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ABSTRACT

The advent of oxygenic photosynthesis
changed Earth’s surface environment in
numerous ways, perhaps most notably
by making possible the evolution of
large and complex life-forms. Current
models suggest that organisms that can
perform oxygenic photosynthesis first
took hold in isolated marine and fresh-
water basins, producing local oxygen oa-
ses. Here we present calculations that
suggest that uranium deposits could
have formed at the margins of these ba-
sins due to the strong local reduction-
oxidation gradients. Because of the high
abundance of 235U at this time, these ura-
nium deposits could have formed wide-
spread, near-surface, critical natural
fission reactors. These natural reactors
would have represented point sources of
heat, ionizing radiation, and free radicals.
Additionally, they would have far-field
effects through the production of mobile
short- and long-lived radioactive daugh-
ter isotopes and toxic byproducts. It is
possible that these fission products pro-
vided a negative feedback, helping to
limit the proliferation of the cyanobacte-
ria in the Archean environment. Secular
decreases in the abundance of U in
turn decreased the probability of such
deposits forming critical fission reactors
during the early Proterozoic.

OXYGENATION OF EARTH’S
ATMOSPHERE

An oxygenated atmosphere is a pre-
requisite for the evolution of complex
life. On Earth, atmospheric oxygen is
produced through oxygenic photosyn-

thesis. It is widely, although not unani-
mously (e.g.,, Ohmoto et al., 20006),
accepted that oxygen levels in Earth’s at-
mosphere were very low throughout the
first ~2 Ga of Earth’s history (Fig. 1). Evi-
dence from paleosols for soil develop-
ment under reducing conditions and the
occurrence of clastic sediments contain-
ing minerals that are highly soluble un-
der oxic conditions, such as pyrite and
uraninite, suggest low atmospheric oxy-
gen before ca. 2.3 Ga (e.g., Rye and Hol-
land, 1998). Evidence for low atmospheric
oxygen before this time also comes from
the occurrence of A3S anomalies in sed-
iments older than ca. 2.4 Ga that are gen-
erally believed to originate through
photochemical reactions in an essentially
O,-free atmosphere (e.g., Farquhar et al.,
2000; Bekker et al., 2004; Domagal-Gold-
man et al., 2008). Despite this, there is
evidence that local oxygenated “oases”
existed prior to this time. For example,
the Pb-isotopic composition of some
>37 Ga metasediments suggests that
their protoliths had elevated primary U/
Th ratios (Rosing and Frei, 2004). This is
interpreted as indicating that oxidized,
and thus mobile, U was locally reduced
and hence accumulated in the sediment.
Additionally, local enrichment of Re and
Mo, two other redox sensitive elements,
in 2.5 Ga sediments suggests local oxygen
oases at this time (Anbar et al., 2007).
The suggestion that local oxygen oa-
ses existed prior to the widespread oxy-
genation of the atmosphere is consistent
with evidence that oxygenic photosyn-
thesis may have evolved very early in
Earth’s history (Fig. 1; see also Rasmus-
sen et al., 2008). Fossils resembling cya-
nobacteria have been documented in ca.
3.5 Ga cherts (Schopf, 1993), and 3.2 Ga
organic-rich, but pyrite-poor, sediments
are difficult to explain unless oxygenic
photosynthesis had evolved by this time
(Buick, 2008). Likewise, C-isotope evi-
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Figure 1. Estimated evolution of atmospheric oxy-
gen content over Earth'’s history (e.g., Rye and Hol-
land, 1998; Catling and Claire, 2005; Canfield,
2005; Holland, 2006). The likely timing of the evo-
lution of oxygenic photosynthesis, indicated by bar
A (Schopf, 1993) to B (Brocks et al., 1999) signifi-
cantly precedes the large increase in atmospheric
oxygen indicated by the end of mass-independent
S-isotope fractionation (C; Domagal-Goldman et
al., 2008). During this time, local oxygen oases may
have existed.

dence for organisms using RuBisCO-1
(the enzyme that catalyzes CO, fixation
during oxygenic photosynthesis), along-
side other geochemical evidence, sug-
gests that oxygenic photosynthesis had
evolved by 2.9 Ga (Nisbet et al., 2007).

