
Planetary science 
 

Explosion of the exoplanets (March 2011) 

There is little doubt that it can be done, but what is so compelling about the search for 
worlds that orbit other stars?  

By the end of the 21st century’s first decade 500 such exoplanets had been discovered, 
ranging from super gas giants almost 10 thousand times the mass of the Earth to a few that 
are comparable in size to our home world. At present the records of size and orbital radius 
are biased by the relative ease of detecting large bodies over that of Earth-sized objects. 
Another bias is the greater chance of observing the change in luminosity of a star as one of 
its planets passes between us and the star – a transit – if the planet’s orbital period is short, 
being close to the star. The majority of known exoplanets are less than about 8 times the 
Earth’s orbital radius (1 astronomical unit or AU) away from their star, although some truly 
huge bodies have been spotted that are up to a thousand times more remote from a star 
than ours is. 

The rate of discovery is set to burgeon now that data from NASA’s Kepler exoplanet-finding 
mission, launched in 2009, is producing data (Reich, E.S. 2011. Beyond the stars. Nature, v. 
470, p. 24-26; DOI: 10.1038/470024a). The 0.95 m Kepler space telescope gazes continually 
at a patch of sky containing 150 thousand Milky Way stars, many of which are like the Sun. It 
uses the transit method, and because it is fixed on only one star field it can potentially pick 
up the variation of stars’ luminosity due to transiting planets that are about the size of the 
Earth and larger. The computations are, unsurprisingly, massive and any dips in the light 
curves for pixels that represent individual stars have to be confirmed by other methods or 
by Kepler detecting repeats of the fluctuation. One drawback is that the transit method only 
provides the radius of a planet and its orbital period. Mass is needed to work out an 
exoplanet’s density and that requires another method using the red-shift of a star due to 
the gravitational effect of a planet causing it to wobble; a technique fraught with difficulties 
and best applied to dwarf red stars. The density is important for discriminating silicate-rich 
exoplanets from gas-liquid bodies. The main aim of planet finders is to find those around the 
same size and mass as the Earth that orbit a star at a distance where they would be warm 
enough for liquid water to exist but not so warm that it existed only as a vapour: in the so-
called ‘Goldilocks zone’. 

There was an initial flurry of excitement in the press in 2010 when a scientist on the Kepler 
programme was misinterpreted while giving a conference presentation that resulted in 
headlines that hundreds of distant Earths had already been discovered in the experiment’s 
first year. So far Kepler has only 15 confirmed planets to its credit, which range from 800 
times to twice the Earth’s radius, all with orbits less than that of the Earth around the Sun. 
Nonetheless, a couple orbit within their star’s Goldilocks zone. So there is a way to go 
before real excitement is justified, but Kepler data will undoubtedly be used to seek funds 
for other planet-dedicated programmes that can fill in the gaps and perhaps confirm the 
existence of distant worlds that bear some resemblance to ours. Out of Kepler’s 1235 
candidate detections since launch, 68 would be Earth-sized if confirmed (Shiga, D. 2011. 
What’s an alien solar system like? New Scientist, v. 209 (26 February 2011 issue) p. 6-7). For 
such remote detection to suggest an exoplanet on which life has evolved demands that its 
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atmospheric composition can be deduced from spectra of electromagnetic radiation from 
the body itself: a far more difficult undertaking that finding and weighing. Free atmospheric 
oxygen, so far unique to the Earth, is an obvious target. However, its absence would not rule 
out life that did not use photosynthesis to split water molecules in making living matter, and 
there are plenty of life forms here that do that. 

 

Comet water in lunar rocks (March 2011) 

