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The Wetention of Reactor Products in the Oklo
Natural Vission Rcactor

George A. Cowan

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

They operated over a period ~~ ° =° 600,000 years. During this time
15000 Mw-ycars of cnergy w . **. ..d at an average level of 25 KW.
Approximatcely 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 U-238 wnich eventually
decayed quuntitatively to U-235. Approximately one thousand tons of
uraniw were involved in the reactiorn zones.

2w i zones were highly enriched lenses of uranium ore, averaging

“or 24, in uranium content within an orc body of about 0.5% average con-
centratica. At the time of criticality the initial atomic ratio of the
fissionzhle U-235 isotope was 3%. The rich lenses were highly irregular
in for: it tended to be tabular, about onc meter thick, and scveral
hundrel square meters in arca. lFollowing 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 ncutron-moderating medium, water.

The fact that nature and not man had designed the €irst terrestrial
fission reactor was, at lcast initially, surprising. Perhaps cven morce
surprising was the remarkable state of prescervation of the reactor.
Oiemtitstive and semi-quantitative analvses (or the varvions rerctor
crogteet, Awmesd Chat the wjority o them had boen ratained. T was also
possible to demonstrate that the reactor zones had preserved their initial
goometrics, i.c., the ores had not undergone physical or chemical mixing.
The arguments which support these conclusions are presented in detail in
the Proccadings of the Oklo Symposium and only the conclusions are



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

From microscopic and heavy-ion stimilated ion-emission studies(ﬁ) 7
a Jreat deal has been lcarned of tne compusition of the orc and the
location of the rcactor products. Although the uranium outside the reactor
zones in low concentration ores is largely pitchblende, the mineral in the
highly enriched rcaction 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, palladiws, yttrium,
lead, and thorium. In the gangue onc finds boron, lithiur, potassium,
much of the radiogenic lead, barium, strontium, and some of the fission
product rirconium and ruthenium. ‘The ratio of U-235 to U-238 appears to
be constunt in the uraninite grains. The fact that none of the U-235 is
curside Tine grains leads to the conclusion that the large amounts of
Pu-23% {ormed by neutron capture on U-238 decayed within the uraninite
grains o U-235.

willtional analytical results are available from samples taken as
clessly us every 2.5 cm in traverses across the reactor zones. (8)(9) These
show genzrally consistent agrcement betwecen depletions in the U-235
abundance, neutron fluences evaluated from second-order peutron capturc
eftfects in the rare carths, absolute rarc earth fission product concen-
trations, and uranium concentrations. Although in some traverses there
is eviderce that a part of the uranium has been lost from regions ncar the
outside of the rcactor zones (or that rare earth fission products have
been gained), in gencral the ratio of neodymium to uranium has been
quantitatively prescrved cven on a scale of centimeters. These observa-
tions arc consistent with the microscopic vhservations that the neodymium
Lo e i itativedy etaioad within the origianl npminite pmiue.
Taken together, theyv support the conclusion that there has been no
extensive geochemical or geophysical nixing of the uraninite grains,

The apparent stability of tle greias of uraninite demonstrated by
these observations seems particularly remarkable because cven rather small



chaiges in pl and 3., especially if accompanicd by an increase in dissolved
carbonates, cm leald to rapid oxidation and dissolution in the form of a
urinyl double carLenate or, at least, to the formation of secondary, oxidized
minerals of urani:ul. (10) The observed stability can not be attributed to
the absence of c:vosure of the ore to moving ground-water. The rcactor ore
was deposited by water and the nentron reaction required water to achicve
criticality. The most solublce fission products have been almost quantita-
tively removed o1 replaced. Age measiwements 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 pH and Eh range.
Self-buffering of ground water, cven at rather shallow depths in a
reasonubly large volure of a given soil type, is probably the rule rather

(11)

than the exception. ‘Thus, the Oklo observations support the conclusions
that, Josnite the extreme vulucrability of a mineral such as uraninite to
geocheiicnl attach and dissolution, it can retain its integrity and
corposition to a remarhable degrce over hillions of years while immerscd

in nasieil ground-water. fiven the variation in measurcments within the
reactor Cones, 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 thian

10 0 per vear. The hydrological and geological conditious which werc
respon=ihle for this degree of stability arc probably not uncommon.

