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Surface erosion events controlled the
evolution of plate tectonics on Earth

Stephan V. Sobolevb?* & Michael Brown?®

Plate tectonics is among the most important geological processes on Earth, but its emergence and evolution remain
unclear. Here we extrapolate models of present-day plate tectonics to the past and propose that since about three billion
years ago the rise of continents and the accumulation of sediments at continental edges and in trenches has provided
lubrication for the stabilization of subduction and has been crucial in the development of plate tectonics on Earth. We
conclude that the two largest surface erosion and subduction lubrication events occurred after the Palaeoproterozoic
Huronian global glaciations (2.45 to 2.2 billion years ago), leading to the formation of the Columbia supercontinent, and
after the Neoproterozoic ‘snowball’ Earth glaciations (0.75 to 0.63 billion years ago). The snowball Earth event followed
the ‘boring billion’ —a period of reduced plate tectonic activity about 1.75 to 0.75 billion years ago that was probably
caused by a shortfall of sediments in trenches—and it kick-started the modern episode of active plate tectonics.

Plate tectonics is a key geological process operating on Earth, shap-
ing its surface, strongly influencing its deep structure and making it
unique among the rocky planets in the Solar System. How plate tec-
tonics emerged and which factors controlled its subsequent evolution
are widely discussed questions, but the answers remain uncertain and
the proposals controversial 2.

We acknowledge that secular cooling of the Earth is an important
underlying factor’=>. However, in this study we challenge the popular
view that secular cooling has been the only major control on the evo-
lution of plate tectonics on Earth since about 3 billion years (Gyr) ago.
We first discuss the main controls on variations in contemporary plate
velocities and the stability of subduction. This allows us to formulate
the hypothesis that the emergence and evolution of plate tectonics on
Earth was related to the rise of the continents and the accumulation
of sediments at continental edges, and subsequently in trenches, to
lubricate and stabilize subduction since the mid-Mesoarchaean (about
3 Gyr ago). To test this hypothesis, we use geological and geochemical
datasets. We focus in particular on two major surface erosion events
following the Palaeoproterozoic Huronian (2.45-2.2 Gyr ago) and
Neoproterozoic snowball Earth (0.75-0.63 Gyr ago) glaciations. We
argue that these events provided an increased sediment supply to lubri-
cate subduction, which had a crucial role in reactivating plate tectonics
after a period of reduced subduction in each case, first after the Siderian
tectono-magmatic lull® and then after the boring billion*.

Controls on contemporary plate tectonics

Since the 1960s it has been widely accepted that mantle convection has
an important role in driving lithospheric plates on Earth. However,
it took some time to realize that plate tectonics was a special type of
convection that was possible only because the plate boundaries are
mechanically very weak. A key factor in the first successful model of
present-day plate motions driven by mantle convection’, which was
not explicitly discussed by the authors, was an assumption of null shear
stress at plate boundaries. The necessity of low strength at plate bound-
aries and particularly along the plate interfaces in subduction, hereafter
called subduction channels, has been discussed from different points
of view in many subsequent studies®-!3.

In contrast to mid-ocean ridges, subduction channels are relatively
cold because surface rocks enter the channel and depress the iso-
therms. At low temperatures, the shear strength of the plate boundary
is mainly controlled by brittle deformation (that is, effective friction;
see Methods) rather than by ductile deformation (that is, viscous flow),
which is the reason why great earthquakes rupture subduction channels
to depths of several tens of kilometres!*. The friction-controlled part of
the subduction channel extends deeper than the base of the seismogenic
zone, which is typically located at a depth of about 40-50 km in most
subduction channels'?, and that is where the highest interface stress
is achieved (see Methods). Using a numerical model of plate motions
on present-day Earth (see Methods for a description of the model), we
obtain results from a series of experiments with different effective fric-
tion coefficients at the convergent plate boundaries (Fig. 1a, b). A rea-
sonable fit of the model results to observed velocities is achieved if the
average friction coefficient at convergent plate boundaries is about 0.03,
whereas for a friction coefficient of 0.1 the plate velocities appear to be
too low (Fig. 1b). We note that a friction coefficient of 0.03 is much
lower than the typical friction coefficient of dry rocks measured in the
laboratory'® (0.6-0.8). The conventional and very natural explanation
of this discrepancy is that friction in subduction channels is lowered
by the high pressure of pore fluid that results from the compaction of
fluid-rich materials in the subduction channel.

