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Late formation of Earth’s atmosphere (January 2010) 

Because the Earth’s mantle is rich in volatiles, which escape from magmas that reach the 
surface, it has long been assumed that our planet’s atmosphere was self-produced by 
exhalation. But it turns out that isotopic proportions of noble gases in such exhalations do 
not match those in the atmosphere (Holland, G. et al. 2009. Meteorite Kr in Earth’s mantle 
suggests a late accretionary source for the atmosphere. Science, v. 326, p. 1522-1525; DOI: 
10.1126/science.1179518). Greg Holland and colleagues from the Universities of 
Manchester and Houston measured krypton and xenon isotopes in volcanic CO2 emissions 
from New Mexico, and found that their proportions matched those in carbonaceous 
chondrites as does the Kr/Xe ratio. Those in the atmosphere are significantly different, 
resembling the values in the Sun. Comets may have delivered these gases after the original 
accretion of the Earth and the catastrophic formation of the Moon. 

 

Geochemical prospecting on Mars (March 2010) 

Since its atmosphere is so thin, there are things you can achieve from orbit around Mars 
that would be unthinkable for the Earth. One is imagery free of atmospheric shimmer or 
scattering, another is analysing gamma rays emitted by Martian rocks using a gamma-ray 
spectrometer (GRS), as carried by Mars Odyssey. Two processes produce the gamma rays: 
the decay of long-lived naturally-occurring radiogenic isotopes of potassium, uranium and 
thorium with their daughter isotopes, and by the interactions of high-energy cosmic-ray 
particles with other elements in surface materials. Again, with little atmosphere the Martian 
surface is heavily bombarded by cosmic rays. Using far larger gamma-ray detecting crystals 
carried on low-flying aircraft it is possible to remotely sense K, U and Th concentrations at 
the Earth’s surface. To get data on other terrestrial elements from far off would involve 
unsociable irradiation of the surface by artificial means. 

Results from the Mars Odyssey GRS are somewhat blurred as the analysed radiation comes 
from 0.5° x 0.5° sampling ‘bins’ and is then filtered to a level of 5° x 5° (~ 25 x 25 km) (Taylor 
G.J. et al. 2010. Mapping Mars geochemically. Geology, v. 38, p. 183-186; DOI: 
10.1130/G30470.1). So, the approach cannot match geological maps made by interpretation 
of high resolution images of reflected or thermal radiation. However, as well as K, U and Th 
estimates, the data cover Fe, Si, Ca, Cl and H2O: sufficient to crudely distinguish mafic and 
felsic igneous rocks and to detect any regional hydrothermal or groundwater alteration. The 
authors claim that the GRS separates  much of the Equatorial region of Mars into six kinds of 
geochemical province, all of roughly basaltic composition. With an estimated SiO2 range 
from 46.7 to 49.8% that doesn’t promise much by way of fractionation on the scale of 
terrestrial magmagenesis; i.e. there are no significant intermediate or felsic igneous rocks. A 
CaO range of 7.5 to 11.4 does indicate varying plagioclase feldspar content, but no 
anorthosites, unlike the Moon. The greatest variation is in K and Th content, but that does 
not match the much larger ranges in terrestrial basalts. The geochemical provinces do not 
match even a simplified photogeological map of the planet, and it seems quite likely that 
such variation as there is could have resulted from slight weathering and movement of dust 
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and sand. Will a single returned sample of Mars basalt be all that is needed to characterise 
the Red Planet? More to the point, how does the estimated chemistry match that of 
purported Martian meteorites, or for that matter the analyses performed on the surface by 
the Martian rovers Spirit and Opportunity and by the earlier Mars Pathfinder? There is no 
comment…but Mars Pathfinder surface analyses revealed andesitic rocks at its landing site 
with up to 55% SiO2. 

