
Planetary science 
 

Mineral grains far older than the Solar System (January 2020) 

If a geologist with broad interests was asked, ‘what are the oldest materials on Earth?’ she 
or he would probably say the Acasta Gneiss from Canada’s North West Territories at 4.03 
billion years (Ga) (see: At last, 4.0 Ga barrier broken, November 2008. A specialist in the 
Archaean Eon might say the Nuvvuagittuq Greenstone Belt on the eastern shore of Hudson 
Bay (see: Archaean continents derived from Hadean oceanic crust, March 2017); arguably 
4.28 Ga old. An isotope geochemist would refer to a tiny 4.4 Ga zircon grain that had been 
washed into the much younger Mount Narryer quartz sandstone in Western Australia (see: 
Pushing back the “vestige of a beginning”, January 2001). A real smarty pants would cite a 
4.5 Ga old sample of feldspar-rich Lunar Highland anorthosite in the Apollo Mission archive 
in Houston, USA. The last is less than 100 Ma younger than the formation of the Solar 
System itself at 4.568 Ga. Yet there are meteorites that have fallen to Earth, which contain 
minute mineral  grains that were incorporated into the initial dust from which the planets 
formed. Until recently, the best known were white inclusions in a 2 tonne meteorite that fell 
near Allende in Mexico; the largest carbonaceous chondrite ever found. This class of 
meteorite represents the most primitive material in orbit around the Sun. Its tiny inclusions 
contain proportions of isotopes of a variety of elements that are otherwise unknown in any 
other material from the Solar System and they are older. The conclusion is that these dust-
sized, presolar grains originated elsewhere in the galaxy, perhaps from supernovas or red-
giant stars. 

 

A presolar grain from the Murchison meteorite made up of silicon carbide crystals (credit: 
Janaína N. Ávila) 

Carbonaceous chondrites, as their name suggests, contain a huge variety of carbon-based 
compounds and they have been closely examined as possible suppliers of the precursor 
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chemicals for the origin of life. Another large example of this class fell near the town of 
Murchison in Victoria, Australia in 1969. The first people to locate fragments of the 100 kg 
body noted a distinct smell of methylated spirits and steam rising from it: when crushed half 
a century later it still smells like rotting peanut butter. The Murchison meteorite has yielded 
signs of 14 thousand organic compounds, including 70 amino acids. It has also been a target 
for extracting possible presolar grains. This entails grinding small fragments and then 
dissolving out the carbonaceous and silicate material using various reagent to leave the 
more or less inert silicon carbide grains. The residue contains the most durable grains: 
despite being described as ‘large’ they are of the order of only 10 micrometres across. Some 
are made of silicon carbide; the same as the well-known abrasive carborundum. Throughout 
their lifetime in interstellar space the grains have been bombarded by high-energy protons 
and helium nuclei which move through space at nearly the speed of light – generally known 
as ‘cosmic rays’. When interacting with other matter they behave much like the particles in 
the Large Hadron Collider, being able to transmute natural isotopes into others. Measuring 
the relative proportions of these isotopes in material that has been bombarded by cosmic 
rays enables their exposure time to be estimated. In the case of the Murchison presolar 
grains the isotopes of choice are those of the noble gas neon (Heck, P.R. and 9 others 2020. 
Lifetimes of interstellar dust from cosmic ray exposure ages of presolar silicon carbide. 
Proceedings of the National Academy of Sciences, 201904573; DOI: 
10.1073/pnas.1904573117). Analyses of 40 such grains yielded ages from 4.6 to 7.5 Ga, i.e. 
up to 3 billion years before the Solar System formed. They are, indeed, exotic. The highest 
age exceeds that of the oldest from such previously measured by 1.5 billion years 

Investigations up to now suggest that dusts amount to about 1 % of interstellar matter, the 
rest being gases, mainly hydrogen and helium. With the formation of the planets and the 
parent bodies of asteroids a high proportion of presolar grains would have accreted to them 
to be mixed with other, more common stuff. What Heck and colleagues have discovered 
puts the Solar System into a broad framework of time and space. The grains must have 
formed at some stage in the evolution of stars older and larger than the Sun, to be blown 
out into the interstellar medium of the Milky Way galaxy. One possibility is that about 7 
billion years ago there was a burst of star formation in a nearby sector of the galaxy. How 
the resulting dust made its way to the concentration of interstellar matter that eventually 
formed the Sun and Solar System is yet to be commented on. 

See also: Bennett, J.  2020 Meteorite Grains Are the Oldest Known Solid Material on Earth. 
 Smithsonian Magazine(online)  13 January 2020. 

  

Active volcanic processes on Venus (January 2020) 

Earth’s nearest neighbour, apart from the Moon, is the planet Venus. As regards size and 
estimated density it could be Earth’s twin. It is a rocky planet, probably with a crust and 
mantle made of magnesium- and iron-rich silicates, and its bulk density suggests a 
substantial metallic core. There the resemblance ends. The whole planet is shrouded in 
highly reflective cloud (possibly of CO2 ‘snow’) at the top of an atmosphere almost a 
hundred times more massive than ours. It consists of 96% CO2 with 3% nitrogen, the rest 
being mainly sulfuric acid: the ultimate greenhouse world, and a very corrosive one. Only 
the four Soviet Venera missions have landed on Venus to provide close-up images of its 
surface. They functioned only for a couple of hours, after having measured a surface 
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temperature around 500°C – high enough to melt lead. One Venera instrument, an X-ray 
fluorescence spectrometer – did crudely analyse some surface rock, showing it to be of 
basaltic composition. The atmosphere is not completely opaque, being transparent to 
microwave radiation. So both its surface textures and elevation variation have been imaged 
several times using orbital radar. Unlike the Earth, whose dual-peaked distribution of 
elevation – high continents and low ocean floors thanks to plate tectonics – Venus has just 
one and is significantly flatter. No tectonics operate there. There are far fewer impact 
craters on Venus than on Mars and the Moon, and most are small. This suggests that the 
present surface of Venus is far younger than are theirs; no more than 500 Ma compared to 3 
to 4 billion years. 