Effects of sediments and mantle temperature

The lubricating effect of sediments in subduction channels was recog-
nized more than thirty years ago'®. Subsequently, Lamb and Davis'”
used an analysis of the present-day mechanical equilibrium between the
South America and Nazca plates to argue that in the Southern Andes
unconsolidated sediments filling the trench and subduction channel
led to a much lower friction coefficient (<0.03) than in the Central
Andes, where sheared rocks cannibalized from the overriding plate by
the subducting slab increased the friction coefficient to about 0.1. These
authors attributed the difference in surface topography and deforma-
tion of the upper plate between the Southern and Central Andes to this
difference in interface friction. Geodynamic modelling of the Cenozoic
evolution of the Central and Southern Andes'® confirmed this

1GFZ German Research Centre for Geosciences, Section of Geodynamic Modeling, Potsdam, Germany. 2Institute of Geosciences, University of Potsdam, Potsdam, Germany. 3Laboratory for Crustal
Petrology, Department of Geology, University of Maryland, College Park, MD, USA. *e-mail: stephan@gfz-potsdam.de

52 | NATURE | VOL 570 | 6 JUNE 2019


https://doi.org/10.1038/s41586-019-1258-4
mailto:stephan@gfz-potsdam.de

a
@
o)
2
K
—
T T T T T T T
b 0 50 100 150 200 250 300 350
=12 Longitude (°)
5
€
o
> 8
‘o
o
[}
>
o g4 Observed
S A - - - e PSRV
o
4
£ No sediments
S 0T 71 T 1 T 1 T ]
0.02 0.04 0.06 0.08 0.10
Friction coefficient in subduction channels
c

200 400 600 800 1,000 1,200
Distance (km)

200 400 600 800 1,000 1,200
Distance (km)
Fig. 1 | Global and regional models showing the effect of sediments on
contemporary subduction. a, Observed plate velocities from the NUVEL
1A model in a no-net-rotation reference frame (black arrows) versus
computed velocities (blue arrows) for the global model (Methods) with a
friction coefficient of 0.03 at convergent boundaries and of 0.1 at divergent
and transform boundaries (large blue diamond in b). b, Root-mean-square
(r.m.s.) values of computed plate velocities in the global model versus
friction coefficients at convergent plate boundaries. Blue (and magenta)
diamonds correspond to model results without (and with) consideration
of slab pull at depths less than 300 km. The expected true values are closer
to the blue diamonds (see Methods). The horizontal dashed line shows the
r.m.s. value of observed plate velocities. ¢, Models of subduction-related
orogenesis in the Central and Southern Andes, with a higher friction
coefficient in the subduction channel lacking sediments in the Central
Andes and a lower friction coefficient in the subduction channel filled
with sediments in the Southern Andes. The westward drift of the South
America plate during the last 30 Myr was almost entirely compensated
by roll-back of the Nazca plate trench in the southern Andes (trench
filled with sediments, lower friction) and was partially compensated
by deformation of the South America plate in the central Andes (no
sediments in the trench, higher friction).

explanation by showing that the difference in the friction coefficient of
the subduction channel from the Central Andes (>0.05 and probably
up to 0.1; see Methods) to the Southern Andes (<0.02) indeed might
have been one reason for the different shortening rates and deformation
styles in these regions (Fig. 1c). Based on the results of this modelling,
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we infer that the effective friction coefficient in a subduction channel
without unconsolidated sediments is around 0.07-0.1, whereas the
friction coefficient in a subduction channel fully lubricated by sedi-
ments is less than 0.02. The likely reason for such a low effective fric-
tion coefficient in the subduction channel is the efficient compaction
of fine-grained wet sediments that preserve highly pressurized pore
fluids. With increasing depth in the subduction channel, the fluid is
first structurally bound in hydrous minerals, which generally have low
shear strength, and then is partially released by successive dehydration
reactions that further reduce material strength. Importantly, the model-
ling shows that such a low effective friction coefficient and low material
strength in the subduction channel do not preclude the occurrence of
great subduction earthquakes'?, such as the Great Chile Earthquake of
1960. We note that the viscosity of metasedimentary rocks that reach
the deeper, ductile part of the subduction channel is low and conse-
quently such rocks also act as a lubricant in the deeper part of the
channel?®. Thus, sediments and metasedimentary rocks lubricate the
subduction channel along its full length.

The effect of sediments in subduction channels on plate velocities can
be inferred from the results presented in Fig. 1b. The root-mean-square
value of present-day plate velocities is about 4 cm yr~!. If all subduction
channels were free of sediments, the velocities would be less than half
of this value. Behr and Becker?® obtained a similar result by assuming
that deformation in the subduction channel is controlled by ductile flow
and considering that the viscosity of metasedimentary rocks is much
lower than the viscosity of metabasic rocks. If such low plate velocities
operated for about 100 million years (Myr), the density heterogeneity
of the mantle, which is mostly controlled by the amount of material
returned by subduction, would be reduced. In turn, this would reduce
the driving force of plate tectonics and further lower plate velocities
(see Methods for details).

