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The effect of surface processes on tectonics (June 2019) 

Active sedimentation in the Indus and Upper Ganges plains (green – vegetated) derived from 
rapid erosion of the Himalaya (credit: Google Earth) 

The Proterozoic Eon of the Precambrian is subdivided into the Palaeo-, Meso- and 
Neoproterozoic Eras that are, respectively, 900, 600 and 450 Ma long. The degree to which 
geoscientists are sufficiently interested in rocks within such time spans is roughly 
proportional to the number of publications whose title includes their name. Searching the 
ISI Web of Knowledge using this parameter yields 2000, 840 and 2700 hits in the last two 
complete decades, that is 2.2, 1.4 and 6.0 hits per million years, respectively. Clearly there is 
less interest in the early part of the Proterozoic. Perhaps that is due to there being smaller 
areas over which they are exposed, or maybe simply because what those rocks show is 
inherently less interesting than those of the Neoproterozoic. The Neoproterozoic is stuffed 
with fascinating topics: the appearance of large-bodied life forms; three Snowball Earth 
episodes; and a great deal of tectonic activity, including the Pan-African orogeny. The time 
that precedes it isn’t so gripping: it is widely known as the ‘boring billion’ – coined by the 
late Martin Brazier – from about 1.75 to 0.75 Ga. The Palaeoproterozoic draws attention by 
encompassing the ‘Great Oxygenation Event’ around 2.4 Ga, the massive deposition of 
banded iron formations up to 1.8 Ga, its own Snowball Earth, emergence of the eukaryotes 
and several orogenies. The Mesoproterozoic witnesses one orogeny, the formation of a 
supercontinent (Rodinia) and even has its own petroleum potential (93 billion barrels in 
place in Australia’s Beetaloo Basin. So it does have its high points, but not a lot. Although 
data are more scanty than for the Phanerozoic Eon, during the Mesoproterozoic the Earth’s 



magnetic field was much steadier than in later times. That suggests that motions in the core 
were in a ‘steady state’, and possibly in the mantle as well. The latter is borne out by the 
lower pace of tectonics in the Mesoproterozoic. 

For decades geologists have pondered on ‘orogenic cycles’ and whether they are roughly 
equally spaced in time. The ‘boring billion’ refutes any such regularity. Stephan Sobolev and 
Michael Brown of the universities of Potsdam in Germany, and Maryland, USA, have 
investigates an hypothesis that may account for the long-term irregularity in tectonic 
processes (Sobolev, S.V. & Brown, M. 2019. Surface erosion events controlled the evolution 
of plate tectonics on Earth. Nature, v. 570, p. 52-57; DOI: 10.1038/s41586-019-1258-4). This 
stems from a suggestion in the late 1980’s that, once they begin to be subducted, 
unconsolidated sediments have a lubricating effect. If so, in the long term, the rate of 
accumulation of sediments at continental margins has a lot to do with the pace of tectonics. 
And that leads back to the rate of continental erosion. The two authors use a proxy for the 
global rate of subduction based on the variation over time of the cumulative length of 
mountain belts that show paired high- and low-pressure zones of metamorphism. They 
chart variations in continental erosion from its geochemical effects on ocean water, 
recorded by strontium isotopes in limestones, and by changes in the hafnium and oxygen 
isotopes of detrital zircons through time. Three time intervals show increases in Sr and O 
isotope parameters while that for Hf decreases. These indicators of greater continental 
erosion coincide with evidence for increased tectonic activity around the end of the 
Archaean Eon (centred on 2.5 Ga), in the early Palaeoproterozoic (2.2 Ga) and the early 
Neoproterozoic (0.75 Ga). The latter two bracket episodes of global glaciation that would 
certainly have shifted eroded material towards continental margins. Sobolev and Brown 
make a case for each representing episodes of increased lubrication. Lying between the last 
two tectonic paroxysms, the ‘boring billion’ delivered little sediment from the continents so 
any subduction was frictionally slowed. 

I have little doubt that this view will attract comment from Earth-system scientists, not the 
least because the Earth steadily generates heat as a result of its internal radioactivity, at a 
rate that declines gradually through time. Plate tectonics is the main means whereby that 
heat emerges at the surface and radiates to space, thereby balancing heat production. So 
during the ‘boring billion’, for instance, some process other than the alleged sluggish 
movement of tectonic plates  must have been bringing internal heat energy to the Earth’s 
surface to dissipate it to space. Another issue is that mountain building elevates Earth’s 
surface, which provides the gravitational potential to drive products of erosion oceanwards. 
But it increases frictional resistance. 

