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ABSTRACT

The origins and near-surface distributions of the ~250 known uranium and/or thorium minerals 
elucidate principles of mineral evolution. This history can be divided into four phases. The first, 
from ~4.5 to 3.5 Ga, involved successive concentrations of uranium and thorium from their initial 
uniform trace distribution into magmatic-related fluids from which the first U4+ and Th4+ minerals, 
uraninite (ideally UO2), thorianite (ThO2), and coffinite (USiO4), precipitated in the crust. The second 
period, from ~3.5 to 2.2 Ga, saw the formation of large low-grade concentrations of detrital uraninite 
(containing several wt% Th) in the Witwatersrand-type quartz-pebble conglomerates deposited in a 
highly anoxic fluvial environment. Abiotic alteration of uraninite and coffinite, including radiolysis 
and auto-oxidation caused by radioactive decay and the formation of helium from alpha particles, may 
have resulted in the formation of a limited suite of uranyl oxide-hydroxides. 

Earth’s third phase of uranium mineral evolution, during which most known U minerals first precipi-
tated from reactions of soluble uranyl (U6+O2)2+ complexes, followed the Great Oxidation Event (GOE) 
at ~2.2 Ga and thus was mediated indirectly by biologic activity. Most uraninite deposited during this 
phase was low in Th and precipitated from saline and oxidizing hydrothermal solutions (100 to 300 
°C) transporting (UO2)2+-chloride complexes. Examples include the unconformity- and vein-type U 
deposits (Australia and Canada) and the unique Oklo natural nuclear reactors in Gabon. The onset of 
hydrothermal transport of (UO2)2+ complexes in the upper crust may reflect the availability of CaSO4-
bearing evaporites after the GOE. During this phase, most uranyl minerals would have been able to 
form in the O2-bearing near-surface environment for the first time through weathering processes. The 
fourth phase of uranium mineralization began ~400 million years ago, as the rise of land plants led to 
non-marine organic-rich sediments that promoted new sandstone-type ore deposits. 

The modes of accumulation and even the compositions of uraninite, as well as the multiple oxida-
tion states of U (4+, 5+, and 6+), are a sensitive indicator of global redox conditions. In contrast, the 
behavior of thorium, which has only a single oxidation state (4+) that has a very low solubility in the 
absence of aqueous F-complexes, cannot reflect changing redox conditions. Geochemical concentration 
of Th relative to U at high temperatures is therefore limited to special magmatic-related environments, 
where U4+ is preferentially removed by chloride or carbonate complexes, and at low temperatures by 
mineral surface reactions.

The near-surface mineralogy of uranium and thorium provide a measure of a planet’s geotectonic 
and geobiological history. In the absence of extensive magmatic-related fluid reworking of the crust 
and upper mantle, uranium and thorium will not become sufficiently concentrated to form their own 
minerals or ore deposits. Furthermore, in the absence of surface oxidation, all but a handful of the 
known uranium minerals are unlikely to have formed.
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INTRODUCTION

The mineralogy of terrestrial planets and moons has under-
gone sequential changes as physical, chemical, and biological 
processes modified the initially relatively homogeneous material 
of the nascent solar nebula into differentiated zones of varied 
temperature, pressure, and composition (Hazen et al. 2008). 
Earth’s 4.5 billion year history can be thus divided into 10 stages 
of mineral evolution (Table 1), each of which saw changes in 
the planet’s near-surface mineralogy. The pre-solar molecular 

cloud contained approximately a dozen micro- and nano-scale 
refractory minerals that represent the starting point of Earth’s 
mineral evolution. Gravitational clumping into a protoplanetary 
disk, star formation, and the resultant heating in the stellar nebula 
produced primary refractory constituents of chondritic meteorites 
with ~60 different mineral phases. Subsequent aqueous, thermal, 
and shock alteration of chondrites coupled with asteroidal accre-
tion and differentiation led to ~250 different minerals that are 
still found in unweathered meteorite samples. 

Following planetary accretion and differentiation, the initial 
mineral evolution of Earth’s crust depended on a sequence of 
geochemical and petrologic processes, including volcanism and * E-mail: rhazen@ciw.edu
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degassing, fractional crystallization, crystal settling, assimilation 
reactions, regional and contact metamorphism, plate tectonics, 
and associated large-scale fluid-rock interactions. These pro-
cesses produced the first continents with their associated near-
surface granitoids and pegmatites, hydrothermal ore deposits, 
high-pressure metamorphic terrains, evaporites, and zones of 
surface weathering, and resulted in an estimated 1500 different 
mineral species. According to some origin-of-life scenarios, a 
planet must progress through at least some of these stages of 
chemical processing as a prerequisite for life (Hazen 2005). 

Biological processes began to affect Earth’s mineralogy by 
the Eoarchean (~3.9 Ga; stage 6), when large-scale near-surface 
mineral deposits were precipitated under the influences of 
changing atmospheric and ocean chemistry. The Paleoprotero-
zoic “Great Oxidation Event” (~2.2 to 2.0 Ga; stage 7), when 
atmospheric oxygen may have risen to >1% of modern levels, 
and additional Neoproterozoic increases in atmospheric oxygen 
following at least two major glaciation events, ultimately gave 
rise to multicellular life and skeletal biomineralization and ir-
reversibly transformed Earth’s surface mineralogy (stages 9 and 
10). Biochemical processes may thus be responsible, directly or 
indirectly, for most of Earth’s ~4300 known mineral species.

The concept of mineral evolution places mineralogy in a 
dynamic historical context, in which different species arise 
at different stages of planetary history. However, the initial 
presentation of this framework by Hazen et al. (2008) did not 
examine any one group of minerals in detail. Here the objective 
is to elucidate principles of mineral evolution by focusing on 
the origin and near-surface distribution of ~250 known uranium 
and/or thorium minerals (Finch and Murakami 1999; Lauf 2008; 
http://rruff.info/ima/), which demonstrate rich and varied para-
geneses. The element uranium is particularly instructive in this 
regard for at least five reasons: (1) U is a trace element (~2 to 
3 ppm in Earth’s crust; Table 2) and thus it illustrates modes of 
element migration and concentration; (2) U occurs in two com-
mon valence states of contrasting behavior, 4+ and 6+, as well 
as the less common 5+ state (Burns and Finch 1999a; Schindler 
et al. 2009), and thus highlights the role of near-surface redox 
gradients in mineral diversification; (3) U is an element of con-
siderable technological importance and environmental concern, 
so physical properties, thermochemical parameters, and phase 
equilibria of uranium minerals, aqueous species, and surface 

species have been intensively studied (Frondel 1958; Garrels 
and Christ 1959; Langmuir 1978; Hemingway 1982; Vochten 
and Van Haverbeke 1990; Grenthe et al. 1992; Waite et al. 1994; 
Shock et al. 1997a; Burns and Finch 1999b; Bourdon et al. 2003; 
Guillaumont et al. 2003); (4) U mineralogy is modified both 
directly and indirectly through microbial and other biological 
activity, and thus underscores the mineralogical co-evolution 
of Earth’s geo- and biospheres (Suzuki and Banfield 1999); 
and (5) the neutronic properties of 235U are such that natural 
fission and associated neutron-capture reactions can lead to the 
addition of transuranium elements to crustal abundances [e.g., 
~3 metric tons (mT) of Pu at the Oklo natural reactors, 5 mT 
of Pu from atmospheric testing of nuclear weapons, and 1800 
mT of Pu from nuclear power reactors]. In addition, the gradual 
transition of U to radiogenic Pb in uranium minerals leads to a 
variety of intriguing and idiosyncratic alteration behaviors (Finch 
and Ewing 1992a). 

The story of thorium’s mineral evolution provides an instruc-
tive complement to that of uranium, because the elements are 
quite similar in the crystal chemistry of their relatively insoluble 
4+ valence states, but Th does not adopt the distinctive highly 
soluble 6+ valence state of U. In addition, Th4+ and U4+ in aque-
ous solution show significant differences in aqueous complexing: 
Th4+

(aq) is mobilized under much more restricted circumstances 
than U4+

(aq).
These two elements, U and Th, are a unique pair in the peri-

odic chart and of special importance to geoscientists. Uranium 
and thorium are the most massive two naturally occurring ele-
ments (not counting the extremely low contemporary crustal 
concentrations of a few of the other heavy elements, e.g., Pa and 
Pu), and the most abundant of the actinide series. The energy 
released by the radioactive decay of U and Th has driven Earth’s 
thermal evolution, resulting in Earth’s layered internal structure 
and the continued movement of plates across Earth’s surface. The 
radioactive decay of 238U, 235U, and 232Th also provides the rich 
array of radiogenic elements, such as radon, that occur in the 
three naturally occurring radioactive decay chains. The decay 

TABLE 1.  Ten stages of Earth’s mineral evolution, with possible tim-
ing and estimates of the cumulative number of different 
mineral species 

Stage Age (Ga) ~Cumulative no.  
  species
1. Primary chondrite minerals >4.56 Ga  60
2. Achondrite and planetesimal alteration >4.56 to 4.55 Ga 250
3. Igneous rock evolution 4.55 to 4.0 Ga 350 to 500*
4. Granite and pegmatite formation  4.0 to 3.5 Ga 1000
5. Plate tectonics >>3.0 Ga 1500
6. Anoxic biological world 3.9 to 2.5 Ga 1500
7. Great Oxidation Event 2.5 to 1.9 Ga  >4000
8. Intermediate ocean 1.9 to 1.0 Ga >4000
9. Snowball Earth events 1.0 to 0.542 Ga >4000
10. Phanerozoic era of biomineralization 0.542 Ga to present 4300+
Note: Note that the timings of some of these stages overlap, and several stages 
continue to the present (after Hazen et al. 2008).
 * Depending on the volatile content of the planet or moon. 

