
Tectonics 
 

When did Tibet rise? (February 2006) 

As plateaux go, that forming Tibet is by far the highest and the largest. Sitting at an average 
elevation above 5 km and spanning about 3500 x 1500 km, it dwarfs the next in the list, the 
Andean Altiplano (mean elevation 3.8 km). The position of the Tibetan Plateau, ahead of the 
Indian subcontinent’s northward collision with Eurasia marks it obviously as being of 
tectonic origin. Some plateaux are possibly buoyed up by underlying thermal anomalies in 
the mantle (the Colorado Plateau of North America, underpinned by a subducted spreading 
centre), while others, such as that of northern Ethiopia, result partly from vast outpourings 
of flood basalts and partly from thermal effects of active mantle plumes and rebound 
associated with massive crustal extension. 

There are two basic models for Tibet. It may have formed as a result of a near doubling of 
crustal thickness as Indian crust was driven beneath that of Asia, low density of the 
thickened continental crust acting to buoy up its vast area.  If that is so, then as soon as 
India collided with Asia, around 40-50 Ma ago, Tibet would have steadily risen and its 
plateau would have grown in extent. There are however signs of sudden changes in thermal 
structure, marked by large-scale magmatism of roughly Late Miocene (8-10 Ma) age. That 
may have been induced by an extraordinary event, the detachment and foundering 
(delamination) of a large mass of underlying mantle, whose loss resulted in rapid uplift of 
the whole overlying region. Because Tibet is known to play a central role in the mechanism 
that drives the South Asian monsoon, assessing the timing of its formation is crucial to 
understanding the onset of the monsoon and the many phenomena of accelerated 
weathering and erosion associated with it. Cores from the floor of the Indian Ocean suggest 
that the monsoon suddenly increased in intensity at around 8 Ma. Both as a sink for carbon 
dioxide as a result of weathering of the continental crust, and as a means of obstructing and 
redirecting continental wind patterns, the growth of the Tibetan Plateau and the Himalaya 
in front of it have been assigned a major role in the decline of global mean temperatures 
that resulted in northern hemisphere glaciations. So establishing the timing of their 
formation makes or breaks two major geoscientific hypotheses of recent decades. The key is 
some form of proxy for past elevations in the area. One such proxy, the stomatal index of 
plant leaves found in Tibetan sediments of Miocene age, showed that 15 Ma ago the 
southern Plateau was just as high as today (see When did southern Tibet get so high? March 
2003). That cast doubt on a later cause of uplift, but remained unconfirmed. 

Sediments deposited in lakes that periodically fill Tibet’s many basins form a record that 
goes back at least 35 Ma. Carbonates in such lacustrine sediments offer a geochemical 
means of charting changes in elevation (Rowley, D.B. & Currie, B.S. 2006. Palaeo-altimetry of 
the late Eocene to Miocene Lunpola basin, Central Tibet. Nature, v. 439, p. 677-681; DOI: 
10.1038/nature04506). That depends on the proportion of 18O to the lighter 16O isotope of 
oxygen (δ18O) in carbonate, which is believed to be inherited from rainwater that originally 
drained into the basins. The higher the elevation at which water falls as rain or snow, the 
less of the heavier oxygen isotope it contains, so δ18O is a potential means of measuring the 
evolution of surface elevation. For central Tibet, this shows that the topography was at least 
4 km high as early as 35 Ma ago. Results from other basins that span the Tibetan Plateau 
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clearly suggest that 4 km elevation was achieved progressively later from south to north, 
anging from 40 to 10 Ma ago. So the delamination model for a sudden springing-up of the 
Plateau seems now to be a less plausible mechanism for the uplift than the simpler model of 
progressive crustal thickening following the collision of India. That does not entirely rule out 
an episode of delamination in the Miocene, for which geochemical evidence is fairly 
convincing. The implication of the new results is that if Tibet has been a major influence 
over climate, then it was one that developed progressively from the late Eocene. 

See also: Mulch, A and Page Chamberlain, C. 2006.  The rise and growth of Tibet. Nature, v. 
439, p. 670-671; DOI: 10.1038/439670a. Kerr, R.A. 2006. An early date for raising the roof of 
the world. Science, v. 311, p. 758; DOI: 10.1126/science.311.5762.758a. 

