
OPEN-PIT MINING of the Oklo uranium 
deposit in Gabon revealed more 
than a dozen zones where nuclear 
fi ssion had once taken place. 
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Two billion years ago parts 
of an African uranium deposit 

spontaneously underwent 
nuclear fi ssion. The details 

of this remarkable phenomenon 
are just now becoming clear
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Gabon

200 kilometers

Okelobondo
Bangombe

He had been conducting a routine analy-
sis of uranium derived from a seemingly 
ordinary source of ore. As is the case 
with all natural uranium, the material 
under study contained three isotopes—

that is to say, three forms with differing 
atomic masses: uranium 238, the most 
abundant variety; uranium 234, the rar-
est; and uranium 235, the isotope that is 
coveted because it can sustain a nuclear 

chain reaction. Elsewhere in the earth’s 
crust, on the moon and even in meteor-
ites, uranium 235 atoms make up 0.720 
percent of the total. But in these samples, 
which came from the Oklo deposit in 
Gabon (a former French colony in west 
equatorial Africa), uranium 235 consti-
tuted just 0.717 percent. That tiny dis-
crepancy was enough to alert French 
scientists that something strange had 
happened. Further analyses showed that 
ore from at least one part of the mine 
was far short on uranium 235: some 200 
kilograms appeared to be missing—

enough to make half a dozen or so nucle-
ar bombs.

For weeks, specialists at the 
French Atomic Energy Commis-
sion (CEA) remained perplexed. 
The answer came only when 
someone recalled a prediction 
published 19 years earlier. In 
1953 George W. Wetherill of 
the University of California at 

Los Angeles and Mark G. Ingh-
ram of the University of Chicago 

pointed out that some uranium deposits 
might have once operated as natural ver-
sions of the nuclear fi ssion reactors that 
were then becoming popular. Shortly 
thereafter, Paul K. Kuroda, a chemist 
from the University of Arkansas, calcu-

lated what it would take for a uranium-
ore body spontaneously to undergo self-
sustained fi ssion. In this process, a stray 
neutron causes a uranium 235 nucleus to 
split, which gives off more neutrons, 
causing others of these atoms to break 
apart in a nuclear chain reaction.

Kuroda’s fi rst condition was that the 
size of the uranium deposit should exceed 
the average length that fi ssion-inducing 
neutrons travel, about two thirds of a 
meter. This requirement helps to ensure 
that the neutrons given off by one fi s-
sioning nucleus are absorbed by another 
before escaping from the uranium vein. 

A second prerequisite is that uranium 
235 must be present in suffi cient abun-
dance. Today even the most massive and 
concentrated uranium deposit cannot 
become a nuclear reactor, because the 
uranium 235 concentration, at less than 
1 percent, is just too low. But this isotope 
is radioactive and decays about six times 
faster than does uranium 238, which in-
dicates that the fi ssile fraction was much 
higher in the distant past. For example, 
two billion years ago (about when the 
Oklo deposit formed) uranium 235 must 
have constituted approximately 3 per-
cent, which is roughly the level provided 
artifi cially in the enriched uranium used 
to fuel most nuclear power stations.

The third important ingredient is a 
neutron “moderator,” a substance that 
can slow the neutrons given off when a 
uranium nucleus splits so that they are 
more apt to induce other uranium nuclei 
to break apart. Finally, there should be 
no signifi cant amounts of boron, lithium 
or other so-called poisons, which absorb 
neutrons and would thus bring any nu-
clear reaction to a swift halt.

Amazingly, the actual conditions 
that prevailed two billion years ago in 
what researchers eventually determined 
to be 16 separate areas within the Oklo 
and adjacent Okelobondo uranium 

■   Three decades ago French scientists discovered that parts of a uranium 
deposit then being mined in Gabon had long ago functioned as natural 
fi ssion reactors.

