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Subduction and the water cycle (February 2014) 

For many geoscientists and lay people the water cycle is considered to be part of the Earth’s 
surface system. That is, the cycle of evapotranspiration, precipitation and infiltration 
involving atmosphere, oceans, cryosphere, terrestrial hydrology and groundwater. Yet it 
links to the mantle through subduction of hydrated oceanic lithosphere and volcanism. The 
rate at which water vapour re-enters the surface part of the water cycle through volcanoes 
is reasonably well understood, but the same cannot be said about ‘recharge’ of the mantle 
through subduction. 

 

The water cycle as visualised by the US Geological Survey 

Subducted oceanic crust is old, cold and wet: fundamentals for plate theory. The slab-pull 
that largely drives plate tectonics results from phase transitions in oceanic crust that are 
part and parcel of low-temperature – high-pressure metamorphism. They involve the 
growth of the anhydrous minerals garnet and high-pressure pyroxene that constitute 
eclogite, the dense form taken by basalt that causes the density of subducted lithosphere to 
exceed that of mantle peridotite and so to sink. This transformation drives water out of 
subducted lithosphere into the mantle wedge overlying a subduction zone, where it 
encourages partial melting to produce volatile-rich andesitic basalt magma – the primary 
magma of island- and continental-arc igneous activity. Thus, most water that does re-enter 
the mantle probably resides in the ultramafic lithospheric mantle in the form of hydrated 
olivine, i.e. the mineral serpentine, and that is hard to judge. 

Water probably gets into the mantle lithosphere when the lithosphere bends to begin its 
descent. That is believed to involve faults – cold lithosphere is brittle – down which water 
can diffuse to hydrate ultramafic rocks. So the amount of water probably depends on the 
number of such bend-related faults. A way of assessing the degree of such faulting and thus 
the proportion of serpentinite is analysis of seismic records from subduction zones. This has 
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been done from earthquake records from the West Pacific subduction zone descending 
beneath northern Japan (Garth, T. & Rietbrock, A. 2014. Order of magnitude increase in 
subducted H2O due to hydrated normal faults within the Wadati-Benioff zone. Geology, v. 
42, p. 207-210; DOI: 10.1130/G34730.1). The results suggest that between 17 to 31% of the 
subducted mantle there has been serpentinised. 

In a million years each kilometre along the length of this subduction zone would therefore 
transfer between 170 to 318 billion tonnes of water into the mantle; an estimate more than 
ten times previous estimates. The authors observe that at such a rate a subduction zone 
equivalent to the existing, 3400 km long Kuril and Izu-Bonin arcs that affect Japan would 
have transferred sufficient water to fill the world’s present oceans 3.5 times over the history 
of the Earth. Had the entire rate of modern subduction along a length of 55 thousand 
kilometres been maintained over 4.5 billion years, the world’s oceans would have been 
recycled through the mantle roughly once every 80 million years. To put that in perspective, 
since the Cretaceous Chalk of southern England began to be deposited, the entire mass of 
ocean water has been renewed. Moreover, subduction has probably slowed considerably 
through time, so the transfer of water would have been at a greater pace in the more 
distant past. 

Related articles: When did Plate Tectonics begin on Earth, and what came before? 
(speakingofgeoscience.org); Is there an ocean beneath our feet? (eurekalert.com) 

 

Basin and Range: From mountains to basin (December 2014) 

 

The “marching caterpillars” of the Basin and Range province, showing the San Andreas Fault 
in green (credit: University of Maryland, USA) 
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The Basin and Range province of the western US is one of the world’s largest products of 
continental extension. Being semi-arid, sediment removal has been unable to keep pace 
with crustal thinning thereby giving form to its name: linear mountain ridges separated by 
sediment-filled basins. Despite its extreme extension the Basin and Range has an average 
elevation of about 1400 m, although it is well below that of the Sierra Nevada range (2000+ 
m) that flanks it to the west. Throughout the Mesozoic, subduction towards the east 
beneath the North American plate produced voluminous magmas and fold-thrust belts, 
which added to the continental crust in a manner similar to that still occurring in the South 
American Andes. Extension began in earnest during the Eocene (~45 Ma) and continues 
today. Much of the theory regarding continental extension – listric normal faults and 
detachments, fault-tilt blocks, core complexes etc. – stems from studies in this huge terrain. 
As regards the evolution of the Basin and Range, it has been widely thought that by the Late 
Oligocene (~25 Ma) the thickened Cordilleran crust had been reduced to a plateau no higher 
than the present Sierra Nevada, which subsequent extension reduced to the present Basin 
and Range. 

The Eocene to Miocene extensional history was punctuated by huge episodes of explosive 
volcanism from which hot ash flowed laterally for hundreds of kilometres, relics of which 
are still widespread. Such ignimbrites are often very porous and were aquifers while still 
exposed, until buried by sediment and subsequent nuée ardent flows. Groundwater at the 
time of first exposure altered the volcanic glass shards from which ignimbrites are formed, 
so that the oxygen and hydrogen making up what was originally rainwater is now locked in 
the altered ash flows. The hydrogen isotopic composition of such meteoric water is known 
to vary with the altitude of the clouds shedding it. Water containing the heavier hydrogen 
isotope deuterium (D) is preferentially precipitated at low altitudes, so that high altitude 
rainfall is significantly depleted in it. Because of this the alteration can give clues to the 
former topographic elevation of the ignimbrites when they first rushed across the land 
surface. Applying this method to the repeated ignimbrite events in what is now the Basin 
and Range has given a good idea of the actual evolution of the land surface in the western 
US during the Palaeogene (Cassel, E.J. et al. 2014. Profile of a paleo-orogen: high topography 
across the present-day Basin and Range from 40-23 Ma. Geology, v. 42, p. 1007-1010; DOI: 
10.1130/G35924.1 ). 

The results present a major surprise. In the Eocene, elevation across the area was, as 
anticipated, a little more than the present Sierra Nevada (2000-2500 m). This fell back to 
roughly 2000 m, again as theory would suggest. But by the Late Oligocene (23-27 Ma) 
elevation expected to have declined further over the Basin and Range actually leapt to 
between 2500-3500 m, up to 2.1 km higher than it is today: the opposite of prediction. 
Effectively, despite evidence for Palaeogene extension the crust was buoyed-up probably by 
an upwelling of the asthenosphere and increased heat flow. The unexpected uplift occurred 
towards the end of subduction of oceanic lithosphere beneath western North America, the 
dynamics of which prevented the westward collapse of an earlier orogen. When subduction 
ended and the plate-margin tectonics became strike slip, as witnessed by the San Andreas 
Fault, the continental crust slid apart in the manner of books on a library shelf if a bookend 
is removed. 
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