There are two main hypotheses about the origin of Earth’s oceans: that they are filled with 
water that was locked in the meteoritic matter that initially accreted to form the Earth, or 
ocean water was delivered by massive comet bombardment in the first half billion years of 
the Earth’s history. It hasn’t yet been possible to decide whether one of these, or both were  
involved, but the Moon might give a clue, even though until very recently it was regarded as 
being bone dry (see Moon rocks turn out to be wetter and stranger May 2010). The ratio 
between deuterium and hydrogen (D/H) gives a clue to the origin of water, in which both 
hydrogen isotopes occur (Greenwood, J.P. et al. 2011. Hydrogen isotope ratios in lunar rocks 
indicate delivery of cometary water to the Moon. Nature Geoscience, v. 4, p. 79-82; DOI: 
10.1038/ngeo1050). Using an ion microprobe to analyse the water in apatite, its dominant 
host in lunar rock samples, the authors were able to report two things. First, there is water 
in magmatic rocks of all ages found on the Moon: the earliest anorthosites of the lunar 
highlands and the younger basalts that fill the dark maria. Secondly, the water has D/H 
ratios significantly outside the terrestrial range. In detail, apatites with the greatest 
enrichment of deuterium relative to hydrogen are found in the maria basalts which fill 
enormous basins thought to have formed around 4 Ga ago as a result of cometary impacts. 
The D/H ratios are lower in apatites from the lunar highland anorthosites, which probably 
formed through flotation of low density calcium-rich feldspar as the Moon’s initially molten 
mantle crystallized not long after its formation through the impact of a small planet with the 
Earth. The highland D/H values are not wildly dissimilar from those found on Earth, yet 
those found in the mare basalts match the admittedly less well-constrained levels 
determined from comets hale-Bopp, Hyakutake and Halley. Because the Earth’s mass would 
ensure that it would corral 15 times more incoming extraterrestrial matter than would the 
Moon, the argument goes that if the Moon captured cometary water then Earth did so in 
trumps. The difference is that the Earths greater gravitational pull and thick atmosphere 
allowed it to retain gaseous and liquid water, while the Moon’s lower escape velocity let 
them leak away so that only mineralogically bound water could be retained. 

 

Continuing the quest of Mohorovičić (May 2011) 

Most people are quite content with an annual holiday abroad, yet a number of geoscientists 
yearn for something more adventurous. The Croatian geophysicist Andrija Mohorovičić was 
among the first to study estimates of speeds at which seismic waves travelled through the 
Earth, discovering in 1909 that below a depth of about 30 km below the continental surface 
they moved faster than in the uppermost layer. He had discovered the boundary between 
the continental crust and the underlying mantle, a discontinuity that bears his name though 
often shortened to the ‘Moho’. Having been traced beneath most of the Earth’s surface, a 
group of American scientists discussed over a drink or three at a ‘wine breakfast’ in 1957 a 
project to drill through the Moho to find out what the mantle was made of. The brainchild 
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of Harry Hess, one of the first to suggest plate tectonics as a driving mechanism for 
continental drift, was dubbed Project Mohole. With US government support, a drilling barge 
designed for offshore oil drilling and a system of thrusters and pre-GPS locational 
instrumentation to keep the barge on station the Mohole was spudded in 1961 on the 
seabed near Guadalupe Island off Baha California in Mexico; about the time that John F. 
Kennedy declared his belief that the USA could land a man on the Moon by the end of the 
1960s. There was something of a thrill factor about Project Mohole, and its first attempts 
were reported in Life Magazine by John Steinbeck, author of The Grapes of Wrath and 
amateur oceanographer. It turned out that sending a drill bit to the mantle was more 
difficult than a manned lunar landing. Only a few metres of basaltic crust was recovered and 
Congress cancelled Mohole funding in 1966. Nevertheless, the project was the forerunner of 
the highly successful Ocean Drilling Program and its predecessors, probably the most prolific 
international collaboration of any kind.  

 

Riggers changing a drill stem in the 1961 Mohole project 

Since the 1960s research into the mantle has been continued with great success by looking 
at upthrust masses such as those in the Alps and in ophiolite complexes, nodules in alkaline 
basalts and kimberlites that form below 100 km into the mantle, samples dredged from 
oceanic fracture zones, and indirectly from the geochemistry of basalts that are derived by 
partial melting of mantle materials. Yet, there is still an air of frustration about some 
igneous petrologists and geophysicists; they want to touch the real thing! Now, at last, they 
may have their chance, for improved drilling and positioning technology developed by ODP 
and the petroleum industry make a hole through the Moho feasible. Indeed one is planned 
once drill-bits and lubricants suitable for the anticipated temperatures and pressures have 
been finalised. Three sites are under consideration: near the original Mohole; in the Cocos 
Plate off Costa Rica and the Pacific Plate near Hawaii, each combining the coolest crust, 
thinnest sediment cover and shallowest possible water – i.e. just off a mid-ocean ridge or 



hot-spot. The Costa Rica site (ODP site 1256) has the thinnest crust due to rapid sea-floor 
spreading by the East Pacific Rise there and is the most likely to be drilled. It already has a 
core that penetrates to 1.5 km in oceanic crust and a current project aimed at sampling the 
cumulate gabbro layer of the lower oceanic crust. That will still be 3.5 km above the local 
Moho. 