■   The author and two colleagues recently used measurements of xenon gas 
(a product of uranium fission) to deduce that one of these ancient reactors 
must have operated with a duty cycle of about half an hour on and at least 
two and a half hours off.

■   Perhaps further studies of xenon retained within minerals will reveal natural 
nuclear reactors elsewhere. But for the moment, the examples discovered in 
Gabon remain unique windows on possible changes in fundamental physical 
constants and on how buried nuclear waste migrates over time.

Overview/Fossil Reactors

In May 1972 a worker at a nuclear fuel–processing 
plant in France noticed something suspicious. 

NATUR AL FIS SION RE AC TORS have been found 
only in the African nation of Gabon, at the Oklo 
and adjacent Okelobondo uranium mines, and 
at a site named Bangombe, located some 
35 kilometers away.
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mines were very close to what Kuroda 
outlined. These zones were all identifi ed 
decades ago. But only recently did my 
colleagues and I fi nally clarify major de-
tails of what exactly went on inside one 
of those ancient reactors.

Proof in the Light Elements
ph ysicists confir med the basic 
idea that natural fi ssion reactions were 
responsible for the depletion in uranium 
235 at Oklo quite soon after the anoma-
lous uranium was discovered. Indisput-
able proof came from an examination of 
the new, lighter elements created when a 
heavy nucleus is broken in two. The 
abundance of these fission products 
proved so high that no other conclusion 
could be drawn. A nuclear chain reac-
tion very much like the one that Enrico 
Fermi and his colleagues famously dem-
onstrated in 1942 had certainly taken 
place, all on its own and some two bil-
lion years before.

Shortly after this astonishing discov-
ery, physicists from around the world 
studied the evidence for these natural 
nuclear reactors and came together to 
share their work on “the Oklo phenom-

enon” at a special 1975 conference held 
in Libreville, the capital of Gabon. The 
next year George A. Cowan, who repre-
sented the U.S. at that meeting (and who, 
incidentally, is one of the founders of the 
renowned Santa Fe Institute, where he is 
still affi liated), wrote an article for Sci-
entifi c American [see “A Natural Fission 
Reactor,” by George A. Cowan, July 
1976] in which he explained what scien-
tists had surmised about the operation of 
these ancient reactors.

Cowan described, for example, how 
some of the neutrons released during the 
fi ssion of uranium 235 were captured by 
the more abundant uranium 238, which 
became uranium 239 and, after emitting 
two electrons, turned into plutonium 

239. More than two tons of this pluto-
nium isotope were generated within the 
Oklo deposit. Although almost all this 
material, which has a 24,000-year half-
life, has since disappeared (primarily 
through natural radioactive decay), 
some of the plutonium itself underwent 
fi ssion, as attested by the presence of its 
characteristic fission products. The 
abundance of those lighter elements al-
lowed scientists to deduce that fi ssion 
reactions must have gone on for hun-
dreds of thousands of years. From the 
amount of uranium 235 consumed, they 
calculated the total energy released, 
15,000 megawatt-years, and from this 
and other evidence were able to work out 
the average power output, which was 

The Oklo reactors managed 
to maintain a modest power 
output for perhaps 
A FEW HUNDRED MILLENNIA.JE
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Released 
neutron

Moderator

Nuclear chain reactions 
begin when a single free 
neutron strikes the 
nucleus of a fi ssile atom, 
such as uranium 235 (upper left). 
That nucleus then splits, creating two 
smaller atoms and releasing other neutrons, 
which fl y off at great speed and must be 
slowed before they can induce other fi ssile 
nuclei to break apart. In the Oklo deposit, just 
as in today’s light-water nuclear reactors, the 
slowing agent, or “moderator,” was ordinary 
water. But the Oklo reactors differed from 
those built today in how they were regulated. 
Whereas nuclear power plants use neutron-
absorbing control rods, the Oklo reactors just 
heated up until the water boiled away.

235U

Fission
product

Fission
product

FISSION UP CLOSE
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probably less than 100 kilowatts—say, 
enough to run a few dozen toasters.