In addition, lubrication by sediments could enable both formation of
new subduction zones and extension of existing subduction zones. This
is consistent with successful numerical models of subduction initiation,
which always assume very low (often null) yield strength at an initial
fault and very low friction of material dragged into the developing plate
boundary?"*2,

A number of modelling studies have demonstrated that subduction
should have been less stable at the higher mantle temperatures pre-
dicted for early Earth compared to the present!'*?* (see Methods). In
one particular study'?, subduction is shown to be stable and continuous
at mantle temperatures up to 100 K higher than the present if shear
stress at the subduction interfaces is negligible (equivalent to a fully
lubricated subduction channel), whereas at temperatures 200-300 K
higher than the present (typical of the Archaean) subduction becomes
less stable, with frequent slab break-offs, especially at the higher end
of this temperature range. If shear stress at the interface is 30 MPa
(corresponding to a reduced amount of sediment in the subduction
channel), subduction is stable only at present-day mantle temperatures®.
Therefore, we conclude that for early-Earth conditions, subduction of
weaker slabs would have been more sensitive to the lubricating effects
of sediments than contemporary subduction (see Methods for more
details).

Testing the hypothesis

On the basis of the above discussion we infer that continental sediments
in subduction channels act as a lubricant for subduction and that the
presence of these sediments in trenches is a necessary condition for
the stable operation of plate tectonics, particularly earlier in Earth’s
evolution, when the mantle was warmer and slabs were relatively weak.
Once plate tectonics had emerged on Earth, this hypothesis predicts
that a fully linked global network of plate boundaries and periods of
stable plate tectonics should follow widespread surface erosion events,
whereas times of diminished surface erosion would lower the volume
of sediment in trenches and should be associated with reduced sub-
duction and possibly intermittent plate tectonics. We test these predic-
tions using geological proxies believed to identify plate tectonic activity
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Fig. 2 | Geological proxies for subduction and plate tectonic

activity. a, Probability of occurrence (black curve) and thermobaric

ratios (metamorphic temperature (T) to pressure (P); solid circles)

of metamorphic rocks’. Grey rectangles show periods of enhanced
subduction and increased plate tectonic activity probably corresponding to
supercontinent assembly*® (solid outlines), and the period of relatively less
prominent activity forming supercratons in the Archaean (dashed outline).
The abbreviations at the top refer to the geological eras (C, Cenozoic;

M, Mesozoic; P, Palaeozoic; NP, Neoproterozoic; MP, Mesoproterozoic;

PP, Paleoproterozoic; NA, Neoarchaean; MA, Mesoarchaean; PA,
Paleoarchaean; EA, Eoarchaean). b, ¢, Cumulative number of ancient
passive margins in 50-Myr bins (b) and the lifespan of passive margins
versus mean age” (c). d, Cumulative length of orogens®*?’. Also indicated
is the long period of decreased plate tectonic activity (the boring billion®).

(Fig. 2) and geochemical proxies that trace the influence of the conti-
nental crust on the composition of seawater and continental sediments
in the source of subduction-related magmas (Fig. 3a, b).

The global appearance of paired, intermediate- and high-thermal-
gradient metamorphism® (yellow and red symbols in Fig. 2a)
and evidence of a 1,000-km-scale relative motion of cratons* in the
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Neoarchaean indicate that plate tectonics had emerged on Earth
by this time. Since the Mesoarchaean there have been three princi-
pal periods of amplified subduction activity, corresponding to the
times of the assembly of supercratons in the Neoarchaean (relatively
less pronounced) and the supercontinents Columbia and Pannotia/
Gondwana in the Palaeoproterozoic and Neoproterozoic, respectively.
These three periods are identified by the clustered occurrence of met-
amorphic rocks® (Fig. 2a), the notable rise in the number of passive
margins and their decreasing duration® (Fig. 2b, c) and by the higher
cumulative length of orogens®*?” (Fig. 2d). The clustered occurrence of
metamorphic rocks indicates collisional orogenesis in these periods®,
which requires extensive motion of continental plates that cannot hap-
pen without stable subduction. The increase in the number of passive
margins is closely related to subduction activity, which creates passive
margins along the trailing edges of continents®. The same is true for the
origin of the passive margins associated with back-arc basins, which are
related to subduction retreat, and possibly also for continental break-up
in general®®. Therefore, the increasing number of passive margins and
their decreasing lifespan (Fig. 2b, ¢) probably indicate enhanced sub-
duction activity, whereas the smaller number of long-lived passive mar-
gins in the intervening periods signifies lowered subduction activity.
The higher cumulative length of orogens also points to more frequent
collisions of continents and higher forces available for plate tectonics,
again probably associated with increased subduction activity.