 

Moon rocks turn out to be wetter and stranger (May 2010) 

Since the original analyses of lunar rock samples brought back by the Apollo astronauts is 
has been widely accepted that they are almost totally anhydrous. Some even contain 
pristine metallic iron with not a trace of rust after more than 4 billion years. So, therefore, 
the entire Moon should be bone dry, except for possible rimes of ice preserved in deeply 
shadowed polar craters. This lack of water is one line of evidence used to support the 
Moon’s origin in a stupendous collision between the early Earth and a smaller companion 
planet shortly after their accretion. The event may have depleted volatile elements and 
compounds in the incandescent vaporised rock from which the Moon is believed to have 
condensed. There are traces of water in glass spherules from lunar dust, but that might have 
come from the impactors that blasted them from craters. But at this year’s Lunar and 
Planetary Science Conference – the fortieth since the first Apollo landing – evidence for 
water in lunar minerals was presented (Hand, E. 2010. Old rocks drown dry Moon theory. 
Nature, v. 464, p. 150-151; DOI: 10.1038/464150a). The water is in apatite grains that occur 
as crystals in lunar maria basalts, so must have come from the Moon’s mantle through 
partial melting. Modelling suggests tens of thousand times more water in the lunar interior 
than believed previously, albeit still much less than in the Earth. Equally surprising is the 
water’s isotopic composition: it has a much greater proportion of deuterium (2H) relative to 
hydrogen (1H) than does water in terrestrial igneous rocks. The giant impact hypothesis 
suggests that the proportions should be the same in both bodies. One possibility is that a 
fortuitous comet delivered water to a dried-out hot moon soon after it has coalesced from 
and orbiting incandescent cloud. Hopefully a full publication will appear soon. 

  

Post-perovskite unveiled (July 2010) 

Kei Hirose, the discoverer in 2002 of an ultra high-pressure transformation of mantle 
mineralogy, has produced a highly readable review of the implications of his work for how 
the mantle functions (Hirose, K. 2010. The Earth’s missing ingredient. Scientific American, v. 
302 (June 2010 issue), p. 58-65). 

Seismology has long charted the occurrence of step-changes in mantle properties at a 
several more or less constant depths. Mantle above 410 km provide most of the samples 
available to geoscientists as inclusions in basalt lavas and is olivine-rich peridotite. From 
410-660 km the elements forming olivine take on a different configuration more akin to the 
mineral spinel; also backed by some direct as well as theoretical/experimental evidence. At 
660 km deep seismic properties change dramatically in a major transition zone. 
Experimental work in the 1970s with mantle chemical compositions at high pressures and 
temperatures showed that at greater depths the structure of magnesium silicates like 
olivine, pyroxene and spinel collapses to a denser form with very efficient packing of aoms 
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that is the same as that of a broad group of minerals known as perovskites. That seemed to 
be the end of the matter. However, continued geophysical investigations and geochemical 
studies of basalts derived by partial melting of mantle rock teased out complexities in the 
once assumed simplicity of the mantle. In 1983 analysis of seismic records revealed a 
further step in physical properties of the deepest mantle (once designated the D layer) that 
forced a revision to recognise a transition at 2600 km deep, just 300 km above the core-
mantle boundary. This now separates the 2000 km thick D’ layer from the lowest D” layer in 
the mantle. Subsequently, chemical heterogeneities in the deep mantle became a major 
puzzle. 

Hirose and his team pushed experimental conditions to match the huge pressures below 
2600 km and discovered a yet more efficient, hitherto unknown molecular configuration 
that arranges magnesium, silicon and oxygen into separate layers: dubbed ‘post-perovskite’ 
for want of a already known mineral structure. As well as a small (1.5%) increase in density, 
the mineralogical change unexpectedly releases rather than consumes heat energy. Such an 
exothermic process clearly had great implications for how the mantle works. If rock from 
higher levels finds its way down to and below the D’-D” transition, as might happen if 
subducted oceanic lithosphere slabs continue ever downwards, it gets an energy ‘kick’. 
Theoretical work revealed that the early Earth would have been too hot for post-perovskite 
to form. But once it had cooled below a threshold the phase change ‘snapped’ into 
existence: that must have significantly changed mantle dynamics. Convective motion in D” 
that brings material to the D’:D” boundary the post-perovskite to perovskite phase change 
produces a sharp decrease in density and an upward force. So, once D” formed plume 
formation and overall mantle convection would have increased. That impetus could not 
have been present before so that early Earth mantle dynamics were more sluggish. That 
would maintain a hotter core-mantle boundary, thereby slowing cooling of the liquid core 
and formation of the solid inner core. Moreover, the upper mantle would have been cooler 
than now, creating the paradox of less surface magmatism on the early Earth. Theoretically, 
development of D” should have been marked by a 20% increase in heat flow and a 
paroxysm of tectonics and crust formation. Was that linked with the formation of stable 
continental crust around 4 Ga, the spurt in continental growth in the late Archaean or some 
later event (Hirose suggests 2.3 Ga, but no major tectonic shift has that age)? 