TABLE 2. Estimated U and Th content in different Earth reservoirs
Reservoir U (ppm) Th (ppm) References
CI carbonaceous chondrites 0.0074 0.02* Plant et al. (1999)
Eucrite meteorites 0.07 to 0.15 0.3 to 0.8 T. McCoy and L.  
    Nittler, pers. com.
Bulk silicate Earth 0.02 0.06* Plant et al. (1999);  
    Palme and O’Neill  
    (2003)
Crust 1 to 2.7 ~10 Taylor (1964); Plant 
    et al. (1999); Emsley 
    (1991)
MORB 0.05 to 0.15  ~0.15 to 0.45 Lundstrom (2003); 
    Workman and Hart 
    (2004)
OIB 1 3* Plant et al. (1999)
Granite 10 30 Plant et al. (1999)
High-grade ore deposits 104 to 105 104 Plant et al. (1999); 
    Deer et al. (1997)
Average seawater  3 ! 10–3 9 ! 10–6 Miyake et al. (1970); 
    Emsley (1991); Chen 
    and Wasserburg 
    (1986) 
Average river water   ~10–4  ~2.5 ! 10–4 Bertine et al. (1970); 
    Moore (1967); Win- 
    dom et al. (2000)
 *Estimated from known U concentration and average U:Th ~ 1:3.
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to stable isotopes of Pb provides the basis for geochronological 
measurements that added absolute dates to the geologic time scale 
at the beginning of the 20th century (Holmes 1911). The fields 
of fission-track dating (Wagner and Van den Haute 1992) and 
thermochronology (Reiners et al. 2005) depend on the nuclear 
processes of spontaneous fission and the formation of He by 
alpha-decay. Departures from secular equilibrium in the decay-
chains can be caused by a wide variety of geologic processes, 
and thus provide the foundation for the field of uranium-series 
geochemistry (Crisp 1984; Sleep 1990; Bourdon et al. 2003; 
Bourdon and Sims 2003; Turner et al. 2003). Uranium and 
thorium are the fundamental resource for nuclear power. 235U is 
fissile, 238U can be used to “breed” 239Pu that is fissile, and 232Th 
can be used to “breed” fissile 233U. The fate of these actinides and 
their fission products are central to the new field of environmental 
radiochemistry (Santschi and Honeyman 1989; Eisenbud and 
Gesell 1997) and the issue of expanded nuclear power and the 
proliferation of nuclear weapons.

We elaborate on the outline of Nash et al. (1981), who exam-
ined changes in the type and distribution of uranium ore deposits 
since the Archean. More than 220 different uranium minerals 
have been described, but uranium mineralogy is dominated volu-
metrically by uraninite (ideally UO2). Therefore, the history of 
uranium mineralization, including its diversification and distribu-
tion, is closely linked to ore deposits. In this review, observations 
of ore deposits over time provide one key to understanding U 
and Th mineral evolution.

Nash et al. (1981) and Cuney and Kyser (2009) propose that 
the evolution of uranium ore deposits on Earth can be divided 
into four principal phases. The first period, encompassing the 
Hadean and earlier Archean eons (~4.5 to 3.5 Ga), involved 
successive concentration of both U and Th from their initial 
uniform trace distribution to highly enriched magmatic fluids, 
where they were incorporated as minor elements in zircon (which 
can concentrate U relative to Th). Subsequent fluid enrichment 
led to the first uranium minerals, predominantly uraninite and 
coffinite (ideally USiO4). 

The second phase of U mineral evolution, from ~3.5 to 
2.2 Ga, saw the formation of detrital Th-bearing uraninite in 
Witwatersrand-type quartz-pebble conglomerates deposited in an 
anoxic surface environment. Abiotic alteration of uraninite and 
coffinite, including the remarkable process of “auto-oxidation” 
by which radioactive decay leads to the formation of daughter 
products, such as Pb, and the formation of He from alpha-
particles, may have resulted in the formation of a limited suite 
of uranyl oxide-hydroxides and other uranyl species. 

The third phase of uranium mineral evolution on Earth, dur-
ing which the great majority of uranium minerals first appeared, 
followed the Great Oxidation Event (GOE) at ~2.2 Ga and thus 
was indirectly caused by biological processes. This phase saw the 
deposition of low-Th uraninite from saline and oxidizing hydro-
thermal solutions (100 to 300 °C), which transported uranium in 
the 6+ oxidiation state as (UO2)2+ complexes. Examples include 
unconformity- and vein-type U deposits (Australia and Canada) 
and the unique Oklo natural nuclear reactors in Gabon. During 
this phase, most uranyl minerals would have been able to form 
through weathering processes in the O2-bearing near-surface 
environment. Subsequent changes in near-surface uranium 

mineralogy have been strongly influenced by microbial activity, 
both indirectly through changes in atmospheric chemistry, and 
directly through passive uranium sequestration and U-coupled 
redox metabolism. 

The rise of land plants ~400 million years ago led to a fourth 
phase of uranium mineral deposition, as low-temperature, oxy-
genated, U-rich near-surface waters precipitated uraninite and 
coffinite at reduction fronts in organic-rich continental sediments. 
The resulting sandstone-type ore deposits hold a significant 
fraction of known uranium reserves in the United States and 
Australia. The uranium deposits of the western United States 
are predominantly roll front deposits, whose distinctive curving 
shape is controlled by the movement of groundwater through 
coarse-grained sandstones. 

The modern period of “technogenic” nuclear evolution of U 
and Th, though not treated in detail here, represents a fifth and fi-
nal phase. The development of nuclear reactors for electric power 
generation (providing ~15% of the world’s electricity) relies 
on the use of fissile 235U. The production and testing of nuclear 
weapons (reaching a peak of more than 70 000 in the 1980s) re-
quires the enrichment of 235U or the production of 239Pu in nuclear 
reactors. Both of these activities have created new inventories of 
transuranium elements, such as plutonium (>1800 metric tons cre-
ated in nuclear reactors). The geochemical signature of enhanced 
crustal concentrations of fission product and transuranium ele-
ments created by nuclear reactions provides a clear record of the 
nuclear activities of the 20th century (Ewing 1999).

STELLAR SYNTHESIS OF THE HEAVY ELEMENTS

The most abundant elements in the universe are H and He, 
mostly formed during the first minutes of the Big Bang. During 
the subsequent formation of stars, nuclear processes lead to the 
formation of Fe, Ni, and other moderately heavy elements, but 
much heavier elements, such as 235U, 238U, and 232Th, are formed 
only in the span of a few seconds during the explosion of super-
novae, when the flux of free neutrons is greatest (Tolstikhin and 
Kramers 2008). The post-supernovae ratio of U to Th is similar 
to modern terrestrial abundances (Th is ~3× as abundant as U), 
but the combined abundance of these elements is 12 orders of 
magnitude less than hydrogen. Each of these nuclides is unstable 
and decays by spontaneous fission or radioactive decay along 
chains that form a series of daughter product elements by alpha- 
and beta-decay events. A fourth chain, headed by 237Np, has 
disappeared because of the relatively short half-life of 237Np (~2.1 
million years). Crustal abundances for Earth are greater than the 
cosmic abundances, reflecting the early chemical differentiation 
of these lithophile elements (Table 2). Uranium and thorium 
crustal concentrations are comparable to those of the rare earth 
elements and greater than those of Hg, Au, and Bi. 

PHASE I—URANIUM AND THORIUM CONCENTRATION 
(~4.5 TO 3.5 GA)

Uranium and thorium are trace elements, with estimated 
whole-Earth concentrations of >10 and ~30 ppb, respectively 
(Table 2). Therefore, before any U or Th minerals can form, the 
elements must be transported and concentrated locally by many 
orders of magnitude. The geochemistry of U and Th during Phase 
I was dominated by the 4+ oxidation state in magmas and in 
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aqueous solutions. For example, Figure 1 shows the conditions 
required for equal activities of representative aqueous U4+ and U6+ 
species in the system U-O-H (Shock et al. 1997a; Murphy and 
Shock 1999) at neutral pH values. The figures indicate that the 
uranium 4+ oxidation state should predominate in such solutions 
buffered by fayalite-magnetite-quartz (FMQ), pyrrhotite-pyrite-
magnetite (PPM), or magnetite-hematite (MH) at temperatures 
as high as 1000 °C. The more soluble U6+ might become impor-
tant only under relatively oxidizing conditions and preferential 
complexing relative to U4+. The solubility of thorianite can be 
expected to be similar to the low solubility of uraninite in the 
absence of complexing ligands.

The key to understanding uranium and thorium concentration 
mechanisms in this phase of Earth history lies in their crystal-
chemical and aqueous-solution behaviors. In its reduced 4+ 
valence state, uranium’s ionic radius is 0.89 and 1.00 Å (cor-
responding to U-O distances of ~2.25 and ~2.36 Å) in 6- and 
8-coordination, respectively. These values are similar to those of 
Th4+ (ionic radii 0.94 and 1.05 Å and Th-O distances ~2.30 and 
2.41 Å in 6- and 8-coordination, respectively), which explains 
the similar crystal chemistries of U4+ and Th4+. Uranium and 
thorium are highly incompatible in all common rock-forming 
silicates except for zircon (ZrSiO4), which can accommodate 
several weight percents of the isostructural coffinite (USiO4) 
or thorite (ThSiO4) end-members (Deer et al. 1997; Blundy and 
Wood 2003). The world’s oldest known zircon grains from the 
Jack Hills district in Western Australia have U and Th concentra-
tions of up to hundreds of parts per million with Th/U ratios as 
low as 0.59. In addition, U4+ and Th4+ may enter the structures of 
several phosphates, niobates, tantalates, and titanates, including 
minerals of the apatite, monazite, pyrochlore, samarskite, and 
columbite groups (Burns 1999; Finch and Murakami 1999), but 
these U- and Th-enriched phases must have been rare or non-
existent prior to the first formation of complex pegmatites in the 
Mesoarchean Era (London 2008).

A consequence of the distinctive crystal-chemical behavior 
of uranium and thorium, coupled with their trace chondritic 
abundance of <10 and <30 ppb, respectively, was that no dis-
crete U or Th minerals appear to have formed in any meteorites 
(mineral evolution stages 1 and 2; Table 1). Rather, U and Th 
are present in meteorites as widely dispersed elements, perhaps 
concentrating in interstitial regions (T. McCoy and L. Nittler, 
personal communications). 