It is truly amazing that more than a 
dozen natural reactors spontaneously 
sprang into existence and that they man-
aged to maintain a modest power output 
for perhaps a few hundred millennia. 
Why is it that these parts of the deposit 
did not explode and destroy themselves 
right after nuclear chain reactions be-
gan? What mechanism provided the nec-
essary self-regulation? Did these reac-
tors run steadily or in fi ts and starts? The 
solutions to these puzzles emerged slow-
ly after initial discovery of the Oklo phe-

nomenon. Indeed, the last question lin-
gered for more than three decades before 
my colleagues and I at Washington Uni-
versity in St. Louis began to address it by 
examining a piece of this enigmatic Af-
rican ore.

Noble-Gas Epiphanies
ou r r ece n t wor k on one of the 
Oklo reactors centered on an analysis of 
xenon, a heavy inert gas, which can re-
main imprisoned within minerals for 
billions of years. Xenon possesses nine 
stable isotopes, produced in various pro-
portions by different nuclear processes. 

Being a noble gas, it resists chemical 
bonding with other elements and is thus 
easy to purify for isotopic analysis. Xe-
non is extremely rare, which allows sci-
entists to use it to detect and trace nucle-
ar reactions, even those that occurred in 
primitive meteorites before the solar sys-
tem came into existence.

To analyze the isotopic composition 
of xenon requires a mass spectrometer, 
an instrument that can separate atoms 
according to their atomic weight. I was 
fortunate to have access to an extremely 
accurate xenon mass spectrometer, one 
built by my Washington colleague 
Charles M. Hohenberg. But before using 
his apparatus, we had to extract the xe-
non from our sample. Scientists usually 
just heat the host material, often above 
the melting point, so that the rock loses 
its crystalline structure and cannot hold 
on to its hidden cache of xenon. To glean 
greater information about the genesis 
and retention of this gas, we adopted a 
more delicate approach called laser ex-
traction, which releases xenon selective-
ly from a single mineral grain, leaving 
adjacent areas intact.

We applied this technique to many 
tiny spots on our lone available fragment 
of Oklo rock, only one millimeter thick 
and four millimeters across. Of course, 
we fi rst needed to decide where exactly 
to aim the laser beam. Here Hohenberg 
and I relied on our colleague Olga Prav-
divtseva, who had constructed a detailed 
x-ray map of our sample and identifi ed 
the constituent minerals. After each ex-
traction, we purifi ed the resulting gas and 
passed the xenon into Hohenberg’s mass 
spectrometer, which indicated the num-
ber of atoms of each isotope present.

Our fi rst surprise was the location of 
the xenon. It was not, as we had expect-
ed, found to a signifi cant extent in the 
uranium-rich mineral grains. Rather the 
lion’s share was trapped in aluminum 
phosphate minerals, which contain no 
uranium at all. Remarkably, these grains 
showed the highest concentration of xe-
non ever found in any natural material. 
The second epiphany was that the ex-
tracted gas had a signifi cantly different 
isotopic makeup from what is usually 
produced in nuclear reactors. It had 

ALEX P. MESHIK began his study of physics at St. Petersburg State University in Russia. 
He obtained his Ph.D. at the Vernadsky Institute of the Russian Academy of Sciences in 
1988. His doctoral thesis was devoted to the geochemistry, geochronology and nuclear 
chemistry of the noble gases xenon and krypton. In 1996 Meshik joined the Laboratory 
for Space Sciences at Washington University in St. Louis, where he is currently studying, 
among other things, noble gases from the solar wind that were collected and returned 
to the earth by the Genesis spacecraft. 
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UR ANIUM 235 ATOMS constitute about 0.720 percent of natural uranium—almost universally. 
So when workers discovered that uranium taken from the Oklo mine contained little more than 
0.717 percent, they were justifi ably startled. This result indeed falls far outside the range found for 
other uranium ores (top). The explanation is that in the past the ratio of uranium 235 to uranium 238 
was much higher, as can be deduced from uranium 235’s much shorter half-life. That higher ratio made 
fi ssion possible, and fi ssion consumed much of the uranium 235. When the Oklo deposit formed 
1.8 billion years ago, the natural level of uranium 235 was about 3 percent—similar to what is now 
provided in many nuclear-reactor fuels. When the earth fi rst formed, some 4.6 billion years ago, the 
fi gure exceeded 20 percent, a level at which uranium would today be considered “weapons-usable.”
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seemingly lost a large portion of the xe-
non 136 and 134 that would certainly 
have been created from fi ssion, whereas 
the lighter varieties of the element were 
modifi ed to a lesser extent.