As well as tectonic implications, the affect of the D” layer on the pace of crystallisation of 
the solid inner core may have controlled increasing strength and stability of the 
geomagnetic field. Because only Earth’s strong magnetic field protects the surface from life-
threatening cosmic rays and the solar wind, in a roundabout way post-perovskite possibly 
played a role in allowing the origin, evolution and survival of life on our home world. That 
possibility is pretty much the ultimate link between solid Earth and the biosphere: take note 
Gaians! 

See also: Buffet, B.A. 2010. The enigmatic inner core. Science, v. 328, p. 982-983; DOI: 
10.1126/science.1190506. 

 

More wet minerals on Mars (July 2010) 

Remote-sensing geologists who focus on terrestrial matters would likely grind their teeth on 
seeing papers that use far better data captured from the Martian surface than are ever 
likely to be available from the bulk of Earth’s land surface, over the next decade at least. 

http://science.sciencemag.org/content/328/5981/982.full?rss=1


Mine are even closer to the gums after reading about hyperspectral data from Mars with 
high spatial resolution (~20 m), used to locate rocks altered by water on Mars (Carter, J. et 
al. 2010. Detection of hydrated silicates in crustal outcrops in the northern plains of Mars. 
Science, v. 328, p. 11682-1686; DOI: 10.1126/science.1189013). And, of course, there is no 
vegetation and not much of an atmosphere to cryptify spectral features of minerals. If there 
is a large enough exposure of a mineral, the Compact Reconnaissance Imaging Spectrometer 
for Mars (CRISM) carried by NASA’s Mars Reconnaissance Orbiter will spot it. If the mineral 
has unique features in its spectrum, and most of the hydrated silicates do, it can be 
classified nicely. Less spatially sharp hyperspectral data from the Observatoire pour la 
Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA) carried by ESA’s Mars Express is equally 
discriminating for larger patches. 

The two instruments have shown up hundreds of small outcrops of minerals in the southern 
hemisphere that formed by reactions between the dominantly anhydrous minerals of 
Mars’s dominantly igneous crust and water. They record an early phase when liquid water 
was available at the surface. The question is, are they merely a thin veneer? As a check, 
John Carter (did bearing the same name as Edgar Rice Burroughs’ hero in his Mars novels 
encourage his fascination with the Red Planet?) of the University of Paris and colleagues 
used OMEGA and CRISM data to look at deep crust exhumed in several of Mars’s northern 
hemisphere craters. Clay minerals, chlorite and prehnite do show up clearly, and the 
hydration reactions must therefore have penetrated up to a kilometre into the crust. The 
same suite of minerals occur in the southern hemisphere, so during this early wet episode 
water was available far and wide across the Martian surface. Minerals like prehnite and 
chlorite are most familiar as products of low-grade metamorphism, which presents a puzzle. 
Maybe they formed as a result of the temperatures and pressure generated by the impacts 
themselves. But if that were the case they would be expected to pervade all the excavated 
rock, whereas they occur in distinct patches next to pristine, highly reactive olivine-rich 
rocks. One absentee mineral is serpentine that would definitely have formed by the reaction 
of water with olivine during impacts. So it looks like water pervaded the whole Martian crust 
down to maybe a kilometre, then this ‘weathered’ layer was blanketed much later by a thick 
volcanic layer which has been removed in some places by impact excavation.  