Related article: Behr, W. 2019. Earth’s evolution explored. Nature, v. 570, p. 38-39; DOI: 
10.1038/d41586-019-01711-8 

 

A major Precambrian impact in Scotland (June 2019) 

The northwest of Scotland has been a magnet to geologists for more than a century. It is 
easily accessed, has magnificent scenery and some of the world’s most complex geology. 
The oldest and structurally most tortuous rocks in Europe – the Lewisian Gneiss Complex – 
which span crustal depths from its top to bottom, dominate much of the coast. These are 
unconformably overlain by a sequence of mainly terrestrial sediments of Meso- to 
Neoproterozoic age – the Torridonian Supergroup – laid down by river systems at the edge 

https://www.nature.com/magazine-assets/d41586-019-01711-8/d41586-019-01711-8.pdf
https://en.wikipedia.org/wiki/Lewisian_complex
https://en.wikipedia.org/wiki/Torridonian


of the former continent of Laurentia. They form a series of relic hills resting on a rugged 
landscape carved into the much older Lewisian. In turn they are capped by a sequence of 
Cambrian to Lower Ordovician shallow-marine sediments. A more continuous range of hills 
no more than 20 km eastward of the coast hosts the famous Moine Thrust Belt in which the 
entire stratigraphy of the region was mangled between 450 and 430 million years ago when 
the elongated microcontinent of Avalonia collided with and accreted to Laurentia.   

 
Grossly simplified geological map of NW Scotland (credit: British Geological Survey) 

https://en.wikipedia.org/wiki/Moine_Thrust_Belt


 

Exposures are the best in Britain and, because of the superb geology, probably every 
geologist who graduated in that country visited the area, along with many international 
geotourists. The more complex parts of this relatively small area have been mapped and 
repeatedly examined at scales larger than 1:10,000; its geology is probably the best 
described on Earth. Yet, it continues to throw up dramatic conclusions. However, the 
structurally and sedimentologically simple Torridonian was thought to have been done and 
dusted decades ago, with a few oddities that remained unresolved until recently. 

One such mystery lies close to the base of the vast pile of reddish Torridonian sandstones, 
the Stac Fada Member of the Stoer Group. Beneath it is a common-or-garden basal breccia 
full of debris from the underlying Lewisian Complex, then red sandstones and siltstones 
deposited by a braided river system. The Stac Fada Member is a mere 10 m thick, but 
stretches more than 50 km along the regional NNE-SSW  strike. It comprises greenish to pink 
sandstones with abundant green, glassy shards and clasts, previously thought to be volcanic 
in origin, together with what were initially regarded as volcanic spherules – the results of 
explosive reaction of magma when entering groundwater or shallow ponds. Until 2002, that 
was how ideas stood. More detailed sedimentological and geochemical examination found 
quartz grains with multiple lamellae evidencing intense shock, anomalously high platinum-
group metal concentrations and chromium isotopes that were not of this world. Indeed, the 
clasts and the ensemble as a whole look very similar to the ‘suevites’ around the 15 Ma old 
Ries Impact crater in Germany. The bed is the product of mass ejection from an impact, a 
designation that has attracted great attention. In 2015 geophysicists suggested that the 
impact crater itself may coincide with an isolated gravity low about 50 km to the east. A 
team of 8 geoscientists from the Universities of Oxford and Exeter, UK, have recently 
reported their findings and ideas from work over the last decade. (Amor, K, et al. 2019.The 
Mesoproterozoic Stac Fada proximal ejecta blanket, NW Scotland: constraints on crater 
location from field observations, anisotropy of magnetic susceptibility, petrography and 
geochemistry. Journal of the Geological Society, online; DOI: 10.1144/jgs2018-093). 

