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I . - DISCOVERY.-

It has been widely told how, starting from the observation of 
anomalous U-^ content of a UP, cylinder in Pierrelatte, it was possible 
' to trace back, this anomaly to minerals coming from the OKLO quarry in 
Gabon. 

235 At the time variations in U content of Uranium were known to 
occur hut they never exceeded two per mill, curiously the origin of such 
email variations are still uninterpreted. 

Large variations in U content such as were observed could only 
come from very specific processes, one of them was induced fission. 

To investigate this hypothesis it was looked for the fission rare 
earths and their isotopic composition - and these unequivocally assigned 
the phenomenon to a reaction of fission of TJ. 

II.- TREND OF RESEARCH> 
This immediately set off questions, we will select only a few. How 

could it have occurred,? Why had it occurred at OKLO, and 
nowhere else as far as was known ? What was the extent and above all what 
was the mechanism of this occuixence? 

III.- POSSIBILITY OF OCCURRENCE.-
It soon was clear that four physical conditions had had to be 

fulfilled in order for the reaction to take place. 
235 

1) U concentration mist have been hiçfo enough as the only 
possible moderator is water, in nature, and it is well known that with 
this moderator enriched uranium has to be used. 
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T h e fact that the deposit was old - estimated t o b e 1.8 million years 
yielded a 2 3 5 U content o f circa 3 % at the time o f deposition quite suffi
cient provided the following conditions are also met. 

• • • 
2) The presence of large enough chemical concentrations over large 

enough areas. 
The OKLO quarry provided both - i.e. 50 to 60 % U content over 

thicknesses up to one meter at places. 

3) The presence of a moderator was requested - Water, included today 
in the rocks was nearly sufficient already, and a larger content could be 
expected in sedimentary terrains at the time of deposition. 

4) No neutron absorbing element in large quantities was to be encoun
tered. A general analysis of the rocks for impurities showed this to be 
the case. 

•"" SO0PE OF THE STODY.-
I will now describe measurements and come back to more general consi

derations later. 

IV. 1.- The, study^of.rare^earth 's, and specially that of neodymium was of 
central importance at the first stage. 

235 
1) the isotopic caiposition of Neodymium is close to that of U 

fission products ; 
2) it's chemical abundance gives the absolute number of fissions 

having taken place provided it(tîeodymium) has stayed on the spot of the 
reaction ; 

3) as we will explain later the comparison of the absolute number of 
235 

U fissions and of it's relative change in concentration provides an age 
of the reaction, and this was in agreement with geological estimation» ; 

4) Comparison of isotopic composition of Neodymium and isotopic 
"""~"*"~"—~ 238 

composition of Uranium provides an estimation of the fraction of U has 
239 235 

been transformed into Pu that has again decayed to U (conversion 
factor). . 

The table of isotopic composition of Neodymium enables to understand 
how : 
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a) Measurements at mass 142 can allow correction for ordinary 
Neodymiuro, as isotope of this mass does not occur in fission. 

b) Ratios of abundances at mass 143 and 144 provide a measure of 
the capture of neutrons by isotope 143, and therefore lead to the inte
grated flux. 

c) Measurements of 
Pu fission. 

150, Nd can lead to estimates of the number of 

IV.2.- Ages 

The total number of Neodymium atoms from fission can be obtained 
by correction for any "natural" element. One can even correct for 
capture of neutrons in the natural element present at the time of irra
diation. 

By using the yields found in fission tables this number provides 
235 the number of fissions of u that have occurred. In a closed box this 

number is taken equal to o & HL T where T is the integrated flux, o. the 
capture cross section of 2 3 5 U and ÎL the average nariber of atoms of 2 3 5 0 
that have been irradiated. When T is evaluated by the ratio of Neodymium 
isotopes 143 and 144 this provides a value for ÎL. One can assume that in 
a closed box this nuniber î^ of Uranium atoms would have decayed today to 
a value N_ . This must be the average between the actually observed 
number of 2 3 5 U atoms today, N J Q , that corresponds to the decay of the 
Uranium atoms left at the end of the reaction, and the number of atoms 
corresponding to the ordinary abundance in uranium ( <v 0.720 in atoms 
per cent), that correspond to an unreacted material : One can insert N. 
calculated in this way in the following equation 

50 

N, 50 N 5e - x5t 

and solve for t. This leads to a value equal to 1.9 10 years. The 
estimated age of the deposit at that time was 1.74 10 9 years. This 
agreement supported the assumption that Nd and U had stayed together 
since the reaction. 

: ! 

y* 

• • •/. . . 