Three mechanisms contributed to uranium and thorium 
mobility and segregation in primitive terrestrial planets and 
moons. First, U and Th were initially concentrated into low-
density, Si-rich melt phases and thus were fractionated into the 
crust, with enrichment factors of at least 100 compared with the 
mantle. This fractionation process is underscored by analyses 
of eucrites (basaltic meteorites), which are found to contain 70 
to 150 ppb U and 300 to 800 ppb Th (T. McCoy and L. Nittler, 
personal communications)—an order of magnitude enrichment 
compared with chondrites. Mid-ocean ridge basalts (MORB), 
similarly, are found to contain 50–150 ppb U and ~3× as much 
Th (Table 2). Thus, while igneous processes led to zircon grains 
significantly enriched in U and Th, planetary differentiation and 
the formation of a basaltic veneer appear to be inadequate to 
concentrate these elements sufficiently to promote the precipi-

tation of discrete mineral phases in which uranium or thorium 
are essential elements. We conclude that it is unlikely that any 
such minerals could have formed solely through the agencies 
of differentiation or igneous processes on volatile-poor worlds, 
such as the Moon or Mercury. Furthermore, it is unlikely that 
U and Th would be separated geochemically in the absence of 
the involvement of key aqueous complexes in the magmatic 
processes (Keppler and Wyllie 1990).

Magmatic hydrothermal activity provided a second mecha-
nism that further concentrated uranium and probably thorium 
during Earth’s first billion years, as well as enabling efficient 
geochemical separation of the two. Uraninite is highly insoluble 
as the U4+ species UO2(aq) in aqueous solutions with pH > 3 and 
at temperatures up to about 300 °C (Shock et al. 1997a). But U4+ 
dissolves readily at low pH (< ~4) in the presence of fluoride 
that forms soluble U4+-F complexes (Langmuir 1978) at 25 °C 
(Fig. 2). It can be expected that such complexes will be even 
more effective at elevated temperatures and moderate pressures 
and that similar considerations should apply to Th4+-F complexes 
(Keppler and Wylie 1990). Thus, reduced U and Th could have 
become enriched in Earth’s crustal residual fluids associated with 

FIGURE 1. Relative predominance fields for reduced and oxidized 
uranium in aqueous solutions in the system U-O-H (dashed lines) 
compared with the oxidation states defined by mineral buffers represented 
by the solid lines (after Shock et al. 1997a): (a) at 1 atmosphere and (b) 
at 0.2 GPa (2 kbar).



HAZEN ET AL.: EVOLUTION OF URANIUM AND THORIUM MINERALS 1297

granitization, especially alkaline and/or peraluminous granites 
formed by the partial melting of arkosic sediment wedges, and 
particularly if significant amounts of F were present. These gran-
ites commonly contain 10 ppm U, which is a factor of 100 greater 
than MORB (Table 2) and 30 ppm Th. Separation of U from Th 
under these circumstances can be expected to occur if chloride- or 
CO2-rich fluids become involved in magmatic processes because 
complexing of U4+ by chloride or carbonate is apparently much 
stronger than for Th4+ at elevated temperatures and pressures 
(Keppler and Wyllie 1990). The first uranium mineralization 
may have occurred when magmatic-derived fluids influenced 
by chloride and/or carbonate, instead of fluoride, mixed with 
cooler, neutral-pH meteoric water to precipitate uraninite (ide-
ally UO2, though see below). Whatever thorium remained should 
follow uranium under such situations, so that uraninite crystals 
precipitated from magmatic-related fluids typically contain 
significant quantities of Th, up to about 12 wt% ThO2 (Frondel 
1958; Finch and Murakami 1999), although clearly U has been 
greatly enriched in such systems relative to Th compared with 
crustal igneous source rocks (Fig. 3). 

A third important mechanism for uranium mineralization, 
which has led to the largest U ore deposits since the Paleopro-
terozoic Eon (<2.5 Ga), relies on U in the 6+ oxidation state. 
If near-surface U4+ becomes oxidized, for example through UV 
photo-oxidation, auto-oxidation, or near-surface oxidative weath-
ering, the resulting uranyl complexes are highly soluble. Uranyl 
minerals can then form directly at Earth’s surface by evaporation. 
Furthermore, if these uranyl-bearing solutions intersect a subsur-
face redox boundary where soluble U6+ is converted to insoluble 
U4+, then uraninite (or coffinite in the case of some environments 
with high SiO2 activity) will be deposited at the boundary. How-
ever, while this mechanism plays a central role in the formation 
of many post-Archean U ore bodies, no economic hydrothermal 
uranium deposits formed from (UO2)2+-bearing solutions are 
known from the Archean (Plant et al. 1999). Similarly, uranium-
enriched potassic sub-alkaline to alkaline granites, which may 
host complex pegmatites with uranium mineralization, do not 
appear until the Paleoproterozoic (London 2008).

One implication of these observations is that the necessary 
enrichment factor of at least 106 for U mineral precipitation 

required perhaps a billion years or more for extensive fluid 
reworking of the upper mantle and crust. Indeed, it is possible 
that the added hydrothermal vigor associated with plate tectonic 
processes was essential to foster sufficient fluid circulation to 
enrich the crust in radioactive elements, for example at spread-
ing centers in fractionated basalt and in hydrated mantle wedges 
above subduction zones. If so, then there may not be any sig-
nificant U mineralization on Mars or Venus. In any event, it 
seems likely that uranium mineralization did not first occur on 
Earth until at least stage 4 of mineral evolution, if not stage 5 
(Table 1). Consequently, theories for life’s origin that rely on 
significant concentration of radionuclides (e.g., Adam 2007) 
appear to be untenable.

A NOTE ON PLUTONIUM MINERAL EVOLUTION

Plutonium was not a geochemically significant element for 
most of Earth’s history. However, primordial 244Pu (half-life 
~82 million years) might have played a geochemical role during 
Earth’s first billion years. Turner et al. (2004) cite evidence for the 
presence of this extinct isotope at an estimated initial abundance 
244Pu/238U ~ 0.0066, based on measurements of zircons (4.2 to 
4.1 Ga) from Jack Hills, Australia. Pu4+ forms the oxide PuO2, 
which is isostructural with uraninite; thus, uraninite might have 
hosted trace amounts of plutonium on the early Earth. However, 
lacking an efficient concentration mechanism or sufficient time, 
no plutonium minerals are likely to have formed in Earth’s early 
history.

FIGURE 2. A plot of pH vs. uraninite solubility (from Langmuir 
1978) reveals that uraninite solubility increases by several orders of 
magnitude in acidic aqueous fluoride solutions. Such mobilization of 
U4+ complexes was a primary mechanism of U enrichment prior to the 
Great Oxidation Event. 

FIGURE 3. Uraninite crystal (1 cm in length) with feldspar from the 
Swamp Mine, Maine. Uraninite crystals precipitated from magmatic-
related fluids typically contain significant quantities of Th, up to about 
12 wt% ThO2, although U has been greatly enriched in such systems 
relative to Th compared with crustal igneous source rocks. Photo courtesy 
of Robert Lauf. Crystal is 1.5 cm tall.
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PHASE II—DETRITAL URANINITE ACCUMULATION 
AND ABIOTIC ALTERATION (~3.5 TO 2.2 GA)

The oldest known major accumulations of uranium are detrital 
uraninite grains concentrated in the Witwatersrand quartz-pebble 
conglomerates in South Africa. Uraninite occurs throughout the 
succession of siliciclastic sediments, which range in age from 
3.074 to 2.714 Ga in association with gold. Although the grade 
of the uranium ore is only about 300 ppm, these deposits may 
represent Earth’s largest uranium resource (Frimmel 2005). 
Occurrences of detrital uraninite grains are also found in Meso-
archean (3.2 to 2.8 Ga) sediments from the Australian Pilbara 
Craton and Indian Bhima Group, and in the Paleoproterozoic 
Canadian Blind River deposits (2.4 to 2.2 Ga). Ore deposits of 
detrital uraninite grains in fluvial sedimentary rocks are not found 
in younger successions. These examples indicate a worldwide 
occurrence of uraninite that must have eroded from preexisting 
U-bearing bodies into active stream environments during the 
period 3.2 to 2.7 Ga. Uraninite weathers relatively rapidly in an 
oxygen-rich atmosphere, so the fact that uraninite grains were 
transported in fluvial environments during this period has been 
cited as one of several lines of evidence for an essentially anoxic 
surface environment at that time (Grandstaff 1980; Holland 1984, 
1994; Fareeduddin 1990; Prasad and Roscoe 1996; Rasmussen 
and Buick 1999; England et al. 2002; Kumar and Srinivasan 
2002; Frimmel 2005).

The most thoroughly studied of the detrital uraninite deposits 
is the Witwatersrand succession (Frimmel 2005; Pretorius 1981; 
Frimmel and Minter 2002). Despite long-standing controversies 
over the relative importance of detrital sedimentary vs. hydro-
thermal processes in the origin of the uranium and the gold in 
these deposits, substantial evidence supports a modified placer 
origin (Frimmel 2005). Textural, isotopic, and compositional 
characteristics of the uraninite, gold, and pyrite in the deposits 
strongly point to original deposition as detrital grains along with 
the host siliciclastic sediments. These characteristics include 
rounded particles indicative of stream transport, isotopic dating 
indicating ages older than the sedimentary host rocks, and in the 
case of the rounded uraninite grains a great variation in the Th/U 
ratios with average values of 3.9 wt% Th, indicating a variety 
of sedimentary provenances and granitic to pegmatitic source 
rocks (Frimmel 2005). In contrast, hydrothermal uraninite could 
be expected to have uniformly low Th concentrations (Finch and 
Murakami 1999). Hydrothermal alteration and metamorphism 
have undoubtedly affected the Witwatersrand succession and the 
distribution of uraninite, gold, and pyrite, but these effects can be 
interpreted as superimposed on the placer deposits. It is interest-
ing to note that detrital pyrite and uraninite, as well as siderite, 
have also been described in Archean fluvial sedimentary rocks in 
the Pilbara, which do not contain ore deposits and have not been 
subject to hydrothermal alteration or as much metamorphism as 
the Witwatersrand rocks (Rasmussen and Buick 1999).