The age of the Stac Fada member is around 1200 Ma, determined by Ar-Ar dating of K-
feldspar formed by sedimentary processes. Geochemistry of Lewisian gneiss clasts 
compared with in situ basement rocks, magnetic data from the matrix of the deposit, and 
evidence of compressional forces restricted to it suggest that the debris emanated from a 
site to the WNW of the midpoint of the member’s outcrop. Rather than being a deposit 
from a distant source, carried in an ejecta curtain, the Stac Fada material is more akin to 
that transported by a volcanic pyroclastic flow. That is, a dense, incandescent debris cloud 
moving near to the surface under gravity from the crater as ejected material collapsed back 
to the surface. On less definite grounds, the authors suggest that a crater some 13 to 14 km 
across penetrating about 3 km into the crust may have been involved. 

Together with evidence that I described in Impact debris in Britain (Magmatism February 
2018) and Britain’s own impact  (Planetary Science November 2002) it seems that Britain 
has directly witnessed three impact events. But none of them left a tangible crater. 
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Ancient oil migration (October 2019) 

In order for petroleum deposits to form, the first requirement is a source of abundant 
hydrocarbons, most usually from a mudstone that was deposited under highly reducing 
conditions. In such an environment dead organic matter can accumulate without complete 
decay and oxidation to form a source rock or black shale. The next step comes from burial 
and heating until the dead matter matures to release liquid and gaseous hydrocarbons. In 
turn these fluids, along with heated water, must leave the impermeable source rock and 
migrate through more porous and permeable strata, such as sandstone or limestone 
reservoir rocks. Either they reach the surface to escape or become trapped in some kind of 
geological structure. In migrating, the hydrocarbons induce reducing condition in the rocks 
through which they flow, often bleaching them as the colouring agents based on insoluble 
iron-3 compounds are reduced to iron-2 that dissolves and is carried out of the system along 
with the hydrocarbons. 

Throughout the Precambrian, the Earth was lacking in free or dissolved oxygen, even after 
the Great Oxidation Event at around 2.4 to 2.1 billion years ago; ideal conditions for the 
formation of black-shale source rocks. And indeed there are huge volumes of them going 
back to the Palaeoarchaean Era (>3.25 Ga). The Earth’s heat flow having be greater then, 
due to less decay of radioactive heat-producing elements in the mantle, petroleum must 
have been generated in volumes at least as large as that released during the Phanerozoic. 
Yet there are few oilfields of Precambrian age, and geologists usually don’t bother looking 
for oil in very ancient rocks, largely because the older a rock sequence is the more likely it 
has been deeply buried and heated above the temperature at which oil breaks down into 
hydrocarbon gases (~130°C), which in turn are destroyed above about 250°C. Moreover, 
many such ancient rocks have generally been deformed by many phases of brittle tectonic 
processes that formed zones of fracturing that give lines of easy escape for pressurised 
fluids. 

 
Interleaved chert (white) and ironstone of the Palaeoproterozoic Gunflint Iron Formation of 

Ontario, Canada and Minnesota, USA. 



So, looking for telltale signs of oil formation and migration in Precambrian strata is pretty 
much a matter of academic curiosity. Solid, bituminous hydrocarbons granules and veins are 
not uncommon in Precambrian sediments, although their relationships do not rule out later 
introduction into ancient rocks. Birger Rasmussen of the University of Western Australia has 
been tracking down such signs for over 30 years, his best known discovery – in 2005 – being 
in Archaean rocks (3.2 to 2.6 Ga) of the Pilbara craton in Western Australia. Recently, he and 
Janet Muhling of the same institution reported stunning evidence of migration in the 
Palaeoproterozoic Era (Rasmussen, B. & Muhling, J.R. 2019. Evidence for widespread oil 
migration in the 1.88 Ga Gunflint Formation, Ontario, Canada. Geology, v. 47, p. 899-903; 
DOI: 10.1130/G46469.1). The sedimentary unit is a banded iron formation containing 
interleaved cherts (famous for their content of some of the oldest incontrovertible 
microfossils), a granular variant of which is pervaded by solid bitumen in both granules and 
former pore spaces. This is interpreted as the result of oil migration during the actual 
cementation of the ironstone by silica; i.e. during diagenesis below the seabed rather than 
through solid sedimentary rock. Bitumen also fills later fractures. Rasmussen and Muhling 
consider the most likely scenario for this undoubted Palaeoproterozoic reservoir to have 
formed. They conclude that it coincided with the tectonic burial of the BIF basin beneath an 
exotic thrust block about 20 Ma after its formation. This generated petroleum from older 
source rocks, remote from the site of BIF deposition, that migrated away and up-dip from 
the thrust belt following the unconsolidated BIF formation. 

