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On a global map of Mars, two 
features stand out: the northern 
hemisphere is lower and smoother 

than the southern one, and the western 
hemisphere contains a massive volcanic 
construct — the Tharsis Rise — that 
straddles the equator1. Both features are 
ancient, more than four billion years old, 
but the Tharsis region is the younger of the 
two and volcanism here decreases in age 
from the south to the north. Tharsis was 
probably formed by convective upwelling2, 
whereas the hemispheric dichotomy may 
have been caused either by a giant impact3 
or by convection4. On page 19 of this issue, 
Shijie Zhong5 proposes that the entire 
martian lithosphere moved relative to the 
underlying mantle: this can explain why 
Tharsis now lies at the boundary between 
the northern and southern hemispheres 
and also how the volcanism in this 
region migrated.

The southern highlands on Mars are 
high because the crust there is thicker than 
in the northern lowlands, just as on Earth 
the continents (thick crust) are higher than 
the oceans (thin crust). On the other hand, 
some of the Tharsis volcanoes can reach 
almost 30 km in height because they are 
supported by a strong and rigid lithosphere.

Large solid planets that lack plate 
tectonics are thought to behave in a 
relatively simple fashion: their interiors 
are warm, have a relatively low viscosity 
and undergo convection. However, the 
near-surface rock layer (the lithosphere) 
is cold, stiff and static, taking no part in 
the circulation occurring below. Stagnant 
lithospheres thus provide excellent 
templates on which aeons of geological 
processes can be recorded; unlike the plates 
on the Earth, they are not being steadily 
destroyed and recreated.

When the martian mantle melted 
to form the thick crust of the southern 
hemisphere, a residue of high-viscosity 
material is likely to have accumulated 
beneath the lithosphere. This residue 
layer probably acted as an insulator 
that prevented heat escaping from the 

underlying mantle, raising the temperature 
of the mantle. The trapped heat in the 
mantle beneath this layer made it buoyant 
compared with its surroundings, thereby 
favouring development of an upwelling 
convective plume that initiated Tharsis 
volcanism (Fig. 1).

Zhong5 reproduces this behaviour in a 
three-dimensional numerical model and 
then goes on to show that the subsequent 
behaviour of the upwelling plume could 
explain Tharsis volcanism, its migration 
through time and its current location with 
respect to the hemispheric dichotomy. The 
melt residue in Zhong’s models has a much 
higher viscosity than the surrounding 
mantle, and varies laterally in thickness. 
The plume therefore exerts different 
stresses on the lithosphere depending on 
the local thickness of the residue layer. 

Such differential stresses cause the entire 
lithosphere to begin rotating while the 
plume stays in place. As the plume is 
stationary, volcanism above the plume gets 
younger in a direction opposite to that of 
the movement of the lithosphere (Fig. 1b).

Zhong suggests that the observed 
migration of Tharsis volcanism over time 
can be explained by the plume-driven 
rotation of the lithosphere. Lithospheric 
rotation ceases when the plume comes 
to lie at the edge of the high-viscosity 
residue. As the residue was assumed to 
form during the extraction of the southern 
highlands crust, this means that the plume 
should now be located at the dichotomy 
boundary, as observed. Melting above 
the plume is initially suppressed by the 
presence of the melt residue layer, because 
the layer is too viscous to permit vigorous 
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Mars’s rotating shell
Volcanism in the enormous Tharsis region on Mars migrated from south to north. Numerical modelling suggests 
that this migration as well as the current location of the region can be explained by net rotation of the lithosphere 
relative to the mantle.
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Figure 1 | Evolution of Tharsis. a, A single mantle plume rises beneath lithosphere underlain by a melt 
residue and causes the initiation of Tharsis volcanism. Zhong5 proposes that stresses induced by the 
plume trigger rotation of the lithosphere, which moves the thickened crust away from the plume through 
time. b, Younger, more voluminous volcanism occurs when lithospheric rotation stops with the plume at 
the edge of the melt residue layer. On Mars, this occurs at the hemispheric dichotomy boundary.
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upwelling. Early plume-induced volcanism 
will therefore produce only small volumes 
of lava whereas younger volcanism will be 
more voluminous, which is exactly what is 
observed in the case of Tharsis. Rotation of 
the martian lithosphere can thus explain 
the history as well as the current location of 
the Tharsis region.