The existence of oxygen oases prior to
widespread oxygenation of the atmo-
sphere is consistent with ideas about the
evolutionary transition from anoxygenic
to oxygenic photosynthesis, which is ap-
parently paradoxical as it requires an al-
ready somewhat oxidizing environment.
Oxidizing environmental conditions are
necessary to select for the biochemical
machinery capable of extracting elec-
trons from water and to develop the cel-
lular defenses to cope with acute oxygen
toxicity (McKay and Hartman, 1991,
Blankenship and Hartman, 1998). A mod-
el for the evolution of oxygenic photo-
synthesis that can address this paradox
involves an origin in isolated marine
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basins or terrestrial lakes where H,O,, produced photolytically
in the Archean atmosphere (Kasting et al., 1985), could act as
an oxidant (McKay and Hartman, 1991). H,O, rained out of the
atmosphere would have oxidized the common anoxygenic
electron donors (Fe?* and H,S) in the photic zone. Decreasing
availability of these electron donors would increase the selec-
tion pressure to use H,O as a reductant. The presence of H,O,
in surface waters facilitates the production of more aggressive
free radicals like OH- through the Fenton and similar reactions
(for example):

Fe** +H,0, < Fe + OH -+ OH .

The presence of such reactive oxygen species requires that
ancient phototrophs adapted biochemical strategies to cope
with oxidative stress even before the first molecule of biologi-
cally produced O, was released into the environment. This
model of H,O, induced oxidative stress prior to the emergence
of oxygenic photosynthesis provides the selective pressure to
extract electrons from water and equips the predecessors of
oxygenic photoautotrophs with the cellular machinery to cope
with reactive free O, (Blankenship and Hartman, 1998). If cor-
rect, biological O, production first took hold in isolated marine
and freshwater environments and must have established oxi-
dizing microenvironments bounded by strong local reduction-
oxidation gradients.

DELAYED OXYGENATION OF THE ATMOSPHERE

Evidence for the evolution of oxygenic photosynthesis and
the existence of oxygen oases prior to global oxygenation of
the atmosphere ca. 2.4 Ga raises the question of what delayed
the proliferation of oxygenic photoautotrophs and oxygenation
of the atmosphere. Numerous models have been proposed.
One class of model suggests that the sinks for photosyntheti-
cally produced oxygen decreased ca. 2.4 Ga. This requires that
the rate of volcanic and/or metamorphic release of reduced
gases, and/or the oxidation state of these gases, changed at this
time (Kasting et al., 1993; Kump et al., 2001; Holland, 2002;
Kump and Barley, 2007). However, there is little evidence for a
change in the oxidation state of Earth’s mantle over geological
time (Canil, 1997; Li and Lee, 2004), and the evidence for
changing rates of volcanism is ambiguous.

A second model suggests that if the Archean atmosphere had
been methane-rich, significant H could have been lost into space,
leading to irreversible oxidation of Earth’s surface (Catling et al.,
2001). There is uncertainty over whether the Archean atmosphere
was methane-rich (e.g., it is unclear how, under a CHy-rich atmo-
sphere, local oxidative environments could have existed as is
apparently required to provide the selection pressure allowing
oxygenic photoautotrophs to evolve). Additionally, hydrogen
loss depends on the temperature at the exobase, the height in the
atmosphere above which there are the negligible collisions be-
tween molecules and escape into space is possible, and it is cur-
rently unclear whether this temperature was high enough in the
Archean to allow H-escape rates much greater than modern val-
ues (Tian et al., 2005).

A further set of models suggests that Earth’s atmosphere may
have two stable states—oxygen-poor and oxygen-rich. This
may be because of nonlinear changes in the lifetime of oxygen
in the atmosphere as oxygen and, hence, ozone concentrations
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increase and provide a shield from ultraviolet radiation (Gold-
blatt et al., 2006). Alternatively, low O, and CO, concentrations
may be stable in a CHy-rich atmosphere and vice versa. In this
scenario, increased atmospheric O, levels under a CH,-rich at-
mosphere would have been inhibited by low CO, levels limit-
ing photosynthetic O, production and because reaction of O,
with CH; would decrease the greenhouse effect, potentially
inducing glaciation (Nisbet et al., 2007).

Finally, it has been proposed that links between the oxygen
and nitrogen cycles were responsible for the delay between
evolution of oxygenic photosynthesis and appearance of an
oxygen-rich atmosphere (Falkowski and Godfrey, 2008). In
this model, oxygen production by early oxygenic photoauto-
trophs led to oxidation of oceanic ammonium to nitrate fol-
lowed by denitrification of the oceans. Because fixed nitrogen
is an essential nutrient, a decrease in its availability in the
oceans would have acted as a negative feedback on the pro-
duction of oxygen.