 

Tibetan uplift: looking a gift horse in the mouth (May 2006) 

 

Tibetan Plateau and the Gangetic Plains (Credit Google Earth) 

The old saying stems from it being possible to tell the age of a horse, indeed that of any 
number of herbivores, from the number of dark and light bands that show on the worn 
surface of its teeth. Because grasses contain abrasive material, such animals’ teeth grow 
throughout their lives, different coloured material being laid down depending on the time of 
year. But there is a great deal more to this annual layering, from a chemical standpoint. By 
looking at various isotopes that are incorporated into enamel and dentine, it is possible to 
say where a horse - or a human for that matter - once lived (from variations in strontium-
isotopes proportions for instance), and what it ate. The second forensic sign can be worked 
out from the carbon isotopes that a tooth has picked up during growth. Grasses have 
different proportions of carbon isotopes than those of other kinds of plans, such as shrubs 
and trees, the one depending on the so-called C3 type of photosynthesis and grasses on the 
C4 process. Each takes up carbon isotopes in measurably different proportion (δ 13C in 
grasses is significantly lower than it is in C3 plants). Using carbon isotopes from teeth of 
fossil vegetarian animals is therefore a useful way of checking on the past proportions of 
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grasses and other plants – often controlled in some way by climate. Neogene sediments of 
the Tibetan side of the High Himalaya contain abundant vertebrate faunas, and in view of 
the controversy over when the Tibetan Plateau began rapidly to rise (see When did Tibet 
Rise? above) their dental geochemistry is a potentially useful approach to take. New results 
are somewhat at odds with those from other methods (Wang et al. 2006. Ancient diets 
indicate significant uplift of southern Tibet after ca. 7Ma. Geology, v. 34, p. 309-312; DOI: 
10.1130/G22254.1). 

Previous work using another approach (see When did Tibet Rise? above) strongly suggests 
that southern Tibet was above 4 km elevation as far back as the Middle Eocene (40 Ma). 
Carbon isotopes in the teeth of Late Miocene Tibetan horses and rhinoceroses show that 
they ate a great deal of grass, unlike the modern yaks and wild herbivores that have to 
browse C3 plants. Wang and co-authors interpret this to signify that the southern Tibetan 
Plateau was considerably warmer than today, and also much lower: maybe around 2.5-3.5 
km rather than the present 4 km or more. For elevation to change by 1-2 km in 7 million 
years suggests remarkably rapid uplift late in the evolution of the Plateau and adjoining 
Himalaya. Grasses, however, depend on both higher temperature and greater rainfall, but 
also on reduced CO2 in the atmosphere. They increased in their global cover only since 
about 8 Ma ago, when CO2 began to decline and climate cooled globally. Would it be 
possible for changes in the Asian monsoon to have had an effect on Tibetan vegetation, 
thereby explaining to dental evidence? Tibet is as dry as it is, because the monsoons now 
lose all their moisture in rising over the high Himalaya. If moist air and therefore cloud 
found its way into Tibet during the Miocene, maybe it would have been warmer too. 

 

Folds in the mantle (June 2006) 

Seismic tomography – the processing of records of  seismic waves from many earthquakes 
that arrive at the world-wide network of receiving stations – continues to add detail to 
structures in the mantle. It is based on 3-dimensional mapping of variations in wave speeds 
that gives clues to variations in temperature and rheological properties at depth. One of its 
most fascinating outcomes has been the detection of thick, steeply dipping sheets of 
anomalous material well below the 660 km mantle discontinuity where earthquakes cease 
to occur, i.e. where the whole mantle behaves in a ductile manner. These show signs of 
linkage to near-surface destructive plate margins, and have been ascribed to lithospheric 
slabs that continue to be subducted as discrete entities to as deep as the core-mantle 
boundary (CMB). If that were the case, it follows that their accumulation in this D” region 
might displace other deep material laterally, perhaps to set mantle-wide convective plumes 
in motion. 

One such sheet occurs deep beneath the Caribbean, and is attributed to the remnants of  a 
lithospheric plate, once forming the foundation of the eastern Pacific, which ceased to form 
once North America had overridden the East Pacific Rise. By analogy with the 160 Ma width 
of the West Pacific plate, this one would have been sufficiently extensive to reach the CMB 
once subducted. New tomography beneath the region no only suggests that it did, but that 
in doing so it accumulated as a heap of buckled material (Hutko, A.R. et al. 2006. Seismic 
detection of folded, subducted lithosphere at the core-mantle boundary. Nature, 441, p. 
333-336; DOI: 10.1038/nature04757). The reconstruction from tomographic results is highly 
reminiscent of the folding that occurs when honey or treacle is tipped into a tumbler of hot 
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tea and falls to the bottom.. If the interpretation is correct, part of .the D” zone is made up 
of gigantic recumbent folds of former oceanic lithosphere. 