JwAWigaMiH, 

• ***"V*-1 



- 4 -

However confirmation of the estimated age of the deposit, resulting 
from a datation of the covering Francevillien by the Bb-Sr method was 
necessary. 

Uranium-lead measurements on parts of the uranium that have not 
9 

reacted, lead to a Concordia diagram pointing out to 1.8 10 years. 
However it shows that lead has migrated with respect to Uranium. 

IV.3.- Migration of elements 

Another case of migration resulted from Fiibidium-Strontium isotopic 
87 measurements. They were carried on what was expected to be fission Rb 

87 and Sr daughter, as their chemical abundance was high enough, of the 
order of per mil with respect to U. 

87 The results of analysis demonstrated however that Fb from fission 
87 had been completely removed from the sarrples studied, and that the Rb 

present comes from a later addition. In the elements present less than 
1 % of Rb and Sr originate from fission. 

Mare generally diagrar-s have be drawn giving for most elements in 
several samples the chemical, or isotcpic compositions, and carparing 

235 
them on a logarithrric scale with the U fission yield curve. Those dia
gram show that for a large nunter of elements and isotopes the correspondence 
is very good (Pd, Te for instance) and some of the discrepancy on the 
slopes of the diagram may be due partly to fast fissions,or Pu fissions. 

However some points are high above the curve, others below. If the 
excesses correspond to elements present before the reaction started this 
doe3 not iitpair the agreement, but it has to be investigated each time. 
Conversely deficiency in one element, or one isotope, can be due to nuclear 
factors and not to leaks out' of the system. Dramatic examples are the defi
ciencies in an and Eu. 

An interesting case is that of noble gases Kr and Xe. They have 
been investigated separately (and besides they do not appear well by spark 
source analysis). 

Their» cor.position shov>n on table correspond to that of 
fission material and can enable to corrpute a contribution of U and 
239 

Pu Missions. Also it can be used to compute spectral indexes and 
integrated fluxes. 
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One finds those fluxes smaller than given by U and N3 analysis 
(and other rare earths). As the quantity of noble gases found is only 
about 1 % of the quantities that most have been formed, this suggests 
that departure started already during the criin reaction itself. 

TO sum up rare earths have mostly remained with U, lead has largely 
dissociated itself from it, Rubidium has been completely segregated, but 
in this case additions of recent material have occurred. This situation is 
a warning to be cautious in using the closed box concept. 

IV.4.- Duration 
Analysis of Xenon suggests evaluation of exposure tine, following 

the techniques used in geochemistry. But in that case the flux is esti
mated independently. One can also make use of the isotonic composition 

129 of Xenon resulting of the two different ways of getting at Xe from I, 
129 130 

one leading to Xe by decay, the other to Xe by capture. 
129 7 

But I half life, 1.6 10 years, is too long, and cross sections 
of Xe and * I are to close, to use the *Xe / Xe ratio for 
precise estimation of the time span of this chain reaction. 
Ruthenium isotopes 99 and 100 that are formed according to the diagram 
offer a better possibility than Xe. The Technetium 99 half life, 

-5 2.12 10 years, is roach closer to the length of time expected frart an 
estimation of Pu fissions and Uranium conversion factors as shown later. 
In 
99, 

99 
In addition the capture cross sections of Tc i s about twice that of 

Ri, th is factor depending on the spectrum index. 

V.- TCT/vL ICTCTHMTOS FPOM A SINGLE SfiMPLE.-

I t i s vieil a t th is point to give a comprehensive set of measurements 
made on a single sample, KN 50 3548, from which Neodymium data were taken. 

100 ** " fo •'**" • T m — has been found, leading to reactions time 
'to 2. 

lenghts around 1.000.000 years, when one adopts, T » 1.35 10 and r « 0.14 

2° - The following table shows the amount of rare earths and the 
isotopic conposltion of Europium and Gadolinium. 

• • •/ 9 » 



As mentioned it is possible from those data to work out integrated 
235 238 239 flux, spectrum index, and contributions of U , U , Pu fissions 

to the total number of fissions (respective to today's Uranium). Gadoli
nium is specially important for Pu fissions as the ratios of Pu/U yields 
for mass 158 is about 10. 

One obtains the following results using only a certain number of 
the masses 

* • t m 1.3 1 0 2 1 n/cnt2 

r m 0.15 
235 
**TI fission - 30.5 10~ 3 ] 
238^, IS 0.8 10" 3 + 0.5 with respect to U 
2 3 9 P u m 1.0 +0.5 ' 

.- DISCUSSION.-
As check of these results one may note that from this set of mea

surement one can calculate back all isotope abundances found. 