It therefore appears that important characteristics of this 
second phase of uranium and thorium mineral evolution are 
the widespread occurrences of detrital uraninite and the Th-rich 
composition of the uraninite. Consequently, the major mecha-
nism for concentration of U and Th during this phase involves 
weathering of preexisting uraninite of granitic or pegmatitic ori-

gin and transport and deposition in siliciclastic sediments under 
anoxic near-surface conditions. Near-surface redox conditions 
during the Archean remain uncertain (Catling and Claire 2005). 
However, if it is accepted that uraninite did not weather under 
near-surface conditions because there was no thermodynamic 
driving force, then thermochemical data may be used to place 
constraints on these conditions. For example, we used thermo-
dynamic data from Shock et al. (1997a, 1997b), Chen et al. 
(1999), and Finch and Murakami (1999) to calculate logfO2-pH 
diagrams at 25 °C and 1 bar illustrating the conditions under 
which uraninite would either dissolve to (UO2)2+

(aq) or be altered 
to uranyl minerals (Fig. 4). More recent calorimetric and solu-
bility studies (Kubatko et al. 2005, 2006; Gorman-Lewis 2007) 
will permit consideration of additional uranyl minerals when 
entropies as well as enthalpies are measured experimentally. As 
emphasized by Finch and Murakami (1999), the uncertainties 
in the standard Gibbs free energies of the uranyl minerals are 
likely to be substantial. However, the diagrams consistently show 
that there is no thermodynamic driving force for the alteration 
of uraninite for fO2 values less than about 10–45 bars at 25 °C. It 
should be noted that if aqueous complexing of (UO2)2+

(aq) takes 
place, the stability field of (UO2)2+

(aq) would expand relative to the 
minerals. Consequently, the fO2 upper limit for uraninite stability 
could be less than 10–45 bars. Although very low, such values 
are in fact consistent with the persistence of detrital pyrite and 
siderite in rocks of this period (Lee et al. 2008). Similarly, the 
lack of mobility of U, and limited mobility of Mo and Re, during 
weathering processes in the source region for the 2.5 Ga Mount 
McRae Shale from Western Australia (Anbar et al. 2007) is also 
consistent with redox-pH conditions in the uraninite field and 
the aqueous molybdate and rhenate fields (Fig. 5).

Despite the apparent stability of uraninite under near-surface 
conditions, some diversification of uranium mineralogy probably 
occurred as early as the Mesoarchean Era. For example, the U4+ 
minerals coffinite and brannerite [(U,Ca,Ce)(Ti,Fe)2O6], which 
are also present in Archean ore bodies, would have formed as 
a consequence of the reaction of hot reducing fluids with UO2 
(Nash et al. 1981; Smits 1989; Dahlkamp 1993; Fayek and Kyser 
1997; Cuney and Kyser 2009). It is also likely that a limited 
suite of uranyl (U6+) minerals formed in spite of the absence of 
an oxidizing environment as a consequence of gradual oxida-
tive alteration of uraninite through the radiogenic production of 
helium nuclei (alpha particles) and conversion of uranium to 
lead—a process known as “auto-oxidation.” 
Uraninite auto-oxidation

238U, which now constitutes 99.3% of U isotopes, undergoes 
radioactive decay with a half-life of 4.46 × 109 years. The ulti-
mate stable decay product, after a chain of more than a dozen 
intermediate steps, is 206Pb (Bourdon et al. 2003). Thus, uraninite 
steadily accumulates Pb—ultimately, as much as 20 atom percent 
replacing U. Lead is incompatible with uraninite’s fluorite-type 
structure (Janeczek and Ewing 1995), so this gradual chemical 
change leads to at least five types of alteration. These and other 
uraninite alteration mechanisms have been studied extensively 
because UO2 is a principal component of nuclear fuel rods and 
its alteration is a principal concern in the handling of spent 
nuclear fuel.
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The first of these alteration mechanisms occurs when uranium 
decays to lead. If U4+ decays to Pb2+, then charge compensation 
is achieved primarily by U4+ oxidizing to U6+ (Frondel 1958). 
This process initially changes the composition of the uraninite 
from the ideal UO2 fluorite-structure end-member to [(U4+

1–x–z–v 

U6+
xM2+

zv4–
v)O2+x–z–2v], where v indicates metal site vacancies. The 

flexibility of the fluorite crystal structure allows UO2 to accom-
modate these changes as U4+ is oxidized, up to a composition 
approximating UO2.25. 

An alternative auto-oxidation mechanism is suggested by the 
work of Kramers et al. (2009), who argue that radiogenic lead 
in zircon is tetravalent. They point to several lines of evidence, 
including anomalously slow Pb diffusion rates, incompatible 

Pb2+ crystal chemistry, and XANES spectra. This conclusion is 
further supported by the work of Utsunomiya et al. (2004), who 
observe that some Pb substitutes for Zr in the zircon structure. 
It is intriguing to speculate whether subsequent reduction of 
radiogenic Pb4+ to Pb2+ in zircon or other U-bearing mineral 
might be accompanied by auto-oxidation of U4+ to U6+ post-
radioactive decay, and thus uranium oxidation is not necessarily 
synchronous with decay.

A second alteration mechanism becomes significant at ura-
ninite compositions more oxidized than UO2.25, where the fluorite 
structure cannot accommodate the added U6+. The excess U6+ may 
become aqueous uranyl (U6+O2)2+ ions, which promote uranyl 
oxyhydroxide minerals that initially can form an alteration rind 

FIGURE 4. Calculated log fO2-pH diagrams illustrating the stability of uraninite (UO2, cr) relative to a variety of uranyl minerals at 25 °C and 1 
bar. The solubilities of the minerals are expressed relative to an aqueous activity for (UO2)2+

(aq) of 10–6. Aqueous complexing of (UO2)2+
(aq) (for example, 

with carbonate or phosphate) could significantly expand the field of (UO2)2+
(aq) relative to the minerals. Calculations are based on data of Shock et 

al. (1997a, 1997b), Chen et al. (1999), and Finch and Murakami (1999). 

a b

c d
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on the uraninite (Fig. 6), even in the absence of an oxic environ-
ment. These earliest U6+ uraninite alteration minerals include 
the mixed-valence mineral ianthinite [U2

4+(U6+O2)4O6·9H2O], as 
well as schoepite [(UO2)8O2(OH)12·12H2O], and becquerelite 
[Ca(UO2)6O4(OH)6·8H2O] (Finch and Ewing 1992b; Finch 1994; 
Finch and Murakami 1999). 

A third uraninite alteration mechanism occurs in conjunction 
with the radiogenic production of Pb2+, which is incompatible 
at concentrations greater than a few percent in the uraninite 
structure (Janeczek and Ewing 1995). If sulfur activity is high 
enough, then galena (PbS) will form and the volume of uranin-
ite may decrease without any U6+ going into solution (Finch 
and Murakami 1999). In the absence of sufficient S, however, 
uraninite may exsolve into Pb-rich and Pb-poor domains. In ad-
dition, lead production coupled with auto-oxidation may lead to 
the formation of several new Pb-uranyl secondary minerals (Fig. 
7), including vandendriesscheite [Pb1.6(UO2)10O6(OH)11·11H2O], 
fourmarierite [Pb1–xO3–2x(UO2)4(OH)4+2x·4H2O], and kasolite 
[Pb(UO2)SiO4·H2O], which replaces sklowdowskite as Pb con-
tent increases (Finch and Ewing 1992a; Isobe et al. 1992). This 
process of Pb-U-mineral formation may be enhanced by pref-
erential removal of U6+ compared with Pb2+ at mineral surfaces 
by groundwaters, which results in rinds of Pb-rich minerals. 
Thus Pb-rich uranyl oxy-hydroxides may form without high 
concentrations of dissolved Pb (Frondel 1958; Finch and Ewing 
1992a, 1992b; Finch and Murakami 1999). 

In some rare instances a fourth alteration mechanism occurs. 
It is possible to form uranyl peroxides, such as studtite [(UO2)2O2 

(H2O)2·2H2O] and metastudtite [(UO2)O2(H2O)2], due to the 
radiolysis of thin films of water and the formation of hydrogen 
peroxide at the surface (Kubatko et al. 2003).

A fifth alteration mechanism that imposes a unique influence 
on all uranium and thorium minerals stems from long-term ac-
cumulation of damage caused by α-decay events. The aperiodic 
structure that results from radiation damage is known as the 
metamict state (Hoffmann 1987). Zircon often suffers from 
radiation damage caused by even low concentrations of U and 
Th; hence, zircon has figured most prominently in studies of 
the metamict state (Ewing et al. 2003; Utsunomiya et al. 2007). 
The widespread distribution of zircon in the continental crust, its 
tendency to concentrate trace elements (particularly lanthanides 
and actinides), its use in age-dating, and its resistance to chemical 
and physical degradation have made zircon the most important 
accessory mineral in geologic studies—providing one of the 
most precise views of Earth’s evolution from its earliest period 
(Harley and Kelly 2007). 

Although the concentrations of uranium and thorium in zir-
con are generally less than about 5000 ppm (Deer et al. 1997), 
some zircon crystals are of great age (the oldest dated zircon 
grains are >4 Ga) and, thus, have calculated doses of >1019 
α-decay events per gram, well beyond the dose required for the 
radiation-induced transformation to the metamict state. In an 
α-decay event, the α-particle dissipates most of its energy (4.0 
to 6.0 MeV for actinides) by ionization processes over a range 
of 10 to 20 µm, but undergoes enough elastic collisions along 
its path to produce several hundred isolated atomic displace-
ments. The largest number of displacements occurs near the 
end of the α-particle trajectory. The more massive, but lower 
energy, α-recoil (70 keV 234Th-recoil from decay of 238U) dis-
sipates nearly all of its energy in elastic collisions over only 30 
to 40 nm, transferring enough kinetic energy to cause ~2000 

FIGURE 5. The Archean environment was highly reducing, 
characterized by the predominance of H2S ≈ SO4

2–, Fe2+ » Fe3+, Mo4+ » 
Mo6+, and Re4+ » Re7+, as well as the presence of atmospheric H2 and 
the transportation of detrital ferroan carbonates (Rasmussen and Buick 
1999; Catling and Claire 2005; Sverjensky and Hazen, in prep.). All of 
these redox couples imply an effective oxygen fugacity at intermediate 
pH significantly lower than the U4+/U6+ equilibrium. We conclude that 
few of the more than 200 known uranyl minerals could have formed 
prior to the Great Oxidation Event. Calculations are based on data in 
Mills (1974) and Shock et al. (1997a, 1997b).

