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Soluble iron and global climate (February 2020) 

The environment that humans inhabit is better described as the Earth System, for a good 
reason. Every part of our planet, the living and the seemingly inert, from the core to the 
outermost atmosphere, is and always has been interacting with all the others in one way or 
another. Earth-logs aims to express that, as does my recently revised and now free book 
Stepping Stones. The vagaries of the Earth’s climate present good examples, the most 
obvious being the role of chemistry in the form of atmospheric greenhouse gases, especially 
carbon dioxide, and their interaction with other parts of the Earth System. 

Carbon and oxygen atoms that make up CO2 are also present in dissolved form in rain, 
freshwater and the oceans as the dissolved gas itself, carbonic acid (H2CO3) and the soluble 
bicarbonate ion HCO3

–, in proportions that depend on water temperature and acidity (pH). 
Those forms make the oceans an extremely large ‘sink’ for carbon; i.e. CO2 in dissolved form 
is removed from the atmospheric greenhouse effect. In the short term, there is a rough 
balance because water bodies also emit CO2, particularly when they heat up. 

 

Phytoplankton bloom in the Channel off SW England (Landsat image) 

Carbon dioxide enters more resilient forms through the marine part of the biosphere, at the 
base of which is photosynthesising phytoplankton. Photosynthesisers ‘sequester’ CO2 from 
the oceans as various carbohydrates in their soft tissue. Some of them use bicarbonate ions 
to form calcium carbonate in shells or tests. Once the organisms die both their soft and hard 
parts may end up buried in ocean-floor sediments: a longer-term sink. How much carbon is 
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buried in these two forms depends on whether bacteria break down the soft tissues by 
oxidation and on the acidity of water that tends to dissolve the carbonate. Both processes 
ultimately yield dissolved CO2 that returns to the atmosphere. 

Even the simplest phytoplankton cannot live on carbon dioxide and water alone: they need 
nutrients. The most familiar to any gardener are nitrogen, phosphorus and potassium. These 
are mainly supplied in runoff from the continents; although marine upwellings supply large 
amounts where deep ocean water is forced to the surface. Large tracts in the central parts 
of the oceans are, in effect, marine deserts whose biological productivity is very low. 
Surprisingly this is not because of severe shortages of N, P and K. This is because a key 
nutrient, albeit a minor one, is missing; dissolved iron that phytoplankton and ocean fertility 
in general depend on. This was discovered in the 1970s by US oceanographer John Martin. 
Just how important iron is to fertility of the oceans and to global climate emerged from 
studies of ice cores from the Antarctic ice sheet. Air bubbles in the myriad annual layers 
reveal that their CO2 content falls with each change in oxygen isotopes related to the 
periodic build up of polar ice caps during cold periods. The greenhouse effect diminished as 
a result during each stadial, for the simple reason that up to a third of all atmospheric 
carbon dioxide – about 200 billion tonnes – was withdrawn. The clearest of these are at the 
last glacial maximum and during the rapid build up glacial ice between 70 and 60 thousand 
years ago; a time of low sea level when a major ‘out-of-Africa’ human migration took place. 
A possible candidate for achieving this could have been massively increased ocean fertility 
and the burial of dead phytoplankton and their shells. 

 

Analyses of Antarctic ice cores record fluctuations in atmospheric CO2 trapped in bubbles during the 
last ice age (top) and how iron-rich dust deposition onto the ice increased hugely during two major 
cold periods (bottom) – the last glacial maximum (35 to 18 ka) and between 70 and 60 ka. (Credit, 

Stoll; Fig. 1) 



During stadials the ice cores also reveal that a great deal more dust found its way from the 
continents to the polar ice sheets. Analysing the dusty layers showed that to have included 
lots of iron. Falling into the cold ocean-surface waters around the polar regions would have 
added this crucial nutrient to a medium already rich in CO2 – the colder water is the more 
gas it will dissolve. These distant oceans bloomed with phytoplankton, speeding up the 
sequestration of carbon into ocean-floor sediments. Iron may have triggered a biological 
pump of gargantuan proportions that amplified ice-age cooling. Today the remotest parts of 
the world’s oceans are starved of iron so the pump only functions in a few places where iron 
is supplied by rivers or upwellings of deep ocean water 

The marine biosphere is clearly a very important active component in the Earth’s climate 
subsystem. Climate’s continually changing interactions with the rest of the Earth System 
make climate change hugely complex. It is difficult to predict but growing understanding of 
its past behaviour is helpful. The late John Martin’s hypothesis of the effects on climate of 
changing iron concentrations in surface ocean water has a corollary: the stronger the 
biological pump the more oxygen in deep water must be used up in bacterial decay of 
descending organic matter. Indeed it was as recent estimates of the degree of oxygenation 
in ocean-sediment layers correlate with changes in climate that they also reveal. 