1*) These calculations show : 
a) A generally good agreement except for a 6 % difference in 9m 

and Nd that seems a little larger than the expected errors and Sa Gd. 

b) .Similarly to the previous calculation, a ratio of the number of 
235 

U atoms at the time of reaction to today's of 6.7 leading to an age 
of about 1.9 10 9 y. 

2') 
This set of values is derived by solving simultaneous equations 

involving several determinations. It can only be reliable if the various 
fission products and Uranium have stayed together to a known extend. This 
is why all determinations have to be made preferably on the same sample 
where closeness as a box is checked. 

Results on sample KN 50 35 are shown in a diagram. It' contains 
55 % U by weight, and 2 3 5 U is 0,463 %. 

3*) 
One may point out that those measurements provide not only a 

description of the average situation during the reaction, but that of the 

* 
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situation at the end of the reaction and this is new information. 
Indeed short lived isotopes, or isotopes with a high capture cross 

section, rc?.ch during reaction an equilibrium v.i.th their parent in a 
given flux. For instance the knowledge of the number of Pu atoms formed 
(conversion coefficient) and of Plutonium fissions, leads to an estima
tion of Pu present at the end of the reaction, and therefore enables to 
calculate the flux of neutrons at that time. 

As T is evaluated by other means, this provides a duration esti
mation. It is gratifying that it is in agreement, in order of magnitude, 
with the previous one. 

4 #) 
Isotopes Ere and Gd discrepancies in abundance (when one uses 

the average flux to work their pourcentages out) could reflect the change 
of flux composition at the end cf the reaction. 

5*>-
The sura of these results show that from a set of measurements on a 

single sarple cne can describe the average behaviour and to seme extent 
the history of tlie sample in the OKLO reactor. However, it nust be esta
blished, by results calculated from different chemical elements, that the 
sanple remained a sufficiently reliable witness through ages. 

.- INVEPTIcy-TIOM AT/?:G PVOHIFS.-
We have seen how much information the detailed analysis of single 

sairples can provide. 

However, for instance for Uranium lead determinations it is neces
sary to investigate sets of samples. 

I now wish to review the kind of results that "geographical explo
ration" only can provide. 
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VII.1.- Distribution of depletion. 

By studying the distribution of TJ content versus chemical U 
content it is possible to make a map of the fissions in the reactor. 
In parallel Neodymium analysis provides integrated neutron fluxes. 
It can be seen (see coupe 2 L every 10 cm) that generally 

1) 2 3 5 U depletion and fluxes vary in parallel except for high 
depletions. 

2) Depletion and U content are correlated as an average, but 
not in detail (see coupe 2*P every 3 cm). On the contrary higher de
pletions occur at lower U content consistently, and when the U content 
decreases , for instance at the border of the U rich layers, depletion 
shoots over. 

One can explain the anti-correlation between depletion and 0 
content in the following way. 

Uranium rich minerals are more absorbent for neutrons therefore 
238 the flux is less well thermalisod, U absorbs a higher fraction of 

neutrons. 
239 235 

As Bore Pa is formed the conversion factor is higher, and U 239 built up by Pu decay compensâtes for the burn-up. 

VII.2.- Those results also show that : 

1) roughly no great quantity of Uranium was added after the 
reaction started. 

2) Plutonium formed decayed mainly on the spot and was not trans
ferred far away. 

CONCUJSI0M m> ACKNOWLEDGEMENTS 

Work is still underway, nore is needed. An International Conference 
will be held in Gabon in June v/here all recent results will be brought 
together. 
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Among the problems that I have not discusses here is the role of 
water in controlling the reaction, and the role of other elements such 
as rare earths, either at the start or during propagation of the 
reaction. 

Water content is effective in multiplication coefficients at 
higher Uranium contents more than at lower ones. This provides a 
control mechanism. 

Rare earth present at the start can also provide a propagation 
mechanism. 

These studies carried in detail by Mr. NAUDET will be presented 
at the International Conférence in CKLO in June. 

The work reported here has been the result of a team work where 
Dr. HAGEMfiNN is responsible for the work on isotope analysis. Dr. BLAIN 
for the spark source analysis, Mr. NIEF provided help in many discussions. 

I am thankful for the invitation extended to me, through 
Rcof. M. Ludolf SCHll/rz, to present this work before this assembly. I felt 
both honored and pleased to receive this invitation as Prof. HltTTENDERGER 
was one of the very first to express his interest in the 0KLO phenomenon 
and therefore a talk on the subject seemed to be well suited at a meeting 
held in his honour. 
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