The period of highly active subduction that culminated in the
formation of Columbia (Fig. 2a) was followed by the boring billion
(1.75-0.75 Gyr ago)*. The boring billion was a time of reduced subduc-
tion*> and limited development of passive margins*®. We note that the
peak in the occurrence of metamorphic rocks for the transition from
Columbia to Rodinia about 1 Gyr ago relates mostly to Grenvillian
orogenic events at the margin of Columbia and limited internal basin
opening and closing, rather than a major break-up and reorganization
of the supercontinent>’. Therefore, we do not consider this peak to
be an indication of high global subduction activity, in agreement with
other studies (for example, ref. #). The boring billion was followed by
the period of modern plate tectonics (Fig. 2a).

In Fig. 3 we show proxies for the crustal and mantle influence on
ocean chemistry and magma composition, in particular variations
with time in the strontium (Sr) isotope composition of seawater?® (blue
curve in Fig. 3a, b), and the hafnium (Hf)*® (red curve in Fig. 3a, b)
and O (magenta curve) isotope composition®! of detrital zircons. These
variations record differences in the amount of continental weathering
that contributed to the composition of seawater and the availability
of continental sediments in the source of magmas that make up the
continental crust.

There are three time intervals in which Sr and O consistently show an
increase and Hf a decrease, as shown by the transparent green rectan-
gles in Fig. 3a. We relate these three periods to increased erosion of the
continents and a larger volume of sediments in trenches. At these times,
the normalized 8Sr/*Sr in seawater rises while eHf decreases and §'%0
increases in detrital zircons (Fig. 3a; see figure legend and Methods for
definition of parameters). In relation to the hypothesis proffered above,
these three periods correspond to the timing of lubrication events in
pre-existing and/or newly initiated subduction channels that aid the
smooth operation of the plate tectonic machine. Interestingly, the first
(about 2.8-2.7 Gyr ago) and second (about 2.3-2.1 Gyr ago) periods
follow major glaciations, and the first period also follows the rise of
continents above sea level*>34, The third period coincides with the
Neoproterozoic snowball Earth glaciations (about 0.75-0.63 Gyr ago®).
It is noteworthy that each of the proxies shown in Fig. 3a increases in
magnitude with successive events; this suggests that the second and third
events each had a larger impact than the one before, which may be a
response to the secular decline in mantle temperature and increasing
volume of continental crust. Furthermore, the snowball Earth glaciations
are associated with a global crustal erosion and sediment subduction
event of unprecedented scale, as recently demonstrated by a new model-

ling approach to the Hf and O isotope composition of detrital zircons*.
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Fig. 3 | Geodynamic interpretation of geochemical proxies for recycling
of sediments. a, b, Proxies for the effects of continental erosion on
seawater composition?’ (normalized 8’Sr/36Sr in seawater, based on

binary mixing of river runoff versus mantle influence?; blue curves)

and continental sediments in the source of subduction-related magmas
(eHf, where eHf = [(*Hf/"”7Hf),/(""*Hf/"”"Hf )chondrites — 1] X 10* and

t is the age of the sample; red curves) and §'%0 (where §'30 = [(*0/'°0),/
(*80/'%0)seawater — 1] x 10°); magenta curves) in detrital zircons***!). Grey
rectangles show times of plate tectonic activity probably corresponding

to supercontinent assembly*® (solid outlines) and the formation of
supercratons in the Archaean (dashed outlines). The blue dashed rectangle
in a shows the most likely time of the rise of the continents®*=*. The

blue and green solid rectangles along the age axis in a show the times

of major global (blue) and regional (green) glaciations®®. Transparent
green rectangles in a show the time intervals in which all three proxies
consistently indicate increasing crustal influence, here interpreted as major
lubrication events related to increased continental erosion. Transparent
red rectangles in b show the time intervals in which all three proxies
consistently indicate decreasing crustal influence, here interpreted as
periods of extensive sediment subduction and lubricant depletion. The
highest flux of slabs into the mantle occurs during the periods of lubricant
depletion, indicated by the two black arrows. ¢, Number of LIPs versus age
(in 20-Myr bins; data from a previous work?’). The hypothetical response
of the lower boundary layer to the highest flux of slabs into the mantle is
indicated by the two black arrows.

We emphasize that the first of these three periods of enhanced sur-
face erosion and increased lubrication directly preceded the first period
of amplified subduction activity, which created several Neoarchaean
supercratons®’. The two more recent periods each occurred at the
beginning of a new cycle of amplified subduction activity leading to
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the formation of a supercontinent (Columbia and Pannotia/Gondwana,
respectively) after a period of reduced subduction (first in the Siderian®
and then during the boring billion*). This is also in agreement with the
prediction of the hypothesis proffered above.