There is an obvious question; will an ocean-floor site, however favourable, and a hole drilled 
through it help resolve fundamental issues regarding the mantle? Well, probably for oceanic 
lithospheric mantle, but that has had basaltic magma removed from it to form the crust 
above. Also mid-ocean ridge basalts have geochemical features that suggest that their 
source mantle had been a melt source previously, compared with the source mantle 
materials for alkaline and some other types of basalt that seem to have been less depleted 
in certain elements. The most important question posed by the mantle in general concerns 
how it originally formed during the Earth’s earliest history, accretion of debris from the solar 
nebula, the moon-forming event and extraction of the metallic core. A Mohole can 
contribute little to those issues. 

Source: Teagle, D.A.H. & Ildefonse B. 2011. Journey to the mantle of the Earth. Nature, v. 
471, p. 437-439; DOI: 10.1038/471437a. 

 

Coast-to-coast seismic section of Canada (July 2011) 

In the last few decades there have been several massive programmes aimed at imaging the 
lithospheric structure beneath continents, often linked with a re-assessment of the various 
tectonic provinces thought to be present. One of the first was a joint Indian-Soviet project 
managed by the National Geophysical research Institute in Hyderabad to investigate the 
crust of South India in the 1970s, which still graces my office wall as a memento of my own 
contribution to unravelling the underpinnings of this ravishing area. This was followed-up by 
one from the Himalaya southwards, and others have focused on Britain, the Baltic Shield 
and the USA by the Consortium for Continental Reflection Profiling (COCORP); the last 
revealing in detail large-scale, low-angle thrust faulting in the Appalachians and crustal-scale 
detachment faults in the eastern Basin and Range. These experiments must be great fun, as 
they involve detonating large amounts of high explosive to produce sufficient energy to get 
returns from 100 or more km below, with all the planning needed to avoid fear and loathing 
among the populace, let alone frightening the horses. By comparison, marine surveys are far 
easier, although marine mammals have had major setbacks as a result of seemingly endless 
closely spaced seismic lines needed for 3-D subsurface analysis. Onshore, you only get one 
chance and need to pick your route with great care. Now a Canadian consortium has gone 
one better by using state-of-the-art seismic refraction and reflection techniques (Hammer, 
P.T.C. et al. 2011. The big picture: A lithospheric cross section of the North American 
continent. GSA Today, v. 21(6), p. 4-9; DOI: 10.1130/GSATG95A.1), their compilation 
covering 20 years of deep-crustal research in the Canadian Lithoprobe project  by hundreds 
of contributors. 
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Much reduced version of Figure 1 in Hammer et al. 2011. (Larger version) 

A large-format profile in a supplement to the paper shows the deep relationships in the 
Mesozoic Cordilleran Orogen in the west, through the plexus of Precambrian Provinces of 
the Canadian Shield to the Palaeozoic Orogen in the east: a tract some 6000 km from west 
to east. The general picture is repeated stacking of orogens, with a remarkable repetition of 
very similar gross tectonic styles. Clearly, large-scale compressional processes have 
remained largely unchanged since the middle of the Archaean, and several upper parts of 
long-dead subduction zones and accretionary duplexes spring from the profile. The surface 
picture of much of the crust crossed by the stitched-together traverses gives the impression 
of both complex tectonics and many plutons of different ages, yet on the grand scale of the 
crust and lithosphere it is the tectonics that dominates: the passage of voluminous melts 
towards the surface has left the plethora of gently dipping deep shear zones and faults 
largely unmodified. Despite repeated accretionary tectonics spanning 3 Ga, and the 
Phanerozoic erosion of the Shield to reveal its innermost and deepest secrets, the crust-
mantle boundary, the Moho, is astonishingly flat, ranging from 33-43 km deep. Of course, 
there is no certainty about what the discontinuity divides and there are many possibilities 
for it having been maintained at roughly the same depth for so long. Nor is there much sign 
of any ‘roots’ to orogens in the underlying lithospheric mantle; a long standing concept that 
appears not to be generally supportable over this stretch of the North American continent. 
Some of the crustal structures penetrate into the mantle, providing evidence for long-
vanished delamination of subducted material beneath some of the older crustal segments. 
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Core’s comfort blanket and stable magnetic fields (July 2011) 