So, would deliberate iron-fertilisation of polar oceans help draw down greenhouse 
warming? When several small patches of the Southern Ocean were injected with a few 
tonnes of dissolved iron they did indeed respond with phytoplankton blooms. However, it is 
impossible to tell if that had any effect on the atmosphere. ‘Going for broke’ with a massive 
fertilisation of this kind has been proposed, but this ventures dp into the political swamp 
that currently surrounds global warming and the wider environment. It is becoming possible 
to model such a strategy by using the data from the experiments and from ice cores, and 
early results seem to confirm the role of iron and the biological pump in CO2 sequestration 
by suggesting that half the known draw-down during ice ages can be explained in this way. 

Based on a review by: Heather Stoll in February 2020. (30 years of the iron hypothesis of ice 
ages. Nature, v. 578, p. 370-371; DOI: 10.1038/d41586-020-00393-x} 

 

Alternative explanation for interglacial climate instabilities; and a warning (April 2020) 

For the past two and a half million years there has been no such thing as a stable climate on 
our home world. The major fluctuations that have given rise to glacial and interglacial 
episodes and the times that separate them are most familiar, as is their connection with the 
periodicity of gravitational effects on the Earth’s orbital and rotational behaviour. There are 
mysteries, such as the dominance of a ~100 ka cyclicity with the least effect on solar heating 
since a million years ago and the shift that took place then from dominant ~40 ka cycles that 
preceded it. But over shorter time scales there are more irregular climatic perturbations 
that can not be attributed to gravity variations in the Inner Solar System. In the run-up to 
maximal glacial conditions in the Northern Hemisphere are changes in the isotopic records 
that reveal increases and decreases in the mass of ice on continental masses. Known as 
Dansgaard-Oeschger events they occurred on a (very) roughly 10 ka basis and lasted 
between 1000 and 2000 years. They resulted in rapid temperature changes spanning up to 
15°C over the Greenland ice cap and have been explained by changes in surface- and deep-
water circulation within the North Atlantic. Effectively, the Gulf Stream and the 
thermohaline circulation that drives it were periodically shut down and turned on. Even 
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more irregular in occurrence are sudden global coolings in the midst of general warming 
into interglacial episodes. The most spectacular of these was the Younger Dryas cooling to 
almost full-glacial conditions between 12.8 and 11.5 ka, at a time when the Earth had 
achieved a mean surface temperature almost as high as that which has prevailed over the 
last 11,000 years.  There have been lesser cold ‘snaps’ during the Holocene, and in every 
one of the earlier interglacials for which there are data. Their occurrence seems 
unpredictable, even chaotic. 

In 2006 the Younger Dryas was explained as the result of massive amounts of freshwater 
flooding into the Arctic Ocean from huge, ice-dammed lakes in North America. Decreased 
density of the high-latitude surface water resulted in its failure to sink and thus drive 
thermohaline circulation (see The Younger Dryas and the Flood June 2006). This hypothesis 
has subsequently been applied to other such sudden climatic events, such as the cooling 
episode around 8.2 ka during the Holocene. A recent study set out to test this notion from 
ocean-floor records of the last half-million years (Galaasen, E.V. and 9 others 2020. 
Interglacial instability of North Atlantic Deep Water ventilation. Science, v. 367, p. 1485-
1489; DOI: 10.1126/science.aay6381). The data are from a seafloor sediment core in a 
trough south of Greenland, where cold, salty and dense bottom water flows southward 
from the Arctic to drag warmer surface water northwards in the Gulf Stream to replace it. 
That warm surface water has a high salinity because of evaporation in the tropics, so once it 
cools it sinks, thereby maintaining thermohaline circulation. 

 

Modelled circulation rate of Atlantic circulation during 10 ka of the last interglacial before the 
Holocene (credit: Thomas Stocker, 2020 Science) 

Eirik Galaasen of the University of Bergen and colleagues from several countries flanking the 
North Atlantic found large, abrupt changes in the mass flow of water through the trough – 
based on studies of carbon isotopes in bottom-living foraminifera – during each of the four 
interglacials that preceded the current one. The higher the δ13C in the forams the more 
vigorous the deep flow, whereas low values suggest weak flow or stagnation, due to waning 
of thermohaline circulation. Transition between the two states is rapid and each state 
lingered for several centuries. While the Holocene records only one such perturbation of 
note, that at 8.2 ka, previous interglacials reveal dozens of them. One possibility is that the 
thermohaline circulation system of the North Atlantic behaved in a chaotic fashion during 
previous interglacial episodes, producing similarly erratic shifts in climate. Seemingly, the 
Holocene bucks the trend, which may have added an element of luck to the establishment 
of human agricultural economies throughout that Epoch. All the signs are that current, 

https://earthlog1.files.wordpress.com/2019/04/palaeoclimatology-2006.pdf


anthropogenic global warming will slow down the water circulation in the North Atlantic. 
Might that set-off what seems to have been the norm of chaotic interglacial climate shifts 
for the best part of that half-million years? Hard to tell, without more studies … 

See also: Stocker, T.F. 2020. Surprises for climate stability. Science, v. 367, p. 1425-1426; 
DOI: 10.1126/science.abb3569; How stable is deep ocean circulation in warmer climate? 
(Science Daily) 

 

 

Update on climate and sea-level change during the Cenozoic (May 2020) 

 