Based on consideration of the geological setting where oxy-
genic photosynthesis likely emerged, we suggest an additional
factor that would have had a negative impact on the local en-
vironment of the earliest photoautotrophs. Natural fission reac-
tors may have formed at the margins of local oxygen oases, as
illustrated in Figure 2 and explored next.

THE GEOLOGICAL SETTING OF EARLY OXYGEN OASES
AND URANIUM MOBILITY

Under an anoxic Hadean and Archean atmosphere, uraninite
(UO,) weathered out of igneous and metamorphic parent
rocks was relatively insoluble and was transported to depocen-
ters. Due to its much greater density (~10 gcc™) than average
sedimentary detritus, uraninite will have tended to be hydrody-
namically separated from silicate minerals during transport and
deposition; this is the proposed origin of many Archean U de-
posits. Archean placer uraninite deposits can be highly concen-
trated, locally containing 0.5 wt% uraninite, or they can be of
lower grade but extremely widespread, extending many kilo-
meters laterally (Kimberley, 1978; Theis, 1978). Very early in
Earth’s history (~4.3 Gyr ago) the concentration of 23U may
have been high enough for these detrital uraninite deposits to
go critical, forming natural fission reactors (Adam, 2007). It is
unlikely however that detrital uraninite deposits were suffi-
ciently concentrated for natural reactors to form this way with-
in the mid- or late-Archean, largely due to the secular decrease
in the activity of 235U.

Because of the insolubility of uraninite during transport in
the Archean, the clastic sediments surrounding the isolated
basins in which oxygenic photosynthesis evolved must have
contained uraninite either dispersed within the sediments or
locally concentrated with other heavy minerals in placer de-
posits. Photosynthetically produced oxygen would lead to
local oxygenation of surface waters. Uraninite becomes high-
ly soluble in the presence of trace oxygen partial pressures
(Fig. 3) meaning that uraninite dissolution would occur, thus
mobilizing U from the sediments into solution. The rate of
uraninite dissolution depends on the pH, bicarbonate, and
oxygen concentration of the solution (Ono, 2001). The life-
time (#reiime) Of @ spherical uraninite grain can be determined
from (Lasaga, 1998):
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Figure 2. Cartoon showing a possible mechanism by which oxygenic pho-
tosynthesis could lead to formation of natural fission reactors. Uraninite
weathered out of igneous and metamorphic rocks is transported to isolated
basins and deposited in shallow water environments, providing a ready
source of U as soon as the waters become oxidizing. Photolytically pro-
duced H,0, rains out of the atmosphere and oxidizes the uppermost water
column, reducing the concentration of electron donors required by anoxy-
genic photosynthesizers such as H,S and Fe?*. This provides the selective
pressure required for the emergence of oxygenic photosynthesis due to the
abundance of H,O as an alternative electron donor. Once oxygenic photo-
synthesis evolves, this produces local enrichment in oxygen in the surface
water. This would mobilize uranium into solution (see Figs. 3 and 4), which
would be redeposited at the margins of the oxygen oasis. These uranium
deposits would have the potential to form natural reactors due to the high
concentration of 23°U in the Archean.

VAR

[]jfeu'me

where 7= grain radius, A = surface roughness (assumed = 10),
V = molar volume (uraninite = 27 cm®mol™), and R is the dis-
solution rate (mol m™2 sec™!) determined experimentally as a
function of pH, bicarbonate, and pO, (Ono, 200D).

R= (107‘),2 [H+]0.3‘) + 10710.2 [HCO%7]0.43 )pozn (3),

where the proton and bicarbonate concentrations are in mol L™
and pO, is relative to present atmospheric level (PAL). The order