The record of the Earth’s magnetic field bears a passing resemblance to a bar-code mark, by 
convention black representing normal polarity, i.e. like that at the present, and white 
signifies reversed polarity. The bar-code resemblance stems from long periods when the 
geomagnetic poles flipped on a regular, short-term basis, by geological standards. The black 
and white divisions subdivide time as represented by geomagnetic into chrons of the order 
of a million-years and subchrons that are somewhat shorter intervals. Stemming from 
changes in the Earth’s core, magnetostratigraphic divisions potentially occur in any 
sequence of sedimentary or volcanic igneous rocks anywhere on the planet and so can be 
used as reliable time markers; that is, if they can be defined by measurements of the 
remanent magnetism preserved in rock, which is not universally achievable. Yet this method 
of chronometry is extremely useful for most of the Phanerozoic. However, there were 
periods when the geomagnetic field became unusually stable for tens of million years so the 
method is not so good. These have become known as superchrons, of which three occured 
during Phanerozoic times: the Cretaceous Normal Superchron when the field remained as it 
is nowadays from 120 to 83 Ma; a 50 Ma long period of stable reversed polarity (Kiaman 
Reverse Superchron) from 312 to 262 Ma in the Late Carboniferous and Early Permian; the 
Ordovician Moyero Reverse Superchron from 485 to 463 Ma. 

 

Mesozoic and Cenozoic geomagnetic reversals, showing the Cretaceous superchron 

Because the geomagnetic field is almost certainly generated by a self-exciting dynamo in the 
convecting  liquid metallic outer core, polarity flips mark sudden changes in how heat is 
transferred through the outer core to pass into the lower mantle. It follows that if there are 
no magnetic reversals then the outer core continued in a stable form of convection; the 
likely condition during superchrons. But why the shifts from repeated instability to long 
periods of quiescence? That is one of geoscience’s ‘hard’ questions, since no-one really 
knows how the core works at any one time, let alone over hundreds of million years. There 
is however a crude correlation with events much closer to the surface. The Kiaman 
superchron spans a time when Alfred Wegener’s supercontinent Pangaea had finished 
assembling so that all continental material was in one vast chunk. The Cretaceous 
superchron was at a time when sea-floor spreading and the break-up of Pangaea reached a 
maximum. The Ordovician, Moyero superchron coincides with the unification of what are 
now the northern continents into Laurasia and the continued existence of the southern 
continents lumped in Gondwana, so that the Earth had two supercontinents. Those 
empirical observations may have been due to chance, but at least they provide a possible 
clue to linkage between lithosphere and core, despite their separation by 2800 km of 
convecting mantle that transfers the core heat as well as that produced by the mantle itself 
to dissipate at the surface. Enter the modellers. 

How part of the Earth transfers heat is, not unexpectedly, very complex, depending not only 
on what is happening at that point but on heat-transfer processes and heat inputs both 
above and below it. The surface heat flow is complex in its own right ranging from less than 



20 to as much as 350 mW m-2, the largest amount being through zones of sea-floor 
spreading and the least  through continental lithosphere. Wherever heat is released in the 
core and mantle, willy-nilly the bulk of it leaves the solid Earth along what is today a 
complex series of lines; active oceanic ridge and rift systems such as the mid-Atlantic Ridge.  
These lines weave between six drifting continental masses and many more sites of 
additional heat loss – hot spots and mantle plumes. The many heat escape routes today 
complicate the deeper convective processes and there are many possibilities for the core to 
shed heat, yet they continually change pace and position.  

When, inevitably, all continental lithosphere unites in a supercontinent, almost by 
definition, the sites of heat loss simplify too, the supercontinent acting like an efficient 
insulating blanket. In a qualitative sense, this kind of evolving scenario is what modellers try 
to mimic by putting in reasonable parameters for all the dynamic aspects involved.  Two 
physicists at the University of Colorado in Boulder, USA, Nan Zhang and Shije Zhong, have 
formulated 3-D spherical models of mantle convection with plate tectonics as a basis for 
whole Earth thermal evolution over that last 350 Ma (Zhang, N & Zhong, S. 2011. Heat fluxes 
at the Earth's surface and core–mantle boundary since Pangea formation. Earth and 
Planetary Science Letters, v. 306, p. 205-216; DOI: 10.1016/j.epsl.2011.04.001). The acid test 
is whether the model can end with a close approximation to modern variations in heat flow 
and distribution of ages on the sea floor; it does. A probable key to stability in the means of 
transfer of heat from core to lower mantle – itself a key to a constant outer-core dynamo 
and geomagnetic polarity – is reduced heat flow at equatorial latitudes; a sort of equatorial 
downflow of convection with upflows in both northern and southern hemispheres. Zhang 
and Zhong’s model produced minimal core-to-mantle heat flow at  the Equator at 270 and 
100 Ma, both within geomagnetic-field superchrons. Well, that is a good start. Superchrons 
seem also to have occurred from time to time during the Precambrian, one being 
documented at the Mesoproterozoic-Neoperoterozoic boundary about 1000 Ma ago. At 
that time, all continental lithosphere was assembled in a supercontinent dubbed Rodinia 
(‘homeland’ or ‘birthplace’ in Russian). 

