to species. For instance, more lions can thrive in open rangeland than in wooded 
environments, whereas the opposite holds for tigers: probably because of different hunting 
strategies. Many factors such as these conspire to thwart realistic estimates of ancient 
populations. Studies of living species, however, suggest that population density of an animal 
species is inversely related to the average body mass of individuals. Take British herbivores: 
there are many more rabbits than there are deer. On the grasslands of East Africa hyenas 
and wild dogs outnumber lions. This mass-population relationship (Damuth’s Law) outlined 
by US ecologist John Damuth also depends on where a species exists in the food chain (its 
trophic level) as well as its physiology. Yet for living species, populations of flesh-eating 
mammals of similar mass show a 150-fold variation; a scatter that results from their 
different habits and habitats and also their energy requirements. Because they are warm-
blooded (endothermic), small carnivorous mammals need a greater energy intake than do 
similar sized, cold-blooded reptiles, which need to eat far less. But not all living reptiles are 
ectothermic, especially the bigger ones. The Komodo dragon is mesothermic, midway 
between the two, and uses about a fifth of the energy needed by a similar-sized mammal 
carnivore. Population densities of dragons in the Lesser Sunda Islands are more than twice 
those of physiologically comparable mammalian predators. 

A number of features suggest that the metabolism of carnivorous dinosaurs lay midway 
between those of large predatory mammals and big lizards like the Komodo dragon. This is 
the basic assumption for the analysis by Charles Marshall and colleagues. They did not focus 
on the biggest T. rex specimens, but on the average, estimated body mass of adults. There 
are numerous smaller specimens of the beast, but clearly some of these would have been 
sexually immature. It has been estimated that adulthood would have been achieved by 
around 15 years. The size data seem to show that achieving sexual maturity was 

https://science.sciencemag.org/content/372/6539/284.full.pdf
https://science.sciencemag.org/content/372/6539/284.full.pdf
https://en.wikipedia.org/wiki/Tyrannosaurus#Speed


accompanied by a 4 to 5 year growth spurt from the 2 to 3 tonnes of the largest juveniles to 
reach >7 t in the largest known adults which may have lived into their early 30s. The authors 
used this range to estimate a mean adult mass of 5.2 t. Taking this parameter and much 
more intricate factors into account, using intricate Monte Carlo simulations Marshall et al. 
came up with an estimate of 20 thousand T. rex adults across North America at any one 
time: but with an uncertainty of between 1,300 to 328,000. Spread over the 2.3 million km2 
area of Late Cretaceous North America that lay above sea level their best-estimated 
population density would have been about 1 individual for every 100 square kilometres. An 
area the size of California could have had about 3800 adult Tyrannosaurus rex, while there 
may well have been two in Washington DC. Lest one’s imagination gets overly excited, were 
tigers and lions living wild today in North America under similar ecological conditions there 
would have been 12 and 28 respectively in the US capital. Yet those two adult 
Washingtonian T. rexs would have been unable to catch anything capable of a sustained jog, 
without keeling over. The juveniles weighing in at up to 3 tonnes would probably have been 
the real top predators; the smaller, the swifter and thus most fierce. Which leaves me to 
wonder, “Did the early teenagers catch the prey for their massive parents to chow-down 
on?” 

See also: How many T. rexes were there? Billions. (ScienceDaily 15 April 2021)  

 

Climate out of control after the Permian-Triassic mass extinction (June 2021) 

The snuffing out of up to 90 percent of all terrestrial and marine species at the end of the 
Permian (252 Ma) was the outcome of lethal climatic warming. It probably stemmed from a 
stupendous episode of flood basalt volcanism and intrusions in what is now Siberia, which 
burned vast amounts of peat or coal in the basin that the flows filled (see: Coal and the end-
Permian mass extinction; March 2011). The released carbon dioxide created planetary 
hyperthermia and toxic acid rain. For at least five million years Earth was an almost sterile 
world, a notable absence being dense vegetation on the land surface – the Early Triassic is 
devoid of coal, whereas there is plenty of Late Permian age. Much the same slow recovery 
of life is found in meagre collections of land and marine animal fossils of that age. Yet, other 
mass extinctions were followed by recovery and species diversification at a much faster 
pace. 