6

T T T T T T T T T
=10 R
] -
U cd
Ul [ Wl B |
—_ {Hal q
o _ap i
&l
o o 1C0,); il
Lome 1
g -
L \ .
-5} \\"‘1 =
e ialite Ferrite-Mg
i |
o Uraninite 1
LICI -
.
70 gy i PR 'Y L L 1 c
o “ 10 12 14

pH

Figure 3. The stability fields of different U-species (red lines), shown as a
function of pH and fO, calculated assuming T = 70 °C, fCO, = 5 atm, and
modern seawater concentrations for the major ions. In modeling this phase
diagram, uranium activity of 10 nmol/L and Fe activity of 50 pmol/L were
used to reflect increased Fe solubility in the anoxic Archean ocean. The
stability fields of Fe-species is overlain (separated by blue lines), with the
stability fields of the minerals hematite, siderite, and Mg-ferrite shaded in
blue. Note the predicted mobility of U with increasing fO, while Fe, a po-
tential neutron absorber, remains in the solid phase for pH >5.8.

of the reaction with respect to oxygen (7) is uncertain (between
0 and 1), but the experimental study by Ono (2001) suggests an
order of n=0.27. Figure 4 shows that an idealized 200-pm-diameter
uraninite grain would completely dissolve in <10 ka at local par-
tial pressures of O, ~2% of PAL irrespective of atmospheric CO,
concentrations (i.e., uraninite dissolution is expected to have
been rapid in the surface water of oxygen oases).

Fluid flow out of the oxygen oases would act to trap the
mobilized U at the limits of the oxygenated zone due to the
insolubility of U#", potentially generating significant U accu-
mulations. This mechanism of uranium concentration through
the reduction of U%* to Ut at redox boundaries is the prin-
cipal way high-grade Proterozoic and Phanerozoic U depos-
its formed, demonstrating the efficiency of this process in
concentrating U. The dissolution of detrital uraninite, and its sub-
sequent reprecipitation upon reduction, will have purified the
uraninite, removing elements that act as potent neutron poisons
(e.g., rare earth elements [REEs]) within a natural reactor.

NATURAL REACTORS—GEOLOGICAL INSIGHTS FROM
OKLO AND BANGOMBE

In the Archean, the abundance of the fissile 255U isotope was
much higher than today and thus relatively small uranium de-
posits could potentially have gone critical (Fig. 5). The poten-
tial for U deposits to have formed natural reactors early in
Earth’s history was recognized by Kuroda back in 1956. Thirty
years after Enrico Fermi built a critical fission reactor in a
squash court in Chicago, it was discovered that nature had
achieved this phenomenon ~2 Ga earlier. This realization came
from the observation that uranium deposits at Oklo and Ban-
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Figure 4. Lifetime of a spherical uraninite grain (200 ym diameter) for differ-
ent partial pressures of oxygen relative to present atmospheric oxygen (PAL)
for various solution pH. Calculated according to Ono (2001) with ALK =
1.3 mM and an oxygen dependence of n = 0.27; pCO, is 1 times PAL for
pH = 8.3 and roughly 2200 times PAL for pH = 5.0.

gombé, separated by ~30 km but both within the Franceville
intracratonic basin in Gabon, are depleted in 25U relative to
28U and enriched in numerous isotopes produced by fission
reactions (e.g., Gauthier-Lafaye et al., 1996; Hidaka et al., 1999).

These uranium deposits, seventeen of which have been
shown to have acted as natural fission reactors, are hosted in
relatively unmetamorphosed fluviatile and deltaic sequences of
conglomerates and sandstones, some of which were deposited
in tidally influenced environments ca. 2150 Ga (Gauthier-
Lafeye and Weber, 2003). Some of the conglomerates contain
relatively high concentrations of U (and Th) in detrital phases.
This suggests that concentrations of heavy minerals, potentially
including uraninite, in these units may have been the source of
uranium for the natural reactors (Gauthier-Lafeye and Weber,
2003). Uranium was mobilized from these conglomerates by
post-deposition oxidized basinal fluids and subsequently re-
duced, and hence deposited, upon interaction with organic-
rich reduced fluids in structurally controlled “traps”
(Gauthier-Lafeye and Weber, 2003).

The cores of the natural reactors vary in size: One of the larg-
est and best studied is 12 m x 18 m x 0.2-0.5 m (“reactor 2”); a
smaller reactor at Bangombé is 5 m x 1 m X a few centimeters
(Gauthier-Lafeye and Weber, 2003). The cores of the reactors
currently have high uranium concentrations (20%-60%), but
self-sustaining fission is thought to have initiated when the ura-
nium concentration reached ~10%, and subsequent uranium
concentration occurred through the dissolution and removal of
quartz in hydrothermal fluids driven by the heat from the fis-
sion reactions (Gauthier-Lafeye and Weber, 2003).

