
Tectonics 
 

Flat subduction and melting (June 2000) 

Accepted wisdom accounts for the bulk of lavas and intrusive igneous rocks that build island 
arcs and probably much of the continental crust by what is known as wedge melting.  As old, 
cold and wet ocean lithosphere descends subduction zones, metamorphic reactions in the 
top layer of basalts and sediments (oceanic crust) release water-rich fluids.  These depress 
the temperature at which melting can begin when they permeate the overriding mantle 
wedge.  The water-releasing reactions involve dehydration of altered ocean floor that work 
to create the garnet-pyroxene assemblages that characterize eclogites, and drive the top 
slab of the lithosphere further from conditions under which it will begin to melt.  Formation 
of abundant garnet and pyroxene also imparts the density jump that helps make oceanic 
lithosphere founder at destructive plate margins.  The less there is, the lower the angle of 
subduction.  Whether or not dense eclogite forms depends on the temperature at which 
lithosphere enters a subduction zone, and temperature depends to a large extent on how 
old the consumed lithosphere is.  As sea-floor spreading shoves newly created lithosphere 
sideways from oceanic ridge systems, it slowly cools by conduction and interaction with 
permeating seawater.  The faster the spreading or the smaller the plates involved, the 
sooner lithosphere can reach a subduction zone.  Both factors can give rise to shallow-
angled subduction. 

The Earth loses heat that radioactive decay generates in the mantle by sea-floor spreading.  
Going back in time, there were more undecayed heat-producing isotopes, so more heat had 
to be lost.  In the Archaean Aeon (more than 2500 million years ago) heat production was 
perhaps 2 to 3 times higher, and either spreading was much faster or there were more 
plates.  Most geologists now accept that low-angled subduction was a common 
characteristic of Archaean geological processes.  That is highly significant, because such 
conditions drive the top slab of oceanic crust towards melting, and the melts produced are 
very different from the basalts and andesites produced by modern wedge melting.  They are 
much more silica-rich, and crystallize to form the trondhjemites, tonalites and dacites that 
are so common in Archaean continental crust.   

Today, plate movements are sluggish, and though slab melting has been detected it was 
long thought to be rare, taking place only where very young oceanic lithosphere (less than 5 
million years old) entered the mantle.  Recent work by French geochemists (Gutscher, M-A. 
et al., 2000.  Can slab melting be caused by flat subduction?  Geology, 28, p. 535-538; doi: 
10.1130/0091-7613(2000)28<535:CSMBCB>2.0.CO;2 ) showed that such occurrences relate 
to subduction of lithosphere as old as 45 million years.  Their model to explain such 
Archaean-like processes involves a transformation from normal steep subduction to a phase 
involving almost horizontal movement of the descending lithosphere.  The density reduction 
that this demands stems from the heating effect of the asthenosphere through which the 
plate travels.  Wedge melting is generally close to the site of subduction, marked by an 
oceanic trench.  Modern slab melting, however, needs a lengthy period of heating in a flat 
subduction zone, so the volcanoes that it produces lie much further away from the trench.  
Eventually the asthenosphere itself is cooled by the advancing plate and volcanism stops 
because the slab begins to dehydrate and to lose the potential for partial melting.  This 
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explains the lack of volcanoes over most of the known areas of flat subduction, as in the 
Andes of central Chile. 

Plate tectonics and seismic tomography (June 2000) 

Plate tectonics is not the be all and end all of how the world works.  It is merely the 
expression of the Earth's overall behaviour by the thin surface rind of lithosphere.  Almost 
certainly, all rocky planets behave similarly, in the sense of producing energy by decay of 
radioactive isotopes inside, and losing this energy by transport to the surface, where it 
escapes by radiation.  How planets do this determines to a major degree the geological 
processes that go on at their surface.  Clearly, there are subtle differences among the Inner 
Planets, because only the Earth shows signs of active plate movements that give it both a 
geological and, in its case, a biological life. 

Why the Earth is so odd depends on its internal processes, so geochemists and geophysicists 
have spent 30 years seeking ways of unravelling how the mantle behaves.  As well as a 
battery of geochemical methods to distinguish different kinds of mantle whose melting 
contributes to crust formation in different tectonic settings, the main arm in geodynamics is 
using earthquake waves in a manner akin to body scanning to image the deep interior.  This 
seismic tomography is just beginning to resolve some of the widely divergent views about 
deep-Earth processes.  So, a review of the state of the geodynamicists' art in a recent issue 
of Science makes for compulsory reading (Tackley, P.J., 2000.  Mantle convection and plate 
tectonics: toward an integrated physical and chemical theory.  Science, v. 288, p. 2002-2007; 
DOI: 10.1126/science.288.5473.2002). 