 
Interpretation of offsets in the seismic structure of the mantle just above the CMB as 

isoclinal buckles of a cold subducted slab (Credit: Hutko et al. 2006; Fig. 4) 

 

Afar and the African superplume (June 2006) 

Seismic tomography has also played a role in mapping zones in which hot, low-density 
mantle is likely to be rising – a contribution to understanding how plumes give rise to near-
surface hot spots and major intra-plate volcanism. One of the largest active and long-lived 
zones of such thermal and magmatic activity is that of Ethiopia and Yemen, connected 
somehow with the opening of the Red Sea, Gulf of Aden and the East African Rift system; 
the Afar plume. This began about 45 Ma ago in Kenya and southern Ethiopia, reached its 
climax with the rapid extrusion of vast continental flood basalts of the Ethiopia-Yemen 
province around 30-26 Ma, and continues today in the Afar Depression. Thought by some to 
be a classic example of how a single upwelling of hot, low-density mantle generated a 
magmatic and tectonic hotspot, an alternative view is that the Afar plume is a mere near-
surface part of a vast and complex system of anomalous mantle beneath the whole of 
southern and eastern Africa. Tomography based on the world-wide network of seismic 
observatories is unable to resolve the matter one way or the other. Geophysicists of the 
Pennsylvanian University and Carnegie Institution in the USA have analysed data from a 
more closely spaced network of temporary seismic stations around the famous RRR triple 
junction of Afar (Benoit, M.H. et al. 2006. Upper mantle P-wave speed variations beneath 
Ethiopia and the origin of the Afar hotspot. Geology, v. 34, p. 329-332; DOI: 
10.1130/G22281.1). 

https://doi.org/10.1130/G22281.1


The results outline a wide (>500 km), elongated region of low P-wave speeds below 400 km 
that trends south-west from Djibouti, roughly parallel to the Ethiopian Rift. This is far too 
large to represent a classic plume, whose tails are thought to be no more than 100-200 km 
diameter, and whose heads on reaching the base of the lithosphere are no more than 100-
200 km thick, despite spreading laterally to a radius of up to 2000 km. The huge structure is 
more consistent with a broad mantle upwelling that penetrates down to the lower mantle. 
Lower-resolution tomography does show anomalous low-speed mantle in a broad zone, 
which is deep in the mantle below southern Africa then rises obliquely towards the vicinity 
of Afar. The more detailed results support the influence of this African ‘superplume’.  

 

Crustal spreading from the Tibetan Plateau (June 2006) 

In the mid 1970s Peter Molnar and Paul Tapponnier proposed that the active tectonics of 
eastern Asia were driven by gravitational collapse and lateral spreading of the huge mass of 
thickened crust that had accumulated beneath Tibet after India collided with Eurasia. The 
driving forces for such lateral spreading are variations in gravitational potential energy (GPE) 
due to regional differences in surface elevation. In the oceans, such GPE adds to plate 
driving forces as sliding from oceanic ridge systems that are elevated relative to abyssal 
plains because ridges are underlain by warmer, lower density oceanic lithosphere. Partly 
because the continental surface is not covered by water up to 4 km deep, the stresses 
resulting from GPE associated with Tibet’s high elevation are about twice as large as those 
connected with ridge slide. Computing the variations in GPE in eastern Asia and the 
adjoining oceans allows the magnitudes and directions of stresses due to gravitational 
spreading to be mapped (Ghosh, A. et al. 2006. Gravitational potential energy of the Tibetan 
Plateau and the forces driving the Indian plate. Geology, 34, p. 321-324; DOI: 
10.1130/G22071.1). 

One of the oddities discovered by Ghosh et al. is that the dominant stresses resulting from 
GPE differences in Tibet are oriented N-S and would tend to cause crustal spreading in those 
directions. Yet the surface of the Tibetan Plateau is riven with numerous N-S normal faults 
that indicate current spreading in E-W directions, as Molnar and Tapponier surmised. 
Somehow the N-S gravitational extension forces must be cancelled out, probably by traction 
between the lithosphere and motion of the underlying mantle driven by sea-floor spreading 
from the ridges in the Indian Ocean. One possibility is that the known buckling and thrusting 
within the oceanic part of the Indian Plate is a reflection of this balance. However, the 
stresses that emerge from the GPE calculations are simply not large enough to account for 
this intraplate deformation. 

 

Detection of rifting due to dyke emplacement (August 2006) 

The Afar Depression of NE Africa is a zone of complex continental rifting and nascent 
formation of new ocean floor that has been developing since the Late Oligocene, where the 
Red Sea, Gulf of Aden and Ethiopian rifts meet. Averaged out, the extension is at around 16 
mm per year. In September and October 2005 small seismic events spread along about 60 
km of a discrete segment of the Afar rifting system. Analysis of the vicinity of these 
earthquakes, using satellite-radar interferometry revealed an astonishing 8 m of extension 
in little more than a week (Wright, T.J. et al. 2006. Magma-maintained rift segmentation at 
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continental rupture in the 2005 Afar dyking episode. Nature, v. 442, p. 291-294). This could 
not be accounted for by extensional faulting alone, indeed that would only add up to less 
than 10% of the motion. It seems likely that sideways injection of around 2.5 km3 of magma 
was responsible, forming a dyke extending from 2 to 9 km deep. Surface volcanism was 
barely noticeable, the event being represented by a small puff of felsic ash from a minor 
volcano while the dyke itself is twice the volume of the 1980 eruption of Mount St Helens. 