 

A big hit during the Moon’s evolution (September 2011) 

The most significant discovery from the Apollo lunar landings is that the Earth and Moon 
shared a fiery early history, when a planetary body around the size of Mars slammed into 
the Earth to fling off vaporised rock that condensed to create the Moon. Such a catastrophic 
event reset the geochemistry of the Earth, and both it and the Moon likely had an early 
phase dominated by a deep ocean of magma. The evidence for a magma ocean comes 
mainly from the lunar highlands which are dominated by almost pure calcium plagioclase 
feldspar (the rock anorthosite), suggesting that this high-temperature, low-density silicate 
mineral crystallised and then floated to the surface of the Moon. Yet there is a great deal of 
evidence about the Moon that did not depend on people setting foot on its surface. For 
instance, detailed photographic records of the surface and extremely precise measurements 
of the surface elevation stem from cheaper orbital missions, including coverage of the 
unvisited far side of the Moon. The face of the Moon never seen from Earth has long been 
known to have one of the largest impact basins in the solar system, the 2600 km diameter 
South Pole – Aitken basin. Analysis of the far side’s surface elevation data from the Lunar 
Orbiter Laser Altimeter (LOLA) also shows that it is significantly higher than the near side. It 
is also far more heavily cratered than the near side.  
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The Moon’s South Pole-Aitken basin from LOLA elevation data (dark blue – lowest; brownish 
– highest) (Credit: NASA/Goddard) 

Now there is a plausible explanation for the dichotomy: the Moon received another 
stupendous blow (Jutzi, M & Asphaug, E. 2011. Forming the lunar farside highlands by 
accretion of a companion moon. Nature, v. 476, p. 69-72; DOI: 10.1038/nature10289). But 
how come that didn’t blast the Moon apart or re-melt it and allow it to re-shape to a near 
perfect sphere? The modelling study suggests that if the culprit slowly collided – around 2-3 
km s-1 – it would have wrapped around the early Moon to plaster the surface with debris, 
nicely shown by an on-line video simulation.  Such a ‘slow’ impact is only possible from a co-
orbital companion moon, objects from outside the Earth-Moon system inevitably being 
accelerated by gravity to at least the equivalent of its escape velocity (about 11-12 km s-1). 
That exceeds the speed of sound through rock, leading at least to a very large hole, shock 
metamorphism and, with a massive body, to extensive melting rather than the observed 
lunar far-side bulge. Jutzi and Asphaugs’s modelling comes up with a companion moon 
around 1200 km across, that may have formed from the same massive event that created 
the Moon itself. It could have accreted from the impact-induced vapour disc at a Trojan 
point in the lunar orbit, where gravitational forces balance to keep orbital objects apart. The 
gradual expansion of the lunar orbit in response to tidal forces – large in the early history of 
the Earth-Moon system – could have destabilised the balance so that the companion moon 
slowly drifted towards the Moon and eventual collision. 

One such modelling becomes closer to known reality, i.e. the far-side bulge, it gets more 
tempting to look for secondary possibilities. One of these the effect of such a ‘slow’ impact 
on the remaining magma ocean on the Moon. It may have squirted that, by then, deep 
molten layer to the side opposite the impact. That, the authors suggest, may be responsible 
for the geochemical peculiarities of the flood basalts that filled the much later lunar maria 
on the near side. There are no signs of these KREEP basalt floors to large later craters, such 
as the Aitken basin, on the far side, formed around 4.0 to 3.8 Ga ago at the same time as the 
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near-side maria. A variety of new instruments orbit the Moon and more are planned, so this 
model presents a nice hypothesis for them to test: what is the betting that a robotic lander 
might eventually be sent to return samples from the enigmatic far side? 

 

Asteroid dust said to resolve a conundrum (October 2011) 

In September 2005 a Japanese space probe, Hayabusa, twice landed lightly on the small 
(700 m long) asteroid Itokawa that habitually crosses the orbit of Mars. The plan was to 
scoop up a substantial amount of its rubbly surface and return it for lab analysis. In the 
event the main sampling device malfunctioned. The dismayed Hayabusa team were 
mollified to some extent by the second landing impact fortuitously directing dust particles 
up to 0.2 mm across into the sampler. After Hayabusa landed safely in Australia on 13 June 
2010, the team thankfully recovered 1574 tiny grains. Most were made of single minerals: 
olivine, pyroxene, feldspar (including 14 alkali feldspar grains), sulfides, chromite, Ca 
phosphate and iron-nickel alloy. About 450 were silicate mixtures some containing K-
bearing halite (NaCl) (Nakamura, T. and 21 others. Itokawa dust particles: a direct link 
between S-type asteroids and ordinary chondrites. Science, v. 333, p. 1113-1116; DOI: 
10.1126/science.1207758 – followed by 5 other papers from the Hayabusa team in the 
same issue). The sample analyses clearly show that Itokawa chemically and mineralogically 
resembles LL ordinary chondrites that make up most meteorites found on Earth. 

