








tectonized, should be distinguished by starting before the others. The exploitation of
new zones and in particular that of the large sector of zone 10, which was begun in
1987 and should be continued for several years, could perhaps bring some answers to
these questions. This sector appears particularly interesting, and it is desirable that
one make here a minimum of investigations.

INTERMINGLING OF THE GEOLOGY AND THE PHYSICS

The "natural nuclear reactors" reveal the same physics then as those we know. The
laws have not changed over the two billion years [ref. 194] and the same methods of
calculation apply. If there is any distinction between them, it is through the
complicated history of the medium that they are part of, that one is obliged to take
into consideration and which, itself, is within the realm of geology. One would have
been able to note in this affair to what an extent the geology and the physics have

been intermingled.

Of course, from the beginning we knew that the nuclear phenomenon was squeezed
into a geologic episode, because it was necessary to concentrate the uranium and
fracture the rocks to make water come in here, but we could hope that after that the
reactions took place in a stable environment. The following should show that it was
nothing like that and that the nuclear reactions themselves have contributed to
completely modifying their environment. Still more astonishing, the desilicification of
the original sandstones, a consequence of the reactions, permitted their extension,
justifying in this way an idea so extraordinary that at the beginning we did not dare to
formulate it: "the reactors made themselves gradually".

We could further be astonished that it took so long to identify that important
upheaval. At that beginning we expected to find extraordinary effects, although the
hydrothermal phenomena were ordinary. The environment of the reactors seemed
"normal". It required minute observations to arrive at this conclusion and also much
reflection and calculation to analyze all the consequences of it on the functioning of
the reactors, and in particular to understand that the modes of compaction of the
terrain at the end of desilicification had played a major role.

It is effectively the variation of the volume offered to water, a fundamental parameter
for chain reaction, that for the most part conditioned the development of the reactors
in space as well as time. The temperatures, whose level came at each moment to
adjust in order to achieve compensation, also played a role by their distribution that
could generate extension of the reactions, or favor desilicification. From this came
the extreme complexity of the couplings that intervened to control and to propagate
the reactions, and which arise at the same time from physics and earth sciences. If
the calculations allowed us to clarify the mechanisms, only the numerous
observations of the terrain could furnish all the keys.

During one of the first meetings that followed the discovery of the phenomenon, at a
moment when we still had trouble believing in the reality of the chain reactions, and
when we wondered how the devil the reactors had been able to be controlled, P.
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Taranger, the director of Production at the time, had this word: "what if they had
been controlled by tectonics?" Everyone looked at each other, taken aback, not
daring to confess that they did not understand the meaning of that slightly
impenetrable quip. He, himself, at that time could not have known how right he was.

AN ENRICHING COLLABORATION

This interlayering of two disciplines that had not until this occasion been combined,
which gave then all the originality to this research, has naturally required very close
relations and constant discussions between reactor physicists and geologists, and this
unusual collaboration merits perhaps some comments.

It is useful first to emphasize not only the quality of the work done by the different
groups but also the friendly climate in which the discussions were held, especially
sustained by the geologists in Strasbourg, a climate that allowed this collaboration to
be passionate and fruitful. It is not enough to say that it was necessary to combine
the competence of each other; it was necessary at the same time to be a specialist in
reactors and geology, that each entered in a way the skin of the other to adopt their

language and way of thinking.

This was not easy, because the intellectual starting points are different, and there is
always a little lack of comprehension in the dialogue. Geology is not an exact
science; a collection of observations, each one of which is debatable, does not
necessarily constitute a completely convincing argument for a physicist. The latter is
a little annoyed also by the mania for description itself in the natural sciences (what
difference, he asks naively, is there between green, black, brown, or grey argilites?),
but it is because the geologist notes everything, even nonuseful differences in
appearance, that he discovers. From his side, the geologist is not left impressed by
calculations that appear to him to rest on results that are a little arbitrary, and he had
a hard time to admit that these could modify his own conclusions. It is not evident,
when one is not in the field, to appreciate how restricting it is to maintain a fission

chain reaction.

They each do not have the same scales of time and space. The specialist in reactors
does not have the habit of thinking in millions of years. The geologist, who reasons
on the scale of the Francevillian, reproaches him for keeping his eyes too tightly fixed
on these few cubic meters where the neutrons conducted their dance, and thus to lack
perspective. But the geologist himself, if he understands well hydrothermal
phenomena, recognizes that he isn't used to studying their effects for a heat source of
this dimension. Each must do some adaptation.

One of the grand moments of these discussions, sometimes rather lively, but always
enriching, was naturally the "brain storming” that accompanied the discovery of
desilicification. We explained in chapter 4 that this discovery was gradual, preceded
by a long maturation. The geologists hesitated to go to the end of their intuition, in
part because of the physicists, who were not groundless. The hypothesis final was
imposed when it became clear that even if it raised some problems, it also brought a
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lot of answers to very important questions. But everything wasn't settled by this.
The necessity to integrate all the consequences into the evolution of the nuclear
phenomenon required detailed examination of a whole range of questions, and this
gave rise to many controversies.

Another great theme of the discussions - more diffuse, but more durable - appeared
with the discovery of zones 7 to 9, which quickly revealed themselves to be
"troublesome". The principal question is to know if the differences are really
significant. The geologists, because they saw in the whole ore deposit a large variety
of sandstones, organic matter, and behavior of the terrain, tended to think that they
were not fundamental, and to judge that too much attention was paid to this "pocket -
handkerchief'. But the fact that these contained nuclear reactors that posed
absolutely constraining problems, and that could not be explained in the same manner
as those that were studied further north, is for the physicist a sufficient reason to take
an interest in what distinguishes them, and leads one to think that their history has
not been exactly the same. On this subject, as on many others, the discussions are
not finished and continue to feed friendly controversies.