 

Volcanic ‘pancake’ domes on the surface of Venus, about 65 km wide and 1 km high, imaged 
by orbital radar carried by NASA’s Magellan Mission. 

Somehow, Venus has been ‘repaved’, most likely by vast volcanic outpourings akin to the 
Earth’s flood basalt events, but on a global scale. Radar reveals some 1600 circular features 
that are undoubtedly volcanic in origin and younger than most of the craters. They resemble 
huge pancakes and are thought to be shield volcanoes similar to those seen on the 
Ethiopian Plateau but up to 100 times larges. Despite the high surface temperature and a 
caustic atmosphere, chemical weathering on Venus is likely to be much slower than on 
Earth because of the dryness of its atmosphere. Also, unlike the hydration reactions that 
produce terrestrial weathering, on Venus oxidizing processes probably produce iron oxides, 
sulfides, some anhydrous sulfates and secondary silicates. These would change the 
reflective properties of originally fresh igneous rocks, a little like the desert varnish that 
pervades rocky surfaces in arid areas on Earth. A group of US scientists have devised 
experiments to reproduce the likely conditions at the surface of Venus to see how long it 
takes for one mineral in basalt to become ‘tarnished’ in this way (Filberto, J. et al. 2020. 
Present-day volcanism on Venus as evidenced from weathering rates of olivine. Science 
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Advances, v. 6, article eaax7445; DOI: 10.1126/sciadv.aax7445). One might wonder why, 
seeing as the planet’s atmosphere hides the surface in the visible and short-wavelength 
infrared part of the spectrum, which underpins most geological remote sensing of other 
planetary bodies, such as Mars. In fact, that is not strictly true. Carbon dioxide lets radiation 
pass through in three narrow spectral ‘windows’ (centred on 1.01, 1.10, and 1.18 μm) in 
which fresh olivine emits more radiation when it is heated than does weathered olivine. So 
detecting and measuring radiation detected in these ‘windows’ should discriminate 
between fresh olivine and that which has been weathered Venus-style. Indeed it may help 
determine the degree of weathering and thus the duration of lava flow’s exposure. 

 

Colour-coded image of night-time thermal emissivity over Venus’s southern hemisphere as 
sensed by VIRTIS on Venus Express (Credit: M. Gilmore 2017, Space Sci. Rev. DOI 

10.1007/s11214-017-0370-8; Fig. 3) 

The European Space Agency’s Venus Express Mission in 2006 carried a remote sensing 
instrument (VIRTIS) mainly aimed at the structure of Venus’s clouds and their circulation. 
But it also covered the three CO2 ‘windows’, so it could detect and image the surface too. 



The image above shows significant areas of the surface of Venus that strongly emit short-
wave infrared at night (yellow to dark red) and may be slightly weathered to fresh. Most of 
the surface in green to dark blue is probably heavily weathered. So the data may provide a 
crude map of the age of the surface. However, Filberto et al’s experiments show that olivine 
weathers extremely quickly under the surface conditions of Venus. In a matter of months 
signs of the fresh mineral disappeared. So the red areas on the image may well be lavas that 
have been erupted in the last few years before VIRTIS was collecting data, and perhaps 
active eruptions. Previous suggestions have been that some lava flows on large volcanoes 
are younger than 2.5 Ma and possible even younger than 0.25 Ma. Earth’s ‘evil twin’ now 
seems to be vastly more active, as befits a planet in which mantle-melting temperatures 
(~1200°C) are far closer to the surface as a result of the blanketing effect of its super-dense 
atmosphere. 

 

Finding Archaean atmospheric composition using micrometeorites (February 2020) 

 

 

Modern micrometeorites (about 20 μm in diameter) from deep-sea sediments, with shiny magnetite-
rich veneers (Credit: D. E. Brownlee) 

The gases making up the Earth’s atmosphere and their relative proportions before 2.5 billion 
years (Ga) ago are known with very little certainty. Carbonate rocks are rare, indicating that 
the oceans were more acidic, which implies that they had dissolved more CO2 from the 
atmosphere, which, in turn implies that there was much more of that gas than in present 
air. There are few signs of widespread glaciogenic sediments of Archaean age, at a time 
when the Sun’s energy output is estimated to have been at 70 to 75% of its present level. 
Without an enhanced greenhouse effect oceans would have been frozen over; so that 
supports high CO2 concentrations too. The fact that water worn grains of minerals such as 
uraninite (UO2) and pyrite (FeS2), which are stable only in reducing conditions, occur in 
Archaean conglomerates is a good indicator that there were only vanishingly small amounts 
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of oxygen in the air. That was not to change until marine photosynthesisers produced 
enough to overcome the general reducing conditions at the Earth’s surface, marked by the 
Great Oxidation Event at around 2.4 Ga (see: Massive event in the Precambrian carbon 
cycle; Earth-logs, January 2012. Search for more articles in sidebar at Earth-logs home page). 
It was then that ancient soils (palaeosols) became the now familiar red colour because of 
their content of ferric iron oxides and hydroxides The problem is that reliable numbers 
cannot be attached to these kinds of observation. A common means of estimating CO2 levels 
comes from the way in which the gas reacts with silicates as soils form at the land surface, 
estimated from carbon isotopes in soil carbonate nodules. Since the rise of land plants 
around 400 Ma ago the distribution of pores (stomata) in fossil leaves provides a more 
precise estimate: the more CO2 in air the less densely packed are leaf stomata. For the 
Precambrian we are stuck with estimates based on chemical reactions of minerals with the 
atmosphere. Until recently, one reaction that must always have been extremely common 
was overlooked. 