 

Structure in the mantle, as imaged by seismic tomography. Blue-green shows where S-wave 
velocity is 0.6% higher than normal (“cold”and possibly sinking material), and reds show 

where S-wave velocity is 1% lower than normal (“hot” and possibly rising material). (Credit: 
Tackley, P.J. 2000; Figure 3) 

The geochemists' problem, having discovered three chemically fundamental kinds of mantle 
that basalt magma production stems from, is to decide how they are arranged.  They have 
at least 6 basic models.  Before seismic tomography, each was as believable as the others.  
Through reviewing 3-D images of where hot and cold materials sit in the mantle - the key to 



motions within it - Tackley shows how some of the geochemical models must probably bite 
the dust, and the directions that research will take in future.  There is still no self-consistent 
model for whole-mantle behaviour, but it is beginning to look like the various views of 
convection as simple cells, either from top to bottom of the mantle, or decoupled into lower 
and upper systems must give way to something much more complex.  What does seem well 
established is that many subducted slabs find their way right down to the core-mantle 
boundary.  The most primitive mantle 'reservoirs', from which the ocean island basalts over 
hot-spots stem in part, have an excess of 3He (formed only in stars and therefore locked in 
the Earth when it formed) over 4He (released by decay of radioactive uranium and thorium 
and so changing with time).  These reservoirs are now probably in two gigantic, hot bulges 
rising from the core-mantle boundary, that dominate the most tectonically active parts of 
the lithosphere.  Cooler mantle lies beneath more inert lithosphere.  It has a composition 
from which mid-ocean ridge basalts emerge, and which signifies its loss over time of the 
materials that now make up the continents. 

The most important possibility emerging from growing knowledge of the deep Earth is that 
Earth scientists might have to break from James Hutton's 200 year old notion that the 
present is the key to the past.  The plate-mantle system is something likely to change 
dramatically over time, and the Earth is currently in one form of many different kinds of 
possible behaviour. 

In the same issue of Science is a review of how motions in the Earth's core generate the 
geomagnetic field (Buffett, B.A., 2000.  Earth's core and the geodynamo.  Science, 288, p. 
2007-2012; DOI: 10.1126/science.288.5473.2007). 

 

Timing the uplift of the Tibetan Plateau (August 2000) 

The rise of the huge Tibetan Plateau, with an average elevation of 5 km, presented a major 
barrier to atmospheric circulation, perhaps one of the largest that has ever existed.  With its 
latitude close to the down flow of the tropical Hadley cells, it has had an effect on the Asian 
monsoon in particular, strengthening its effects.  Many climatologists believe that Tibet has 
played a major role in global climatic change towards the end of the Cainozoic.  So, timing 
the uplift is critical in assessing the modelled effects in relation to detailed climate records 
of the Neogene.  This is by no means easy, for the late-Tertiary sediments are terrestrial in 
origin. 

A team of Australian and Chinese geologists focussed on the sedimentary record in the 
Tarim Basin, north of the Kunlun mountains that form the northern flank of the Tibetan 
Plateau (Zheng, H.  et al., 2000.  Pliocene uplift of the northern Tibetan Plateau.  Geology, v. 
28, p. 715-718; doi: 10.1130/0091-7613(2000)28<715:PUOTNT>2.0.CO;2).  Sediments there 
change from redbeds deposited in gently sloping flood plains to coarse debris laid down by 
flash floods at a rising mountain front; exactly the relationship that records the beginning of 
uplift in northern Tibet.  Dating this is no easy matter, however.  The technique that the 
team used is magnetostratigraphy, based on highly sensitive measurements of the polarity 
of 2500 samples of weakly magnetized sediments. 

The change in facies spans a period when the Earth’s magnetic field was reversed - the 
Gilbert reversed chron - which occurred between 4.5 to 3.5 Ma ago.  The maximum age for 
the beginning of Tibetan uplift in the north is therefore 4.5 Ma, in the Pliocene.  This 
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contrasts with the accepted age of Oligocene - Miocene for uplift of the Himalaya and 
southern Tibet, and with models that postulate climatic change that followed it.  Whereas 
the Tarim Basin today is arid, the sediments indicate that until the Pliocene abundant water 
flowed at the surface, to deposit great thicknesses of fine alluvium. 