A PASSIONATE INTELLECTUAL ADVENTURE

As we have been able to realize, the study of the Oklo phenomenon has known
numerous new developments. It is with a brief recalling of its events that we would

like to finish.

In its discovery, this phenomenon created a vague astonishment and very lively
curiosity. Those who lived through the first research projects, in particular the
identification of fission, are not about to forget the moments charged with enthusiasm
and sometimes intense emotion. After a long association with the subject, we are no
longer astonished that a chain reaction spontaneously appeared in a uranium ore body
and was controlled during a rather long time, but at the time, this seemed hard to
believe, nearly magical! The reconnaissance of the reactors in the terrain in which
they were found as so-called fossils, was itself full of unforeseen events. We
discovered without ceasing the prolongations with the new zones, each time different

and often disconcerting.

Very quickly the problem of representivity of the measurements arose. The beautiful
enthusiasm of the beginning had to give way to circumspection. If many of the
results were encouraging, others were disconcerting, as these "anticorrelations" that
we saw in the distributions, tied as we showed later to the partitioning of water, but
which could have been the result of mixing of uranium. Hardly had we put together
enough arguments to convince ourselves about the stability of the reactors, than we
found the remobilizations in the border regions. Didn't this put everything in
question? We convinced ourselves in the beginning that it was only recent alteration
(which was false, of course), and we were not yet too disturbed at the time of the
Libreville colloquium, where the delivery of the results was not free of a certain
flavor of triumph. "Isn't it marvelous, one said, that the isotopic analyses allow us to
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localize, to nearly the centimeter, the manner in which water circulated two billion
years ago!" We thought at that time that we understood nearly everything.

But the continuation of the work, and in particular the geologic study of the
exploitation of the reactor zones, led to a rapid cooling of that optimism. Everything
revealed itself to be more complicated than we believed: the importance of tectonic
effects, the existence of relatively high temperatures (that could have induced
convection currents), the evidence for significant geochemical movements, making us
doubt more and more the stability of the reactors. The results from studying the new
reactor zones restarted the so-called "Oklo mystery", and made there seem to be
mechanisms of propagation that seemed impossible to explain. The demonstration of
total desilicification of the C; sandstones delivered the final blow. We had to admit
that in reality nothing had been understood and that it was necessary to start again
from the beginning. At the time of the Paris symposium, that we had organized with
the ambition of presenting a final synthesis of all the studies, the crisis was just about
overcome, but it was necessary to admit that even if the harvest of results was
impressive, the objective had not been reached and that much remained to do.

It is interesting, with the passage of time, to cite a passage from the last paper from
that symposium [ref. 172], in which the author of this book [R. Naudet] concluded
with these words: "I spoke a little while ago about a "suspense novel". The Oklo
phenomenon was not sparing with its surprises to us. Who would have thought, only
six months ago, that nuclear reactions could have restructured a uranium ore deposit.
As we have progressed in this study, new problems keep coming up, and I think I
can say that in five years, our curiosity has not had the time to be blunted."

Certainly! Far from being discouraging, the progressive discovery of this complexity
was stimulating, and reinforced that interest in a study that without that would have
appeared "too pretty to be true”. But that came to last longer than five years!

Only three months, in fact, after those lines were written, zone 7 was discovered ...
and an avalanche of new problems with it. One of the disturbing subjects was that
we absolutely could not justify criticality. A different analog appeared for zones 3 to
5, before we discovered desilicification and the possibility of a start-up in
incompletely transformed sandstones. Was this not some new thing that had been
completely missed and that could once again put everything in question? We have to
admit in any case that these reactors that had perhaps functioned in the heart of a still
active petroleum deposit, were rather astonishing. One could jokingly say that nearly
all the types of industrial reactors were present at Oklo. After the water reactors -
pressurized, boiling, or subcritical - then we discovered reactors moderated by liquid

organics or graphite!

In parallel, while we had proof of significant upheavals, the neutronic study of SC36
continued unperturbed to bring arguments in favor of an environment that was nearly
perfectly stabilized, and we launched studies of propagation of the reactions to try to
explain this paradox. We showed that this could be explained by a very slow
progression toward the top. We exposed in chapter 13 those arguments that came,
one after the other, to make that solution unacceptable. It is not without some
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reticence that we finally recognized that the good solution was undoubtedly 180°
from that - that is to say that we must rather envisage a relatively rapid propagation
towards the bottom! Let us not dwell too long either on the difficult moments that
accompanied that thermal convection study for a computer novice who had the

audacity to attempt it.

During this time, the results of the geological study of the Gabon uranium ore bodies,
that was undertaken at Strasbourg in the form of a whole series of theses,
periodically came to restart the debate on the different phases of emplacement of the
uranium, on the manner in which the nuclear phenomenon was inserted there, and on
the chronology of the ensemble. As we said, the discussions begun fifteen years ago
have never ended, and they will not be closed. The new developments, moreover,
are undoubtedly not finished, because one continues to find new reactors. It is not
excluded that certain of these will have functioned under still different conditions.
The sectors recently put into production could bring new surprises.

This research was definitely a passionate intellectual adventure. And this even
though - or perhaps because - it was totally free. It must be recognized that, if this
mysterious phenomenon had everything to excite our curiosity, it was in the universe,
only an insignificant event. Even with much extrapolation, it concerned, in a past
that is beyond our scale, only disturbed portions of our planet, with derisory [very
small] consequences. On the other hand, we knew from the beginning that this study
could not teach us anything fundamental and that it would lead to no concrete
application. Was it not that the passionate aspect of these strange "fossils" was the
testimony of the tireless thirst for knowledge that is part of mankind, and its capacity

for wonder.
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