Latest palaeoclimate data for the Cenozoic Era. A oxygen-isotope data from benthic foraminifera 
(pale blue = polar icecaps, green = ice-free, pink – hothouse); B estimated mean sea-surface 

temperature from the calcium/magnesium ratio in Pacific Ocean cores; C variation in global mean 
sea level estimated from A and corrected for changes in the density of seawater due to water 

temperature (B); D atmospheric CO2 variations estimated using various proxies – see top right box. 
Click on the image to show a full-size version in a new browser tab. (Credit: Miller et al. 2020; Fig. 1) 

The Cenozoic Era was a period of fundamental change in the outer part of the Earth system. 
It culminated in the greatest climatic cooling since the Permian Period, during which upright 
apes emerged between 6 to 10 Ma ago.  The most decisive part of hominin evolution – the 
appearance of our own genus Homo – took place in the last 2.5 Ma that saw icecaps 
plastered over both polar regions and repeated pulses of major climate upheaval that 
dramatically affected all parts of the continents. Whereas the Mesozoic was dominated by 
reptiles, most famously the dinosaurs, the Cenozoic is rightly known as the age of mammals 
and of birds. The flowering plants, especially grasses, also transformed terrestrial 
ecosystems. The background to what has become ‘our time’ is not only climate change, but 
massive shifts in sea level and the outlines of the continents. For more than two decades 
many palaeoclimatologists have focused on the Cenozoic, gathering data using a variety of 
rapidly advancing technologies from a growing number of sites, in sediments from the 
continents and the ocean floor. One problem has been correlating all this global data 

https://www.sciencedaily.com/releases/2020/03/200326144353.htm


precisely, coming as it does from many incomplete sedimentary sequences dotted around 
the planet. A great deal of basic information has come from the petroleum industry, which, 
of course, has continually eyed sedimentary rocks as the source of hydrocarbons through 
the 20th century. It was seismic reflection surveying that first gave clues to global ups and 
downs of sea level from onlaps and offlaps of strata that are visible on seismic sections, 
amplified by sequence stratigraphy. Six geoscientists from Rutgers University in New Jersey, 
USA have blended oil-industry archives with academic research to produce the first fully 
calibrated, comprehensive record of the Cenozoic (Miller, K.G. et al. 2020. Cenozoic sea-
level and cryospheric evolution from deep-sea geochemical and continental margin records. 
Science Advances, v. 6, article eaaz1346; DOI: 10.1126/sciadv.aaz1346). 

Fluctuations in the proportion of 18O (δ18O) in the tests of foraminifera that lived in deep 
water are the key to global changes in sea level  and point to the influence of glacial ice 
accumulating on land (see Cooling sets in: Stepping Stones, Chapter 17). This is because 
glaciers are made from water that has evaporated from the oceans. When this happens, 
water that incorporates the lighter 16O isotope evaporates more easily and becomes 
enriched in atmospheric water vapour. When this water falls as snow that accumulates on 
land to form ice, the oceans are slightly enriched in the heavier 18O: δ18O incorporated into 
the shelly material of organism dwelling in the deep ocean increases at levels of a few parts 
per thousand. Conversely, their δ18O decreases when huge ice caps melt (A on the figure). 
The oxygen isotope records from fossils in ocean floor sediments give a far more precise 
impression of fluctuating sea level than do seismic sections and sequence stratigraphy of 
sedimentary rocks that interest the oil industry. But it is an ‘impression’, because other 
factors affect sea level. 

Not only the global volume of ocean water is involved: the volume of the ocean basins 
changes too. This can occur because of changes in the rate of sea-floor spreading: when that 
is fast the hot new oceanic lithosphere is less dense and so buoys-up part of the ocean floor 
to drive sea level upwards. Slow spreading does the converse, as more lithosphere cools and 
sinks slightly. Another factor is the changing rate of marine sedimentation of material 
eroded from the continents. That fills ocean basins to some extent, again displacing the 
water upwards. When sediments are compacted as they become more deeply buried that 
has an effect too, to increase basin volume and result in sea-level fall. Oil industry 
geoscientists have attempted to allow for these long-term, slow mechanisms, to give a more 
accurate sea-level record. 

Yet there is another important factor: the density and thus volume of ocean water changes 
with temperature. The warmer it is the greater the volume of ocean water and the higher is 
sea level. This is where academic work comes in handy. Two common elements that are 
dissolved in ocean water are magnesium and calcium. They also occur in the carbonate tests 
of the same deep-water forams that are used for oxygen-isotope measurements. It turns 
out that the warmer the water is the more magnesium enters the foram tests, and vice 
versa: their Mg/Ca ratio is a reliable proxy for mean ocean temperature and can be 
measured easily, centimetre-by-centimetre through cores. Kenneth Miller and colleagues 
have used this with the oxygen isotope proxy for land-ice volume to correct the sea-level 
record. 