These three geochemical proxies indicate a reduction in the influence
of continental crust or sediments on the composition of the oceans or
in magma sources during two periods, one in the Palaeoproterozoic
and another in the Cambrian-Ordovician (red transparent rectangles
in Fig. 3b). We interpret these as periods of lubricant depletion, that
is, times when the amount of continental erosion and the volume of
sediments in trenches were generally decreasing owing to the reduced
elevation of mature orogenic belts and the effect of accelerated sub-
duction depleting the supply of continental sediments faster than they
could be replaced. In the Palaeozoic, this interpretation is confirmed
by the well constrained period of maximal plate velocities about
0.3-0.4 Gyr ago?*383, that is, at the time close to the second period
of lubricant depletion. This maximum was followed by a reduction
in plate velocities, a decrease in the frequency of metamorphic rocks
(Fig. 2a) and a reduction in the cumulative length of orogens (Fig. 2d).
In the Proterozoic, the boring billion was also a time of reduced sub-
duction that followed the first period of lubricant depletion. The boring
billion lasted until the snowball Earth glaciations and the ensuing major
surface erosion event provided an increased supply of sediments to
lubricate subduction.

The periods of lubricant depletion should also represent peri-
ods of maximal flow of subducted slabs into the mantle (Fig. 3b),
which should produce a response from the mantle, albeit after a time
lag. One hypothesis*’, supported by several numerical modelling
studies*"*2, suggests that some large igneous provinces (LIPs) were
related to plumes that originated from the edges of deep lower-mantle
heterogeneities because of the interaction of descending slabs with the
lower boundary layer of mantle convection. Interestingly, a compila-
tion of LIP ages (used in a previous work?’) does show an increased
frequency of LIPs 100 Myr after the Palaeoproterozoic lubricant
depletion period and about 300 Myr after the Palaeozoic lubricant
depletion period (Fig. 3c). The longer delay of the response in the late
Neoproterozoic—early Palaeozoic compared to the Palacoproterozoic
is to be expected because of the increasing viscosity of the mantle with
cooling.

As discussed above, the subduction lubrication events that followed
the global glaciations probably had a profound effect on plate tectonic
activity and possibly also on deep-mantle convection. We note that
the two periods when Earth had global glaciations are separated by a
1.5-Gyr gap in which evidence of glaciation at any latitude is lacking™.
This observation suggests that it is the absence of global glaciations
between the Huronian (2.45-2.2 Gyr ago) and the snowball Earth
(0.75-0.63 Gyr ago) events that was responsible for the 1,500-Myr
variation in Earth’s geodynamic evolution recently discussed””. Lastly,
we suggest that an increased volume of sediments available for the
lubrication of subduction channels not only stabilized subduction on
Earth and subsequently stimulated periods of increased activity, but
also could have contributed to the emergence of plate tectonics in the
first place.

The tectonic regime that preceded plate tectonics
Important evidence about the transition to a plate tectonic regime
comes from systematic variations in Hf and O isotope compositions
of zircons of different ages, which reveal the relative proportions of
reworked and juvenile crust through time*. On the basis of these data,
it has been argued that before 3.0 Gyr ago, the production rate of conti-
nental crust was higher and the recycling rate of continental crust was
lower than after 3.0 Gyr ago®. Because subduction is believed to be the
main mechanism of recycling continental crust*, the lower recycling
rate before 3.0 Gyr ago is interpreted as evidence of the absence of
large-scale subduction®’.

This earlier geodynamic regime could have involved intense defor-
mation of mechanically weak lithosphere caused by dripping of
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Fig. 4 | Plume-induced retreating subduction generating a regional
‘plate tectonics’ cell®s. a, View from the deep mantle of the subducting
slabs and the opening ‘plate tectonics’ cell. b, View of the ‘plate tectonics’
cell from above, showing that it includes all types of plate boundaries, even
though all subducting slabs in the cell are retreating. Collisions of such

eclogitized lower crust and delamination of the underlying mantle
lithosphere?*#>. One alternative for this convection regime is a type
of episodic lid overturn and resurfacing'? due to retreating large-scale
subduction triggered by mantle plumes*”**3 or meteoritic impacts®.
These retreating subduction zones would have formed regional cells
of plate-like behaviour (Fig. 4), within which all types of plate bound-
aries are present, even though all subducting slabs around the cell are
retreating. Retreating subduction would not lead to much erosion of the
overriding plates, in agreement with the low rate of crustal recycling in
the geochemical model®. Simultaneously, retreating slabs would bring
water into the upwelling, hot asthenospheric mantle via the sinking
hydrated upper crust of the slabs, enabling a large volume of magma to
be generated. This is an efficient way to produce the early, more mafic
continental crust. Multiple collisions of such cells and included arcs
could have formed protocontinents, again in agreement with the model
of crustal evolution derived from the zircon record®.