How could such a change in isotopic 
composition have come about? Chemi-
cal reactions would not do the trick, be-
cause all isotopes are chemically identi-
cal. Perhaps nuclear reactions, such as 
neutron capture? Careful analysis al-
lowed my colleagues and me to reject this 
possibility as well. We also considered 
the physical sorting of different isotopes 
that sometimes takes place: heavier at-
oms move a bit more slowly than their 
lighter counterparts and can thus some-
times separate from them. Uranium-
enrichment plants—industrial facilities 
that require considerable skill to con-
struct—take advantage of this property 
to produce reactor fuel. But even if na-
ture could miraculously create a similar 
process on a microscopic scale, the mix 
of xenon isotopes in the aluminum phos-
phate grains we studied would have been 
different from what we found. For ex-
ample, measured with respect to the 
amount of xenon 132 present, the deple-
tion of xenon 136 (being four atomic-
mass units heavier) would have been 
twice that of xenon 134 (two atomic mass 
units heavier) if physical sorting had op-
erated. We did not see that pattern.

Our understanding of the anoma-
lous composition of the xenon came only 
after we thought harder about how this 
gas was born. None of the xenon iso-
topes we measured were the direct result 
of uranium fi ssion. Rather they were the 
products of the decay of radioactive iso-
topes of iodine, which in turn were 
formed from radioactive tellurium and 
so forth, according to a well-known se-
quence of nuclear reactions that gives 
rise to stable xenon.

Our key insight was the realization 
that different xenon isotopes in our Oklo 
sample were created at different times—

following a schedule that depended on 
the half-lives of their iodine parents and 
tellurium grandparents. The longer a 
particular radioactive precursor lives, 
the longer xenon formation from it is 
held off. For example, production of xe-

non 136 began at Oklo only about a 
minute after the onset of self-sustained 
fi ssion. An hour later the next lighter 
stable isotope, xenon 134, appeared. 
Then, some days after the start of fi s-
sion, xenon 132 and 131 came on the 
scene. Finally, after millions of years, 
and well after the nuclear chain reactions 
terminated, xenon 129 formed.

Had the Oklo deposit remained a 
closed system, the xenon accumulated 
during operation of its natural reactors 
would have preserved the normal isoto-
pic composition produced by fi ssion. But 
scientists have no reason to think that 
the system was closed. Indeed, there is 
good cause to suspect the opposite. The 
evidence comes from a consideration of 
the simple fact that the Oklo reactors 
somehow regulated themselves. The 
most likely mechanism involves the ac-
tion of groundwater, which presumably 
boiled away after the temperature 
reached some critical level. Without wa-
ter present to act as a neutron modera-
tor, nuclear chain reactions would have 
temporarily ceased. Only after things 
cooled off and suffi cient groundwater 
once again permeated the zone of reac-
tion could fi ssion resume.