The Cenozoic ocean temperature record (B on the figure) is, in itself, interesting. It reveals 
far more large fluctuations than previously thought, especially in the Palaeocene and early 
Eocene. Yet, overall, the trend is one of steady cooling compared with the sudden shifts in 
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δ18O that mark the onset of the Antarctic ice cap at the Eocene-Oligocene boundary around 
34 Ma ago, and the apparent, temporary emergence from ‘ice-house conditions in the 
Middle Miocene. Also, sea level corrected for ocean temperature effects (C on the figure) 
suggests that for much of the Cenozoic sea level was lower than expected; i.e. it rarely 
exceeded 60 m above the current level, which is that expected when no substantial mass of 
 land ice exists. 

The other important compilation made by Miller et al. is that of the CO2 content of the 
atmosphere estimated using six different proxies. It is a lot more fuzzy than the oceanic 
records because the proxies are not precise. Nevertheless, it is interesting. The current, 
partly anthropogenic level of around 400 parts per million (ppm) is not unique. In fact from 
55 to 23 Ma it was consistently above this ‘Anthropocene’ level, peaking at twice that level 
at the end of the Eocene. That’s odd, because it doesn’t tally with the oxygen isotopes that 
indicate the onset of large scale Antarctic glaciation shortly afterwards. In fact most of the 
climatic highlights shown by A on the figure are not reflected in the Cenozoic history of the 
most influential greenhouse gas. In the short term of glacial-interglacial cycles during the 
late Pleistocene, atmospheric CO2 levels are very closely related to fluctuations of land-ice 
volume. In the 65 Ma of the Cenozoic such a link is hard to argue for. There are more 
puzzles than revelations in this otherwise major addition to palaeoclimatology. 

 

Turmoil in Roman Republic followed Alaskan volcanic eruption (July 2020) 

That activities in the global political-economic system are now dramatically forcing change 
in natural systems is clear to all but the most obdurate. In turn, those changes increase the 
likelihood of a negative rebound on humanity from the natural world. In the first case, data 
from ice cores suggests that an anthropogenic influence on climate may have started with 
the spread of farming in Neolithic times. Metal pollution of soils had an even earlier start, 
first locally in Neanderthal hearths whose remains meet the present-day standards for 
contaminated soil, and more extensively once Bronze Age smelting of copper began. Global 
spread of anomalously high metal concentrations in atmospheric dusts shows up as ‘spikes’ 
in lead within Greenland ice cores during the period from 1100 BCE to 800 CE. This would 
have resulted mainly from ‘booms and busts’ in silver extraction from lead ores and the 
smelting of lead itself. In turn, that may reflect vagaries in the world economy of those 
times 

Precise dating by counting annual ice layers reveals connections of Pb peaks and troughs 
with major historic events, beginning with the spread of Phoenician mining and then by 
Carthaginians and Romans, especially in the Iberian Peninsula. Lead reaches a sustained 
peak during the acme of the Roman Republic from 400 to 125 BC to collapse during 
widespread internal conflict during the Crisis of the Republic. That was resolved by the 
accession of Octavian/Augustus as Emperor in 31 BCE and his establishment of Pax Romana 
across an expanded empire. Lead levels rose to the highest of Classical Antiquity during the 
1st and early 2nd centuries CE. Collapse following the devastating Antonine smallpox 
pandemic (165 to 193 CE) saw the ice-core records’ reflecting stagnation of coinage activity 
at low levels for some 400 years, during which the Empire contracted and changed focus 
from Rome to Constantinople. Only during the Early Medieval period did levels rise slowly to 
the previous peak. 

https://www.nature.com/articles/srep14252
https://www.pnas.org/content/115/22/5726


 

The Okmok caldera on the Aleutian island of Umnak (Credit: Desert Research Institute, Reno, Nevada 
USA) 

Earth-logs has previously summarised how natural events, mainly volcanic eruptions, had a 
profound influence in prehistory. The gigantic eruption of Toba in Sumatra (~73 ka ago) may 
have had a major influence on modern-humans migrating from Africa to Eurasia. The 
beginning of the end for Roman hegemony in the Eastern Mediterranean was the Plague of 
Justinian (541–549 CE), during which between 25 to 50 million people died of bubonic 
plague across the Eastern Empire. This dreadful event followed the onset of famine from 
Ireland to China, which was preceded by signs of climatic cooling from tree-ring records, and 
also with a peak of volcanogenic sulfate ions in the Greenland and Antarctic ice caps around 
534 CE. Regional weakening of the populace by cold winters and food shortages, also 
preceded the Black Death of the mid-14th century. In the case of the Plague of Justinian, it 
seems massive volcanism resulted in global cooling over a protracted period, although the 
actual volcanoes have yet to be tracked down. Cooling marked the start of a century of 
further economic turmoil reflected by lead levels in ice cores (see above). Its historical 
context is the Early Medieval equivalent of world war between the Eastern Roman Empire, 
the Sassanid Empire of Persia and, eventually, the dramatic appearance on the scene of 
Islam and the Arabian, Syrian and Iraqi forces that it inspired (see: Holland, T. 2013. In the 
Shadow of the Sword: The battle for Global Empire and the End of the Ancient World. 
Abacus, London) 