References:

1. R. Bodu, Il. Bouzigues, N. Morin, and J. P. Pfiffciman, C. R. Acad.
Sci. (Paris) 275h (1972) 1731,

S0 Neni U, G Bassac, Co Prejacgees, G Niet o G Veidryes il WL

Ywuil, ibid, 1817,

3. The_Oklo Phenomenon, Proceedings of lnt. Atomic Inergy Agency Symposium
201, Libreville, Gabon, 23-27 Junce 1975, 650 p.
4. G. A. Cowan, Scientific American 235, (1970) 36,

-



(TR - - B B e}

10.

11.
12.

(37 ]
=~

-4 -

E. A. Bryant, G. A. Cowan, W. R. Danicls, and W. J. Micck, Actinides
in the Environment, A.C.S. Sviposium Scrics 35 (1976) 89.
J. Geffroy, The Oklo Phenomenon, ibid, 133.
A. Hivette, R. Naudet, and G. Slodzian, ibid, 463.
R. Naudet, C. Renson, ibid, 205.
G. A. Cowan, E. A. Bryant, W. R. hanicls, and W. J. Macck, ibid, 341.
R. M. Garrcls and C. L. Christ, Soluticns, Minerals, and Equilibria,
Frecman, Cooper, & Co. San Francisco, (1905) 254.
Ibid, 38C and 381.
G. Baudin, C. Blain, R. llagemann, M. Krcmer, M. lLucas, L. Merlivat,
R. Molina, G. Nicf, F. Prost Marcechal, F. Repnaud, and E. Roth, (. R.
Acad. Sci. (Paris) 275D (1972) 2291.
R. Naudet, et al, Bullctin of Scientific and Technical Infocrmation,
French CEA, No. 193 (1974) (AEC-TR-7604).
R. lazemann, . lucas, G. Nief, and Ii. Roth, EFarth Planct Sci. lett.
33 (1974) 170,
«. rrejacques, C. Blain, C. Ievillers, R. Hagemann, and J. C.
Ruffenach, The Oklo Phenomenon, ihid, 509,
w. .J. Mzeck, F. W. Spraktes, R. L. Tromp, and J. H. Keller, ibid, 319.
. G. Brookins, M. J. Lee¢, B. Mukhopadlhyay, and S. L. Bolivar, ibid,
01.
. R. Delaeter, and K. J. R. Rosman, ibid, 425.

C. Ruffenach, J. Menes, M. Lucas, R. lHagemann, and G. Nicf, ibid,

[ S S )

371.
J. C. Dran, M. Maurctte, J. C. Petit, R. Drozd, C. liohenberg, J. I.
Durand, C. Le Gressus, and D. Massignon, ibid, 234.

C. Devilliers, J. C. Ruffenach, .J. Menes, M. Lucas, R. Hagemann, and

G. Nicf, ibid, 293,
I Bassicre, .J. Cesario, D. Porpard, and R. Naudet, ibid, 385.



TABLE 1. Migration of flission products and actinides jin the "Zoue 2" reactor
at the Oklo minc

Elcment __Migration Behavior Refercnces

Kr Mecasurable traces, 0.01 tc 1% 12,13,15
remaining

Rbh Measurable traces, less than 1% 13,14,16,17
remiining

Sr Mecasurable traces, less thw: 10% 13,16,17
remaining

S)()Sr {Now 9021‘) Small migration, most decayed in 15,16
place

ir Redistributed, mostly in place 7,15,16

\b Mostly retained 13,15

Mo v 905 minsing 13,15.16

e Con ) Redistributed, migratud as Tc 15,16

Ru Large fraction retained, redistri- 13,15,16,19
buted

Pd, A2 Most1ly retained 13,15

Gl N 903 missing 13,18

Te Mostly retained 13,15

1 Mostly gone 13,15

Xc Measurable traces, 0.01 to 1% 13,15,16
remaining

Cs Measurablec traces (as Bu), mostly 13,15,17
missing

Ba Obscurced by natural but mostly gone 13,15,16

Ce, Nd, Sm, (xl Very little migration 9,13,15,16,19,22

nJ Redistributed, ~ 2/3 missing from 7,13,20,21
core

1= L ETT Al |

ey "’('i'-. s MostIv o relainged I )

S B3, Mo Mostly retained 9,15

"“U(zsgl’u) No 23py scparation from 238, 7.13

u Probably no mijor migration 9,13,15,22

some redistribution, (sce text)