One conceivable explanation could be the near absence of vegetation whose photosynthesis 
and burial would otherwise draw down CO2 and the same goes for its marine equivalent 
phytoplankton. But there is a powerful inorganic means of carbon sequestration: silicate 
weathering. The chemistry depends on carbon dioxide dissolved in water. For simple 
silicates it can be expressed as: 

2CO2 + H2O + CaSiO3 → Ca2+ + 2HCO3
– + SiO2. 

The higher the ambient temperature, the faster such reactions proceed. Most silicates are 
more complex and many common ones, such as feldspars, include aluminium, so that 
another product of weathering is insoluble, fine-grained clay minerals. So various soluble 
metal ions (Ca, Mg, K, Na etc), dissolved bicarbonate ions, silica in various guises and clays 
eventually end up in the sea. Once there, it is possible for them to recombine, as for 
instance calcium and bicarbonate ions: 

Ca2+ + 2HCO3
-→ CaCO3 + CO2 + H2O 
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Despite some CO2 gas being released, this reaction results in a net sequestration of carbon 
in calcium carbonate. Incidentally, the same kind of chemical reaction occurs in the soils 
produced by weathering. The carbonate may cement soils to form a hard crust of caliche or 
‘calcrete’. Chemical weathering enhanced by a hot climate, it might seem, should reduce the 
greenhouse effect quickly: a feedback mechanism that normally stabilises climate. But that 
did not happen after the P-Tr extinction event, thereby stressing all remaining life forms. A 
group of scientists at the University of Waikato in New Zealand have developed a possible 
explanation for this potentially fatal hazard for life on Earth (Isson, T.T. et al. 2022. Marine 
siliceous ecosystem decline led to sustained anomalous Early Triassic warmth. Nature 
Communications, v. 13, article 3509; DOI: 10.1038/s41467-022-31128-3). It focuses on the 
silica (SiO2) released by chemical weathering, which enters the ocean in the form of a 
colloid: Si(OH)4, a form of silicic acid known as ‘reactive silica’. Under ‘normal’ conditions, 
this is removed by organisms, such as diatoms and radiolaria, and is constantly recycled on a 
time scale of about 400 years, some contributing to deep-ocean oozes in the form of chert. 
But, like all other marine organisms, they too were victims of the P-Tr mass extinction. 

 

Examples of marine radiolaria (top) and diatoms (bottom) 
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Reactive silica colloids in seawater also participate in inorganic chemical reactions, 
combining with dissolved metal ions to form complex hydrated aluminosilicates, i.e. more 
clay minerals. The reactions change the alkalinity of seawater. As a result dissolved HCO3

–

ions transform to CO2 gas and water. Despite the complexity of the chemistry that 
interweaves the carbon and silicon cycles, there is a simple conclusion. If the abundance of 
silica-secreting marine organisms falls drastically while continental weathering continues to 
deliver silica, clay-mineral formation on the ocean floor results in release of CO2 that 
reverses the effect of enhanced weathering and thus maintains hyperthermal conditions. 
The other outcome is that less chert and flint granules form Terry Isson and colleagues 
examined the varying proportion of chert in cores through Lower Triassic marine sediments. 
A ‘chert gap’ characterises the 4 to 6 Ma following the P-Tr boundary event. This can be 
explained in part by extinction of silica-secreting organisms and by inorganic reactions 
converting the reactive silica that enhanced weathering delivered to the oceans to clay 
minerals. This supports the idea that the inorganic part of the silica cycle maintained 
greenhouse conditions in the absence of organic ‘competition’ for reactive silica. Many 
other biogeochemical cycles link biological and chemical processes that combine to affect 
climate: involving phosphorus, nitrogen and iron, to name but three. 

 

Ancient deep groundwater (July 2021) 

Worldwide, billions of people depend on groundwater for their water needs from wells, 
deep boreholes and natural springs. Even surface water in rivers and lakes is directly 
connected to that moving sluggishly below the surface. In fact the surface water level marks 
where the water table coincides with the land surface. From season to season the water 
table rises and falls and so too do river and lake levels, depending on fluctuations in rainfall, 
snow melt, evaporation and extraction. Where it is present, vegetation plays a role in the 
hydrological cycle, through transpiration from roots through stems and leaves, from which it 
is exhaled by minute pores or stomata; effectively plants are able to pump water through 
their tissues to a height of up to a hundred metres.  Groundwater, like that at the surface, 
moves under gravity roughly parallel to the slope of the land surface from the place where 
precipitation infiltrates soil and rock. But the deeper it is the slower the flow and the less it 
is in direct contact with surface processes to be replenished by infiltration. Wells and 
boreholes rarely penetrate deeper than a few hundred metres, so that the vast bulk of 
groundwater is never used. Indeed most deep groundwater would not be drinkable or 
suitable for irrigation since over millennia or longer it dissolves material from the rock that 
contains it to become saline. In some deep sedimentary aquifers it may actually be 
composed of seawater trapped at the time of sedimentation.  

