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The Role of Irradiation: Irradiation is widely in-

voked as a mechanism by which simple carbon-
bearing molecules may be polymerised or otherwise 
reacted to form progressively more complex molecules 
that could ultimately synthesize life [1]. In our solar 
system, cosmic irradiation has been invoked as a 
source of complex molecules on the Galilean satellites, 
and on Titan, Pluto, Uranus and Neptune. These are 
icy bodies, where irradiation of a water/carbon dioxide 
ice mixture may be enough to create a chemistry that 
could support life. Cosmic irradiation has also been 
suggested as the mechanism for organic synthesis on 
early Earth, in which irradiated atmospheric compo-
nents could have yielded amino acids and other pre-
biotic organic molecules [2]. Rocky planets present an 
alternative energy source. Like cosmic irradiation, 
energetic particles from heavy radioelements (uranium, 
thorium) can cause polymerisation of organic mole-
cules and enhance prebiotic synthesis and the evolu-
tion of DNA. Where uranium/thorium are concentrated 
in minerals, they can be templates for complexation 
and precipitation of organic compounds, evidenced by 
carbonaceous coatings on grains of uraninite, Th-rich 
monazite, U-rich zircon, U-rich apatite, and other min-
erals (see below). Recent evidence for zircon crystals, 
and water at the planetary surface at a time prior to the 
record of life (Fig. 1) [3,4], invite a reassessment of 
the potential of mineral radioactivity to promote or-
ganic complexation on the early Earth. 

Radioactive Mineral Sands: Radioelements were 
readily concentrated at the Earths surface during the 
Hadean and Archean. The oldest zircons indicate the 
production of granitic magma at 4.4Ga [3,4] (Fig. 1). 
Isotope data from these zircons indicate that there were 
surface waters at this time [3,4]. Zircons, monazites 
and other heavy minerals were liberated into surface 
sediments by erosion of plutonic hinterlands. Their 
high density means that the minerals are particularly 
susceptible to hydrodynamic sorting by moving water 
(rivers, tidal flow, wave action). The sorting of heavy 
minerals was enhanced by tidal motion induced by the 
presence of a moon, and they form concentrations in 
sediments throughout geological history. Hence, for 
example, they form accumulations at the margins of 
oceans, shallow seas and lakes. At the present plane-
tary surface, radioactive monazite sands are concen-
trated at the margins of each of the large oceans, e.g. in 
Brazil, Vietnam, Australia, and India. They represent 
the most radioactive sedimentary deposits at the 

Earth’s surface today, with effective dose rates up to 
270 mSv/yr, about 650 times the world average value 
[5], and are a globally significant source of high-dose 
irradiation. The strand-lines of heavy mineral sands 
extend for up to hundreds of kilometres: Indian 
beaches alone contain 8 million tonnes of monazite 
[6]. Early in Earths history before the atmosphere be-
came significantly oxygenated, uraninite-rich sands 
were also stable at the surface, emitting exceptionally 
high irradiation. The closer proximity of the moon 
during early Earth history would have made tidal sort-
ing of grains even more effective than today. 
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Fig. 1. Early Precambrian record of crustal evolution, 
radioactive minerals and organic evolution. Radioac-
tive minerals predate earliest evidence for life.  
 

Polymerization in the Geological Record: The 
geological record includes widespread evidence for 
organic accretion and polymerisation around radioac-
tive mineral grains (Fig. 2). In most cases this involved 
accretion of complex hydrocarbon fluids on grains in 
the sub-surface. The record includes accretions around 
uraninite grains in Archean sedimentary rocks, includ-
ing substantial carbon deposition in the Witwatersrand 
uranium deposits [7], thorite and thoriferous monazite 
grains in Phanerozoic sandstones [8], and zircon grains 
in Precambrian gneisses. The oldest recorded accre-
tions around uraninite are in the Swaziland Supergroup 
at ~3.3Ga (Fig. 1). Carbon coatings are also recorded 
around U-bearing apatite grains in early Archean 
>3.85Ga metasediments, Greenland [9], although an 
origin for these coatings by irradiation has not been 
assessed. Accretion of organic matter also occurs by 
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mixing of organic-bearing and radioelement-bearing 
fluids, within hydrothermal systems or aquifers. Al-
though these examples were accreted from complex 
molecules rather than simple compounds, they serve to 
show (i) that natural mineral grains have the potential 
to polymerize organic molecules and fix the products, 
and (ii) that this has been occurring on the Earth since 
Archean times. Polymerisation from methane rather 
than complex hydrocarbons may have produced car-
bonaceous accretions around uraninite in the Protero-
zoic of Canada and the Archean Witwatersrand depos-
its [10].  
 

 
 
Fig. 2. Monazite grain with accretionary carbon coat-
ing (black), Carboniferous, UK. Field 200 microns. 
 

The volume of carbon accreted around a monazite 
grain ranges up to 60% of the grain volume. In heavy 
mineral sands rich in monazite, where a 10% monazite 
content is not uncommon, this equates to masses up to 
70kg carbon sequestered per cubic metre of rock. Even 
at much lower monazite contents and accretion vol-
umes, significant sequestration rates are possible. This 
process has the intrinsic advantage that it involves pre-
cipitation on a mineral surface. Mineral surfaces pro-
mote polymer formation, required in the development 
of biological organization, so are a good candidate as 
templates for molecular evolution [11]. 

The irradiation mechanism discussed here does not 
constrain us to specific models for the origin of the 
carbon or its environment of concentration. The devel-
opment of life is likely to have occurred in a setting 
where carbon-based molecules became concentrated, 
in addition to the requirements of liquid water and an 
energy source. The early Earth received a high flux of 
organic molecules from extraterrestrial sources that 
may have been photo-polymerized to a liquid organic 
layer at the oceanic surface [2]. Additionally methane 
from the mantle concentrated in hydrothermal systems 
may have contributed to the formation of hydrocarbon 

liquids or smogs in the atmosphere [12]. These con-
centrations of organic compounds at the surface could 
have been further processed by interaction with radio-
active grains to yield increasingly complex molecules. 
Such interactions would have been more effective dur-
ing permeation into the subsurface, as exposure of 
organics to grains at the sediment surface is transient, 
and coated grains are not seen on modern beaches. 
Nevertheless, such sands can induce short-term 
changes, as evidenced by increased chromosomal ab-
normalities in nearby human populations [13]. This 
effect is a consequence of emanated, dispersed radon, 
so an even briefer response time is expected for or-
ganic molecules in direct contact with the grains. 
Hence the irradiation mechanism could be effective in 
either of the ‘deep, dark’ or ‘surface, sunlit’ environ-
ments proposed for prebiotic chemistry. More gener-
ally, radioactivity is a viable mechanism for organic 
complexation on other rocky planets. The availability 
of U/Th at an adequate level requires their concentra-
tion in the crust. On Earth, these elements are not read-
ily incorporated into high-pressure minerals in deep 
magmas, and precipitate in the crust. The SNC meteor-
ites from Mars have mineral assemblages that also 
suggest high-pressure magmatism, implying that ra-
dioelements are similarly concentrated at shallower 
levels, although contents in Martian meteorites are 
relatively low. Of wider significance, mineral radioac-
tivity will also be evident on interstellar planets, for 
which long-lived radionuclides provide the necessary 
heat, and surface water oceans are feasible [14]. These 
planets could represent the predominant residence for 
life in the Universe [14], and the radioactivity would 
be a ready mechanism to support organic synthesis. 
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