Hardly a surprise, then... Yet it was, for Itokawa is an S-type asteroid – the most common. 
Asteroids are classified according to the spectra that they reflect from their surfaces and 
they do not match those of ordinary chondrite meteorites despite the logic that commonly 
found meteorites ought to come from the break-up of commonly seen asteroids. S-type 
asteroids have annoyed astronomers for decades because of their cryptic appearance, and 
now they are broadly relieved. Any object floating around the inner Solar System for billions 
of years inevitably undergoes a process for which terrestrial weathering is a metaphor; it is 
affected by the stream of charged particles that constitutes the solar wind, by bumping 
other bodies and attracting debris from such collisions. The Itokawa dust particles turn out 
to have extremely thin veneers of sulfide and metallic blobs on the scale of a few 
nanometres that are thought to result from condensation of matter vaporised either by tiny 
impacts or the solar wind. This veneer gives Itokawa and probably other S-type meteorites 
their irritatingly uniform reddish colour. It strikes me that there is a problem here: all 
asteroids, no matter what their mineralogy and chemistry, would be subject to the same 
kind of process and end up with a similar veneer. Itakawa may well be an ordinary 
chondrite, but what about all the other S-type asteroids? 

See also: Kerr, R.A. 2011. Hayabusa gets to the bottom of deceptive asteroid cloaking. 
Science, v. 333, p. 1081; DOI: 10.1126/science.333.6046.1081. 

 

The useful geoneutrino 

While the wires were hot with news of neutrinos possibly having exceeded light speed as 
they were fired through the Alps by the Large Hadron Collider, steady research has been 
seeking answers rather than perhaps transmuting physicists’ hubris into a death wish. 
(Note:  it has to be said that British theoretical physicist Jim Al-Khalili has sufficient 
confidence that the speeding ticket issued to the neutrinos will be rescinded that he 
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promises to eat his underpants if it is upheld.) The more tangible work concerns 
antineutrinos that the Earth emits, dubbed ‘geoneutrinos’ to distinguish them from 
extremely exotic ones from deep space which, worryingly for some, pass from one side of 
the Earth to the other and through us as well.  When unstable isotopes decay, such as those 
of uranium, thorium and potassium that help heat the Earth, they emit antineutrinos as well 
as electrons, helium nuclei and gamma-rays. Notoriously elusive, neutrinos and 
antineutrinos can now be detected with sufficient precision to make useful observations, as 
well as produce results that have many theoretical physicists quivering in cellars from which 
they emerge, from time to time, covered with chalk dust from their desperate exertions to 
explain a material speed faster than ‘little c’. To geoscientists, the results of an experiment 
using geoneutrinos at the Japanese Kamioka Liquid-Scintillator Antineutrino Detector 
(KamLAND), which involved 66 individuals from 15 Japanese, US and Dutch institutions, are 
much more interesting: they help resolve a long-standing puzzle about the source of 
geothermal heat that flows from the Earth’s surface at a rate of about 44 TW (The KamLAND 
Collaboration 2011. Partial radiogenic heat model for Earth revealed by geoneutrino 
measurements. Nature Geoscience, v. 4, p. 647-651; DOI: 10.1038/ngeo1205). 

A model of the Earth that assumes accretion from chondritic meteorites with well-known 
abundances and proportions of heat-producing U, Th and K isotopes, supported by some 
measurements of peridotites from the mantle, suggests that less than half the geothermal 
flux is radiogenic. The implication is that a great deal is heat originally trapped in the Earth 
when it formed. This view depends on several assumptions: that the Earth’s mantle is 
indeed chondritic below the 200 km or so from which samples have been brought by 
volcanism; that the core doesn’t produce any heat by radioactive decay; and that a 
geophysical model of a well-mixed mantle is correct. Not surprisingly, geophysical and 
geochemical evidence is so flimsy that many different views have had their champions: that 
the core contains potassium; that there is a deep, barely tapped inner-mantle layer of high 
heat production formed from now-rare meteoritic material, and so on. Geoneutrinos, if 
distinguishable from those from elsewhere in the cosmos and indeed measurable, could 
help home-in on one or other hypothesis.  