When meteorite pass through the atmosphere at very high speed friction heats them to 
incandescence. Their surfaces not only melt but the minerals from which they are composed 
react very strongly with air. The reaction products should therefore provide chemical clues 
to the relative proportions of atmospheric gases. Both oxygen and carbon dioxide are 
reactive at such temperatures, although nitrogen is virtually inert, yet it tends to buffer 
oxidation reactions. The rest of the atmosphere comprises noble gases – mainly argon – and 
by definition they are completely unreactive. Pure-iron micrometeorites collected from 2.7 
Ga old sediments in the Pilbara Province of Western Australia are veneered with magnetite 
(Fe3O4) and wüstite (FeO), thus preserving a record of their passage through the 
Neoarchaean atmosphere. If the oxidant had been oxygen, for these minerals to form from 
elemental iron suggests oxygen levels around those prevailing today: clearly defying the 
abundant evidence for its near-absence during the Archaean. Carbon dioxide is the only 
candidate. Two studies have produced similar results (Lehmer, O. R. et al. 2020. 
Atmospheric CO2 levels from 2.7 billion years ago inferred from micrometeorite 
oxidation. Science Advances, v. 6, article aay4644;  DOI: 10.1126/sciadv.aay4644 and Payne, 
R.C. et al. 2020. Oxidized micrometeorites suggest either high pCO2 or low pN2 during the 
Neoarchean. Proceedings of the National Academy of Sciences, v. 117 1360 
DOI:10.1073/pnas.1910698117). Both use complex modelling of the chemical effects of 
meteorite entry. Lehmer and colleagues estimated that the Neoarchaean atmosphere 
contained about 64% CO2, with a surface atmospheric pressure about half that at present. 
This would be sufficient for a surface temperature of about 30°C achieved by the 
greenhouse effect, taking into account lower solar heating. The team led by Payne 
concluded a lower concentration (25 to 50%) and a somewhat cooler planet at that time. 
Both results suggest ocean water considerably more acid than are today’s. The combined 
warmth and acidity would have had a fundamental bearing on both the origin, survival and 
evolution of early life. 

See also: Carroll, M. 2020. Meteorites reveal high carbon dioxide levels on early Earth; Yirka, 
R. Computer model shows ancient Earth with an atmosphere 70 percent carbon dioxide. 
(both from Phys.org) 
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How did the planets form? (February 2020) 

The latest addition to knowledge of the Solar System looks a bit like a couple of potatoes 
that have lain together and dried over several years. It also has a name – Arrokoth – that 
might have been found in a novel by H.P. Lovecraft. In fact Arrokoth meant ‘sky’ in the 
extinct Powhatan language once spoken by the native people of Chesapeake Bay. The 
planetesimal was visited by the New Horizons spacecraft two years after it had flown by 
Pluto (see; Most exotic geology on far-off Pluto, Earth-logs 6 April 2016). It is a small 
member of the Kuiper Belt of icy bodies. Data collected by a battery of imaging instruments 
on the spacecraft has now revealed that it has a reddish brown coloration that results from 
a mixture of frozen methanol mixed with a variety of organic compounds including a class 
known as tholins – the surface contains no water ice. Arrokoth is made of two flattened 
elliptical bodies (one 20.6 × 19.9 × 9.4 km the smaller 15.4 × 13.8 × 9.8 km) joined at a 
‘waist’. Each of them comprises a mixture of discrete ‘terrains’ with subtly different surface 
textures and colours, which are likely to be earlier bodies that accreted together. On 13 
February 2020 a flurry of three papers about the odd-looking planetesimal appeared in 
Science. 

 

The planetesimal Arrokoth. (Credit: Roman Tkachenko, NASA) 

The smooth surface implies a lack of high-energy collisions when a local cluster of initially 
pebble sized icy bodies in the sparsely populated Kuiper Belt gradually coalesced under 
extremely low gravity. The lack of any fractures suggests that the accretions involved 
relative speeds of, at most, 2 m s-1; slow-walking speed or spacecraft docking (McKinnon, 
W.B. and a great many more 2020. The solar nebula origin of (486958) Arrokoth, a 
primordial contact binary in the Kuiper Belt. Science, article eaay6620; DOI: 
10.1126/science.aay6620). The authors regard this quiet, protracted, cool accretion to have 
characterised at least the early stages of planet formation in the Outer Solar System. The 
extent to which this can be extrapolated to the formation of the giant gas- and ice worlds, 
and to the rocky planets and asteroids of the Inner Solar System is less certain, to me at 
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least. It implies cold accretion over a long period that would leave large worlds to heat up 
only through the decay of radioactive isotopes. Once large planetesimals had accreted, 
however that had happened, the greater their gravitational pull the faster other objects of 
any size would encounter them. That scenario implies a succession of increasingly high-
energy collisions during planet formation. 

This hot-accretion model, to which most planetary scientists adhere, was supported by a 
paper published by Science a day before those about Arrokoth hit the internet (Schiller, M. 
et al. 2020. Iron isotope evidence for very rapid accretion and differentiation of the proto-
Earth. Science Advances, v. 6, article eaay7604; DOI: 10.1126/sciadv.aay7604). This work 
hinged on the variation in the proportions of iron isotopes among meteorites, imparted to 
the local gas and dust cloud after their original nucleosynthesis in several supernovas in the 
Milky Way galaxy during pre-solar times. Iron found in different parts of the Earth 
consistently shows isotopic proportions that match just one class of meteorites: the CI 
carbonaceous chondrites. Yet there are many other silicate-rich meteorite classes with 
=different iron-isotope proportions. Had the Earth accreted from this mixed bag by random 
‘collection’ of material over a protracted period prior to 4.54 billion years ago, its overall 
iron-isotope composition would have been more like the average of all meteorites than that 
of just one class. The authors conclude that Earth’s accretion, and probably that of the 
smaller body that crashed with it to form the Moon at about 4.4 Ga, must have taken place 
quickly (<5 million years) when CI carbonaceous chondrites dominated the inner part of the 
protoplanetary disc. 

