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The Retention of Reactor Products in the Oklo
Natural Fission Recactor

George A. Cowan

Within the past few years it has been clearly demonstrated that a
serics of natural fission reactors operated nearly 2 x ]09 years ago in
rich uranium orc deposits located in the Oklo mine in the southeast pairt
of the Republic of Gabon, West Africa.(l)(z) (3)(4) Four szparate- reacter
zones have been identified, all in the same part of the open-pit mine.

They operated over a period ~~ ~ ~* 600,000 years. During this time
15000 Mwy-ycars of cnergy w ~ 7+ .. at an average level of 25 KW.
Approximately six tons of U vre consumed, creating an equivalent

amount of fission products deposited directly in the ground. Nearly three
tons of Pu-z39 were created by neutron capture on 1-238 vhnich eventually
decayed quantitatively to U-235. Approximately one thousand tons of
uraniw: were involved in the rcaction zones.

I se zones were highly enriched lenses of uranium ore, averaging
over o4, in uranium content within an ore body of about 0.5% average con-
coentrztion. At the time of criticality the initial atomic ratio of the
fissionuhle U-235 isotope was 3%. The rich lenses were highly irregular
in form: bt tended to be tabular, about one meter thick, and several
hundreld square meters in area. lollowing initial deposition in fluvial
sediments and subsidence, the formation was tilted about 45° and faulted.
The rich ore zones then formed in structural traps and, presumably, achieved
criticality as soon as a high cnough uraniun concentration was reached in
the presence of the transporting and neutron-moderating medium, water.

The fact that nature and not man had designed the €irst terrestrial
fission reactor was, at least initially, surprising. Perhaps cven morc
surprising was the remarkable state of prescervation of the rcactor.
Ouantitstive and semi-quantitative analvses (or the various recctor
rodtct, Stowed Chat the majority o them haa beeit vatained. U was also
possible to demonstrate that the reactor zones had preserved their initial
goometrics, i.e., the ores had not wundergone physical or chemical mixing.
The arguwnents which support these conclusions are presented in detail in
the Proceedings of the Oklo Symposium and only the conclusions are



sumnarized herc. The degree of retention of the principal reactor products
is sumnarized in Table I.(S)

From microscopic and heay-ion stimulated ion-emission studics“’) 7
a jreat deal has been lcarned of tie compusition of the orc and the
location of the reactor products. Although the uranium outside the reactor
zones in low concentration ores is largely pitchblende, the mineral in the
highly enriched reaction zones is generally uraninite in the form of grains,
of the order of 40-200 ym in diameter, distributed in a phyllitic gangue
(chlorite plus illite). These analyses show that there is always associ-
ated with the uraninite grains some calcium, fluorine, sodium, titanium,
rare earth fission products, zirconium, ruthenium, palladiwn, yttrium,
lead, and thorium. In the gangue onc finds boron, 1ithiurn, potassium,
much of the radiogenic lead, buarium, strontium, and some of the fission
product zirconium and ruthenium. The ratio of U-235 to U-238 appears to
be constant in the uraninite grains. 7The fact that none of the U-235 is
curs.co tiwe grains leads to the conclusion that the large amounts of
Pu-23% {ommed by neutron capturc on U-238 decayed within the uraninite
grains o U-235.,

wiiltional analytical results are available from samples taken as
cleseln as every 2,5 cm in traverses across the reactor zones.(s) ) These
show gensrally consistent agrcement betwecen depletions in the U-235
abundance, neutron fluences evaluated from second-order ncutron capturc
effects in the rare carths, absolute rarc earth fission product concen-
trations, and uranium concentrations. Although in some traverscs there
is eviderce that a part of the uranium has been lost from regions ncar the
outside of the reactor zones (or that rare earth fission products have
been gained), in general the ratio of ncodymium to uranium has been
quantitatively preserved cven on a scale of centimeters. These observa-
tions arc consistent with the microscopic ohservations that the neodymium
Los Loy armbitatively vetained vithin the orighael nraninite grains.
Taken together, thev support the conclusion that there has been no
extensive ccochemical or geophysical nixing of the uraninite grains.,

The apparent stability of tle greins of uraninite demonstrated by
these observations secems particularly remarkable because oven rather small



chanyes in pH and 1., especially if accompanied by an increase in dissolved
carbonates, can leald to rapid oxidation and dissolution in the form of a
uranyl double carlrnate or, at least, to the formation of sccondary, oxidized
minerals of uranii. (10) The observed stability can not be attributed to
the abscnce of civosure of the ore to moving ground-water. The rcactor ore
was deposited by water and the neutron rcaction required water to achieve
criticality. The most soluble fission products have becen almost quantita-
tively removed o1 replaced.  Age measurements show that two-thirds of the
total radiogenic lead has been lost which means that exposure to water
occurred over a large part of the life of the ore-body or reoccurred in
relatively recent times. Accordingly, it appears cvident that water was
present but rust have been buffered within a narrow pll and Ch range.
Self-buffering of ground water, cven at rather shallow depths in a
reasonably large vol(xln_ﬁ of a given soil type, is probably the rule rather

than the exception. Thus, the Oklo observations support the conclusions

that, Jospite the extreme vulnerability of a mineral such as uraninite to
geocleniical attackh and dissolution, it can retain its integrity and
corposition to a remarhable degree over billions of years while immersed
in natril ground-water. fiven the variation in measurements within the
reactor ones, we estimate that the transport of uranium out of the
princijuil reactor zones averaged no more than 200 in the most affected
regions. This means that the fractional loss of uranium was no more thin
107! per vear. The hydrological and geological conditions which werc

respon=ihle for this degree of stability arc probubly not uncommon.
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TABLE 1. Migration of flission products and actinides in the "Zone 2" reactor
at the Oklo mine
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Migration Behavior

Measurable traces, 0.01 tc 1%
remaining

Measurable traces, less than 1%
remaining

Measurable traces, less thw: 10%
remaining

Small migration, most decayed in
place

Redistributed, mostly in place
Mostly retained

v 905 missing

Redistributed, nigrated as Tc

lLarge fraction retained, redistri-
buted

Most1ly retained

N 903 missing

Mostly retained

Mostly gone

Measgrz_lblc traces, 0.01 to 1%
rcmaining

Mgasgrablc traces (as Bu), mostly
missing

Obscured by natural but mostly gone
Very littlec migration

Redistributed, ~ 2/3 missing from
core

Mosthy retained

Mostly retained

o 23Y 238

N IPu separation from “U

Probably no major migration
some rudistribution, (scc text)
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