 

Carbonates on Mars (September 2010) 

Ancient valley systems, huge water-carved gorges and sedimentary deposits signify with 
little room for doubt that early in its history Mars was wet; it must therefore have been 
warm. A thick CO2-rich atmosphere seems obligatory to give the kind of greenhouse 
warming that prevented Earth from freezing over when the young Sun was weaker than 
now. The question is, where did the CO2 go so that the planet became chilled? Gravity on 
Mars is sufficient to have retained the gas, unlike water vapour that dissociates to hydrogen 
and oxygen, of which hydrogen easily escapes even a much stronger gravitational field. A 
consensus is developing that it resides in carbonate minerals. The other likely greenhouse 
gas is sulfur dioxide, for whose drawdown there is ample evidence in the form of sulfates 
detected from orbit and by surface rovers. Carbonates have a relatively simple, and unique 
spectrum of reflected solar radiation, with an absorption feature at a wavelength around 2.3 
micrometres. Carbonates have been detected on Mars using orbital hyperspectral imaging, 
but only in patches. The NASA rovers rely on serendipity for any discovery, yet Spirit did 
stumble on a large carbonate-rich outcrop identified by its on-board Mössbauer 



spectrometer (Morris, R.V. and 12 others 2010. Identification of carbonate-rich outcrops on 
Mars by the Spirit rover. Science, v. 329, p. 421-424; DOI: 10.1126/science.1189667). It 
appears to be a Fe-Mg variety in association with olivines, and carbonate makes up to 34 % 
of part of the outcrop. The texture is granular, yet the area abounds with evidence for 
hydrothermal activity in the form of sulfates and silica-rich materials, implying that some 
kind of circulation system deposited the carbonates. The associated olivine is odd, as that 
mineral is prone to rapid breakdown to serpentines in the presence of water. 

The discovery of carbonate rock does help the CO2 early greenhouse theory and the fate of 
the warming gas, but aside from the fact the identification has been done at vast distance 
does it rank with geoscience that can be accomplished on Earth? It is a small piece in the 
jigsaw of Mars’s climatic evolution, but cannot resolve the issue of drawdown of 
greenhouse gas. The real drama there lay in the finding of abundant signs of water erosion 
on many scales set against today’s surface hyperaridity; evidence for glaciation and 
subsurface water ice in apparently large volumes. Earth had to have had a thick CO2-rich 
atmosphere at the same time as that of Mars, but we are still not sure where all that carbon 
ended up in the early Precambrian, despite limestones and carbon-rich mudstones dating 
back to 3.4 Ga: as we cannot quantify that aspect of Earth’s history, neither can we expect 
an early answer for Mars. Indeed, what is the benefit set against the cost? 

See also: Harvey, P. 2010. Carbonates and Martian climate. Science, v. 329, p. 400-401; DOI: 
10.1126/science.1192828. 

 

Wet Moon, dry Moon (September 2010) 

My stubborn reaction, until recently, to the notion that there may be water on Mars has 
been against the political background that shrouded the hypothesis with a certain 
desperation. That centred on the need of any future crewed mission to Mars for a water 
supply and thereby one of hydrogen fuel, plus the determination of the whole Mars-
oriented community to justify such a mission by hyping ‘exobiology’ on the ‘Red Planet’. A 
similar desperation cloaked the search for surface water on the Moon, although one more 
dominated by the ‘Everest’ syndrome: since the boot prints and flags appeared, everyone 
wants to go now. The Moon’s internal water is an entirely different kettle of fish. The 
hypothesis of the Moon’s formation by condensation from an incandescent mass flung into 
orbit after a planet – planet collision involving the Earth has the corollary that the lunar 
mantle ought to be bone dry: and so it seemed to be from bulk analyses of rocks brought 
back by the Apollo missions. In fact, there are a number of possibilities to explain 
vanishingly small amounts of internal water: the Moon is made of impactor that happened 
to be dry rather than terrestrial material; Earth and Moon are a mix of both and both Earth 
and impactor started out dry, but the Earth later received its water from comets; low 
pressure condensation of the Moon ruled out water entering its silicate minerals and so on.  