See also: Barbuzano, J. 2020. New Horizons Reveals Full Picture of Arrokoth . . . and How 
Planets Form. Sky & Telescope 

 

An Early Archaean Waterworld (March 2020) 

In Earth-logs you may have come across the uses of oxygen isotopes, mainly in connection 
with their variations in the fossils of marine organisms and in ice cores. The relative 
proportion of the ‘heavy’ 18O isotope to the ‘light’ 16O, expressed by δ18O, is a measure of 
the degree of fractionation between these isotopes under different temperature conditions 
when water evaporates. What happens is that H2

16O, in which the lighter isotope is bound 
up, slightly more easily evaporates thus enriching the remaining liquid water in H2

18O. As a 
result the greater the temperature of surface water and the more of evaporates, the higher 
is its δ18O value. Shells that benthonic (surface-dwelling) organism secrete are made mainly 
of the mineral calcite (CaCO3). Their formation involves extracting dissolved calcium ions 
and CO2 plus an extra oxygen from the water itself, as calcite’s formula suggests. So 
plankton shells fossilised  in ocean-floor sediments carry the δ18O and thus a temperature 
signal of surface water at the place and time in which they lived. Yet this signal is 
contaminated with another signal: that of the amount of water evaporated from the ocean 
surface (with lowered  δ18O) that has ended up falling as snow and then becoming trapped 
in continental ice sheets. The two can be separated using the δ18O found in shells of 
bottom-dwelling (benthonic) organisms, because deep ocean water maintains a similar low 
temperature at all time (about 2°C). Benthonic δ18O is the main guide to the changing 
volume of continental ice throughout the last 30 million year or so. This ingenious approach, 
developed about 50 years ago, has become the key to understanding past climate changes 
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as reflected in records of ice volume and ocean surface temperature. Yet these two factors 
are not the only ones at work on marine oxygen isotopes. 

 

Artistic impression of the Early Archaean Earth dominated by oceans (Credit: Sci-news.com) 

When rainwater flows across the land, clays in the soil formed by weathering of crystalline 
rocks preferentially extract 18O and thus leave their own δ18O mark in ocean water. This has 
little, if any, effect on the use of δ18O to track past climate change, simply because the 
extent of the continents hasn’t changed much over the last 2 billion years or so. Likewise, 
the geological record over that period clearly indicates that rain, wet soil and water flowing 
across the land have all continued somewhere or other, irrespective of climate. However, 
one of the thorny issues in Earth science concerns changes of the area of continents in the 
very long term. They are suspected but difficult to tie down. Benjamin Johnson of the 
University of Colorado and Boswell Wing of Iowa State University, USA, have closely 
examined oxygen isotopes in 3.24 billion-year old rocks from a relic of Palaeoarchaean 
ocean crust from the Pilbara district of Western Australia that shows pervasive evidence of 
alteration by hot circulating ocean water (Johnson, B.W. & Wing, B.A. 2020. Limited 
Archaean continental emergence reflected in an early Archaean 18O-enriched ocean. Nature 
Geoscience, v. 13, p. 243-248; DOI: 10.1038/s41561-020-0538-9). Interestingly, apart from 
the composition of the lavas, the altered rocks look just the same as much more recent 
examples of such ophiolites. 

The study used many samples taken from the base to the top of the ophiolite along some 20 
traverses across its outcrop. Overall the isotopic analyses suggested that the circulating 
water responsible for the hydrothermal alteration 3.2 Ga ago was much more enriched in 
18O than is modern ocean water. The authors’ favoured explanation is that much less 
continental crust was exposed above sea level during the Palaeoarchaean Era than in later 
times and so far less clay was around on land. That does not necessarily imply that less 
continental crust existed at that time compared with the Archaean during the following 700 
Ma , merely that the continental ‘freeboard’ was so low that only a few islands emerged 
above the waves. By the end of the Archaean 2.5 Ga ago the authors estimate that oceanic 
δ18O had decreased to approximately modern levels. This they attribute to a steady increase 
in weathering of the emerging continental landmasses and the extraction of 18O into new, 
clay-rich soils as the continents emerged above sea level. How this scenario of a ‘drowned’ 
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world developed is not discussed. One possibility is that the average depth of the oceans 
then was considerably less than it was in later times: i.e. sea level stood higher because the 
volume available to contain ocean water was less. One possible explanation for that and the 
subsequent change in oxygen isotopes might be a transition during the later Archaean Eon 
into modern-style plate tectonics. The resulting steep subduction forms deep trench 
systems able to ‘hold’ more water. Prior to that faster production of oceanic crust resulted 
in what are now the ocean abyssal plains being buoyed up by warmer young crust that 
extended beneath them. Today they average around 4000 m deep, thanks to the increased 
density of cooled crust, and account for a large proportion of the volume of modern ocean 
basins. 

 

Is there water in the Earth’s core? (June2020) 

Understandably, the nature of what lies at the centre of the Earth is as much the subject of 
speculation as tangible evidence. That there must be something very dense within the 
planet emerged once the Earth’s bulk density was calculated. Because a high proportion of 
meteorites are dominated by an alloy of the metals iron and nickel, geoscientists adopted 
that combination as plausible core material. Study of the arrival times around the globe of 
seismic waves from earthquakes then revealed the actual size of the Earth’s core. Iron-nickel 
alloy fitted the bill quite nicely. It also fits geochemical evidence, such as the crust and 
mantle’s depletion in some trace elements that theoretically have an affinity for iron. The 
fact that seismology showed also that the outer core was molten and able to flow, together 
with metals’ high electrical conductivity, gave rise to the current concept of the 
geomagnetic field being generated by a dynamo effect in the core. However the density of 
Fe-Ni is not ‘quite right’ because the core is somewhat lighter than predicted for the pure 
alloy under stupendous pressure: it must contain a substantial amount – up to 13% – of 
lower density materials.  Silicon, sulfur and oxygen have been suggested as candidates, with 
evidence from a variety of minor minerals in metallic meteorites. 