 

Chinese crust in miraculous escape (October 2000) 

Ultra-high pressure (UHP) metamorphic rocks exposed in the Yankou region in China have 
been down a subduction zone to more than 200 km and then rebounded to the surface.  Kai 
Ye, Bolin Cong and Danian Ye of the Chinese Academy of Science in Beijing have worked on 
barometric indicators from eclogites and garnet peridotites to reach this conclusion (Ye, K. 
et al. 2000.  The possible subduction of continental material to depths greater than 200 km.  
Nature, v. 407, p. 734-736; doi: 10.1038/35037566).  It is no surprise to learn that basaltic 
and peridotitic materials have been down a subduction zone, because that is what oceanic 
lithosphere does continually, though how they return to the surface as intact slabs is 
problematic. 

 

Norwegian eclogite (Credit: e-rocks) 

What is surprising is that such highly compressed rocks are associated with similarly UHP 
materials that are chemically normal materials of the continental crust.  The Yankou rocks 
now hold the record for deep diving.   Sialic subduction is not easy because of its reluctance 
to reach densities that exceed that of the mantle.  That being said, there are growing 
suspicions that continental materials may contribute to the composition of alkaline magmas 
formed deep beneath hot spots.  If sial does not reach 200 km depth, its density always lies 
above that of the mantle, and it must be buoyant.  Taken deeper, however, the situation 
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reverses because of phase changes that compress silica and feldspar, so that at 300 km 
depth they become much denser than mantle, and must continue sinking to become 
potential contributors to later mantle melting. 

In this case it seems as if the slab of Chinese sial was dragged from the lower crust by its 
attachment to enough basic and ultrabasic rocks that the whole lot broke the buoyancy 
barrier by their density change at high pressures.  Getting back to the surface poses the big 
problem, the authors proposing that they were rafted by rocks beneath them.  Somehow, a 
large mass of UHP basic-ultrabasic material must have become detached from sialic 
materials before the combined slab passed the 300 km boundary and became doomed to 
long-term mantle residence.  That would give them and any eclogites remaining attached to 
them sufficient buoyancy to bob up once again. 

 

Subducted slab being torn apart (December 2000) 

The Mediterranean is possibly the most tectonically complicated area there is.  It’s a plexus 
of microplates, all shuffling and jostling like guilty schoolboys accused of sticking gum under 
their desks.  That is a result of the misfit between the continental masses carried on the 
Eurasian and African plates, which was never resolved by the collision between the two that 
threw up the Alpine chain.  Complex as it is, the region is small enough, close enough to 
research institutes and pleasant enough to work in for there to have been a great deal of 
effort to understand its active plate tectonics. 

The latest method to be applied is the analysis of seismic waves’ arrivals at seismometers in 
the manner of body scanning – seismic tomography.  Combining these new 3-D data of deep 
motions in the mantle with a review of surface geology, M.J.R. Wortel and W. Spakman of 
the Vening Mensz Research School of Geodynamics at the University of Utrecht build a 
remarkable picture of what seems to be going on (Wortel, M.J.R. and Spakman, W. 2000.  
Subduction and slab detachment in the Mediterranean-Carpathian region.  Science, v. 290, 
p. 1910-1917; DOI: 10.1126/science.290.5498.1910).   

 

How a tear in a subducted slab propagates (Credit: Wortel & Spakman 2000; Fig. 4) 
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One of their remarkable conclusions is a suggestion that subducted slabs are becoming 
detached, thereby changing the configuration of slab-pull forces in the region.  They sketch 
out how that might happen, by the formation of small ‘nicks’ in the short subducting slabs 
that focus slab-pull force along the reduced length of intact slab.  Thus focused, the pull 
more rapidly helps propagate the “nick” into a fully-fledged tear, which will migrate over the 
remaining length of the subduction zone. 

Mechanically, that is interesting enough, but should it happen at a shallow depth influx of 
asthenosphere would generate magma on a small scale, and perhaps induce hydrothermal 
activity and unusual sequences of metamorphism in the overlying crust.  Isostatic responses 
might change depositional process at the surface too.  Wortel and Spakman suggest that 
there is geological evidence throughout the region for this process having operated in the 
past, with consequences such as these, as well as going on today. 

 