FIGURE 6. Uranyl oxyhydroxide minerals commonly form an alteration 
rind on the uraninite. Here, yellow schoepite [(UO2)8O2(OH)12·12H2O] 
forms pseudomorphs after acicular ianthinite [U2

4+(U6+O2)4O6·9H2O] 
crystals (from Shinkolobwe, Congo). Photo courtesy of Robert Lauf. 
Field of view is 6 mm wide.
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atomic displacements according to calculations (Weber 1993; 
Devanathan et al. 2006). This process creates a cascade of atomic 
collisions in which the total energy can be as much as 1 eV per 
atom, and whose structure and evolution can only be modeled 
by computer simulations. The cascade duration is extremely 
short (<10–12 s), after which displacements by elastic interac-
tions cease and the cascade gradually loses energy as it cools 
to ambient temperature, typically “quenching” in picoseconds. 
During this cooling phase, relaxation and diffusion reduce the 
number of displaced atoms in the cascade and the final damage 
state consists of a small low-density core surrounded by a halo 
of interstitials (Devanathan and Weber 2008). 

The 238U and 232Th decay chains have eight and six α-decay 
events, respectively. Because of the large number of atomic 
displacements during an α-decay event, the accumulation and 
overlap of the individual cascades, as well as the presence of still 
crystalline but highly strained domains, has a profound effect on 
the structure and properties of the damaged solid. Zircon may 
experience a dramatic decrease in density (17%), a decrease in 
birefringence until isotropic, a decrease in the elastic moduli 
(69%), a decrease in hardness (40%), an increase in fracture 
toughness, and an increase in dissolution rate of one to two orders 
of magnitude. Over extended time, the final damage-induced 
microstructure is both time and temperature dependent because of 
annealing and recrystallization of damaged and strained domains. 
Radiation damage effects also occur in other minerals, including 
apatite, in which the effect of radiation damage on helium loss is 
the fundamental basis of thermochronology (Shuster et al. 2006; 
Shuster and Farley 2009). 

In contrast, uraninite is quite resistant to α-decay damage, as 
a consequence of its relatively rapid annealing kinetics (Stout 
et al. 1988; Janeczek and Ewing 1991). Nevertheless, the dam-
age process in uraninite may result in a redistribution of key 

elements, such as Pb, and facilitate the formation of coffinite, 
USiO4, through interaction with Si-bearing groundwater (Dedi-
tius et al. 2009). An intriguing additional mode of alteration is 
the formation of bubbles in U minerals due to radiogenic He 
(Finch 1994; Roudil et al. 2008). 

Thorium mineral evolution
The natural abundance of thorium is ~3× greater than that 

of uranium, whereas the size, valence, and crystal-chemical 
properties of Th4+ are nearly identical to those of U4+. One 
might, therefore, expect Th minerals to exceed U minerals in 
abundance. Tetravalent Th and U minerals do typically form solid 
solutions and most of the ~30 known minerals that incorporate 
significant Th either incorporate U as an essential element, or 
have isostructural U species (http://rruff.info/ima/). Thus, for 
example, thorianite (ThO2) is isostructural with uraninite, thorite 
(ThSiO4) is isostructural with coffinite, and thorutite [(Th,U,Ca)
Ti2(O,OH)6] is isostructural with brannerite. The most important 
economic deposits of thorium occur in the monazite [(REE)
PO4] structure type, which includes huttonite [(Th,U)SiO4] and 
cheralite [(Ce,Ca,Th,U)(P,Si)O4], whereas both Th and U are 
essential elements in some rare minerals of the pyrochlore, poly-
crase, rhabdophane, columbite, and iraqite groups (Staatz 1974; 
Stuart et al. 1983; Rasmussen and Glover 1994; Hiçsönmez and 
Eral 2001; Mordberg 2004; Zaccarini et al. 2004). 

However, despite the congruence of initial Th and U miner-
alization, thorium differs significantly from uranium in at least 
three respects that limit its relative mineral diversity. First, Th 
only occurs in the tetravalent state, and therefore it does not 
have an analog of the uranyl ion and does not form isomorphs 
of the numerous uranyl minerals. Second, the half-life of 232Th 
(the only significant natural isotope of Th) is ~14 billion years, 
so thorium minerals have not been subject to the same extensive 
degree of radiation damage and chemical alteration (including 
Pb production and auto-oxidation) as U minerals. Third, as dis-
cussed above, Th4+ is extremely insoluble in aqueous solutions, 
except as Th-fluoride complexes, so it does not enter aqueous 
solutions with U6+ or when U4+ is complexed by chloride or 
carbonate. Consequently, hydrothermal processes involving 
chloride- and/or carbonate-rich fluids can provide an effective 
means to separate U4+ from Th4+. Indeed, the ratio of U to Th, for 
example in uraninite deposits, provides an important indicator 
of the extent of prior hydrothermal processes (Langmuir 1978; 
Keppler and Wylie 1990). Thus, whereas primary uraninite 
formed from granitic residual fluids typically has Th/U > 0.01 
and may exceed 0.10, uraninite formed by aqueous transport of 
aqueous U6+ complexes into reducing environments typically has 
significantly lower Th/U (Frondel 1958; Plant et al. 1999).

PHASE III—URANIUM MINERALIZATION AFTER THE 
GREAT OXIDATION EVENT (2.2 GA)

The rise of atmospheric oxygen at about 2.2 Ga had major 
effects on uranium mobility and concentration in both the sub-
surface and near-surface Earth environments. Large, low-grade, 
detrital uraninite deposits no longer formed stably in fluvial 
environments. However, large high-grade hydrothermal uraninite 
deposits appeared in the subsurface, containing uraninite very 
low in thorium as compared with uraninite deposited prior to the 

FIGURE 7. Auto-oxidation leads to the formation of Pb-uranyl 
secondary minerals. Here reddish orange fourmarierite [Pb1–xO3–2x 

(UO2)4(OH)4+2x·4H 2O] and bright orange vandendriesscheite 
[Pb1.6(UO2)10O6(OH)11·11H2O], along with pale yellow rutherfordine 
[(UO2)(CO3)], form a crust of secondary minerals on massive primary 
uraninite (UO2) from Shinkolobwe, Congo. Photo courtesy of Robert 
Lauf. Specimen is 5 cm wide.
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Great Oxidation Event. Thus, the modes of accumulation and 
compositions of uraninite were drastically affected by the GOE. 
In the near-surface environment, weathering conditions involved 
molecular O2 for the first time, resulting in oxidative weathering 
of pyrite and other sulfide minerals and the formation of uranyl-
bearing aqueous solutions. The latter could result from oxidative 
weathering of pre-existing reduced uranium minerals and by 
leaching of uranium from low-grade sources. As a consequence, 
~200 uranyl minerals were able to form for the first time.

FORMATION OF HYDROTHERMAL URANINITE FROM 
URANYL-BEARING SOLUTIONS

The oldest hydrothermal uraninite deposits are the unconfor-
mity- and vein-type ore bodies in the Alligator Rivers region of 
the Northern Territory of Australia (1.6 Ga), the Athabasca region 
of Saskatchewan Canada (1.8 Ga), and the Franceville Basin of 
southeastern Gabon (2.0 Ga). Because of their size and age, these 
deposits have been intensively investigated and much is known 
about the conditions under which they formed (Kyser and Hiatt 
2003; Derome et al. 2003a, 2003b; Jefferson et al. 2007). The 
special physicochemical conditions of formation appear to be an 
indirect consequence of the GOE. The Franceville deposits are 
also of interest because of their unique importance preserving a 
record of natural nuclear reactor conditions (see below).

Unconformity-type uraninite deposits are spatially related to 
an unconformity between the Early Proterozoic basement and 
overlying Middle Proterozoic sandstone. The disposition of the 
ore is controlled by faulting and fracturing of the basement and 
the sandstone (Komninou and Sverjensky 1996; Jefferson et al. 
2007). Ore is located exclusively within the basement rocks in the 
Australian deposits, whereas in many of the Canadian deposits 
it is partially or completely located within the overlying sand-
stone. Hydrothermal alteration, fluid inclusion, reaction path, 
and reactive-transport modeling studies of the deposits indicate 
that free convection of saline uranium-bearing groundwaters at 
temperatures of 150 to 300 °C was followed by precipitation of 
uraninite associated with reduction by graphite, methane, and/or 
ferrous iron (Raffensperger and Garven 1995a, 1995b; Komni-
nou and Sverjensky 1995a, 1995b, 1996; Jefferson et al. 2007). 
Thermodynamic, electron microprobe, and electron microscope 
studies of the chlorites in the Alligator River unconformity-
type deposits suggest that uranium may have been transported 
predominantly as (UO2)2+-chloride complexes at fO2 conditions 
substantially above those defined by the magnetite-hematite 
assemblage (Wilde and Wall 1987; Komninou and Sverjensky 
1995b; Cuney et al. 2003; Jefferson et al. 2007). Such condi-
tions are unusual for hydrothermal fluids in sedimentary basinal 
settings (Sverjensky 1984, 1987; Komninou and Sverjensky 
1996) and raise the question of how these fO2 conditions were 
achieved.