This picture of how the Oklo reac-
tors probably worked highlights two im-

portant points: very likely they pulsed 
on and off in some fashion, and large 
quantities of water must have been mov-
ing through these rocks—enough to 
wash away some of the xenon precur-
sors, tellurium and iodine, which are 
water-soluble. The presence of water 
also helps to explain why most of the xe-
non now resides in grains of aluminum 
phosphate rather than in the uranium-
rich minerals where fi ssion fi rst created 
these radioactive precursors. The xenon 
did not simply migrate from one set of 
preexisting minerals to another—it is 
unlikely that aluminum phosphate min-
erals were present before the Oklo reac-
tors began operating. Instead those 
grains of aluminum phosphate probably 
formed in place through the action of the 
nuclear-heated water, once it had cooled 
to about 300 degrees Celsius.

During each active period of opera-
tion of an Oklo reactor and for some 
time afterward, while the temperature 
remained high, much of the xenon gas 
(including xenon 136 and 134, which 
were generated relatively quickly) was 
driven off. When the reactor cooled 
down, the longer-lived xenon precursors 
(those that would later spawn xenon 
132, 131 and 129, which we found in 
relative abundance) were preferentially 

The Oklo reactors very 
likely PULSED ON AND OFF 
in some fashion.

XENON GA S extracted from aluminum phosphate minerals in an Oklo sample showed a curious 
isotopic composition (left). The pattern does not match what is expected from the fi ssion of 
uranium 235 (center), nor does it resemble the isotopic composition of atmospheric xenon (right). 
Notably, the amounts of xenon 131 and 132 are higher and the amounts of 134 and 136 are 
lower than would be expected from the fi ssion of uranium 235. Although these observations were 
at fi rst quite puzzling to the author, he later realized that they held the key to understanding 
the workings of this ancient nuclear reactor.
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incorporated into growing grains of alu-
minum phosphate. Then, as more water 
returned to the reaction zone, neutrons 
became properly moderated and fi ssion 
once again resumed, allowing the cycle 
of heating and cooling to repeat. The re-
sult was the peculiar segregation of xe-
non isotopes we uncovered. 

It is not entirely obvious what forces 
kept this xenon inside the aluminum 
phosphate minerals for almost half the 
planet’s lifetime. In particular, why was 
the xenon generated during a given op-
erational pulse not driven off during the 
next one? Presumably it became impris-
oned in the cagelike structure of the alu-
minum phosphate minerals, which were 
able to hold on to the xenon gas created 
within them, even at high temperatures. 
The details remain fuzzy, but whatever 
the fi nal answers are, one thing is clear: 
the capacity of aluminum phosphate for 
capturing xenon is truly amazing.

Nature’s Operating Schedule
a f t er my colle agues and I had 
worked out in a general way how the ob-
served set of xenon isotopes was created 
inside the aluminum phosphate grains, 
we attempted to model the process math-
ematically. This exercise revealed much 
about the timing of reactor operation, 
with all xenon isotopes providing pretty 
much the same answer. The Oklo reactor 
we studied had switched “on” for 30 min-
utes and “off” for at least 2.5 hours. The 
pattern is not unlike what one sees in 
some geysers, which slowly heat up, boil 
off their supply of groundwater in a 
spectacular display, refi ll, and repeat the 
cycle, day in and day out, year after year. 
This similarity supports the notion not 

only that groundwater passing through 
the Oklo deposit was a neutron modera-
tor but also that its boiling away at times 
accounted for the self-regulation that 
protected these natural reactors from 
destruction. In this regard, it was ex-
tremely effective, allowing not a single 
meltdown or explosion during hundreds 
of thousands of years.

One would imagine that engineers 

working in the nuclear power industry 
could learn a thing or two from Oklo. 
And they certainly can, though not nec-
essarily about reactor design. The more 
important lessons may be about how to 
handle nuclear waste. Oklo, after all, 
serves as a good analogue for a long-term 
geologic repository, which is why scien-
tists have examined in great detail how 
the various products of fi ssion have mi-
grated away from these natural reactors 
over time. They have also scrutinized a 
similar zone of ancient nuclear fi ssion 
found in exploratory boreholes drilled at 
a site called Bangombe, located some 35 
kilometers away. The Bangombe reactor 
is of special interest because it was more 
shallowly buried than those unearthed 
at the Oklo and Okelobondo mines and 
thus has had more water moving 
through it in recent times. In all, the ob-
servations boost confi dence that many 
kinds of dangerous nuclear waste can be 