The main requirement for the 
lithospheric rotation hypothesis to work 
is that the viscosity of the martian mantle 
varies strongly, vertically as well as laterally. 
Lateral variations — imparted by the melt 
residue layer in Zhong’s models5 — drive 
rotation of the lithosphere6. Vertical 
viscosity variations allow a single upwelling 
plume to form2,4, rather than the many 
smaller plumes that occur on Earth or 
Venus. This is because varying the viscosity 
vertically makes horizontal channel flow 
easier, and promotes the development of 
the long-wavelength flow7 that is required 
to form large plumes. Several possible 
mechanisms for creating large vertical 
viscosity variations have been proposed4: 
compositional layering (perhaps due to 
magma ocean crystallization), a mineral 
phase transition, or a change with 
increasing depth in the way that the mantle 
minerals deform. For the scheme outlined 
here, the exact mechanism does not matter, 
as long as sufficiently large viscosity 
contrasts exist.

If Zhong’s proposal5 is correct, it has 
several implications. Magnetized regions 
on Earth, or magnetic anomalies, move 
from their original positions owing to the 
movement of lithospheric plates and seem 
to suggest wander of the magnetic poles, 
when in fact only the plates have moved. 
The same is likely to happen on Mars 
owing to the rotation of the lithosphere. 

Zhong’s results are thus likely to complicate 
interpretation of the magnetic anomalies 
observed on Mars8, making it necessary 
to correct for lithospheric movement. 
In addition, the dynamos that generate 
magnetic fields on planets, and hence 
produce magnetized rocks, are driven by 
convection within their cores. A single 
plume as modelled by Zhong will lead to 
strong lateral variation in the heat that is 
carried out of the martian core and may 
drive a patchy dynamo9, which could help 
explain the observed spatial variations 
in magnetization8.

Finally, because Mars spins rapidly 
around its axis of rotation, a bulge develops 
around the equator, similar to what 
happens on Earth. The movement of the 
lithosphere over the rotational bulge will 
generate stresses and result in extensional 
and compressional tectonic features on 
different parts of the planet10. If such 
features are observed on Mars in the 
predicted locations, they will lend support 
to the hypothesis of lithospheric rotation.

The melt residue layer and lateral 
variations in its thickness are key aspects 
of Zhong’s model. However, the process of 
melting involved in generating the residue, 
and the nature of this layer, have been 
treated in an ad hoc (although reasonable) 
way and deserve to be investigated in 
greater detail. For instance, the model 
predicts that lavas erupted early are 
produced by melting at greater depths 
than the later lavas. Melts generated at 
different depths are expected to have 
different compositions and generate lavas 
with different mineralogy, potentially 
providing a test of the lithospheric rotation 
hypothesis. Similarly, future models 
may be able to predict how the effective 

rigidity of the lithosphere varies with time. 
Lithospheres with greater rigidity can 
better support topographic loads (such 
as large volcanoes) and resist lithospheric 
reorientation11. The rigidity variations 
predicted by the models could be tested by 
observations of gravity and topography12.

Perhaps the most interesting conclusion 
of Zhong’s study5 is that even single-plate 
planets can show bulk lithospheric motion: 
although the stagnant lithospheric lid is not 
returned to the mantle below, it may well 
rotate bodily with respect to the mantle. 
For some bodies, rotational bulges may 
prevent such motion11. However, bodies 
like the Moon — which spins slowly 
and has similar global crustal thickness 
variations to Mars13 — may also have 
experienced rotation of the lithosphere. As 
with Mars, the main challenge will be to 
make predictions that are testable with the 
available observations.  ❐
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the chemical evolution of cellular life 
on early Earth from a mixture of water, 
carbon and nitrogen is shrouded in 

mystery. In the 1950s, formation in the 
atmosphere of molecules that can serve 
as precursors to life was illustrated in a 
remarkable experiment by Stanley Miller, 
who obtained five amino acids by exposing 
a gaseous mixture of methane, ammonia, 
hydrogen and water to electric discharges. 

However, it remains debatable whether this 
mixture accurately reflects the composition 
of Earth’s primitive atmosphere, and 
whether these amino acids could have 
formed and survived in sufficient quantities. 
On page 62 of this issue, Furukawa and 
colleagues1 report the synthesis of simple 
organic molecules, including an amino 
acid, from experiments designed to mimic 
a meteorite impact into the Earth’s early 

oceans, thus suggesting a different possible 
avenue for early organic synthesis.

Primitive life can be defined as 
an open chemical system capable of 
self-reproduction as well as evolution. It 
is generally believed that the primitive 
molecular assemblages fulfilling these 
requirements emerged in liquid water, and 
were built on a scaffolding of carbon atoms 
(organic molecules), like present forms 
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impacts and origins of life
Meteorites frequently bombarded the surface of the early Earth. Could these impacts have provided the energy and 
materials to form the basic building blocks of life?
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