Following a previous work®®, and assuming that the underlying
mantle lithosphere was weak, we expect that the emergent protocon-
tinental crust could have had sufficient gravitational potential energy
to extend. Therefore, as sediments accumulated at the edges of the
protocontinents and were subsequently overridden by the extending
protocontinental margins, nascent subduction channels were formed
along the edges of the protocontinents. Thus, a global plate tectonic
regime could have evolved from a plume-induced retreating subduc-
tion regime, which already included the elements of sea-floor spreading
and transform faults inside the ‘plate tectonic’ cells.

Summary of hypothesis

Before about 3 Gyr ago, when the mantle was probably at its hottest
and not much sediment was available in the oceans, the tectonic regime
could have been of the ‘squishy lid’ type?**>¢ or of plume- (or impact-)
induced ‘retreating subduction’ type*”* (Fig. 5). Between 3 Gyr ago
and 2 Gyr ago this tectonic regime gradually evolved into a global plate
tectonic regime enabled by the rise of the continents and increased sur-
face erosion. The first period of major erosion that led to an increased
volume of sediments available for lubrication of subduction probably
followed the late Mesoarchaean glaciation; this enabled the formation
of supercratons from protocontinents. After a period of reduced sub-
duction during the Siderian, the assembly of Columbia was triggered
by the second period of major surface erosion that again led to an
increased volume of sediments available for lubrication, which followed
the early Palaeoproterozoic (Huronian) glaciations. The diminished
delivery of sediments in the trenches during the boring billion led to
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reduced subduction globally and a period of decreased plate tectonic
activity. The continuing secular cooling of the mantle and the unprec-
edented scale of surface erosion following the snowball Earth glacia-
tions brought the boring billion to an end, initiated the contemporary
geodynamic cycle with continuous global plate tectonics and probably
triggered the Cambrian explosion of life on Earth.
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Fig. 5 | Summary of the factors that control the emergence and
evolution of plate tectonics on Earth. The limited sediment supply and
hotter mantle in the early Archaean, before 3 Gyr ago, did not allow global
plate tectonics (PT). Instead, a ‘squishy lid’ regime or a regime of plume-
or impact-induced retreating subduction (or a combination of the two)
was dominant. Enhanced surface erosion due to the rise of the continents
and major glaciations in the Mesoarchaean and Palaeoproterozoic, and
particularly during the Neoproterozoic snowball Earth 0.75-0.63 Gyr ago,
resulted in a large influx of sediments into trenches (lubrication events),
which—together with the secular cooling of the Earth’s mantle—stabilized
subduction and plate tectonics. Lack of sediments in the oceans during the
boring billion* between 1.75 and 0.75 Gyr ago caused unstable behaviour
of plate tectonics on Earth. Blue arrows mark major glaciations®; the blue
dashed curve shows the mantle-normalized seawater 8 Sr/%°Sr ratio?’, a
proxy for the influence of continental erosion on seawater composition;
and the black dashed curve separates hypothetical domains of stable and
unstable plate tectonics. The reddish domain shows the number of passive
margins®, here used as a proxy for the intensity of plate tectonics. Semi-
transparent red rectangles show the time range of snowball glaciations in
the Neoproterozoic and the rise of the continents and glaciations in the
Mesoarchaean and Paleoproterozoic.
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METHODS

Strength of rocks in the subduction channel. Contemporary subduction zones. The
frictional deformation domain extends below the down-dip limit of the seismo-
genic zone'®. The average down-dip depth for this limit in all subduction zones is
46 km (from the extended dataset of subduction zones™'). Below this depth there is
still a friction-controlled domain related to a rate-strengthening mechanism of fric-
tion, which extends well within the creeping part of the subduction channel, down
to the point of the brittle-ductile transition. The shear stress reaches a maximum
at this point, beyond which the shear stress decreases exponentially with depth
in the ductile deformation region. According to this conventional point of view,
deformation in the upper 50 km (by depth) or so of a typical subduction channel is
controlled by friction and the mean shear stress is highest at this depth. This is illus-
trated in Extended Data Fig. 1 using the recently published cross-scale model (that
is, over several timescales) of the subduction process that reproduces the seismic
cycles of the great earthquake in southern Chile!®, where the largest recorded earth-
quake (magnitude M = 9.5) occurred in 1960. In this model a friction coefficient
0f0.015 is assumed, corresponding to the case where the channel is fully lubricated
with sediments. The figure shows the modelled distributions of stress and strain
rate (Extended Data Fig. 1a, b) during the inter-seismic phase of the seismic cycle,
320 years after the great earthquake. It is seen that the maximum shear stress in
the channel (that is, the brittle-ductile transition) is achieved at a depth of about
52 km, where the temperature is about 400 °C (Extended Data Fig. 1a). That is well
within the creeping part of the channel (Extended Data Fig. 1b), the top of which is
at a depth of about 35 km, where the temperature in the channel is close to 310°C.