 

Changes during the Afar rifting event from radar data. Left: ground-surface change in the 
radar look direction between 6 May and 28 October 2005 data. Right: same for data on 28 

July and 26 October. The colour scale is in metres. (Credit: Wright et al. 2006; Fig. 2) 

 

Microbial alteration of oceanic crust (November 2006) 

The transformation of ocean-floor lavas from pristine assemblages of anhydrous minerals to 
cold, wet masses of hydrated silicates is of central importance to subduction processes that 
pull oceanic lithosphere apart and generate the hydrous arc magmas that can eventually 
become parts of the continents. This geochemical heat engine is usually ascribed to 
hydrothermal circulation of seawater through hot new oceanic crust. When these fluids 
emerge as hydrothermal vents they sustain seething colonies of prokaryote and eukaryote 
life from the most minute Archaea to substantial metazoans. That this long-hidden part of 
the biosphere might play a role in plate-tectonic systems is beginning to seem possible. 
Evidence is emerging from the study of altered basaltic glass that the biosphere does extend 
deep into the ocean floor (Staudigel, H. et al. 2006. Microbes and volcanoes: A tale from the 
oceans, ophiolites and greenstone belts. GSA Today, v. 16, October 2006 issue, p. 4-10; DOI: 
10.1130/GSAT01609A.). The US, Canadian and Norwegian team reviews observations of 
modern unicellular organisms in the cracks that permeate volcanic glass when it forms by 
rapid cooling of lava erupted into seawater. They seem rapidly to colonise tiny cracks and to 
act as a medium through which water is more easily able to transform the sterile glass into 
complex clay assemblages known as palagonite. The bugs are everywhere, down to at least 
300 m in modern ocean floor. High-powered microscopy of ancient ophiolites, such as those 
of the Cretaceous Troodos Complex on Cyprus, reveals structures that appear exactly the 
same, including convincing evidence of the organisms themselves. Similar structures, but no 
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irrefutable cell-like structures, occur in Archaean greenstone belt lavas too, as far back as 
3.4 Ga: possibly the oldest tangible signs of living processes. 

From a cell-biology standpoint, hydration reactions in mafic to ultramafic lavas are 
potentially highly fertile, the formation of serpentine minerals by hydration being a well-
known generator of hydrogen. Modern methanogens use the reaction of hydrogen with 
carbon dioxide as an energy source, with methane as a by-product. Other organisms exploit 
the oxidation of sulfides or the reduction of sulfates in a similar way. All these processes can 
go on inorganically, and the possibility that tiny cracks in volcanic glasses may have 
harboured the origin of life, as well as thriving ‘ecosystems’, is a possibility worth further 
exploration. If there is one process that has undoubtedly occurred since the Earth cooled 
sufficiently for liquid water to exist, it is the alteration of mantle-derived lavas. 

 

Isotopic evidence supporting mantle plumes (December 2006) 

A variety of arguments have emerged that question the popular idea that hot-spots within 
plates and at constructive plate boundaries lie above zones of buoyant upwelling in the 
mantle – plumes for short. For instance, although seismic tomography has seemed an 
excellent means of demonstrating that plumes do exist, it has poor resolution, uses a proxy 
for temperature differences in the mantle and says little if anything about motion. Before 
the old concept of mantle plumes can be rehabilitated, it needs independent support as 
regards the necessary temperature differences and motions. One candidate approach, 
albeit complicated, uses intermediate steps in the ultimate decay of uranium isotopes to 
lead: uranium-series geochemistry (Bourdon, B. et al. 2006. Insights into the dynamics of 
mantle plumes from uranium-series geochemistry. Nature, v. 444, p. 713-717; DOI: 
10.1038/nature05341. See also Comment and Reply.). 

The approach uses ratios of 230Th/238U and 231Pa/235U that show the isotopes’ ‘activity’ in 
terms of their decay constants and abundance in recently erupted lavas from hot-spot 
volcanoes. In the solid mantle, these activity ratios should be 1.0. Their difference from 
unity in basaltic lavas measures the degree to which there has been fractionation between 
U and Th and U and Pa, as a result of partial melting. The U-series data used by the authors 
show significant correlations between the degree of disequilibrium/ fractionation among 
the four isotopes and the speed, width and density difference (lumped together as the 
‘buoyancy flux’) associated with a hotspot. This, they claim, links to coupled variations in 
temperature and upwelling in the mantle, and constrains the widths of upwellings to the 
order of 250 km. That is they support the notion of mantle plumes (but not where they 
come from, which is the most interesting part of the plume hypothesis). The arguments are 
highly involved, and at first sight seem to involve sufficient circularity for opponents of 
plumes to easily side-step them… 
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