The lifetime and energy budget of the Oklo reactors have
been estimated in a number of ways. Isotopic and modeling
studies suggest that the reactors operated for 2 x 10% to 2 x 105
years (Hidaka and Holliger, 1998) and produced ~5 x 1017 J
(Gauthier-Lafaye et al., 1996; Petrov et al., 2006). This is equiv-
alent to a steady-state power output of ~100 kW, although it is
unlikely heat output was steady. Instead, high energy produc-
tion likely led to the pore water, which acted as a moderator
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Figure 5. The critical mass of uranium needed to produce a natural fission re-
actor has changed over Earth’s history because the proportion of uranium that
is fissile 23°U has decreased dramatically. This is shown by the right-hand axis,
and exponentially decaying thin dashed line, that illustrate the relative propor-
tion of U that was fissogenic 23U as a function of time. The mass of U re-
quired for a natural reactor to go critical is shown as a function of age for dif-
ferent concentrations of uraninite in the reactor core (1-5 modal percentage
shown with solid lines) assuming a reactor comprised of quartz, uraninite, and
water. The thick dashed line shows the increase in the mass of U required
at any given time due to adding 10% ilmenite to the most uraninite-rich
reactor core (5%) because the Fe and Ti act as neutron poisons. Although
the exact mass of uranium required for a natural fission reactor depends on
poorly constrained compositional and geometric factors, it is clear that the
mass of uranium required during much of the Archean was very small
(<1000 kg, or ~0.1 m3) and then increased nearly exponentially as the abun-
dance of 23U decreased at some time around the Archean-Proterozoic
boundary. Comparison of the calculated mass of uranium required with the
mass observed in the Oklo reactors provides some ground-truth to the mod-
els. Input parameters for the calculations were € = 1.004 following Adam
(2007) (the exact value plays a secondary role in the calculations); for r, we
used the relationship between uranium concentration and resonance escape
probability derived by Adam (2007; his Fig. 2); see text for further details.

slowing neutrons, being driven out of the system, thereby
shutting down the reactors until they cooled and water could
replenish the pores (Meshik et al., 2004). As well as producing
energy and fissogenic isotopes, many with short half-lives, ra-
diolysis produced O,, H,, and H,O,, which are all observed in
fluid inclusions within the rocks surrounding the reactor cores
(Mathieu et al., 2001; Gauthier-Lafeye and Weber, 2003). The
exact reasons the reactors stopped operating are unknown, but
it is known that fissogenic light rare earth elements (LREEs),
which act as neutron poisons, were retained in uraninite, which
must have had a negative effect on fission reactions (Gauthier-
Lafaye et al., 19906).

The preservation, and near surface exposure, of any natural
reactors is remarkable and suggests that this was not an isolat-
ed incident. Archean uranium deposits formed near the surface
would have a low preservation potential in the rock record.
This is illustrated by the age distribution of epithermal Ag-Au
deposits. These have an average formation depth of ~0.5 km
and a modal age of only 3 Ma (Wilkinson and Kesler, 2007).
Modeling their age distribution suggests that <1% of all mineral
deposits formed at this depth over the Phanerozoic are ex-
posed at the surface today (Wilkinson and Kesler, 2007). Con-
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sidering the smaller portion of Earth’s surface covered with
Archean and early Proterozoic rocks, and the much greater
time since formation for erosion to destroy the deposits, the
preservation of the remains of any near-surface natural fission
reactor suggests that these might have been relatively common
in the late Archean and early Proterozoic.

NATURAL REACTORS—THEORETICAL
CONSIDERATIONS

A critical fission reactor requires that the number of fission-
inducing neutrons emitted per fission is =1. The mass of uranium
(*3U and #8U combined, ignoring minor isotopes) required for a
natural critical fission reactor has changed over Earth’s history as
the amount of fissile 23U has decreased dramatically (33U has a
half-life of ~707 Ma vs. ~4470 Ma for 23%U; Fig. 5). The mass of
uranium required for criticality can be calculated given estimates
of the shape and composition of uranium deposits, but to ex-
trapolate back through geological time, the changing abundances
of 23U and U due to radioactive decay (to form Pb) must be
accounted for. We followed the general approach described by
Adam (2007) and the DOE “nuclear physics and reactor theory”
handbook (1993), an approach that goes back to Fermi (1947), to
determine the mass of uranium required to form a natural reactor.
Because neither the composition nor shape of possible deposits
are known, we emphasize the relative change in mass of uranium
required over time rather than the absolute mass of uranium re-
quired at any given time.