In the model discussed above and in previous models of Andean subduction'?,

in addition to friction, a weak ductile rheology is used in the channel (wet quartz
rheology in the model'®), even if it is not filled with sediments. This procedure is
based on the assumption that in the absence of sediments, the channel consists
of sheared felsic rocks eroded from the upper plate crust and/or of serpentinites
eroded from the upper plate mantle. If that is not the case (as in the model of Behr
and Becker?’), the difference in viscosity between metasedimentary rocks and
metabasic rocks further increases the lubrication effect of the sediments.
Application to early-Earth conditions. According to the analytical solution of
corner flow for a Newtonian viscous fluid®2, the slab interface temperature is
scaled to (Timantle — Tsurface) Assuming Tiange = 1,550 °C for early Earth, recent
Tinantle = 1,350°C and Tyyrface = 0°C (in both cases), and holding other subduction
parameters the same, we obtain that early-Earth subduction channels were only
about 15% (1,550/1,350 = 1.15) hotter than present-day subduction channels.
This difference is several times smaller than the temperature difference of the
subduction interfaces of presently active subducting slabs®®. Therefore, we do not
expect any substantial change in the strength of subduction channels on early Earth
compared to contemporary Earth.
Consequences for subduction instability in early Earth. Even if the strength of sub-
duction channels on early Earth were similar to their present-day strength, the sub-
duction might proceed differently because of the differences in the rheology and
buoyancy of the slabs. On the basis of the discussion in the main text, we conclude
that for early-Earth conditions, subduction of weaker slabs would have been more
sensitive to the lubricating effects of sediments than contemporary subduction.
A greater propensity to break-off would also be expected owing to the different
buoyancy structure of the subducting slabs on early Earth. With the thicker oceanic
crust expected for early-Earth conditions?, above the gabbro-eclogite transforma-
tion (that is, in the upper 50-100 km, depending on the kinetics of the reaction)
subducting slabs would have been less negatively buoyant than contemporary slabs,
but more negatively buoyant at depths below this transformation'®. In this case,
slab pull from the part of the slab below 50-100 km would have been higher than
for contemporary slabs, but resistance of the uppermost buoyant part of the slab
would also have been higher. In such a configuration, slab break-off would have
been easier if the shear resistance of the subduction channel was increased owing
to a lack of sediments for lubrication.

For a typical contemporary subduction channel, a friction coefficient of 0.07-0.1
translates to a yield strength of about 50-70 MPa, assuming that the brittle part of
the channel extends to a depth of 50 km. On the basis of the results of numerical
modelling'?, the calculated yield strength of 50 MPa is above the critical value that
separates mobile and stagnant lid styles of convection (20-30 MPa), especially at
the higher mantle heat flow expected in early Earth. This result suggests a high
probability of either a stagnant-lid or an episodic mobile-lid type of convection on
Earth at times when trenches were deprived of unconsolidated continental sedi-
ments. A similar conclusion was reached in another numerical modelling study®*,
in which it was shown that if the friction coefficient in the lithosphere at poten-
tial plate boundaries was higher than a critical value of 0.1-0.2, then subduction
should not occur on Earth. In addition, that study demonstrated that the evolving
mantle and core structures in the models were only consistent with observations
for Earth for very low friction coefficients, below 0.04. These conclusions, based
on numerical modelling studies, are consistent with the hypothesis that the rise of

continents and the accumulation of sediments at continental edges and in trenches
has lubricated subduction since the mid-Mesoarchaean.

Model of global plate tectonics. Approach and model setup. The modelling is
based on the observation that the largest heterogeneities in the composition and
physical properties of rocks occur in about the upper 300 km of Earth, which
is also where rocks have the most complex nonlinear rheologiesS5. Therefore, in
the upper 300 km of the spherical shell of the model we solve the full system
of mass, momentum and energy conservation equations using nonlinear elasto-
visco-plastic rheology, with the parameters of the rheological models constrained
by laboratory experiments. To solve the equations we use the finite-element code
SLIM3D?S. The shell has a true free surface (no sticky air or other approximation),
which allows precise modelling of the surface topography. At depths greater than
300 km in the model we use a simplified numerical technique and a radial distri-
bution of the viscosity”’. The two modelling codes are coupled at a depth of 300 km
using an iterative scheme that guarantees continuity of tractions and velocities at
a depth of 300 km.