 

How marine animal life survived (just) Snowball Earth events (December 2019) 

 
A Cryogenian glacial diamictite containing boulders of many different provenances from the 
Garvellach Islands off the west coast of Scotland. (Credit: Steve Drury)  



Glacial conditions during the latter part of the Neoproterozoic Era extended to tropical 
latitudes, probably as far as the Equator, thereby giving rise to the concept of Snowball 
Earth events. They left evidence in the form of sedimentary strata known as diamictites, 
whose large range of particle size from clay to boulders has a range of environmental 
explanations, the most widely assumed being glacial conditions. Many of those from 
the Cryogenian Period are littered with dropstones that puncture bedding, which suggest 
that they were deposited from floating ice similar to that forming present-day Antarctic ice 
shelves or extensions of onshore glaciers. Oceans on which vast shelves of glacial ice floated 
would have posed major threats to marine life by cutting off photosynthesis and reducing 
the oxygen content of seawater. That marine life was severely set back is signalled by a 
series of perturbations in the carbon-isotope composition of seawater. Its relative 
proportion of 13C to 12C (δ13C) fell sharply during the two main Snowball events and at other 
times between 850 to 550 Ma. The Cryogenian was a time of repeated major stress to 
Precambrian life, which may well have speeded up evolution, sediments of the succeeding 
Ediacaran Period famously containing the first large, abundant and diverse eukaryote fossils. 

For eukaryotes to survive each prolonged cryogenic stress required that oxygen was indeed 
present in the oceans. But evidence for oxygenated marine habitats during Snowball Earth 
events has been elusive since these global phenomena were discovered. Geoscientists from 
Australia, Canada, China and the US have applied novel geochemical approaches to 
occasional iron-rich strata within Cryogenian diamictite sequences from Namibia, Australia 
and the south-western US in an attempt to resolve the paradox (Lechte, M.A. and 8 others 
2019. Subglacial meltwater supported aerobic marine habitats during Snowball 
Earth. Proceedings of the National Academy of Sciences, 2019; 201909165 
DOI: 10.1073/pnas.1909165116). Iron isotopes in iron-rich minerals, specifically the 
proportion of 56Fe relative to that of 54Fe (δ56Fe), help to assess the redox conditions when 
they formed. This is backed up by cerium geochemistry and the manganese to iron ratio in 
ironstones. 

In the geological settings that the researchers chose to study there are sedimentological 
features that reveal where ice shelves were in direct contact with the sea bed, i.e. where 
 they were ‘grounded’. Grounding is signified by a much greater proportion of large 
fragments in diamictites, many of which are striated through being dragged over underlying 
rock. Far beyond the grounding line diamictites tend to be mainly fine grained with only a 
few dropstones. The redox indicators show clear changes from the grounding lines through 
nearby environments to those of deep water beneath the ice. Each of them shows evidence 
of greater oxidation of seawater at the grounding line and a falling off further into deep 
water. The explanation given by the authors is fresh meltwater flowing through sub-glacial 
channels at the base of the grounded ice fed by melting at the glacier surface, as occurs 
today during summer on the Greenland ice cap and close to the edge of Antarctica. Since 
cold water is able to dissolve gas efficiently the sub-glacial channels were also transporting 
atmospheric oxygen to enrich the near shore sub-glacial environment of the sea bed. In 
iron-rich water this may have sustained bacterial chemo-autotrophic life to set up a fringing 
food chain that, together with oxygen, sustained eukaryotic heterotrophs. In such a case, 
photosynthesis would have been impossible, yet unnecessary. Moreover, bacteria that use 
the oxidation of dissolved iron as an energy source would have caused Fe-3 oxides to 
precipitate, thereby forming the ironstones on which the study centred. Interestingly, the 
hypothesis resembles the recently discovered ecosystems beneath Antarctic ice shelves. 
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Small and probably unconnected ecosystems of this kind would have been conducive to 
accelerated evolution among isolated eukaryote communities. That is a prerequisite for the 
sudden appearance of the rich Ediacaran faunas that colonised sea floors globally once the 
Cryogenian ended. Perhaps these ironstone-bearing diamictite occurrences where the 
biological action seems to have taken place might, one day, reveal evidence of the 
precursors to the largely bag-like Ediacaran animals 

 