Assuming a lens-like uranium deposit, we modeled the reactor
as a cylinder. For this geometry, the number of fission-inducing
neutrons released per fission (k) can be determined from the so-
called four-factor equation (numerator in Eq. 4) corrected for
leakage of neutrons from the margins of the cylinder (denomina-
tor in Eq. 4). The first two factors in the numerator of Equation 4
give the efficiency with which neutrons are thermalized (slowed),
and the latter two terms reflect the efficiency of thermal neutron
absorption in inducing further fission within the reactor:

__é&pin 4)
1+ B*M*

R H

where ¢ = the ratio of the total number of induced fissions to
the number of fissions induced by thermal (i.e., slow) neutrons
(~1 for an efficient reactor moderator); p = the probability of a
fast neutron not being absorbed by a 23U nucleus prior to
thermalization (i.e., during slowing); /= the ratio of the number
of thermal neutrons absorbed by uranium to the number of
thermal neutrons absorbed within the reactor, which depends
on the bulk composition; 1 = the ratio of the number of fast
neutrons produced by fission to the number of thermal neu-
trons absorbed by uranium; B = geometrical term dependent
on reactor shape—here a cylinder of height (/) and radius (R);
M = neutron migration length. Further details are given in
Adam (2007) and DOE (1993).

Figure 5 shows that the mass of U required to produce a
natural reactor during much of the Archean was small (<1000

and
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kg, or ~0.1 m3) and then increased nearly exponentially as the
abundance of 25U decreased at some time around the Archean-
Proterozoic boundary. The small masses of uranium needed
to form a natural fission reaction during the Archean supports
the suggestion that they were fairly widespread. The greatest
uncertainty in calculating the mass of uranium required to form
a natural reactor back through time comes from the lack of
constraint on the bulk composition of uranium deposits over
geological time (both mineralogy and water content). In com-
puting the curves shown in Figure 5, we assumed a very simple
system composed of quartz + water + uraninite * ilmenite.
High concentrations of neutron poisons, such as would be the
case for a system containing B- and REE-rich minerals, would
require more uranium for a given age. This is illustrated with
the example containing 10% ilmenite (both Fe and Ti have
neutron absorption cross sections approximately an order of
magnitude greater than the other major elements in Earth’s
crust [Si, Al, Ca, Mg] but still orders of magnitude smaller than
poisons such as B).

WERE NATURAL FISSION REACTORS IMPORTANT FOR
THE EARTH SYSTEM?

The preceding discussion suggests that natural fission reac-
tors may have been common at the margins of the oxygen
oases produced by early oxygenic photoautotrophs. During
this time, uraninite occurred as a detrital phase, providing a
ready source of U to surface waters as soon as they became
oxidized. A key question is whether the natural reactors would
have negatively impacted the proliferation of these photoauto-
trophs, potentially helping to explain the delayed oxygenation
of Earth’s atmosphere (Fig. 1).

Natural reactors act as point sources of heat, ionizing radia-
tion, short- and long-lived radioactive daughter isotopes, and
toxic byproducts. Reactors can thus have near- and far-field
negative effects on oxygenic photosynthesizers through desic-
cation, thermal sterilization, ionizing radiation, and toxicity.
Temperature reconstructions of the Archean suggest that early
oxygenic photosynthetic organisms were likely living near, or
at, their maximum allowable temperature (Lowe and Tice,
2007; Gaucher et al., 2008). Natural reactors in near-surface
sediments in shallow water would act to raise local water tem-
peratures. However, given that critical natural reactors were
likely moderated principally by water, their power output is
limited by the temperature and pressure of near-surface water
bodies and would have had typical power outputs in the kilo-
watt range (Draganic et al., 1983), which is insignificant on the
scale of a lake or isolated marine system. Ionizing radiation
doses in the krad h™' (~10s Gy h™1) range, significantly higher
than natural background levels of ~5 x 10~ Gy h~!, would be
produced in the core of small natural reactors. The co-location
of reactors with oxygen oases would increase the rates of ra-
diogenic DNA damage to early oxygenic photoautotrophs
through the strong modifying influence of molecular oxygen
on free radical production (Karam and Leslie, 1999; Karam et
al., 2001). While direct radiation from the core would be rap-
idly absorbed with distance, part of this energy would generate
potent free-radicals in local oxygenated waters. Perhaps the
most significant feedback on early oxygenic photoautotrophs
would be migration of short- and long-lived fissiogenic radio-
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nuclides from reactor cores to the environment. For a reactor
operating at 1 kW over 105-10° years, ~14% of product radio-
nuclides have half-lives greater than a year (Draganic et al.,
1983). Among these product atoms are elements that would
likely be fixed into local inorganic substrates or ultimately in-
corporated into organic matter (e.g., °Sr, 137Cs, 135Cs, and 1)
where they would serve as specific radiation sources for centu-
ries to millions of years. While the absolute dose rates might
have been low owing to dilution, the total amount of energy
liberated in the aquatic environment would be significant and
potentially concentrated in biological targets.