Based on a spherical balloon containing 1000 t of hydrocarbon liquids in a deep mine shaft 
that floats in an 18 m metal sphere filled with buoyant oil, KamLAND relies on detecting the 
light emitted by very rare interactions of neutrinos with protons. That is hard enough, but 
the site is surrounded by Japan’s 53 neutrino-emitting nuclear reactors, so a great deal of 
cunning operating conditions and data processing is needed to sort the ‘wheat from the 
chaff’; at present errors are large, but now sufficiently constrained to throw light on the 
great heat-flux issue. The KamLAND Collaboration reports that between 16 and 68% of heat 
flow is due to decay of the most productive isotopes 232Th and 238U – there is insufficient 
235U and 40K in the Earth for geoneutrinos generated by their decay to be meaningfully 
estimated. Fuzzy as the results are, they are sufficient to support the view that Earth’s 
‘primordial’ heat of formation is still a major source of geothermal energy, thus narrowing 
down the geochemical aspects open for disputation. 

 

Mercury: anything new? (October 2011) 

The Sun’s nearest planet, Mercury, seems odd in some ways; for instance, it has a 
proportionately larger metallic core than any other planet. That feature has led some to 
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suggest that somehow most of any original silicate mantle was lost. One possibility is that its 
proximity to the Sun resulted in Mercury’s outer rocks being ablated away. Another looks to 
a huge collision with another body that tore off much of the mantle; similar to the event 
that the chemical commonality of the Earth and Moon suggests early in Earth history. Both 
processes should have left a distinct geochemical signature on the surface of Mercury: some 
kind of residue of solar ablation or evidence of fractional crystallisation of a magma ocean, 
such as the feldspar-rich lunar highlands that are probably formed of crystals that floated as 
such a planetary silicate melt cooled and evolved. The seeming strangeness of Mercury 
helped underpin a well-equipped un-crewed mission, going by the acronym MESSENGER, 
which finally settled into Mercury orbit in March 2011 after a planned ‘yo-yoing’ path since 
launch in August 2004 that took it back and forth between Earth, Mercury and Venus in its 
early stages. Early analysis of results from the now permanent orbit appeared in the 30 
September 2011 issue of Science.  

MESSENGER carries several remote sensing instruments: a stereo imaging device to map 
landforms, and topography; a laser altimeter to back the stereo imager; a visible to short-
wave infrared spectrometer to map variations in surface spectra and minerals; gamma-ray 
spectrometry to map distributions of naturally radioactive isotopes and emissions from 
other elements triggered by high-energy cosmic ray bombardment; using the Sun as a 
source of gamma- and X-rays to cause a variety of elements to emit lower energy X-rays – a 
variant of X-ray fluorescence spectrometry that is a workhorse of lab geochemistry. 

The earlier Mercury fly-bys and previous missions clearly showed that its surface is heavily 
cratered but possesses areas resurfaced by lavas that obliterate older cratering. A little like 
the lunar maria in age and appearance, these smooth terrains show evidence of 
accumulations up to a kilometre thick formed by repeated lava flows (Head, J.W. and 25 
others, 2011. Flood volcanism in the northern high latitudes of Mercury revealed by 
MESSENGER. Science, v. 333, p. 1853-1855; DOI: 0.1126/science.121199). As regards the age 
of these major volcanic features, all that can be said is that they post-date the largest 
impacts, such as the huge Caloris Basin, and are more sparsely peppered with younger 
craters. Intriguingly, floors of some of the craters show clusters of small depressions and pits 
surrounded by light-coloured material of some kind, suggested to be solids condensed from 
gases that emerged from below (Blewett, D.T. and 17 others 2011. Hollows on Mercury: 
MESSENGER evidence for geologically recent volatile-related activity. Science, v. 333, p. 
1856-1859; DOI: 10.1126/science.1211681). While it is only possible to assign youth of these 
features relative to the craters in which they occur, they indicate an underlying source of 
volatiles; a factor weighing against previous accounts of Mercury’s evolution by either solar 
ablation or giant impact. 