The pore spaces in sandstones and fractures in limestones, the most common aquifers, are 
not the only conduits for groundwater. Crystalline igneous and metamorphic rocks are 
generally full of minute fractures resulting from their tectonic history. The deepest mines in 
crystalline basement, such as the gold mines of the Johannesburg area in South Africa, 
penetrate almost 4 km below the surface, yet are by no means dry and have to be pumped 
to stave off flooding. The water is a brine containing sodium and calcium chloride with high 
concentrations of dissolved, reduced gases such as hydrogen, methane and ethane (C2H6). 
Studies of the proportions of oxygen isotopes in the water reveal that the water in the 
fractures is very different from that in modern rainwater: this fluid is completely isolated 
from the modern hydrological cycle and is very old indeed. Just how old has now been 



determined (Warr, O. et al. 2022. 86Kr excess and other noble gases identify a billion-year-
old radiogenically-enriched groundwater system. Nature Communications v. 13, 
Article number 3768; DOI: 10.1038/s41467-022-31412-2).  

 

Damp conditions in the Mponeng gold mine near Johannesburg, South Africa, the world’s deepest at 
3.8 km below the surface with planned expansion to 4.3 km (Credit: AngloGold Ashanti) 

Brine extracted from a borehole in the floor of the Moab Khotsong gold/uranium mine also 
contains the noble gases helium, neon, argon, krypton and xenon. Noble gases are present 
in today’s atmosphere, so conceivably they may have originally entered the brine in rain 
water that seeped along fractures. However, when their isotopes are measured their 
proportions are very different from those in air. There are excesses of 4He, 21Ne, 22Ne, 40Ar, 
86Kr and several isotopes of Xe. These isotopes are emitted during the radioactive decay of 
uranium, thorium and 40K, the main heat producing isotopes in the crust and mantle. Oliver 
Warr of the University of Toronto Canada and geochemists from Oxford University UK, 
Princeton University and the New Mexico Institute of Mining and Technology US, and the 
Sorbonne France show that originally atmospheric noble gases have been enriched in these 
radiogenic isotopes. Their present isotopic proportions therefore give clues to the time 
when air dissolved in groundwater was trapped in the host rock more than a billion years 
ago. A complicating factor is that the host rocks themselves are dated at about three times 
that age. They suggest that the fractures systems were initiated by the Vredfort asteroid 
impact at 2.0 Ga to form aquifers, but they became isolated from hydrological circulation 
around 1.2 Ga and now contain the world’s oldest groundwater. 

One of the implications of the study is that such trapped water may be present at depth in 
the crust of Mars, despite its current aridity. Another is that, because the fluid contains 
hydrogen, sulfate ions and hydrocarbon gases, it can potentially support organisms that use 
them to power their metabolism and reproduce. In 2008 microbes were found living in 
similar ancient groundwater 2.4 km below the surface in the Kidd Creek Mine, Canada, at a 

https://www.nature.com/articles/s41467-022-31412-2.pdf
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level of around 5 thousand cells per millilitre (50 times less than in surface water). They are 
powered by reduction of sulfate ions to sulfide. In 2008 another peculiar discovery in the 
deep biosphere emerged from the Mponeng gold mine near Johannesburg, South African 
(the world’s deepest) in the form of a living sulfate reducing bacterium Desulforudis 
audaxviator. DNA  analysis of the ancient water revealed that it was the sole inhabitant, a 
biological mystery confirmed by later deep-biosphere studies in Death Valley, USA, and 
Siberia.  