Then water was found in apatite grains from lunar maria basalts (see Moon rocks turn out to 
be wetter and stranger above). Within a couple of months we are back to the dry-as-an-
alcoholic’s-throat view (Sharp, Z.D. et al. 2010. The chlorine isotope composition of the 
Moon and implications for an anhydrous mantle. Science, v. 329, p. 1050-1053; DOI: 
10.1126/science.1192606). Both terrestrial and meteoritic chlorine isotopes are in 
remarkably consistent proportions, but lunar rocks show a 25 times greater spread by 
comparison. To cut a long and complicated discussion short, such a range could only have 
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formed if chlorides of a variety of metals were vaporised from lunar magmas each having its 
own effect on fractionation of Cl isotopes. In turn, combination of chlorine with metal ions 
requires virtually no hydrogen ions and therefore vanishingly little water in the moon, 
otherwise chlorine would have been combined in HCl and not subject to any fractionation 
when that volatilised on eruption. So that seems settled, then… 

 

The vestige of a beginning (September 2010) 

Geoscientists take it for granted that the Earth has a certain age (currently estimated at 4.54 
Ga), but it is one divined from indirect evidence: lead isotope systematics in meteorites and 
ancient ores of lead derived from uranium. If ever geoscientists are to grasp the nature of 
the early planet the evidence would probably be geochemical. Yet geochemistry derived 
from surface rocks is second-hand as well, because relics must lie somewhere in the mantle 
as the crust is constantly being changed. For decades it has been known that the mantle 
shows geochemical heterogeneity, presumably as a result of episodes of partial melting 
from which the oceanic and continental crust emerged. Even with such an ancient origin it 
seems intuitively likely that there should be some mantle that has not been interfered with. 
Now a group of geochemists from the US and Britain have presented evidence for just such 
ur-mantle (Jackson, M.G. et al. 2010. Evidence for the survival of the oldest terrestrial 
mantle reservoir. Nature, v. 466, p. 853-856; DOI: 10.1038/nature09287). Their data come 
from Cenozoic lavas collected on Baffin Island and in West Greenland. They had previously 
given an earlier clue to having melted from a truly antique source: they contain the highest 
ratio of helium produced in the Big Bang (3He) to that released by radioactive decay (4He). 
Repeated melting of the mantle gradually drives off 4He, yet radioactive decay continually 
replenishes its complement. So the more reworked is a mantle source for lavas the lower its 
3He/ 4He ratio. This notion is backed up by the lead and neodymium isotopes in the Baffin 
Island and West Greenland lavas and they suggest an age of formation of the mantle source 
between 4.45-4.55 Ga. 

Convection over billions of years ensures a degree of mixing in the mantle, but such is the 
viscosity of the Earth that there is a good chance that some areas have remained 
unchanged, the more so if the bulk of magmatism involving deep mantle has been linked to 
narrow rising plumes. But what emerges from the rest of the geochemistry of these lavas? 
Provided they have not been contaminated by continental crust through which they have 
passed it should be possible, using models for the way different elements are contributed to 
or withheld from magma by mantle minerals, to estimate the source mantle’s overall 
composition. The team did this, bearing in mind the uncertainties. Plotted relative to a 
‘guestimate’ of the original bulk Earth based on the geochemistry of chondritic meteorites 
they show a very good fit for those elements that are likely to be retained by mantle 
minerals during partial melting: the so-called ‘compatible’ elements. But the estimated 
source for the lavas seems to have been depleted in the ‘incompatible’ elements that are 
highly likely to enter magma as soon as partial melting starts. This pattern would be 
expected if the early mantle had undergone some kind of differentiation as a whole, and 
that would be a consequence of the entire mantle having been molten and then crystallising 
from this ‘magma ocean’: some low-density minerals could preferentially have taken in 
incompatible elements and floated upwards to deplete those elements in the deep mantle. 
That is compatible with the idea of Moon formation as a result of a collision between the 
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proto-Earth and a Mars-sized planet, which could have released sufficient energy in the 
form of heat to completely melt the outermost Earth. 

So the data reveal a great deal, especially that this ancient mantle may well have been the 
parent for all later mantle compositions as the Earth evolved by dominantly igneous 
processes. But they do not resolve the perennial debate as to whether the Earth accreted 
from a uniform mix of nebular material of which meteorites are relics, roughly the 
composition of chondrites, or heterogeneously from different materials that had condensed 
from incandescent vapour at different nebular temperatures at different times. Moon 
formation would have mixed up the latter efficiently in a mantle-wide magma ocean, so we 
may never know. However some of the oldest meteorites contain fragments of interstellar 
condensates that did form at different temperatures. 

 