 

A recent model for core formation (credit Crystal Y. Shi et al 2013; DOI: 10.1038/NGEO1956 Fig. 5) 
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The world is currently awash with models that attempt to throw light on the course of the 
Covid-19 pandemic. Many are based on highly uncertain data, leading to suggestions by 
some people that they have become tools for political elites and a means of helping 
ambitious scientists into the limelight: a sort of fuel for hubris. In the midst of this 
unprecedented turmoil there has appeared a suggestion (from modelling) that the core 
contains abundant hydrogen (Li, Y. et al. 2020. The Earth’s core as a reservoir of water. 
Nature Geoscience, v. 13, published online; DOI: 10.1038/s41561-020-0578-1). Yunguo Li 
and colleagues, from University College London, the Chinese Academy of Science and the 
University of Oslo, explore the idea that the dominant hydrogen of the pre-planetary Solar 
nebula, which accreted to form the Earth, may have joined iron during core formation. This 
had been predicted from the thermodynamics of chemical reactions between water and 
iron. The team takes this further through the geochemical theory that elements and 
compounds tend to enter other materials preferentially. For example, during partial melting 
of the crust alkali metals (Na, K etc) are more likely to enter the granitic melt than to remain 
in the solid residue. Li et al. have used thermodynamics to predict the partitioning of 
hydrogen between iron and silicate melts under the very high temperature and pressure 
conditions at the boundary between the core and mantle. 

Their calculations suggest that hydrogen then behaves in much the same manner as, say 
gold and platinum: it becomes ‘iron-loving’ or siderophile and prefers the molten core, as 
would H2O. The amount that gets in depends on the water content of the molten silicate 
that eventually becomes the mantle. If the water now making up Earth’s ocean was 
‘degassed’ from the mantle during core formation then the original silicate melt would have 
been ‘wetter’ than it is now. The implication of such early degassing is that the core may 
contain 5 ‘oceans worth’ of water! The alternative scenario for Earth’s becoming a watery 
world is the later accretion of, for instance, cometary material. In that case, the early core 
would have been drier. Yet, the continual subduction of hydrated oceanic lithosphere into 
the deep mantle during billions of years of plate tectonics would steadily have added water 
to the core, in the form of iron oxides and hydrogen. So, the core might, in either case, 
contain several ‘oceans’ of the components of water. One line of indirect evidence is the 
deficiency in Earth’s actual water of the heavier isotope of hydrogen (deuterium) relative to 
the D/H ratio of chondritic meteorites. Theory suggests that D has slightly more affinity for 
joining iron than does H. Substantial water in the core does help explain the core’s apparent 
low density, but that notion requires as much faith as politicians seem to have in ‘following 
the Science’ during the current pandemic … 

 

Kicking-off planetary Snowball conditions  (August 2020)  

Twice in the Cryogenian Period of the Neoproterozoic, glacial- and sea ice extended from 
both poles to the Equator, giving ‘Snowball Earth’ conditions. Notable glacial climates in the 
Phanerozoic – Ordovician, Carboniferous-Permian and Pleistocene – were long-lived but 
restricted to areas around the poles, so do not qualify as Snowball Earth conditions. It is 
possible, but less certain, that Snowball Earth conditions also prevailed during the 
Palaeoproterozoic at around 2.4 to 2.1 billion years ago. This earlier episode roughly 
coincided with the ‘Great Oxidation Event’, and one explanation for it is that the rise of 
atmospheric oxygen removed methane, a more powerful greenhouse gas than carbon 
dioxide, by oxidizing it to CO2 and water. That may well have been a consequence of the 
evolution of the cyanobacteria, their photosynthesis releasing oxygen to the atmosphere. 



The Neoproterozoic ‘big freezes’ are associated with rapid changes in the biosphere, most 
importantly with the rise of metazoan life in the form of the Ediacaran fauna, the precursor 
to the explosion in animal diversity during the Cambrian. Indeed all major global coolings, 
restricted as well as global, find echoes in the course of biological evolution. Another 
interwoven factor is the rock cycle, particularly volcanism and the varying pace of chemical 
weathering. The first releases CO2 from the mantle, the second helps draw it down from the 
atmosphere when weak carbonic acid in rainwater rots silicate minerals (see: Can rock 
weathering halt global warming, July 2020). All such interplays between major and 
sometimes minor ‘actors’ in the Earth system influence climate and, in turn, climate 
inevitably affects all the rest. With such complexity it is hardly surprising that there is a 
plethora of theories about past climate shifts. 

 

Artist’s impression of the glacial maximum of a Snowball Earth event (Source: NASA) 

As well as a link with fluctuations in the greenhouse effect, climate is influenced by changes 
in the amount of solar heating, for which there are yet more options to consider. For 
instance, the increase in Earth’s albedo (reflectivity) that results from ice cover, may lead 
through a feedback effect to runaway cooling, particularly once ice extends beyond the 
poorly illuminated poles. Volcanic dust and sulfate aerosols in the stratosphere also increase 
albedo and the tendency to cooling, as would interplanetary dust. More complexity to 
befuddle would-be modellers of ancient climates. Yet it is safe to say that, within the 
maelstrom of contributory factors, the freeze-overs of Snowball conditions must have 
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resulted from our planet passing through some kind of threshold in the Earth System. Two 
theoretical scientists from the Department of Earth, Atmospheric, and Planetary Sciences at 
the Massachusetts Institute of Technology have attempted to cut through the log-jam by 
modelling the dynamics of the interplay between the ice-albedo feedback and the carbon-
silicate cycle of weathering (Arnscheidt, C.W. & Rothman, D.H. 2020. Routes to global 
glaciation. Proceedings of the Royal Society A, v. 476, article 0303 online; DOI: 
10.1098/rspa.2020.0303). Their mathematical approach involves two relatively simple, if 
long-winded, equations based on parameters that express solar heating, albedo, surface 
temperature and pressure, and the rate of volcanic outgassing of CO2; a simplification that 
sets biological processes to one side. 