An equally instructive case of massive volcanism underlying social, political and economic 
turmoil has emerged from the geochemical records in five Greenlandic ice cores and one 
from the Siberian island of Severnaya Zemlya (McConnell, J.R. and 19 others 2020. Extreme 
climate after massive eruption of Alaska’s Okmok volcano in 43 BCE and effects on the late 
Roman Republic and Ptolemaic Kingdom. Proceedings of the National Academy of Sciences, 
recent article (22 June 2020); DOI: 10.1073/pnas.2002722117). In this case the focus was on 
ice layers in all six cores that contain sulfate spikes and, more importantly, abundant 
volcanic dust, specifically shards of igneous glass. Using layer counting, all six show major 
volcanism in the years 45 to 43 BCE. The Ides (15th) of March 44 BCE famously marked the 
assassination of Julius Caesar, two years after the Roman Republic’s Senate appointed him 

https://earthlogs.org/2013/05/09/could-the-toba-eruption-have-affected-migrating-humans/
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https://en.wikipedia.org/wiki/Julius_Caesar


Dictator, following four years of civil war. This was in the later stages of the period of 
economic decline signified by the fall in ice-core levels of Pb (see above). The Roman 
commentator Servius reported “…after Caesar had been killed in the Senate on the day 
before, the sun’s light failed from the sixth hour until nightfall.” Other sources report similar 
daytime dimming, and unusually cold weather and famine in 43 and 42 BCE. 

As well as pinning down the date and duration of the volcanic dust layers precisely (to the 
nearest month using laser scanning of the ice cores’ opacity), Joseph McConnell and the 
team members from the US, UK, Switzerland, Germany and Denmark also chemically 
analysed the minute glass shards from one of the Greenlandic ice cores. This has enabled 
them to identify a single volcano from 6 possible candidates for the eruption responsible for 
the cold snap: Okmok, an active, 8 km wide caldera in the Aleutian Islands of Alaska. 
Previous data suggest that its last major eruption was 2050 years ago and blasted out 
between 10 to 100 km3 of debris, including ash. Okmok is an appropriate candidate for a 
natural contributor to profound historic change in the Roman hegemony. The authors also 
use their ice-core data to model Okmok’s potential for climate change: it had a global reach 
in terms of temperature and precipitation anomalies. Historians may yet find further 
correlations of Okmok with events in other polities that kept annual records, such as China. 

See also: Eruption of Alaska’s Okmok volcano linked to period of extreme cold in ancient 
Rome (Science Daily, 22 June 2020); Kornei, K. 2020. Ancient Rome was teetering. Then a 
volcano erupted 6,000 miles away. (New York Times, 22 June 2020) 

 

Can rock weathering halt global warming? (July 2020) 

The Lockdown has hardly been a subject for celebration, but there have been two aspects 
that are, to some extent, a comfort: the trickle of road traffic and the absence of convection 
trails. As a result the air is less polluted and much clearer, and the quietness, even in cities, 
has been almost palpable. Wildlife seems to have benefitted and far less CO2 has been 
emitted. Apart from the universal tension of waiting for one of a host of potential Covid-19 
symptoms to strike and the fact that the world economy is on the brink of the greatest 
collapse in a century, it is tempting to hope that somehow business-as-usual will remain this 
way. B*gger the gabardine rush to work and the Great Annual Exodus to ‘abroad’. The crisis 
in the fossil fuel industry can continue, as far as I am concerned, But then, of course, I am 
retired, lucky to have a decent pension and live rurally. Despite the health risks, however, 
global capital demands that business-as-it-was must return now. A planet left to that 
hegemonic force has little hope of staving off anthropogenic ecological decline. But is there 
a way for capital to ‘have its cake and eat it’? Some would argue that there are indeed 
technological fixes. Among them is sweeping excess of the main greenhouse gas ‘under the 
carpet’ by burying it. There are three main suggestions: physically extracting CO2 where it is 
emitted and pumping it underground into porous rocks; using engineered biological 
processes in the oceans to take carbon into planktonic carbohydrate or carbonate shells and 
disposing the dead remains in soil or ocean-floor sediments; enhancing and exploiting the 
natural weathering of rock. The last is the subject of a recent cost-benefit analysis (Beerling, 
D.J. and 20 others 2020. Potential for large-scale CO2 removal via enhanced rock weathering 
with croplands. Nature, v. 583, p. 242–248; DOI: 10.1038/s41586-020-2448-9). 
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Carbon dioxide in the rock cycle (Credit: Skeptical Science, in Wikipedia) 

Research into the climatic effects of rock weathering has a long history, for it represents one 
of the major components of the global carbon cycle, as well as the rock cycle. Natural 
chemical weathering is estimated to remove about a billion metric tons of atmospheric 
carbon annually. That is because the main agent of weathering is the slightly acid nature of 
rainwater, which contains dissolved CO2 in the form of carbonic acid (H2CO3). This weak acid 
comprises hydrogen ions (H+), which confer acidity, that are released by the dissolution of 
CO2 in water, together with HCO3

