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RADIOACTIVITY AND GEOPHYSICS

Pierre Radvanyi
Laboratoire National Saturne, 91191 Gif-sur-Yvette Cedex (France)

The opening of a new domain is always inspiring. I would like to recall here a
few steps of the introduction of radioactivity in geophysics and from there on in
astrophysics

I- ENERGY AND HEAT

The continuous and apparently inexhaustible emission of radiation and of energy
by the newly discovered radioactive elements seemed, at first hand, mysterious
for the pionneers of radioactivity, Marie and Pierre Curie. A young physicist and a
young chemist, Ernest Rutherford and Frederick Soddy, discovered in 1902, in
Montreal (CanadaJ that radioactivity was, in fact the spontaneous transmutation of
one element into another, such a transmutation taking place with a characteristic
half life This half life was, in some cases very short - for thoron, it was about
one minute - or very long - for radium it was 1600years, and for uranium it was
still longer 4 5109 years

In 1903 , Pierre Curie and Albert Laborde showed that the energy released in
radioactive transmutation is very large: one gram of radium was able to melt in
one hour more than one gram of water.

These experiments showed that a new source of heat should be introduced in the
energy balance of heat for our planet Earth. There had been, in the second half
of the nineteenth century, a debate, a contradiction between the ideas of Charles
Darwin on the time required for the evolution of species - a minimum of 109 years
was necessary and the calculations of William Thomson, Lord Kelvin, who obtained
about 40.106 years for the age of the Earth when he estimated the balance of
the energy released by accretion - through gravitational contraction - the energy
received from the Sun and the energy radiated by the Earth into space. In order
to reconcile these two points of view and get a longer age, it became necessary
to find a supplementary, but yet unknown source of heat. This new source of
heat was found io be the radioactivity of the rocks, of all the minerals contained
in the volume of the Earth To uranium, one had to add thorium 232 (half life T =
14109 years) and all their radioactive daughter elements in equilibrium. One found
later that one had also to add the radioactivity of potassium 40 (T = 1,3109

years) and of rubidium 87 (T = 48109 years). Lord Rayleigh, at the beginning of
the century, showed that radium could be found at a very lew grade in a very
large number of different rocks
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Of course, one could only estimate the grade of these radioéléments in the minerals,
in the depths of the Earth, but one could calculate that the global heating - that is
the transmission and accumulation of all the heat resulting from this radioactivity in
the whole volume of the Earth - had a very long time constant. Marie Curie herself
wrote shortly after 1930 that our planet Earth was perhaps getting warmer.

Radioactivity is thus playing a major role in the understanding of the structure of
our globe ( both the minerals and the molten inner nucleus having started probably
from the agglomerated cold "planetesimals" The heat resulting from radioactivity
plays also an important role in geodynamics (large geological movements, plate
tectonics, volcanic phenomena)

I I - AGE OF THE EARTH

At the beginning of the century, after the experiments and studies of P. and M.
Curie, of E. Rutherford and F. Soddy, of A. Debierne, of R.B. Boltwood, of O. Hahn,
of HF Genel and others, it became possible to establish the genealogy of the ra-
dioactive nuclides which could be classified into three radioactive families, the radium,
thorium and actinium families, the starting parent elements had to be long lived
radioactive elements It was shown by R.B.Boltwood in 1905 that the uranium-radium
family ends with stable lead. In fact, as was shown later, the three families end
in stable isotopes of lead, but isotopy was only discovered in 1912-1914 (F.Soddy,
K.Fajans. A .S.Russell , and N.Bohr).

It was again the American physicist R.B.Boltwood who pointed out in 1907 |Am.J.
Sci. (4)23. p.77) that it was possible to determinate the geological ages of minerals
containing uranium (and possibly thorium) from the ratio of lead to uranium in the
minerals At that time, one did not know yet that the thorium family also ends in
lead, but these first measurements gave good orders of magnitude.