Unlike previous models, theirs can simulate varying rates, particularly of changes in solar 
energy input. The key conclusion of the paper is that if solar heating decreases faster than a 
threshold rate the more a planet’s surface water is likely to freeze from pole to pole. The 
authors suggest that a Snowball Earth event would result from a 2% fall in received solar 
radiation over about ten thousand years: pretty quick in a geological sense. Such a trigger 
might stem from a volcanic ‘winter’ scenario, an increase in clouds seeded by spores of 
primitive marine algae or other factors. The real ‘tipping point’ would probably be the high 
albedo of ice. There is a warning in this for the present, when a variety of means of 
decreasing solar input have been proposed as a ‘solution’ to global warming. 

Because the Earth orbits the Sun in the ‘Goldilocks Zone’ and is volcanically active even 
global glaciation would be temporary, albeit of the order of millions of years. The cold would 
have shut down weathering so that volcanic CO2 could slowly build up in the atmosphere: 
the greenhouse effect would rescue the planet. Further from the Sun, a planet would not 
have that escape route, regardless of its atmospheric concentration of greenhouse gases: a 
neat lead-in to another recent paper about the ancient climate of Mars (Grau Galofre, A. et 
al. 2020. Valley formation on early Mars by subglacial and fluvial erosion. Nature 
Geoscience, early online article; DOI: 10.1038/s41561-020-0618-x) 

 

A Martian channel system: note later cratering (credit: European Space Agency) 

There is a lot of evidence from both high-resolution orbital images of the Martian surface 
and surface ‘rovers’ that surface water was abundant over a long period in Mars’s early 
history. The most convincing are networks of channels, mainly in the southern hemisphere 
highlands. They are not the vast channelled scablands, such as those associated with Valles 
Marineris, which probably resulted from stupendous outburst floods connected to 
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catastrophic melting of subsurface ice by some means. There are hundreds of channel 
networks, that resemble counterparts on Earth. Since rainfall and melting of ice and snow 
have carved most terrestrial channel networks, traditionally those on Mars have been 
attributed to similar processes during an early warm and wet phase. The warm-early Mars 
hypothesis extends even to interpreting the smooth low-lying plains of its northern 
hemisphere – about a third of Mars’s surface area – as the site of an ocean in those ancient 
times. Of course, a big question is, ‘Where did all that water go?’ Another relates to the fact 
that the early Sun emitted considerably less radiation 4.5 billion years ago than it does now: 
a warm-wet early Mars is counterintuitive. 

Anna Grau Galofre of the University of British Columbia and co-authors found that many of 
the networks on Mars clearly differ in morphology from one another, even in small areas of 
its surface. Drainage networks on Earth conform to far fewer morphological types. By 
comparing the variability on Mars with channel-network shapes on Earth, the authors found 
a close match for many with those that formed beneath the ice sheet that covered high 
latitudes of North America during the last glaciation. Some match drainage patterns typical 
of surface-water erosion, but both types are present in low Martian latitudes: a suggestion 
of ‘Snowball Mars’ conditions? The authors reached their conclusions by analysing six 
mathematical measures that describe channel morphology for over ten thousand individual 
valley systems. Previous analyses of individual systems discovered on high-resolution 
images have qualitative comparisons with terrestrial geomorphology 

See also: Chu, J. 2020. “Snowball Earths” May Have Been Triggered by a Plunge in Incoming 
Sunlight – “Be Wary of Speed” (SciTech Daily 29 July 2020); Early Mars was covered in ice 
sheets, not flowing rivers, researchers say (Science Daily, 3 August 2020) 

 

Centenary of the Milanković Theory (August 2020) 

A letter in the latest issue of Nature Geoscience (Cvijanovic, I. et al. 2020. One hundred 
years of Milanković cycles, v. Nature Geoscience , v.13, p. 524–525; DOI: 10.1038/s41561-
020-0621-2) reveals the background to Milutin Milanković’s celebrated work on the 
astronomical  driver of climate cyclicity. Although a citizen of Serbia, he had been born at 
Dalj, a Serbian enclave, in what was Austro-Hungary. Just before the outbreak of World War 
I in 2014, he returned to his native village to honeymoon with his new bride. The 
assassination (29 June 2014) in Sarajevo of Archduke Franz Ferdinand by Bosnian-Serb 
nationalist Gavrilo Princip prompted Austro-Hungarian authorities to imprison Serbian 
nationals. Milanković was interned in a PoW camp. Fortunately, his wife and and a former 
Hungarian colleague managed to negotiate his release, on condition that he served his 
captivity, with a right to work but under police surveillance, in Budapest. It was under these 
testing conditions that he wrote his seminal Mathematical Theory of Heat Phenomena 
Produced by Solar Radiation; finished in 1917 but remaining unpublished until 1920 because 
of a shortage of paper during the war. 

Curiously, Milanković was a graduate in civil engineering — parallels here with Alfred 
Wegener of Pangaea fame, who was a meteorologist — and practised in Austria. Appointed 
to a professorship in Belgrade in 1909, he had to choose a field of research. To insulate 
himself from the rampant scientific competitiveness of that era, he chose a blend of 
mathematics and astronomy to address climate change. During his period as a political 
prisoner Milanković became the first to explain how the full set of cyclic variations in Earth’s 
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orbit — eccentricity, obliquity and precession — caused distinct variations in incoming solar 
radiation at different latitudes and changed on multi-thousand-year timescales. The gist  of 
what might have lain behind the cyclicity of ice ages had first been proposed by Scottish 
scientist James Croll almost half a century earlier, but it was Milutin Milanković who, as it 
were, put the icing on the cake. What is properly known as the Milanković-Croll Theory 
triumphed in the late 1970s as the equivalent of plate tectonics in palaeoclimatology after 
Nicholas Shackleton and colleagues teased out the predicted astronomical signals from time 
series of oxygen isotope variations in marine-sediment cores. 