The physicochemical conditions achieved by potential ore-
forming hydrothermal solutions are strongly influenced by the 
geologic formations traversed in the subsurface in groundwater 
flow systems. Interaction of potential ore-forming hydrothermal 
solutions with evaporitic units in the subsurface has long been 
suggested as a mechanism for the acquisition of both high salin-
ity and increases in fO2. Reaction with calcium sulfate-bearing 
evaporites is a means of adding sulfate to a hydrothermal fluid, 

which increases the (SO4)2–/HS– ratio of the fluid, and which 
in turn increases the fO2 (at constant pH). Note, however, that 
sulfate-rich fluids are not required for this mechanism, but only 
that the ratio of sulfate to sulfide be higher than in most other 
hydrothermal systems. Such reactions can elevate the oxidation 
state of a hydrothermal fluid substantially (Sverjensky 1987), 
and may have been responsible for the relatively high oxida-
tion state of the ore-forming fluids in the unconformity-type 
uranium deposits (Komninou and Sverjensky 1995b, 1996). This 
suggestion provides a link to the GOE. It is likely that calcium 
sulfate-bearing evaporites did not become part of the geologic 
record until after the GOE (Anbar and Knoll 2002). If such 
rocks are essential to the generation of potential uranyl-bearing 
hydrothermal ore-forming fluids, then it helps to explain the 
appearance of the unconformity-type uranium ore deposits in 
the geologic record after the GOE.

NATURAL NUCLEAR FISSION REACTORS

One of the unique aspects of uranium is that the 235U isotope 
is fissile and a critical mass in the right configuration can lead to 
nuclear chain reactions that consume the 235U. In 1972, uranium 
ore from Gabon was discovered to be deficient in 235U, and it was 
quickly established that this anomaly was due to the occurrence 
of sustained fission reactions in the uranium deposits of the 
Franceville Basin. A total of 14 natural fission reactors have been 
identified in the Oklo-Okélobondo deposit, as well as another at 
Bangombé ~25 km to the southeast (Janeczek 1999; Jensen and 
Ewing 2001). These natural reactors are typically lens-shaped 
bodies, ~10 m in diameter and 10 to 50 cm thick.

The geologic occurrence of natural fission reactions has been 
the subject of intense study, initially because it represents such 
an unusual event in Earth’s history (Naudet 1991; Gauthier-
Lafaye et al. 1996), and more recently because of its potential 
implications for the geologic disposal of fissile material in used 
nuclear fuels (Oversby 1996). Four main conditions are required 
to sustain these nuclear reactions. First, the proportion of 235U 
must be high. Two billion years ago the proportion of 235U was 
3.67% in uranium, as compared with 0.72% today. Due to the 
shorter half-life of 235U vs. 238U (7.04 × 108 vs. 4.47 × 109 years), 
the ratio of 235U to 238U has decreased steadily over geologic time. 
Two billion years ago the isotopic composition of uranium was 
not very different from that of a typical reactor fuel enriched in 
235U for modern light-water reactors. 

A second requirement for a natural fission reactor is that 
neutron-absorbing elements, such as the rare-earth elements, 
must be in low concentrations in the reactor zone. Third, the 
environment must be rich in light elements, such as H and C, 
because the high-energy neutrons from fission (2 × 106 eV) must 
be slowed by ballistic interactions, “thermalized” (to 0.025 eV), 
to increase the probability of fission of 235U. And fourth, the 
uranium ore must reach a sufficient concentration in the correct 
geometry in order sustain the nuclear reactions. Calculations 
have shown that criticality at Oklo was easily achieved in a 2 m 
thick layer of ore with 10 to 16 wt% U and a pore volume of 15 
to 18 vol% for the moderating water (Naudet 1991). 

During criticality, the Gabon reactors reached temperatures 
of 400 to 500 °C, creating small geothermal systems that, by the 
dissolution and reprecipitation of silicates, were able to further 
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sklowdowskite [Mg(UO2)2(SiO3OH)2·6H2O], uranophane 
[Ca(UO2)2(SiO3OH)2·5H2O], and other minerals (Fig. 8). Ura-
ninite alteration commonly leads to the complex mixed-phase 
material “gummite” (Fig. 9), which consists of a fine-grained 
mixture of soddyite, curite, kasolite, uranophane, boltwood-
ite [KUO2(SiO3OH)·H2O], and clarkeite [(Na,Ca,Pb)(UO2)
O(OH)·nH2O] (Frondel 1956; Foord et al. 1997). 

Uranyl minerals can also dehydrate irreversibly (Čejka 
1999), leading to highly soluble phases that may reprecipitate 
as other uranyl minerals. For example, the uranium carbonate 

increase the uranium concentration in the reactor zone. Because 
of the rather specific neutronic requirements for the occurrence 
of natural reactors, they provide a unique record of the Great 
Oxidation Event (Gauthier-Lafaye and Weber 2003; Horie et al. 
2008). The very rich ores of the Oklo and Okélobondo deposits 
could not have accumulated until uranium could be transported 
hydrothermally as (UO2)2+-chloride complexes at estimated 
temperatures of 130 to 150 °C. According to Janeczek (1999), 
these oxidized saline fluids leached uranium from detrital ura-
niferous thorite grains in a basal fluvial conglomerate of 2.14 
Ga age and then deposited uraninite after encountering reduced 
hydrocarbon-bearing fluids in the overlying sandstones. The 
richest ore subsequently became a nuclear reactor zone. 

As with other Paleoproterozoic uraninite deposits, the mobi-
lization of uranium may have required the availability of CaSO4-
bearing evaporitic units whose formation was only possible after 
the GOE. Thus, it was not until approximately two billion years 
ago that uranium could be mobilized as the more soluble (UO2)2+ 
species, the concentration of oxygen having risen rapidly due to 
photosynthetic microorganisms. Subsequent to this time, it was 
not possible to have sustained nuclear fission reactions because 
of the decreasing concentrations of 235U.

It is also possible that biology played other indirect roles 
in the precipitation of the Oklo ore bodies. The uranium may 
have been reduced and concentrated when the oxidized solu-
tions came into contact with bio-organic material in tectonic 
traps. Note that all of these conditions are also consistent with 
the direct microbially mediated precipitation of reduced U at a 
redox front (Lovely et al. 1991; Fayek et al. 2005). Hence, the 
natural reactors in the uranium deposits of the Franceville Basin, 
Gabon, record a unique combination of the geochemical, biologi-
cal, and neutronic properties of uranium. In contrast, the only 
natural isotope of thorium, 232Th, which cannot be concentrated 
by redox reactions, is also not fissile. The thorium fuel cycle is 
based on “breeding” 233U by neutron capture reactions on 232Th; 
hence, there are no natural Th-based reactors.

FORMATION OF URANYL MINERALS IN THE NEAR-
SURFACE ENVIRONMENT

We postulate that the majority of the ~200 known uranyl 
minerals, which are secondary or tertiary oxidized and hydrated 
alteration products of other uranyl minerals, are unlikely to 
have appeared prior to the Great Oxidation Event (~2.2 Ga). 
This episode of dramatic atmospheric change was the result of 
oxygenic photosynthesis by cyanobacteria. Thus, we propose that 
perhaps 80 to 90% of Earth’s uranium mineral species formed as 
an indirect consequence of microbial activity after 2.2 Ga. 

It is likely that on a non-living planet, photo-oxidation 
coupled with uraninite auto-oxidation will lead gradually to 
an ever diversifying repertoire of uranyl mineral species. As 
many as two dozen uranium minerals, including several “first-
generation” uranyl minerals such as ianthinite, schoepite, and 
becquerelite, can form under anoxic atmospheric conditions (e.g., 
Fig. 4a). Nevertheless, most of Earth’s U minerals are oxidized 
weathering products (e.g., Korzeb et al. 1997): alteration and 
replacement of first-generation uranyl oxyhydroxides leads to 
soddyite [(UO2)8O2(OH)12·12H2O], weeksite [(K,Ba)1–2(UO2)2 

(Si5O13)·H 2O], curite {Pb3+x[(UO2)4O4+x(OH)3–x]2·2H 2O}, 

FIGURE 9. Dendritic uraninite mostly altered to “gummite,” which is 
a mixture of several uranyl minerals, including soddyite, curite, kasolite, 
uranophane, boltwoodite, and clarkeite (Frondel 1956; Foord et al. 1997). 
This pegmatitic specimen is from the Ruggles Mine, New Hampshire. 
Photo courtesy of Robert Lauf. Specimen is 5 cm wide.

FIGURE 8. Lemon yellow schoepite [(UO2)8O2(OH)12·12H2O], 
amber becquerelite [Ca(UO2)6O4(OH)6·8H2O], and orange curite 
{Pb3+x[(UO2)4O4+x(OH)3–x]2·2H2O} represent progressive alteration 
of black uraninite (UO2) under oxidizing conditions (specimen from 
Shinkolobwe, Congo). Photo courtesy of Robert Lauf. Specimen is 2 
cm in its longest dimension.
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rutherfordine [(UO2)(CO3)] will precipitate readily from low-pH, 
carbonate-rich solutions. Curiously, ionizing radiation from the 
decay of U can cause some of these uranyl minerals to decompose 
and form nano-crystals of UO2, which may be again oxidized to 
form U6+-phases (Utsunomiya et al. 2005).

The role of pentavalent uranium
The discovery of seven-coordinated U5+ in the mineral wy-

artite [CaU5+(UO2)2(CO3)O4(OH)·7H2O] by Burns and Finch 
(1999a), coupled with electrochemical studies of U5+-mediated 
uraninite dissolution (Goldik et al. 2004; Santos et al. 2006; 
Broczkowski et al. 2007) and the spectroscopic identification of 
U5+ at the surface of altered uraninite (Sunder et al. 1996; Santos 
et al. 2004; Schindler et al. 2009), suggest a potentially impor-
tant role for uranium’s intermediate valence state. Pentavalent 
uranium is commonly associated with the corrosive alteration of 
UO2 SIMFUEL over a wide range of temperature (Broczkowski 
et al. 2007), pH (Santos et al. 2006), and solutes (Goldik et al. 
2004). Indeed, without the transitions U4+ → U5+ and U5+ → U6+, 
the rates for uraninite oxidation and uranyl reduction would be 
much lower, and perhaps kinetically inhibited (Schindler et al. 
2009; Schindler, personal communication). Thus, while U5+ plays 
a minor role volumetrically, it may be essential to the mobility of 
uranium and thus the formation of many uranium minerals. 

