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AND THE ORIGIN OF THE ELEMENTS
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In his Nobel Lecture entitled "Radioactive substances,

especially radium',1 vhich was delivered on June 6, 1905, Pierre

Curie stated: " At the beginning of our i n v e s f c i g a t i o n s w e s t ated,

Mme.Curie and I, that the phenomenon could be explained by tvo

distinct and very general hypotheses which were described by Mme.

Curie in 1899, and 1900. 1. In the first hypothesis it can be

supposed that the radioactive substances borrow from an external

radiation the energy which they release, and their radiation

would then .be a secondar y-raidiatlon 2. In the second hy-

pothesis it̂  can be supposed that the radioactive substances draw

from themselves the energy which they release ".

He then went on to remark " The second hypothesis

has shown itself the more fertile in explaining the properties of

the radioactive substances properly so called ." Con-

sequently, the first hypothesis mentioned above became more or less

forgotten; It appears, however, the Curies were well aware of the

fact that the first hypothesis should play an important role i n ex-

plaining the phenomena concerning the origin of the elements.
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Ten days before Pierre Curie delivered his 6 June 1905

1
Nobel Lecture , one of the most important events in the history of

2
Japan took place. On 27 May 1905, the Imperial Japanese Fleet

under the command of Admiral Togo-Heihachiro destroyed.the Russian

Baltic'.Fleet in the famous battle of the Japan Sea.

A young boy named Chester Nimitz born in Texas graduated

from the U.S. Naval Academy in Annapolis in June 1905. He and his

classmates sailed across the Pacific Ocean for the first time in

the summer of 1905, and while in Japan, Nimitz was fortunate enough

to meet and shake hands with Admiral Togo. Nimitz became a great ad-

mirer of Admiral Togo after that and he carefully studied all the

naval tactics used by Admiral Togo for many years. Four decades

later, Admiral Nimitz and his U.S.Pacific Fleet destroyed Japan's

Imperial fleet during WWII.

Mme. Curie and Admiral Togo died in 1934 and in the same

year Jean Frederic Joliot and Irene Curie discovered artificial

radioactivity. In his 12 December 1.935 Nobel Lecture entitled
3

"Chemical evidence of the transmutation of elements", Joliot stated;

" Astronomers sometimes observe that a star invisible to

the naked eye may become very brilliant and visible without any

telescope the appearance of a Nova. This sudden flaring up

of the star is perhaps due to transmutations of an explosive charac-

ter like those which our wandering imagination is perceiving now
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a process that the investigators will no doubt attempt

to realize while taking, we hope, the necessary precautions."

It thus appears that the Joliots were aware of the importance

of the first hypothesis of the Curies in explaining the phenomena

occurring at the time the synthesis of the heavy elements, such as

uranium and thorium, were taking place in nature.

The crucial first step toward achieving this goal was taken

by an Italian physicist Enrico Fermi and his co-workers in 1942.

The following words are written on a plaque at the football stadium

of the University of Chicago: "On December 2, 1942, man achieved

here the first self-sustaining chain reaction and thereby initiated

the controlled release of nuclear energy".

In 1956, the speaker made the prediction that natural reac-

ters should have existed on the earth about 2 billion years ago.4'5

Although this prediction was not taken seriously by scientists of the

1950*s, sixteen years later in 1972, French investigators discovered

the remnants of natural reactors at the Oklo uranium mines located in

the Republic of Gabon, Africa.

Until the middle of the 20th century, scientists believed

that chemical elements were synthesized only in stars, but the dis-

covery of the Oklo Phenomenon has demonstrated that a nuclear fire

had once.existed on our planet earth and formation of heavy elements

was occurring in nature.

25-
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The reason vhy most investigators during the 1950's believed

that natural reactors could never have formed in nature was briefly

as follows: when it is attempted to aPPiy Fermi's pile theory to a

natural assemblage of uranium, such as a large uranium ore deposif

a certain assumption has to be made. The infinite multiplication

constant( k ) is

k<*> = 6 P f 7 H)'

where £ is the fast fission factor, p is the resonance escape

probability, f_ is the thermal utilization factor, and ̂  is the num-

ber of fast neutrons available per neutron absorbed by uranium.

It so happened that investigators in the U.S. during the 1950's

were using a model, in which it was assumed that a large uranium ore

deposit has suddenly appeared on the surface of the earth at a cer-

tain time during the geological history. This model leads to an

erroneous conclusion as shown in Table 1.

Table 1.