Appropriately, while Milanković’s revoluitionary ideas lacked corroborating geological 
evidence, one of the first to spring to his support was that other resilient scientific ‘prophet’, 
Alfred Wegener. Neither of them lived to witness their vindication. 

 

Multiple impacts set back oxygen build-up in the Archaean (October 2020) 

Earth’s present atmosphere contains oxygen because of one form of photosynthesis that 
processes water and carbon dioxide to make plant carbohydrates, leaving oxygen at a waste 
product. The photochemical trick that underpins oxygenic photosynthesis seems only to 
have evolved once. It was incorporated in a simple, single-celled organism or prokaryote, 
which lacks a cell nucleus but contains the necessary catalyst chlorophyll. Such an organism 
gave rise to cyanobacteria or blue-green bacteria, which still make a major contribution to 
replenishing atmospheric oxygen. Chloroplasts that perform the same function in plant cells 
are so like cyanobacteria that they were almost certainly co-opted during the evolution of a 
section of nucleus-bearing eukaryotes that became the ancestors of plants. A range of 
evidence suggests that oxygenic photosynthesis appeared during the Archaean Eon, the 
most tangible being the presence of stromatolites, which cyanobacteria mats or biofilms 
form today. These knobbly structures in carbonate sediments extend as far back as 3.5 
billion years ago (see: Signs of life in some of the oldest rocks; September 2016). Yet it took 
a billion years before the first inklings of biogenic oxygen production culminated in the 
Great Oxygenation Event or GOE (see: Massive event in the Precambrian carbon cycle; 
January, 2012) at around 2400 Ma. Then, for the first time, oxidised iron in ancient soils 
turned them red. If oxygen was being produced, albeit in small amounts, in shallow, sunlit 
Archaean seas, why didn’t it build up in the atmosphere of those times? Geochemical 
analyses of Archaean sediments do point to trace amounts, with a few ‘whiffs’ of more 
substantial amounts. But they fall well below those of Meso- and Neoproterozoic and 
Phanerozoic times. One hypothesis is that Archaean oceans contained dissolved, ferrous 
iron (Fe2+) – a powerful reducing agent – with which available oxygen reacted to form 
insoluble ferric iron (Fe3+) oxides and hydroxides that formed banded iron formations (BIFS). 
The Fe2+ in this hypothesis is attributed to hydrothermal activity in basaltic oceanic crust. 
There is, however, another possibility for suppression of atmospheric oxygen accumulation 
in the Archaean and early-Palaeoproterozoic. 
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Summary of the evolution of atmospheric oxygen and related geological features. The percentage 
scale is logarithmic with the modern level being100%. Credit Alex Glass, Duke University 

Simone Marchi of the Southwest Research Institute of Boulder, CO, USA and colleagues 
from the US, Austria and Germany suggest that planetary bombardment offers a plausible 
explanation (Marchi, S. et al 2021. Delayed and variable late Archaean atmospheric 
oxidation due to high collision rates on Earth. Nature Geoscience, v. 14 advance publication; 
DOI: 10.1038/s41561-021-00835-9). Over the last 20 years evidence of extraterrestrial 
impacts has emerged, in the form of thin spherule-bearing layers in Archaean sedimentary 
strata, probably formed by impacts of objects around 10 km across. So far 35 such layers 
have been identified from several locations in South Africa and Western Australia. They 
span the last billion years of the Archaean and the earliest Palaeoproterozoic, although they 
are not evenly spaced in time. The spherules represent droplets of mainly crustal but some 
meteoritic rocks that were vaporised by impacts and then condensed as liquid. Meteorites 
in particular contain reduced elements and compounds, including iron, whose oxidation by 
would remove free oxygen. 

The evidence from spherule beds is supplemented by the team’s new calculations of the 
likely flux of impactors during the Archaean. These stem from re-evaluation of the lunar 
cratering record that is used to estimate the number and size of impacts on Earth up to 2.5 
Ga ago. This flux amounts to the ‘leftovers’ of the catastrophic period around 4.1 Ga when 
the giant planets Jupiter and Saturn ran amok before they settled into their present orbits. 
Their perturbation of gravitational fields in the solar system injected a long-lived supply of 
potential impactors into the inner solar system, which is recorded by craters on the post-4.1 
Ga lunar maria. The calculations suggest that the known spherule layers underestimate the 
true number of such collisions on Earth. Modelling by Marchi et al., based on the meteorite 
flux and the oxidation of vaporised materials produced by impacts, plausibly accounts for 
the delay in atmospheric oxygen build-up. 

It is worth bearing in mind, however, that large impacts and their geochemical aftermath 
are, in a geological sense, instantaneous events widely spaced in time. They may have 



chemically ‘sucked’ oxygen out of the Archaean and early-Palaeoproterozoic atmosphere. 
Yet photosynthesising bacteria would have been generating oxygen continuously between 
such sudden events. The same goes for the supply of reduced ferrous iron and its circulation 
in the oceans of those times, capable of scavenging available oxygen through simple 
chemical reactions. In fact we can still observe that in action around ocean-floor 
hydrothermal vents where a host of reduced elements and compounds are oxidised by 
dissolved oxygen. The difference is that oxygen is now produced more efficiently on land 
and in the upper oceans and a less vigorous mantle is adding less iron-rich basalt magma to 
the crust: the balance has changed. Another issue is that the Great Oxygenation Event 
terminated the oxygen-starved conditions of the Archaean and Palaeoproterozoic in about 
200 million years, despite the vast production of BIFs before and after it happened. The 
Wikipedia entry for the GOE provides a number of hypotheses for how that termination 
came about. Interestingly, one idea looks to a shortage of dissolved nickel that is vital for 
methane generating bacteria: a nickel ‘famine’. A geochemical setback for methanogens 
would have been a boost for oxygenic photosynthesisers and especially their waste product 
oxygen: methane quickly reacts with oxygen in the atmosphere to produce CO2 and water. 
Anomalously high nickel is a ‘signature element’ for meteorite bombardment, though it can 
be released by hydrothermal alteration of basalt. Had meteoritic nickel been fertilising 
methane-generating bacteria in the oceans prior to the GOE? 