Crystal chemistry and paragenesis of uranyl minerals
U6+ almost always adopts the near-linear (U6+O2)2+ uranyl 

ion configuration (Burns et al. 1997). In U6+ minerals, the linear 
uranyl molecule is surrounded by either four, five, or six O atoms 
that form an equatorial ring around the U atom, perpendicular 
to the length of the uranyl ion (Burns 1999). The <U6+-Ouranyl> 
bond length is ~1.8 Å, whereas the bond lengths to the equatorial 
O atoms, <U6+-Οφ>, are in a range 2.1 to 2.4 Å (Burns 2005). 
These equatorial O atoms are under-bonded; hence, uranium 
coordination polyhedra usually polymerize by sharing edges, 
and this distinctive behavior leads to the large number of sheet 
structures that are characteristic of uranyl minerals (Burns 1999, 
2005). The sheets of the uranyl minerals can be described as con-
sisting of four chain-types (Miller et al. 1996), and the hundreds 
of sheet topologies can be understood as different combinations 
of these chains (Fig. 10). 

Remarkably, this understanding of the topology of the 
structural units of uranyl minerals can be elegantly combined 
with a bond-valence theory and used to predict their occurrence 

from derived compositional-activity diagrams (Schindler and 
Hawthorne 2004). The uranyl structures are analyzed in terms 
of the types of chains in each sheet (Fig. 10) and the interstitial 
complexes that consist of metals and the different roles of water 
(Schindler and Hawthorne 2008). The stability of the U6+ phases 
can be predicted as a function of pH and log[M2+] activity dia-
grams from the ratio of molar proportions of the metal (MO) + 
H2O to the molar proportion of UO3 in the structural unit (Fig. 
11). This ratio, [(MO) + (H2O)]/(UO3), depends on the topology 
of the chains that make up the sheets, as illustrated on the right 
side of Figure 11.

In solution, uranyl ions easily form complexes, mainly by 
bonding of the equatorial O atoms. Principal among them are 
uranyl carbonates that are quite soluble and mobile. The high 
solubility, and thus mobility, of the uranyl ion is the single most 
important difference in the geochemical behavior of U vs. Th. 
Hence, the ~0.003 ppm concentration of U in seawater is sig-
nificantly greater than the ~0.000009 ppm concentration of Th 
(Emsley 1991; Table 2).

A variety of uranyl complexes are able to form in near-surface 

FIGURE 11. The activity-composition diagram log[M2+]/[H+]2 vs. the 
molar ratio [(MO) + (H2O)]/(UO3). FW indicates a framework structure. 
The average coordination of U is given in square brackets. The chain-
stacking sequences of the corresponding anion topologies are graphically 
represented to the right. Three examples are shown: the anion topology 
of synthetic Pb2+[(UO2)O2] (top), curite (center), and vandendriesscheite 
(bottom) (from Schindler and Hawthorne 2004).

FIGURE 10. Four chain-types (Miller et al. 1996) found in uranyl minerals (a), combine to 
form dozens of different sheet topologies, including the α–U3O8 sheet (b), the β–U3O8 sheet 
(c), and the structural layer of vandendriesscheite [Pb1.6(UO2)10O6(OH)11·11H2O] (courtesy of 
Peter Burns). 

a b c d
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oxidizing zones, where changes in solution chemistry can lead to 
the precipitation of a host of distinctive U6+ minerals (Finch and 
Murakami 1999; Lauf 2008). In the absence of fluorine, (U6+O2)2+ 
forms hydrated aqueous complexes at pH < 5 and hydroxide 
complexes at pH > 5. In U-rich solutions, polymeric (UO2)x often 
forms extended hydroxide complexes. Such solutions are poised 
to form a variety of hydrated uranyl minerals.

In carbonated waters at higher pH, uranyl ions form carbon-
ate complexes, which may be the most common groundwater 
species. Uranyl carbonates precipitate when evaporation is high 
or fugacity of CO2 is greater than atmospheric values (Garrels 
and Christ 1959; Finch 1997). Finch and Murakami (1999) list 
more than 30 uranyl carbonate minerals. Some of these minerals 
are found only as weathering products of mine tailings, whereas 
others occur as alteration products of previously formed uranyl 
carbonates (Fig. 12). 

In low-pH sulfate-bearing waters, uranyl sulfate complexes 
are observed. Uranyl sulfate minerals (~20 known species) only 
form where sulfides are being oxidized to produce aqueous 
SO4 ions, coupled with evaporation (Fig. 13). Similarly, uranyl 
selenides and tellurides (nine known species) occur where Se- 
and Te-bearing sulfides are oxidized to produce (Se4+O3)2– or Te 
aqueous ions (Finch and Murakami 1999). 

The uranyl silicates uranophane and β-uranophane are the 
most common U6+ minerals (Fig. 14), though almost 20 other 
uranyl silicates are known, as tabulated by Finch and Murakami 
(1999). They observe that uranosilite [(UO2)Si7O15] forms 
only in “highly oxidizing environments,” whereas oursinite 
[Co(UO2)2(SiO3OH)2·6H2O] forms from oxidation of primary 
Co and Ni sulfides. 

By far the most diverse U6+ minerals are the uranyl phosphates 
and arsenates, with more than 70 known species (e.g., Huminicki 
and Hawthorne 2002; Locock and Burns 2003; Locock et al. 
2005). Uranyl arsenates precipitate when preexisting arsenides 
or As-bearing sulfides are oxidized, thus releasing aqueous 

AsO4. Finch and Murakami (1999) describe an alteration se-
quence of uranyl oxy-hydroxides, to chernikovite [(H3O)(UO2)
(PO4)·3H2O], to other uranyl phosphates, which are observed as 
the last stage of uranyl mineral evolution, and they form in the 
most oxidized zones (Fig. 15). This sequence requires acidic 
conditions (under which apatite is more soluble).

 
uraninite dissolution → uranyl oxyhydroxides → 
uranyl silicates, carbonates and Pb-enriched phases → 
continued replacement by uranyl oxyhydroxides → 
uranyl phosphates

Uranyl vanadates, tungstates, and molybdates (24 known spe-
cies) are quite insoluble. The vanadates will precipitate anywhere 

FIGURE 12. Many of the ~30 known uranyl carbonate species are 
found only as weathering products of mine tailings, while others occur as 
alteration products of previously formed uranyl carbonates. Here yellow 
kamotoite-(Y) [Y2O4(UO2)4(CO3)3·14H2O] forms as small crystals on 
altered uraninite (UO2). Photo courtesy of Robert Lauf. Field of view 
is 2.5 cm wide.

FIGURE 13. Uranyl sulfate minerals (~20 known species) only form 
where sulfides are being oxidized to produce aqueous SO4 ions, coupled 
with evaporation. Here pale green johannite [Cu(UO2)2(SO4)2(OH)2·8H2O] 
occurs with yellow zippeite [K3(UO2)4(SO4)2O3(OH)·3H2O] in a specimen 
from Roughton Consols, Bodmin Moor, Cornwall, England. Photo 
courtesy of Robert Lauf. Field of view is 3 cm wide.

FIGURE 14. The uranyl silicates uranophane and β-uranophane 
[Ca(UO2)2(SiO3OH)2·5H2O] are the most common U6+ minerals. Here 
β-uranophane needles coat a matrix surface (specimen from Rössing, 
Namibia). Photo courtesy of Robert Lauf. Specimen is ~10 cm wide.
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reduced U and V minerals coexist and are undergoing oxidation, 
which produces aqueous U6+ and V5+.

Uranyl minerals, which are structurally less robust than 
uraninite, are also subject to alteration through radiogenic de-
cay. Finch et al. (1995, 1996) record that some uranyl minerals 
persist for hundreds of thousands to millions of years, but oth-
ers, including highly soluble phases, are ephemeral, dissolving 
in rain or dehydrating under surface evaporation. Čejka (1999), 
who reviewed thermal decomposition of many uranyl minerals, 
records that dehydration occurs in one or more steps to 200 °C, 
with dehydroxylation up to 350 to 400 °C. U3O8 is found to 
be the thermal end product for several U minerals, though no 
polymorph of U3O8 has been identified as a mineral.

PHASE IV—URANIUM MINERALIZATION MEDIATED 
BY ORGANICS (0.4 GA)

The rise of land plants and the resulting organic-rich terrestrial 
sediments ~400 million years ago led to widespread uranium 
mineralization in a variety of carbon-rich lithologies, including 
lignite, black shale, and sandstone-type ore deposits (Nash et al. 
1981; Dahlkamp 1993; Finch 1996; Plant et al. 1999; McKay 
and Meiitis 2001; Lally and Bajwah 2006). Low-temperature, 
near-surface uranyl-bearing solutions precipitate uraninite and 
coffinite when U6+-rich solutions contact zones rich in reduced 
organic materials, such as kerogen, or from H2S produced by 
sulfate-reducing bacteria (Fig. 16). Indeed, the most important 
near-surface sink for U is reduction in anoxic sediments (Su-
zuki and Banfield 1999), including marine sediments and the 
organic-rich sediments of estuaries (Swarzenski et al. 2003). 
These examples of uraninite deposition since the Paleozoic 
Era are similar in chemical origins to those of much earlier 
graphite-mediated unconformity-type ore bodies. However, 
the evolution of a terrestrial biosphere dramatically altered the 
quantity and distribution of reduced organic matter available for 
uranium reduction. 

Sandstone-type ore deposits, which hold a significant frac-
tion of known uranium reserves in the United States and Aus-
tralia, are controlled by the movement of groundwater through 
coarse-grained sandstones. The reduction of U6+ to U4+ occurs 

at sediment-water redox boundaries, where organic-rich anoxic 
sediments that include fragments of plants produce the distinctive 
curving shape of the roll front uranium deposits (Goldhaber et al. 
1978; Nash et al. 1981; Klinkhammer and Palmer 1991; Cochran 
1992). A sharp boundary separates a lighter-colored oxidized 
zone from the dark organic material mixed with uraninite (Fig. 