Models used in the calculations and the consequences

No. Model Consequence

(1) A large uranium ore has j ^ has never exceeded
suddenly appeared on earth at a unity at any time in the pas1
certain geological time
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No. Model consequence

(2) Trace amounts of U had koo could have exceeded
to be leached from the rocks unity some 2 billion years
vith water, transported to ago
a certain place, and finally
deposited and dried

What the speaker realized in 1956 was that Model 1) was

over-simplification of the natural phenomena, because a large ura-

nium ore deposit never appears in its present form on the surface

of the earth. A somevhat more complicated, but geochemically

reasonable model vould be to assume that trace amounts of uranium

had to be first dissolved from rocks and transported by water to a

certain locality and then finally deposited and dried( !see Mo'deli(-2)

which leads to the conclusion that natural reactors should have ope

rated some 2 billion years ago.

In his book entitled "The transuranium elements", Glenn

Seaborg wrote: - The search for transuranium elements, a

quest born of scientific curiosity, vas destined to be the trigger

for a series of events, which, within a decade, were to rock the

world and burst upon the consciousness of every literate human being.

These events were the discoveries that led to the exploitation of

nuclear energy, particularly as a weapon of mass destruction, other

fundamental scientific discoveries in the past undoubtedly have had

an equal, if not greater, effect on man's mode of existence, but no
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other exploded in his face as has this one: the announcement to the

world of the existence of plutonium vas in the form of the nuclear

bomb dropped over Nagasaki".

It is to be notad here that the element 94^plutoniuni) dis-

covered by Seaborg and co-workers was a "man-made" element and hence

the speaker has initiated a long-range research project to look for
244 -

the occurrence of Pu in the early solar system.

In 1960, John Reynolds at the University of California,

Berkeley, made the important discovery that the xenon extracted

129
from the Richardton meteorite was heavily enriched in Xe and he

concluded that this isotope almost certainly was .fo-rwed from the

129
radioactive decay of i with a half-life of 16 million years, now

extinct as a natural radioactivity, but not so at the time of for-

mation of the meteorite:

129 P 129
iiaXe(stable) (2).

o 244

Tha spsaka:? then proceeded to point out that pu with a

half-life of 32 million years should have been also present in the

early solar system and the experimental evidence for its presence

could be secured by searching for the presence in meteorites of
. . 131 132 134 135

excess heavy xenon isotopes Xe, xe, Xe and Xe, which
244are produced by the spontaneous fission of p u.
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It is important to note here that in his classic paper

9
entitled "Xenology", Reynolds wrote,in 1963,: " Xenology

means to us the detailed study of the abundances of xenon isotopes

evolved from meteorites by heating or other means and the inferences

that can be drawn from these studies about the early history of

the meteorites and the solar system. To the classicists Xenology

means study of a strange substance, which is also appropriate

In this paper we discuss xenology in the context of

theories of the origin of the heavy elements by Burbidge e_t al_

and Cameron, and a theory of the xenon isotope anomalies in meteo-
8 12

rites by Kuroda and Cameron. These theoretical ideas provide a con-

venient framework for our discussion/ even though it is certain

that ideas in this field will require frequent revision as the ex-

perimental side of the subject develops ."

Reynolds9called large variations of relative abundances of

129

Xe the special anomalies/ and the less spectacular variations

observed at all mass numbers, except 129, general anomalies. He

then went on to state that the general anomalies are explained by

two processes: (a)relative abundances at mass numbers 131, 132,

134 and 136 will be enhanced by the addition of the spontaneous
' . t _ 244 8
fission product of p U f according to Kuroda and (b)xenon in the

sun has been exposed to neutron irradiation during the deuterium-

burning phase of the evolution of the sun and hence the transfer

of solar xenon to earth would have the effect of enhancing the re-
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lative abundances at mass numbers 128, 130 and 132, according to
12

Cameron ".

The effect of spallation reactions was unknown in 1963,

but it was soon discovered that the relative abundances at mass

numbers 124, 126, 128, 130, 131 and 132 should be enhanced by this

244
process. The effect of the spontaneous fission decay of Pu at

mass numbers 131, 132, 134 and 136 was also discovered at about the

same time.

The importance of the effect of stellar temperature

neutron-capture reactions, which had been predicted by Cameron in

1962 was not clearly understood until the Apollo 11 landing on the

moon in the summer of 1969. Soon thereafter in 1971, the speaker

pointed out, however, that the differences in the isotopic compo-

sitions of xenon found in meteorites, lunar samples and in the

earth's atmosphere can only be explained as due to the alterations

of the isotopic compositions of xenon by a combined effect of

(a)mass-fractionation, (b)spallation and (c)stellar temperature

neutron-capture reactions.