See also: A new Earth bombardment model. Science Daily, 21 October 2021. 

 

Origin of life: some news (December 2020) 

For self-replicating cells to form there are two essential precursors: water and simple 
compounds based on the elements carbon, hydrogen, oxygen and nitrogen (CHON). 
Hydrogen is not a problem, being by far the most abundant element in the universe. 
Carbon, oxygen and nitrogen form in the cores of stars through nuclear fusion of hydrogen 
and helium. These elemental building blocks need to be delivered through supernova 
explosions, ultimately to where water can exist in liquid form to undergo reactions that 
culminate in living cells. That is only possible on solid bodies that lie at just the right distance 
from a star to support average surface temperatures that are between the freezing and 
boiling points of water. Most important is that such a planet in the ‘Goldilocks Zone’ has 
sufficient mass for its gravity to retain water. Surface water evaporates to some extent to 
contribute vapour to the atmosphere. Exposed to ultraviolet radiation H2O vapour 
dissociates into molecular hydrogen and water, which can be lost to space if a planet’s 
escape velocity is less than the thermal vibration of such gas molecules. Such photo-
dissociation and diffusion into outer space may have caused Mars to lose more hydrogen in 
this way than oxygen, to leave its surface dry but rich in reddish iron oxides. 

Despite liquid water being essential for the origin of planetary life it is a mixed blessing for 
key molecules that support biology. This ‘water paradox’ stems from water molecules 
attacking and breaking the chemical connections that string together the complex chains of 
proteins and nucleic acids (RNA and DNA). Living cells resolve the paradox by limiting the 
circulation of liquid water within them by being largely filled with a gel that holds the key 
molecules together, rather than being bags of water as has been commonly imagined. That 
notion stemmed from the idea of a ‘primordial soup’, popularised by Darwin and his early 
followers, which is now preserved in cells’ cytoplasm. That is now known to be wrong and, 
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in any case, the chemistry simply would not work, either in a ‘warm, little pond’ or close to a 
deep sea hydrothermal vent, because the molecular chains would be broken as soon as they 
formed. Modern evolutionary biochemists suggest that much of the chemistry leading to 
living cells must have taken place in environments that were sometimes dry and sometimes 
wet; ephemeral puddles on land. Science journalist Michael Marshall has just published an 
easily read, open-source essay on this vexing yet vital issue in Nature (Marshall, M. 2020. 
The Water Paradox and the Origins of Life. Nature, v. 588, p. 210-213; DOI: 10.1038/d41586-
020-03461-4). If you are interested, click on the link to read Marshall’s account of current 
origins-of-life research into the role of endlessly repeated wet-dry cycles on the early Earth’s 
surface. Fascinating reading as the experiments take the matter far beyond the spontaneous 
formation of the amino acid glycine found by Stanley Miller when he passed sparks through 
methane, ammonia and hydrogen in his famous 1953 experiment at the University of 
Chicago. Marshall was spurred to write in advance of NASA’s Perseverance Mission landing 
on Mars in February 2021. The Perseverance rover aims to test the new hypotheses in a 
series of lake sediments that appear to have been deposited by wet-dry cycles  in a small 
Martian impact crater (Jezero Crater) early in the planet’s history when surface water was 
present. 

Crystals of 
hexamethylenetetramine (Credit: r/chemistry, Reddit) 

That CHON and simple compounds made from them are aplenty in interstellar gas and dust 
clouds has been known since the development of means of analysing the light spectra from 
them. The organic chemistry of carbonaceous meteorites is also well known; they even 
smell of hydrocarbons. Accretion of these primitive materials during planet formation is fine 
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as far as providing feedstock for life-forming processes on physically suitable planets. But 
how did CHON get from giant molecular clouds into such planetesimals. An odd-sounding 
organic compound – hexamethylenetetramine ((CH2)6N4), or HMT – formed industrially by 
combining formaldehyde (CH2O) and ammonia (NH3) – was initially synthesised in the late 
19th century as an antiseptic to tackle UTIs and is now used as a solid fuel for lightweight 
camping stoves, as well as much else besides. HMT has a potentially interesting role to play 
in the origin of life.  Experiments aimed at investigating what happens when starlight and 
thermal radiation pervade interstellar gas clouds to interact with simple CHON molecules, 
such as ammonia, formaldehyde, methanol and water, yielded up to 60% by mass of HMT. 

The structure of HMT is a sort of cage, so that crystals form large fluffy aggregates, instead 
of the gases from which it can be formed in deep space. Together with interstellar silicate 
dusts, such sail-like structures could accrete into planetesimals in nebular star nurseries 
under the influence of  gravity and light pressure. Geochemists from several Japanese 
institutions and NASA have, for the first time, found HMT in three carbonaceous chondrites, 
albeit at very low concentrations – parts per billion (Y. Oba et al. 2020. Extraterrestrial 
hexamethylenetetramine in meteorites — a precursor of prebiotic chemistry in the inner 
Solar System. Nature Communications, v. 11, article 6243; DOI: 10.1038/s41467-020-20038-
x). Once concentrated in planetesimals – the parents of meteorites when they are smashed 
by collisions – HMT can perform the useful chemical ‘trick’ of breaking down once again to 
very simple CHON compounds when warmed. At close quarters such organic precursors can 
engage in polymerising reactions whose end products could be the far more complex sugars 
and amino acid chains that are the characteristic CHON compounds of carbonaceous 
chondrites. Yasuhiro Oba and colleagues may have found the missing link between 
interstellar space, planet formation and the synthesis of life through the mechanisms that 
resolve the ‘water paradox’ outlined by Michael Marshall. 

See also: Scientists Find Precursor of Prebiotic Chemistry in Three Meteorites (Sci-news, 8 
December 2020.) 
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