See also: Researchers uncover life’s power generators in the Earth’s oldest groundwaters, 
EurekaAlert, 5 July 2022; Mantle link with biosphere, July 2009 

 

Influence of massive igneous intrusions on end-Triassic mass extinction (September 2021) 

About 200 Ma ago, the break-up of the Pangaea supercontinent was imminent. The signs of 
impending events are spread through the eastern seaboard of North America, West Africa 
and central and northern South America. Today, they take the form of isolated patches of 
continental flood basalts, dyke swarms – probably the feeders for much more extensive 
flood volcanism – and large intrusive sills. Break-up began with the separation of North 
America from Africa and the start of sea-floor spreading that began to form the Central 
Atlantic Ocean: hence the name Central Atlantic Magmatic Province (CAMP) for the igneous 
activity. It all kicked off at the time of the Triassic-Jurassic stratigraphic boundary, and a 
mass extinction with a similar magnitude to that at the end of the Cretaceous. 
Disappearances of animals in the oceans and on continents were selective rather than 
general, as were extinctions of land plants. The mass extinction is estimated to have taken 
about ten thousand years. It left a great variety of ecological niches ready for re-occupation. 
On land a small group of reptiles with a substantial destiny entered some of these vacant 
niches. They evolved explosively to the plethora of later dinosaurs as their descendants 
became separated as a result of continental drift and adaptive radiation. 

The end-Triassic mass extinction, like three others of the Big Five, was thus closely 
associated in time with massive continental flood volcanism: indeed one of the largest such 
events. Within at most 10 ka large theropod dinosaurs entered the early Jurassic scene of 
eastern North America. The Jurassic was a greenhouse world whose atmosphere had about 
five times more CO2, a mean global surface temperature between 5 and 10°C higher and 
deep ocean temperatures 8°C above those at present. Was mantle carbon transported by 
CAMP magmas the main source (widely assumed until recently) or, as during the end-
Permian mass extinction, was buried organic carbon responsible? A multinational group of 
geoscientists have closely examined samples from a one million cubic kilometre stack of 
intrusive basaltic sills, dated at 201 Ma, in the Amazon basin of Brazil that amount to about 
a third of all CAMP magmatism (Capriolo, M. and 11 others 2021. Massive methane fluxing 
from magma–sediment interaction in the end-Triassic Central Atlantic Magmatic 
Province. Nature Communications, v. 12, article 5534; DOI: 10.1038/s41467-021-25510-w). 
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Flood basalts of the Central Atlantic Magmatic Province in Morocco (Credit: Andrea Marzoli) 

The team focussed on fluid inclusions in quartz within the basaltic sills that formed during 
the late stages of their crystallisation. The tiny inclusions contain methane gas and tiny 
crystals of halite (NaCl) as well as liquid water. Such was the bulk composition of the 
intrusive magma that the presence of around 5% of quartz in the basalts would be 
impossible without their magma having assimilated large volumes of silica-rich sedimentary 
rocks such as shales. The host rocks for the huge slab of igneous sills are sediments of 
Palaeozoic age: a ready source for contamination by both organic carbon and salt. The 
presence of methane in the inclusions suggests that more complex hydrocarbons had been 
‘cracked’ by thermal metamorphism. Moreover, it is highly unlikely to have been derived 
from the mantle, partly because methane has been experimentally shown not to be soluble 
in basaltic magmas whereas CO2 is. The authors conclude that both quartz and methane 
entered the sills in hydrothermal fluids generated in adjacent sediments. Thermal 
metamorphism of the sediments would also have driven such fluids to the surface to inject 
methane directly to the atmosphere. Methane is 25 times as potent as carbon dioxide at 
trapping heat in the atmosphere, yet it combines with the hydroxyl (OH–) radical to form 
CO2 and water vapour within about 12 years. Nevertheless during continuous emission 
methane traps 84 times more heat in the atmosphere than would an equivalent mass of 
carbon dioxide. 

Calculations suggest about seven trillion tonnes of methane were generated by the CAMP 
intrusions in Brazil. Had the magmas mainly been extruded as flood basalts then perhaps 
global warming at the close of the Triassic would have been far less. Extinctions and 
subsequent biological evolution would have taken very different paths; dinosaurs may not 
have exploded onto the terrestrial scene so dramatically during the remaining 185 Ma of the 
Mesozoic. So it seems important to attempt an explanation of why CAMP magmas in Brazil 
did not rise to the surface but stayed buried as such stupendous igneous intrusions. Work 
on smaller intrusive sills suggests that magmas that are denser than the rocks that they pass 
through – as in a large, thick sedimentary basin – are forced by gravity to take a lateral ‘line 



of least resistance’ to intrude along sedimentary bedding. That would be aided by the 
enormous pressure of steam boiled from wet sedimentary rocks forcing beds apart. In areas 
where only thin sedimentary cover rests on crystalline, more dense igneous and 
metamorphic rocks, basaltic magma has a greater likelihood of rising through vertical dyke 
swarms to reach the surface and form lava floods. 

 

 