14
in 1972, Manuel et al reported, however, that the effects

of the above-mentioned processes(a), (b) and (c) were negligibly

small and the carbonaceous chondrites contain two isotopically

distinct components of trapped xenon, which could not be explained

by the occurrence of nuclear or fractionation processes.
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The method of treatment of the xenon isotopes used by

14
Manuel et al. in 1972 was essentially the same as the one used

during the 1960's, but their arguments seemed to lead us to a new

concept that the r- and the £- process nucleosynthesis products

may have not been initially well mixed within the solar nebula.

Moreover, the fact that another strange xenon component( .s-type

xenon)was added to the list of strange xenon components six years

15 14
later , seemed to strengthen the case for Manuel e£ âl (see

Model(l) in Table 2.

Table 2.

129 244
Models used in the study of I and Pu in the early solar system

No. Model Consequence

(1) These isotopes have sudden-
ly appeared in space 4.6
billion years ago

Carbonaceous chondrites contain
strange xenon components -HL
and the .s-type xenon

(2) These isotopes were created
in a supernova and hence the
abundances of all the xenon
isotopes existing in its
vicinity must have been sub-
jected to a combined effect
of L (aHractionatibn (M
spallation and (c)neutron-
capture reactions.

244
Xenon^HLis a mixture of pu

fission xenon and the xenon
whose isotopic composition is
altered by the processes(a),(b)
and (c)/ while .s-type xenon is
the xenon, which was exposed to
a very high neutron flux.
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It is to be noted here, however, that the use of an overly

simplified model often leads to erroneous conclusions, as we have

seen in the case of the Oklo Phenomenon( see Table 1). The speaker

therefore decided to use a more complicated Model(2)( see Table 2 )

to interpret the same set of the xenon isotope data.

Meanwhile, the field of studies on the origin and nature

of the strange xenon components found in carbonaceous chondrites

16

was reviewed by Anders and Zinner in 1993. According to these in-

vestigators, primitive meteorites contain a few ppm of pristine in-

terstellar grains that should provide information of nuclear and

chemical processes in stars. Diamond grains contain anomalous noble

gases including xenon-HL, which shows the signature of the r_- and p_-

processes and thus apparently is derived from supernovae. Silicon

carbide grains, on the other hand, shows a signature of the s_-

process and apparently comes mainly from red giant stars.

It is worthy of note, however, that one encounters great

difficulties in the interpretation of the xenon isotope data by the

use of this over-simplified model(l), as evidenced by the fact that

Anders and Zinner were forced to conclude: " The most

pristine, unaltered-> interstellar grains provide ; little information

on the early solar system, bearing no memory of their gentle arri-

val " .

Results from our latest calculations reveal, however, that
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the strange xenon components are not isotopically pure substances.

Instead, the former is a mixture of the 2 4 4Pu fission xenon and the

xenon whose isotopic compositions is severely altered by a combined

effect of the processes (a), (b) and (c) mentioned above, while

the so-called .s_-type xenon is the xenon, which was simply exposed

to an extremely high neutron-flux.

These results also indicate that the Cl carbonaceous chond-

rites, which are generally regarded as the most primitive sample of

the solar system material, began to retain its xenon 5.1 billion

years ago, when the plutonium to uranium ratio in the solar system was

as high as almost 0.6(atom/atom), while the C2 carbonaceous chond-

rites began to retain their xenon about 150 million years later

and the ordinary chondrites and achondrites about 500 to 600 million

years later. This means that the birth of the solar system began :•

soon after the last supernova exploded about 5.1 billion years ago,

and the generally accepted 4.55 billion year-age of the solar sys-

tem is likely to be the time of the breakup of the meteorite parent

body17.

It is important to note here that Pierre Curie remarked

in 1905: " It is not absurd to suppose that space is con-

stantly traversed by very penetrating radiations which certain

substances would be capable of capturing in flight L •>.

The very penetrating radiations which he had in his mind in 1905

turned out to be the neutrons. it so happened that the neutrons
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involved in the case of the Oklo Phenomenon were the reactor-

temperature neutrons/ while those in the case of the supernova

explosion were the stellar-temperature neutrons.

In the speaker's highschool days/ two most respected and

admired living persons in the world were Mme.Curie in France and

Admiral Togo in Japan. On the occasion of the 100th anniversary

of the discovery of radium and polonium, the speaker wishes to

express his deep gratitude to Professor Tatsuo Matsuura for his

kind invitation to this memorable International Symposium.
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