Considerably more interesting – at least to me – are the results from the geochemically 
oriented instruments. Calcium, magnesium, aluminium and silicon estimates by the XRF-like 
instrument present not the slightest evidence for a feldspar-rich component of the early 
crust akin to the lunar highlands; another blow for the giant-impact and magma-ocean 
hypotheses. Mercury’s surface seems to be similar in composition to the most ancient 
terrestrial lavas: Mg-rich mafic to ultramafic komatiites, compared with the more iron-rich 
tholeiites of the lunar maria (Nittler, L.R. and 14 others. The major-element composition of 
Mercury’s surface from Messenger X-ray spectrometry. Science, v. 333, p. 1847-1850). They 
are ten-times more enriched in sulfur than surface rocks on the Earth or Moon, though iron 
content seems too low to accommodate it in minerals such as pyrite (FeS2). High sulfur 
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content could point to an origin for Mercury from accretion of highly reduced material in 
the solar nebula, the Earth-Moon system being broadly more oxidised. Gamma-ray 
spectrometry to analyse the abundances of potassium, uranium and thorium (Peplowski, 
P.N. and 16 others. Radioactive elements on Mercury’s surface from MESSENGER: 
implications for the planet’s formation and evolution. Science, v. 333, p. 1850-1852; DOI: 
10.1126/science.1211576) doesn’t serve previous ideas about the planet’s history either. 
Potassium, which is moderately volatile, is too high relative to more refractory uranium and 
thorium to support any notion of solar ablation of the surface, but the U, Th and K 
proportions are roughly like those of the Earth’s oceanic crust. One of the plots shows K-Th 
relationships for supposed meteorites from Mars and the extensive gamma-ray data from 
Mars itself, in which few of the meteorites fall in the K-Th ‘cloud’ for the Martian surface: 
now there’s a thing.... 

It must be emphasised that the geochemical results are but a fraction of what should 
eventually emerge from these powerful instruments. However, these early data place 
Mercury in much the same envelope as the other rock worlds of the Inner Solar System 
(Kerr, R.A. 2011. Mercury looking less exotic, more a member of the family. Science, v. 333, 
p. 1812; DOI: 10.1126/science.333.6051.1812). 

 

Mistaken conclusions from Earth’s oldest materials (December 2011) 

The oldest materials on the planet are tiny zircon grains that were washed into a 
conglomerate in Western  Australia between 2650 to 3050 Ma ago. It wasn’t the fact that 
the grains are zircons, which are among the most durable materials around, but the range of 
ages that they revealed when routinely analysed. U-Pb dating of detrital zircons is a well 
tested means of finding the provenance of sedimentary materials as an indicator of orogenic 
and igneous events that formed the crust from which they were eroded. In the original 
study of the Jack Hills zircons some showed ages that might reasonably have been expected 
from late sediments in an Archaean craton: around 3.5 billion years is about the maximum 
age for orogenic events there. What astonished all geoscientists was that a proportion of 
the grains gave ages of more than 4 billion years, some as old as 4.4 Ga: here was a window 
on the missing first half billion years of Earth history, the Hadean. 

Subsequent work on yet more zircons confirmed the original age span but other kinds of 
analysis led to a variety of claims: that continental crust was around in abundance within 
100 Ma of Earth having formed; geothermal heat-flow was not especially high; liquid water 
was available for geological processes, including the origin of life; plate tectonics may have 
started early… The topic has cropped up several times since I began my diaries in 2000. 
Quite a lot of the claims emerged from studies of other minerals enclosed by the ancient 
zircons, such as quartz and micas, and now they have been checked again by geochemists 
from Western Australia (Rasmussen, B. et al. 2011. Metamorphic replacement of mineral 
inclusions in detrital zircons from Jack Hills, Australia: Implications for the Hadean Earth. 
Geology, v. 39, p. 1143-1146; DOI: 10.1130/G33959Y.1). It turns out that the inclusions 
formed at temperatures well below those of magmas, between 350 to 490°C: more like 
those of metamorphism. Indeed, the uranium-bearing rare-earth phosphate minerals 
xenotime and monazite, also locked in the zircons, not only turn out to be metamorphic in 
origin too (both are also formed magmatically) but date to between 2700 and 800 Ma. 
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While the  Hadean zircon dates remain robust, a closer look at their inclusions shows that 
the grains did not remain geochemically closed systems thereafter. It was on the 
assumption of zircons being geological ‘time capsules’ that much of the excitement rested. 
Even using the presence of zircons from 4.4 Ga – they are most common in granites but do 
occur in mafic and intermediate igneous rocks – to suggest early ‘sialic’ continental crust is 
suspect. Despite having some tiny bits from Earth’s early days, it seems we are none the 
wiser. 

Related articles: Earth’s ‘Time Capsules’ May Be Flawed (news.sciencemag.org). Geological 
Dating Discovered To Be Flawed (thebibleistheotherside.wordpress.com) One for the 
gullible… 
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