Natural fission reactors would clearly be environmentally
detrimental. That said, the abundance of uraninite in sediments
surrounding oxygen oases cannot have been high enough for
natural fission reactors to provide a globally distributed nega-
tive feedback on early oxygenic photosynthesic organisms
(i.e., at first sight it seems logical that oxygenic photoauto-
trophs would simply proliferate distal to the natural reactors).
This may have been the case. However, there are two plausible
scenarios in which natural reactors might have provided a sig-
nificant negative feedback on the proliferation of oxygenic
photoautotrophs: (1) if oxygenic photoautotrophs could only
survive under unusual conditions; or (2) if oxygenic photosyn-
thesis evolved in response to environment changes caused by
substantial detrital uraninite accumulations.

If the first oxygenic photoautotrophs evolved in unusual en-
vironments, they might have been unable to survive away from
these specialized environments and hence unable to migrate
away if natural fission reactors formed. For example, the avail-
ability of fixed nitrogen in the Archean was intimately tied to
the biological reduction of N, by the nitrogenase enzyme. Bio-
logical Ny-fixation has a high energy requirement (~16 ATPs
per N atom), which is met by coupling the process to the oxi-
dation of organic matter to supply chemical energy (Falkowski
and Godfrey, 2008). In Archean oxygen oases, an increased
supply of organic matter due to the efficiency of oxygenic pho-
tosynthesis and the increased energy yield of aerobic respira-
tion likely elevated local rates of nitrogen fixation and relaxed
nitrogen limitation of primary production. Increased nutrient
availability in the vicinity of natural reactors may have tied
early oxygenic photosynthesizers to these environments
despite the potential for increased rates of DNA mutagenesis.
The second scenario assumes that the oxidizing microenviron-
ments required to provide the selective pressure for oxygenic
photoautotrophs to evolve was produced by close proximity to
significant detrital accumulations. Radiolysis of water could oc-
cur due to non-critical 235U fission in detrital uraninite deposits
producing oxidants. If local oxidation of the surface environ-
ment in this way provided the selective pressure for the evolu-
tion of oxygenic photoautotrophs, then, by necessity, there
was abundant uraninite available in these locations and critical
fission reactors could readily have formed. In either of these
scenarios, it is possible, although not certain, that natural reac-
tors could have provided a (additional) negative feedback to
suppress the proliferation of the earliest photoautotrophs and
delay the oxidation of Earth’s surface.

The formation of natural reactors during the late Archean in
response to the formation of local oxygen oases is expected
based simply on the high abundance of 235U at this time and
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the redox sensitivity of U solubility. We conclude by noting
that irrespective of whether the formation of these natural
reactors had any significant biocidal impacts, the geological,
geochemical, and biological impacts of natural reactors dur-
ing this time period deserve further investigation. Because
near-surface natural reactors will generally have been eroded
away rapidly after formation, searching for them in the geo-
logical record is unlikely to prove fruitful. The hypothesis that
natural reactors were common in the Archean can be tested,
however, by determining the concentration of stable fisso-
genic nuclides in Archean sediments (or 23U depletion), al-
though this will require very high precision measurements.
The impact of near-surface natural reactors on the Archean
biosphere is more difficult to determine. Investigation of the
evolution of radiation tolerance in some bacteria (e.g., Deino-
coccus radiodurans and members of the cyanobacteria), for
which there is no other obvious terrestrial selective pressure
(Sghaier et al., 2007), may prove fruitful.
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