The full details of the modelling technique have been published recently®s;
therefore, here we describe only the features of the model specific to this study,
as follows. (1) In considering the rheology of the asthenosphere we take into
account underestimation of the water content of olivine in the experiments (by
a factor of 3)°’ therefore, in the rheological model of the asthenospheric mantle
we use parameters for olivine with 300 p.p.m. H/Si, that is, about 3 times lower
than that expected in the asthenosphere®. (2) We treat convergent and other plate
boundaries separately. For the other plate boundaries, a friction coefficient of
0.1 is assumed, but for the convergent plate boundaries the friction coefficient is
a parameter that is varied from 0.01 to 0.1. (3) For the continents, we use a three-
dimensional thermal structure in a 300-km shell with the thickness of the lith-
osphere based on a thermal model®; below the sub-continental lithosphere we
assume a potential temperature (Tp) of 1,300 °C. For the oceans, we use a plate
model relating thermal structure to ocean age“, with Tp = 1,300°C at the astheno-
sphere. (4) For the mantle deeper than 300 km we employ a three-dimensional den-
sity distribution based on the history of subduction®. In some models we also use
density heterogeneities due to slabs within the 300-km shell. (5) All models have a
lateral resolution of about 100 km and a vertical resolution that varies from 20 to
50 km in the 300-km shell, and 124 orders of spherical harmonics in the spectral
code deeper than 300 km. (6) All models are calculated for 500,000 yr, which
ensures that a quasi-steady state is achieved. In all other aspects, including prede-
fined plate boundaries, the model is the same as in the recently published study®®.
Short-term effect of change in friction. We conducted two sets of experiments, and
in each set we varied only the effective friction coefficient at the convergent plate
boundaries. In the first set of experiments (blue diamonds in Fig. 1b) we did not
consider the density heterogeneity related to slabs in the 300-km shell. Thus, in this
set of experiments we ignored the pull of the slab segments in the upper 300 km.
We note that owing to the low lateral resolution in all models we also ignored
the subduction-resisting slab-bending force, which has a magnitude of about 1/3 of the
pull force from the slab segments in the upper mantle and transition zone®>. As
the hanging slab segment in the 300-km shell is about 200-300 km in length—that
is, about 1/3 of the slab segment is in the upper mantle and the transition zone—the
related slab pull force has about the same magnitude as the slab bending force, but
with the opposite sign, so these forces should mutually balance. This balance justi-
fies the results of the first set of experiments, in which both forces were ignored. In
Fig. 1a we compare velocities computed in the experiments with a friction coeffi-
cient of 0.03 at the convergent plate boundaries, with the no-net-rotation data from
the NUVEL 1A model®. In the second set of experiments (magenta diamonds in
Fig. 1b) the density heterogeneity related to slabs in the 300-km shell was included.
In these experiments the resisting forces were underestimated, but the pulling
forces were included; therefore, we consider that the second set of experiments
predict the upper limit of plate velocities.

Long-term effect of change in friction. The results shown in Fig. 1b demonstrate
the effect of friction at plate boundaries on the plate velocities when the mantle
driving force is fixed. However, if plate velocities were reduced owing to an absence
of lubricant in trenches and a corresponding increase in the friction coefficient,
then less cold material would have been subducted into the mantle, which in
turn would have reduced the slab pull and mantle suction forces®. With a typical
subduction velocity of 2-3 cm yr~!, the slab sinks through the entire mantle in
about 100-150 Myr, so 100-150 Myr is the characteristic time required for the
density heterogeneity in the mantle to be renewed. Therefore, the long-term effect
of change in the friction coefficient in subduction channels may be much larger
than the short-term effect illustrated in Fig. 1b.

Interpretation of regional models of subduction orogenesis in the Andes. In the
model of subduction orogenesis in the Andes'?, the present-day rate of advance of
the South American plate towards the trench was assumed to be 3 cm yr~?, which
appears to be a substantial overestimation according to recent reconstructions®.
Therefore, the model'® underestimated the friction coefficient required to drive



shortening in the Central Andes. Taking this underestimation into account, we
infer that the friction coefficient in the subduction channel without unconsoli-
dated sediments should be considerably higher than the value of 0.05 estimated
previously'®, perhaps closer to 0.07-0.1 according to the present-day estimate of

force balance!”.
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Extended Data Fig. 1 | Strength in the subduction channel. a-c, The
subduction channel of the seismic cycle model for the southern Andes".
Shown are the stress distribution (a) and the strain rate distribution (b)
during the inter-seismic phase of the seismic cycle, 320 years after the
great earthquake, as well as a magnified image of the subduction channel

domains.

(c). Temperature isolines are shown in degrees Celsius, and the location of
the maximum shear stress in the channel is given as a proxy for the brittle-
ductile transition. d, Sketch of the stress distribution inside the subduction
channel, showing the friction-controlled (brittle) and ductile deformation
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