–ions (bicarbonate, now termed hydrogen carbonate). 
During weathering the hydrogen ions break down minerals in rock. This liberates metals 
that are abundant in the silicate minerals that make up igneous rocks – predominantly Na, 
Ca, K, and Mg – as their dissolved ions, leaving hydrated aluminium silicates (clay minerals) 
and iron oxides as the main residues, which are the inorganic basis of soils. The dissolved 
metals and bicarbonate ions may ultimately reach the oceans. However, calcium and 
magnesium ions in soil moisture readily combine with bicarbonate ions to precipitate 
carbonate minerals in the soil itself, a process that locks-in atmospheric carbon. Another 
important consequence of such sequestration is that it may make the important plant 
nutrient magnesium – at the heart of chlorophyll – more easily available and it neutralises 
any soil acidity built-up by continuous agriculture.  But carbon sequestration naturally 
achieved by weathering amounts to only about a thirtieth of that emitted by the burning of 
fossil fuels, and we know that is incapable of coping with the build-up of anthropogenic CO2 
in the atmosphere: it certainly has not since the start of the Industrial Revolution. 

What could chemical weathering do if it was deliberately enhanced?  One of the most 
common rocks, basalt, is made up of calcium-rich feldspar and magnesium-rich pyroxene 
and olivine. In finely granulated form this mix is particularly prone to weathering, and the 
magnesium released would enrich existing soil as well as drawing down CO2. Hence the 
focus by David Beerling and his British, US and Belgian colleagues on systematic spreading of 



ground-up basalt on cropland soils, in much the same way as crushed limestone is currently 
applied to reverse soil acidification. It is almost as cheap as conventional liming, with the 
additional benefit of fertilising: it would boost to crop yields. The authors estimate that 
removal of a metric ton of CO2 from the atmosphere by this means would cost between US$ 
55 to 190, depending on where it was done. One of their findings is that the three largest 
emitters of carbon dioxide – China, the US and India – happen to have the greatest potential 
for carbon sequestration by enhanced weathering. Incidentally, increased fertility also yields 
more organic waste that itself could be used to increase the actual carbon content of soils, if 
converted through pyrolysis to ‘biochar’ . 

It all sounds promising, almost ‘too good to be true’. The logistics that would be needed and 
the carbon emissions that the sheer mass of rock to be finely ground and then distributed 
would entail, for as long as global capital continues to burn fossil fuels, are substantial, as 
the authors admit. The grinding would have to be far more extreme than the production of 
igneous-rock road aggregate. Basalt or related rock is commonly used for resurfacing 
motorways, not especially well known for degrading quickly to a clay-rich mush. It would 
probably have to be around the grain size achieved by milling to liberate ore minerals in 
metal mines, or to produce the feedstock for cement manufacture: small particles create a 
greater surface area for chemical reactions. But there remains the issue of how long this 
augmented weathering would take to do the job: its efficiency. Experimental weathering to 
test this great-escape hypothesis is being conducted by a former colleague of mine, using 
dust from an Irish basalt quarry to coat experimental plots of a variety of soil types. After 
two months Mg and Ca ions were indeed being released from the dust, and tiny fragments 
of olivine, feldspar and pyroxene do show signs of dissolution. Whether this stems from 
rainwater – the main objective – or from organic acids and bacteria in the soils is yet to be 
determined. No doubt NASA is doing much the same to see if dusts that coat much of Mars 
can be converted into soils  Beerling et al. acknowledge that the speed of weathering is a 
major uncertainty. Large-scale field trials seem some way off, and are likely to be plagued by 
cussedness! Will farmers willingly change their practices so dramatically? 

See also: Lehmann, J & Possinger, A. 2020. Removal of atmospheric CO2 by rock weathering 
holds promise for mitigating climate change. Nature, v. 583, p. 204-205; DOI: 
10.1038/d41586-020-01965-7 

Note (added 15 July 2020): Follower Walter Pohl has alerted me to an interesting paper on 
using ultramafic rocks in the same way (Kelemen, P.B. et al. 2020. Engineered carbon 
mineralization in ultramafic rocks for CO2 removal from air: Review and new insights. 
Chemical Geology, v.  550, Article 119628; DOI:10.1016/j.chemgeo.2020.119628). Walter’s 
own blog contains comments on the climatic efficacy of MgCO3 (magnesite) formed when 
olivine is weathered. 

 

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 
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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 
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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 
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) 
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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 
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) 

 

The Younger Dryas and volcanic eruptions (August 2020) 

The issue of the Younger Dryas (YD) cold ‘hiccup’  between 12.9 to 11.7 thousand years (ka) 
ago during deglaciation and general warming has been the subject of at least 10 Earth-logs 
commentaries in the last 15 years (you can check them via the Palaeoclimatology logs). I 
make no apologies for what might seem to be verging on a personal obsession, because it 
isn’t. That 1200-year episode is bound up with major human migrations on all the northern 
continents: it may be more accurate to say ‘retreats’. Cooling to near-glacial climates was 
astonishingly rapid, on the order of a few decades at most. The YD was a shock, and without 
it the major human transition from foraging to agriculture might, arguably, have happened 
more than a millennium before it did. There is ample evidence that at 12.9 ka ocean water 
in the North Atlantic was freshened by a substantial input of meltwater from the decaying 
ice sheet on northern North America, which shut down the Gulf Stream (see: Tracking ocean 
circulation during the last glacial period, April 2005; The Younger Dryas and the Flood, June 
2006). Such an event has many supporters. Less popular is that it was caused by some kind 
of extraterrestrial impact, based on various lines of evidence assembled by what amounts to 
a single consortium of enthusiasts. Even more ‘outlandish’ is a hypothesis that it all kicked 
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off with radiation from a coincident supernova in the constellation Vela in the Southern sky, 
which is alleged to have resulted in cosmogenic 14C and 10Be anomalies at 12.9 ka. Another 
coincidence has been revealed by 12.9 ka-old volcanic ash in a sediment core from a circular 
volcanogenic lake or maar in Germany (see: Did the Younger Dryas start and end at the 
same times across Europe? January 2014). Being in a paper that sought to chart climate 
variations during the YD in a precisely calibrated and continuous core, the implications of 
that coincidence have not been explored fully, until now. 