At the beginning of 1929. the physicists had the feeling that the family of protac-
tinium and actinium (the mass numbers of these radionuclides were not yet
known), originated from a still unknown parent isotope of uranium of very long half
life

F.W.Aston, from Cambridge, who had invented the mass spectrometer, was
systematically searching for the isotopes of the different chemical elements, starting
from the lighter ones, which are easier for mass spectroscopy. In 1927, he came
to study ordinary lead , then, in 1929, he measured mass spectra of radiogenic lead
found in a very old Norwegian uranium brceggerite mineral. Aston observed three
lines corresponding to isotopes 206. 207 and 208 of lead with relative intensities
of 100. 107 * 3 and 4 4 * 2 Lead 206 was the final daughter product of the radium
family, lead 208 was the final daughter product of the thorium family and so
lead 207 could only be the final product of the actinium family, which gave for
protactinium the mass number 231 These results were published in the journal Nature.
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Aston showed these mass spectra to his colleague and laboratory director
E.Rutherford, who immediately reacted and published in the same issue of Nature
(March 2nd, 1929. p.313) a letter on the age of the Earth. He noted first that the
mother of protactinium 231 should be uranium 235 (this was the first mention of
uranium 235 I) and he then calculated , starting from the relative abundances of
the lead isotopes measured by Aston and from the already known ratio in a mineral
of radioactive atoms of the actinium family to radioactive atoms of the radium family,
both the half life or uranium 235 and an upper limit for the age of the earth. He
assumed that at the time of formation of the Earth there were as many atoms of
uranium 235 as of uranium 238 Rutherford found for uranium 235 a half life of
Q 42.109 years (instead of the present value of 0.7 109 years) with a relative
abundancy of 0.2 8 % (instead of 07 %) , he found for the age of the Earth
3 4 . 109 years ( instead of the present value of 4.5 . 109 years).
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In 1930. the National Research Council of the American National Academy of
Sciences set up a subsidiary committee on the age of the Earth. This committee
reviewed all the then available information and came to the conclusion that "the
methods of age determination based on radioactive disintegration involved the
least number of assumptions" (Bulletin of the N.R.C, June 1931, n°80, Physics of
the Earth - IV The age of the Earth)

Later, on the basis of our knowledge of nuclear reactions, it became possible to
estimate the age of the Sun. That the energy released by the Sun and the stars
is of nuclear origin had been already suggested by A.S.Eddington. H.N.Russell and
J Perrin. in 1919-1920 The chains of nuclear reactions responsible for this energy

A S release were found by HA. Bethe and C. Critchfield, and independently by
\Ç C v Weizsacker in 1938

III-RADIOACTIVITY AND COSMIC RADIATION

We shall now come back to the year 1911 when an important discovery was made
as a consequence of studies of natural radioactivity. At the beginning of the century,
one wanted to detect and measure minute amounts of radioactivity. This was being
done with electroscopes mounted on lonization chambers ( instruments able to
measure the electric charges released by charged radiation in a given volume of gas).
Once one had taken away all radioactive sources, one found that there still remained
a "residual lonization" which could not be explained by electric leakage currents in
the insulating parts of the instrument This residual current was called background.
It was a limiting factor for radioactive measurements and one was eager to reduce
it. But what was its origin ~> Some physicists thought it camn from the natural
radioactivity of the buildings or from the radioactivity of the underlying rocks.
Measurements of this background were performed in a boat on a deep lake
without any improvement or explanation
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Ultimately, experiments performed in 1911 by Victor F.Hess (Austria) using detectors
mounted on balloons showed, for the first time, that the residual ionization - the
background- increased with altitude. He concluded that it was due to a radiation
coming from outer space, which was later on called "cosmic radiation" (subsequent
work, between 1913 and 1930. by W. Kolhorster, R.A.Millikan, W.Bothe, D.Skobeltzyne,
B.Rossi).

The discovery of Hess lead, many years later, to the development and growth of
particle physics, providing an unexpected source of new particles and constituted
also a new means of astrophysical investigation.

Today radioactivity continues to contribute to astrophysical research, No doubt
that P. and M. Curie, as well as E.Rutherford would have been very pleased to
learn that light emission due to the radioactivities of 56Ni (half life 6 days) and of
56Co (half life 77 days) transforming itself in stable 56Fe is a signature of the final
stage of supernovae explosions.
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