XENON REVEALS CYCLIC OPERATION

The self-regulation was 
extremely effective, allowing 

NOT A SINGLE MELTDOWN 
or explosion during hundreds 

of thousands of years. JE
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Efforts to account 
for the isotopic 
composition of 
xenon at Oklo 
required a 
consideration of 
other elements as 
well. Iodine in 
particular drew 
attention because 
xenon arises from 
its radioactive 
decay. Modeling the 
creation of fi ssion 
products and their 
radioactive decay 
revealed that the 
peculiar isotopic 
composition of 
xenon resulted from 
the cyclic operation 
of the reactor. That 
cycle is depicted in 
the three panels at 
the right.
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132I
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134Xe
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131I
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Fission 
products
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1 Groundwater permeating the deposit acted as a moderator, 
allowing the fi ssion of uranium 235 to begin. The decay of 

certain radioactive fi ssion products quickly gave rise to xenon 134 
and 136, but these gas atoms had a tendency to be driven off by the 
rising heat of the reactor. The longer-lived xenon precursors iodine 
131 and 132 went into solution and were washed away about as 
swiftly as they were created.
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successfully sequestered underground.
Oklo also demonstrates a way to store 

some forms of nuclear waste that were 
once thought to be almost impossible to 
prevent from contaminating the environ-
ment. Since the advent of nuclear power 
generation, huge amounts of radioactive 
xenon 135, krypton 85 and other inert 
gases that nuclear plants generate have 
been released into the atmosphere. Na-
ture’s fi ssion reactors suggest the possibil-
ity of locking those waste products away 
in aluminum phosphate minerals, which 
have a unique ability to capture and re-
tain such gases for billions of years.

The Oklo reactors may also teach sci-
entists about possible shifts in what was 
formerly thought to be a fundamental 
physical constant, one called � (alpha), 
which controls such universal quantities 
as the speed of light [see “Inconstant 
Constants,” by John D. Barrow and John 
K. Webb; Scientifi c American, June]. 

For three decades, the two-billion-year-
old Oklo phenomenon has been used to 
argue against � having changed. But last 
year Steven K. Lamoreaux and Justin R. 
Torgerson of Los Alamos National Lab-
oratory drew on Oklo to posit that this 
“constant” has, in fact, varied signifi -
cantly (and, strangely enough, in the op-
posite sense from what others have re-
cently proposed). Lamoreaux and Tor -
ger son’s calculations hinge on certain 
details about how Oklo operated, and in 

that respect the work my colleagues and 
I have done might help elucidate this per-
plexing issue.

Were these ancient reactors in Ga-
bon the only ones ever to have formed on 
the earth? Two billion years ago the con-
ditions necessary for self-sustained fi s-
sion must not have been too rare, so per-
haps other natural reactors will one day 
be discovered. I expect that a few telltale 
wisps of xenon could aid immensely in 
this search.  
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2 About 30 minutes after nuclear fi ssion commenced, 
temperature reached the point where most of the groundwater 

boiled away, robbing the reactor of a moderator and shutting down 
fi ssion. Some iodine 131 and 132 atoms created in the previous 
half an hour were retained in the residual groundwater held 
between uranium mineral grains. With no fi ssion reactions to 
sustain it, the temperature of the deposit started gradually to fall. 

3 A few hours later temperature dropped suffi ciently to allow 
groundwater to return. Substances dissolved in the hot 

groundwater came out of solution, forming aluminum phosphate 
minerals that incorporated iodine 131 and 132—precursors for 
xenon 131 and 132. (These minerals also took in iodine 129, 
which gave rise to xenon 129 many millions of years later.) With 
a moderator again present, fi ssion recommenced.
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