 

The Laacher See caldera lake in the recently active Eifel volcanic province in western Germany 

A consortium of geochemists from three universities in Texas, USA has worked for some 
time on cave-floor sediments in Hall’s Cave, Texas as they span the YD. In particular, they 
sought an independent test of evidence for the highly publicised and controversial causal 
impact in the form of anomalous concentrations of the highly siderophile elements (HSE) 
osmium, iridium, platinum, palladium and rhenium (Sun, N. et al. 2020. Volcanic origin for 
Younger Dryas geochemical anomalies ca. 12,900 cal B.P.. Science Advances, v. 6, article 
eaax8587; DOI: 10.1126/sciadv.aax8587). There is a small HSE ‘spike’ at the 12.9 ka level, 
but there are three larger ones that precede it and one at about 11 ka. Two isotopes of the 
element osmium are often used to check the ultimate source of that element through the 
187Os/188Os ratio, as can the relative proportions of the HSE elements compared with those 
in chondritic meteorites. The presence of spikes other than at the base of the YD does not 
disprove the extraterrestrial causal hypothesis, but the nature of those that bracket the 
mini-glacial time span not only casts doubt on it, they suggest a more plausible alternative. 
The 187Os/188Os data from each spike are ambiguous: they could either have arisen from 
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partial melting of the mantle or from an extraterrestrial impact. But the relative HSE 
proportions point unerringly to the enriched layers having been inherited from volcanic gas 
aerosols. Two fit dated major eruptions of  the active volcanoes Mount Saint Helens (13.75 
to 13.45 ka) and Glacier Peak (13.71 to 13.41 ka) in the Cascades province of western North 
America. Two others in the Aleutian and Kuril Arcs are also likely sources. The spike at the 
base of the YD exactly matches the catastrophic volcanic blast that excavated the Laacher 
See caldera in the Eifel region of western Germany, which ejected 6.3 km3 of sulfur-rich 
magma (containing 2 to 150 Mt of sulfur). Volcanic aerosols blasted into the stratosphere 
then may have dispersed throughout the Northern Hemisphere: a plausible mechanism for 
climatic cooling. 

Sun et al. have not established the Laacher See explosion as the sole cause of the Younger 
Dryas. However, its coincidence with the shutdown of the Gulf Stream would have added a 
sudden cooling that may have amplified climatic effects of the disappearance of the North 
Atlantic’s main source of warm surface water. Effects of the Laacher See explosion may have 
been a tipping point, but it was one of several potential volcanic injections of highly 
reflective sulfate aerosols that closely precede and span the YD. 

See also: Cooling of Earth caused by eruptions, not meteors (Science Daily, 31 July 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 
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 
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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. 

 

Anthropocene more an Event than an Epoch (September 2020) 

 

The Vattenfall lignite mine in Germany; the Anthropocene personified 

The issue of whether or not to assign the time span during which human activities have 
been significantly affecting the planet and its interwoven Earth Systems has been dragging 
on since the term ‘Anthropocene’ was first proposed more than two decades ago. A 
suggestion that may resolve matters, both amicably and with a degree of scientific sense, 
has emerged in a short letter to the major scientific journal Nature, written by six eminent 
scientists (Bauer, A.M. et al. 2021. Anthropocene: event or epoch? Nature, v. 597, p. 332; 
DOI: 10.1038/d41586-021-02448-z). The full text is below 

“The concept of the Anthropocene has inspired more than two decades of 
constructive scholarship and public discussion. Yet much of this work seems to us 
incompatible with the proposal to define the Anthropocene as an epoch or series 
in the geological timescale, with a precise start date and stratigraphic boundary 
in the mid-twentieth century. As geologists, archaeologists, environmental 
scientists and geographers, we have another approach to suggest: recognize the 
Anthropocene as an ongoing geological event. 

The problems with demarcating the Anthropocene as a globally synchronous 
change in human–environment relations, occurring in 1950 or otherwise, have 
long been evident (P. J. Crutzen and E. F. Stoermer IGBP Newsletter 41, 17–18; 



2000). As an ongoing geological event, it would be analogous to other major 
transformative events, such as the Great Oxidation Event (starting around 2.4 
billion years ago) or the Great Ordovician Biodiversification Event (around 500 
million years ago). 