FIGURE 15. An alteration sequence of uranyl oxy-hydroxides to 
uranyl phosphates is observed to be the last stage of uranyl mineral 
evolution. Autunite [Ca(UO2)2(PO4)2·10–12(H 2O)] and its many 
isomorphs are among the most common of the more than 40 species of 
uranyl phosphates. This specimen is from Luzy, France. Photo courtesy 
of Robert Lauf. Specimen is 7 cm wide; the largest autunite crystals are 
~8 mm across.

FIGURE 16. Massive black coffinite (ideally USiO4), with 
a yellow coating of the secondary uranyl sulfate zippeite 
[K3(UO2)4(SO4)2O3(OH)·3H2O], formed in the sediment-hosted Grants 
mineral belt, Section 35 Mine, Jurassic Morrison Formation, New 
Mexico. Photo courtesy of Robert Lauf. Specimen is 7 cm wide; 
individual masses of zippeite are up to ~1 mm.

FIGURE 17. Dark-colored U4+ minerals, including uraninite and 
coffinite, form roll front type ore deposits when they come into contact 
with reducing, organic material in terrestrial sediments. These important 
economic resources formed only during the past 400 million years, since 
the rise of land plants. Photo courtesy of Andrew Alden. This outcrop 
was featured as stop 10, 2007 GSA Field Guide 428. The field of view 
is ~3 m across.
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17). These boundaries move over time and form linear trends 
that can extend laterally for many kilometers.

Uranium can also be removed from solution without forming 
discrete phases through interaction with a variety of minerals. For 
example, uranium is commonly found in marine phosphorites as 
a trace element replacing Ca in apatite. Typical concentrations are 
less than 1000 ppm (Dahlkamp 1993; Plant et al. 1999), though 
some phosphorite deposits of great extent represent some of the 
largest known uranium reserves (Cathcart 1989). 

Uranium in solution as (UO2)2+ and its complexes also adsorb 
onto fine-grained minerals such as Fe-oxide-hydroxides and 
silica and onto sediments (Hsi and Langmuir 1985; Waite et al. 
1994; Kohler et al. 1966; Davis et al. 2004; Curtis et al. 2006) as 
well as co-precipitating with calcite (Reeder et al. 2001; Kelly et 
al. 2003). Experiments in these systems have demonstrated that 
at low pH uranium adsorption is minimal, (UO2)2+ behaves as a 
cation, and its adsorption increases with pH at values of about 4 
to 6. At pH values of about 7 to 10, uranium is strongly adsorbed 
in the absence of carbonate complexes, but becomes desorbed 
in the presence of carbonate complexes when it behaves as an 
anionic complex of carbonate. Consequently, there is typically a 
maximum at near neutral pH values for the adsorption of uranium 
in CO2-bearing solutions. Bentonite (a smectite clay) not only 
adsorbs U6+, but it also catalyzes the reduction to insoluble U4+ 
by interaction with adsorbed organic matter (Giaquinta et al. 
1997). This adsorption is also highly pH dependent (Schmeide et 
al. 2000; Lenhart and Honeyman 1999). Biological activity can 
also trigger the reaction of uranyl oxyhydroxides with sulfate- 
or carbonate-bearing groundwater to produce uranium oxysalt 
minerals, such as rutherfordine.

MICROBIAL MEDIATION OF URANIUM MINERALS

In addition to their formation of an oxygen-rich atmosphere, 
microbes are known to mediate uranium mineral formation 
in several other ways. For example, microbes can undergo 
metabolism-dependent metal uptake by precipitation of insoluble 
uranyl phosphates; i.e., Citrobacter sp. precipitates autunite 
[Ca(UO2)2(PO4)2·10–12(H 2O)]. Some microbes, including 
Geobacter, Desulfovibrio, and Shewanella, are known to couple 
enzymatic metabolic acetate oxidation to the reduction of aque-
ous uranyl cations (U6+O2)2+ to uraninite (Lovely et al. 1991; 
Fayek et al. 2005; Long 2008; Sharp et al. 2008; Fig. 18). The 
biogenic precipitation of uraninite nanoparticles is also being 
pursued as a means to remediate U6+-contaminated groundwater 
(Wu et al. 2007; Yabusaki et al. 2007; Bargar et al. 2008). 

In contrast, Beller (2005) has reported the direct microbial 

oxidation of uraninite to soluble uranyl ions, coupled to nitrate 
reduction in Thiobacillus denitrificans. In addition, Chinni et al. 
(2008) have documented indirect uranium oxidation by Bacillus 
sp. These microbes oxidize Mn2+ to Mn4+ oxides, which in turn 
chemically oxidize U4+ in UO2 to U6+, thereby mobilizing ura-
nium. These examples of direct microbially induced oxidation or 
reduction of uranium are consistent with other diverse microbial 
metabolic redox strategies (Nealson 1997). 

Even in the absence of U-altering metabolic activity, microbes 
can passively concentrate U through metabolism-independent 
intracellular U uptake. In this process, U passively migrates 
through the cell membrane and binds to organic molecules in 
the cell (Suzuki and Banfield 1999). Microbes can thus desolu-
bilize uranium and aid in the remediation of U-contaminated 
groundwaters (Campbell et al. 2008). 

DISCUSSION AND CONCLUSIONS

Uranium minerals exemplify the principles of mineral evolu-
tion (Hazen et al. 2008). The first phase, from ~4.5 to 3.5 Ga, 
involved successive concentrations of uranium and thorium from 
their initial uniform trace distribution into magmatic-related 
fluids from which U-Th-bearing zircons and the first U4+ and 
Th4+ minerals, uraninite, thorite, and coffinite, precipitated 
in the crust. The second period, from ~3.5 to 2.2 Ga, saw the 
formation of large low-grade concentrations of Th-rich detrital 
uraninite in the Witwatersrand-type quartz-pebble conglomerates 
deposited in a highly anoxic near-surface environment. Abiotic 
alteration of uraninite and coffinite, including auto-oxidation 
caused by radioactive decay and the formation of helium from 
alpha particles, may have resulted in the formation of a limited 
suite of uranyl oxide-hydroxides. 

Earth’s third phase of uranium mineral evolution, during 
which most known U minerals first precipitated from reactions of 
soluble uranyl (U6+O2)2+ ions, followed the GOE at ~2.2 Ga and 
thus was mediated indirectly by biological activity. The low-Th 
uraninite deposited during this phase is represented in unconfor-
mity- and vein-type U deposits. During this phase, most uranyl 
minerals were able to form for the first time in the O2-bearing 
near-surface environment through weathering processes. 

The most recent phase of uranium mineral evolution coin-
cided with the rise of land plants and formation of organic-rich 
terrestrial and shallow marine sediments. Sediment-hosted ura-
nium ore bodies formed at redox fronts, where organic matter 
reduced low-temperature, near-surface, uranyl-rich waters and 
led to the precipitation of uraninite and coffinite. Thus, the modes 
of accumulation and even the compositions of uraninite as well 

◄FIGURE 18. Data of Fayek et al. 
(2005) reveal that some microbes couple 
enzymatic metabolic acetate oxidation to 
the reduction of aqueous uranyl cations 
(U6+O2)2+ to uraninite. These micro-SIMS 
images of (a) 13C14N molecules and (b) fatty 
acids that mark the location of Geobacter 
biofilms match the location of 238U16O (c). 
These images thus show that where there 
are no bacteria, there is also no uranium 
oxide. Courtesy of Mostafa Fayek.
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as the common oxidation states of U (4+ vs. 6+) are a sensitive 
indicator of global redox conditions. 

In contrast, the behavior of thorium, which has only a single 
oxidation state (4+) that has a very low solubility in the absence 
of aqueous F-complexes, cannot reflect changing redox condi-
tions. Geochemical concentration of Th relative to U at high 
temperatures is therefore limited to special magmatic-related 
environments where U4+ is preferentially removed by chloride 
or carbonate complexes and at low temperatures to mineral 
surface reactions.

Throughout Earth’s history three principal mechanisms have 
driven the evolution of Earth’s near-surface uranium mineralogy. 
The first mechanism included physical and chemical processes, 
such as planetary differentiation, partial melting of silicate rocks, 
and leaching by hydrothermal fluids, which separated U (and to 
a lesser extent Th) from other elements. These gradual processes 
of concentration transformed an initially homogeneous chondritic 
element distribution with U < 10 ppb into localized reservoirs 
of uranium, enriched by a factor of 106, in which uraninite was 
initially precipitated. 

The second mechanism of uranium mineral evolution was the 
subjection of varying U-bearing compositions to an increased 
range of intensive variables, including temperature, pressure, and 
the activities of volatiles such as H2O, CO2, and O2. Of special 
importance to uranium minerals are the gradual processes of 
auto-oxidation and radiation damage that result from radiogenic 
decay to Pb.

The third and arguably most dramatic driving force for 
uranium mineral evolution has been the influence of living 
organisms. Life creates and sustains local- to global-scale com-
positional gradients that promote reaction pathways that lead 
to new minerals. In particular, as many as 200 of the known 
uranium minerals occur as a consequence of microbially induced 
atmospheric oxidation, which is the single most important cause 
for mineralogical diversification at or near Earth’s surface. In 
addition, microbes mediate the precipitation of uranium minerals 
through active metabolism and passive adsorption. 

The extent of these three mechanisms will vary significantly 
on different terrestrial planets and moons. Without repeated 
cycles of fluid processing, uranium will never achieve local con-
centrations sufficient to precipitate uraninite. Thus, we postulate 
that no uranium or thorium minerals would have occurred on 
planetessimals in the early solar system, nor will they be found 
on volatile-poor bodies such as the Moon or Mercury. Indeed, 
if the large-scale hydrothermal activity associated with plate 
tectonics is required, then Mars and perhaps Venus will also be 
devoid of discrete U and Th mineral phases. 

If, however, uraninite forms, then a sequence of additional 
uranium minerals must follow as a consequence of Pb production, 
auto-oxidation, and the formation of uranyl phases. Nevertheless, 
in the absence of microbial activity and an oxygenated atmo-
sphere, most of the uranium minerals found on Earth today are 
unlikely to form. Uranium minerals may thus represent useful 
mineralogical targets in the search for life on other worlds. 
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