Unlike formally defined epochs or series, geological events can encompass spatial 
and temporal heterogeneity and the diverse processes — environmental and now 
social — that interact to produce global environmental changes. Defining the 
Anthropocene in this way would, in our view, better engage with how the term 
has been used and criticized across the scholarly world.” 

AUTHORS: Andrew M. Bauer, Stanford University, Stanford, California, USA; 
Matthew Edgeworth, University of Leicester, Leicester, UK;  Lucy E. Edwards, 
Florence Bascom Geoscience Center, Reston, Virginia, USA; Erle C. Ellis, University 
of Maryland, Baltimore County, Maryland, USA ; Philip Gibbard, Scott Polar 
Research Institute, University of Cambridge, Cambridge, UK;  Dorothy J. Merritts, 
Franklin and Marshall College, Lancaster, Pennsylvania, USA. 

I have been grousing about the attempt to assign Epoch/Series status to the Anthropocene 
for quite a while (you can follow the development of my personal opinions by entering 
‘Anthropocene’ in the Search Earth-logs box). In general I believe that the proposal being 
debated is scientifically absurd, and a mere justification for getting a political banner to 
wave. What the six authors of this letter propose seems eminently sensible. I hope it is 
accepted by International Commission on Stratigraphy as a solution to the increasingly 
sterile discussions that continue to wash to and fro in our community. Then perhaps the 
focus can be on action rather than propaganda. 

As things have stood since 21 May 2019, a proposal to accept the Anthropocene as a formal 
chrono-stratigraphic unit defined by a GSSP at its base around the middle of the 20th century 
is before the ICS and the International Union of Geological Sciences (IUGS) for ratification. It 
was accepted by 88% of the 34-strong Anthropocene Working Group of the ICS 
Subcommission on Quaternary Stratigraphy. But that proposal has yet to be ratified by 
either the ICS or IUGS. Interestingly, one of the main Anthropocene proponents was 
recently replaced as chair of the Working Group. 

 

Climate change reducing Earth’s albedo (October 2020) 

According to a new study (Goode, P. R.et al. 2021. Earth’s albedo 1998–2017 as measured 
from earthshine. Geophysical Research Letters, v. 48, article e2021GL094888; DOI: 
10.1029/2021GL094888) the ability of the Earth to reflect solar radiation back into space 
has been decreasing significantly over the last two decades. The conclusion has arisen from 
measurements of the brightness of the lunar surface. A new Moon is barely visible, apart 
from a thin sliver illuminated by the Sun. Its overall faint brightness is due to sunlight 
reflected from the Earth’s surface that faces the Moon: so-called ‘earthshine’. New Moons 
occurs when it is above the lit side of the Earth, so they appear during daylight hours. 
Earthshine depends on the ability of the Earth’s surface and cloud cover to reflect solar 
radiation, or its albedo. Albedo was high during the last ice age because of continental ice 
sheets and it can also occur when there is an unusually large percentage of cloud cover or a 
lot of dust and aerosols in the atmosphere, perhaps after a large volcanic eruption. High 
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albedo leads to global cooling. Decreased albedo allows the atmosphere to heat up, and 
conspires with the greenhouse effect to produce global warming. 

Philip Goode and his colleagues measured earthshine on the Moon between 1998 and 2017 
to precisely determine daily, monthly, seasonal, yearly and decadal changes in terrestrial 
albedo. The Earth reflects roughly 30% of the solar energy that falls on it, although it varies 
with Earth’s rotation, depending on the proportion of land to ocean that is sunlit. Over the 
two decades earthshine decreased gradually by ~0.5 W m-2, indicating a 0.5% decrease in 
Earth’s albedo and a corresponding increase in the amount of solar energy received at the 
land and ocean surfaces. To put this in perspective the estimated warming from 
anthropogenic greenhouse emissions over the same period increased by just a little more 
(0.6 W m-2). Albedo decrease is reinforcing the greenhouse effect. 

 

Sea-surface temperature anomalies over the Pacific Ocean during a ‘positive’ phase of the Pacific 
Decadal Oscillation – reversal to a ‘negative’ phase cools the eastern Pacific and warms the west 

(Credit: Wikipedia) 

Although it might seem that increased seasonal melting of polar sea ice would have the 
main effect on albedo, this is not borne out by the earthshine data. What is strongly 
implicated is a decrease over the Eastern Pacific Ocean of highly reflective low-altitude 
clouds. That might seem counterintuitive, since warming of the sea surface increases 
evaporation, but the reduced low-cloud cover has been measured from satellites. Many 
scientists and most climate-change deniers have thought that an increase in cloud cover at 
low latitudes and thus albedo would moderate surface warming. The opposite seems to be 
happening. The key may lie in one of the Earth’s largest climate phenomena, the Pacific 
Decadal Oscillation (PDO). This has a major effect on global climate through long-distance 
connections (teleconnections) to other climatic processes. The satellite data hint at the 
changes in albedo of the Western Hemisphere having been related to a long-term reversal 
in the PDO. The Earth’s climate system increasingly reveals its enormous complexity. 

See also: Earth is dimming due to climate change, Science Daily, 30 September 2021. 
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