


Chernobyl, 26 Apr 1986 (melt-down with
no confinement, XY deaths)

Three Mile Island, 28 Mar 1979
(partial melt-down, no deaths)



URANIUM WORLD MINE PRODUCTION 2008 (43,930 t)

USA 1,430 t

Other countries 991 t

Germany 77 t

South Africa 655 t
China 769 t

Ukraine 800 t

Uzbekistan2,338 t

Niger 3,032 t

Russia 3,521 t
Namibia 4,366 t

Australia 8,430 t

Kazakhstan8,521 t

Canada 9,000 t

Import Germany: 3,800 t/a * equivalent to about 5
billion USD in July 09

*
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HISTORICAL URANIUM PRODUCTION UP TO 2006 (2.2 Mt)



Identified uranium resources by deposit type (2005)

Red Book (2006)



Red Book (2008)





Red Book (2006)



Uranium exploration expenditure and drilling in France

Three Mile Island, 28 Mar 1979
(partial melt-down, no deaths)



Uranium exploration expenditure and drilling in Canada



Uranium exploration expenditure and drilling in USA





There is a gap in between uranium production and demand since
about 1990 filled by recycled uranium and conversion of military
stockpiles



Joachimsthal/Jachymov (Czech Republic)
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Little Boy: Gun-style uranium bomb, exploded over Hiroshima, 6 Aug 1945



Hiroshima Atomic Bomb Dome











Aue (U): Wismut Museum



Power Reactor and Nuclear Fuel Development Corporation (PNC)
Ningyo Toge, Japan



Kiev
Chernobyl*

Reactor
building

Chernobyl today

The �Sarcophagus�



Chernobyl, Ukraine:
Reactor (graphite) burning

Lava of reactor fuel in steam
safety valve below the reactor





Jaworowski (1999) Physics Today 52 (9): 24-29

The Chernobyl explosion put 400 times more radio-
Active material into the Earth's atmosphere than the
Atomic bomb dropped on Hiroshima.
Atomic weapons tests conducted in the 1950s and
1960s all together are estimated to have put some
100 to 1,000 times more radioactive material into the
atmosphere than the Chernobyl accident.



The �New Safe Confinement�
(NSC) to be constructed until
2012 at ~1.6 billion USD
Span: 270 m; Height: 100 m;
Length: 150 m)

Chernobyl
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U-Th decay series



Rich et al (1977) Hydrothermal uranium deposits. Elsevier.



Fay Mine, Beaverlodge District, Canada: UO2-vein zone + hematite alteration
Rich/Holland/Petersen (1977: 1)



Aue (Erzgebirge): Shear-zone controlled hematite alteration



Aue (Erzgebirge): Shear-zone controlled hematite alteration



Oberschlema-Aue, Erzgebirge: BiCoNi + U, As: black, Ag: grey



Bertholène, Massif Central, France

Hematite → Pitchblende → Pyrite



Aue: Longitudinal section: Ore shoots in black schist
Total production: 73,000 t U; Grade: 0.4 % U



Rozna, Czech Republic: Bituminous uraninite ore



Eh-pH plot for the 
U-CO2-H2O system
at 25°C for pCO2 100 b

UO2 solution boundaries
are drawn at 10-6 M
(0.24 ppm U)

Nash et al (1981)
EG Anniv Vol: 68 

General background: 
U6+

(aqueous)+2e- = U4+
(solid)

Example:
UO2(CO3)2

2-+2H+ = 
UO2+½O2+2CO2+H2O
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Saskatchewan, Canada



Southern Saskatchewan, Canada: Les Prairies



Southern Saskatchewan, Canada: Les Prairies



Northern
Saskatchewan,
Canada



Northern
Saskatchewan,
Canada



Northern Saskatchewan, Canada



Athabasca Basin, northern Saskatchewan, Canada
Total resource: ~600,000 t U, average grade: ~2% U 







Hydrothermal alteration in the Athabasca sandstone near the unconformity
to the Archean/Paleoproterozoic basement (light pink color)

SE corner
of the
Athabasca
Basin



Key Lake: Gärtner pit



Key Lake: Deilmann pit
Production of Deilmann + Gärtner pits: 40,000 t U (~1% U) 



Key Lake: Deilmann Pit



Basal unit of the 1.7 Ga Athabasca sandstone



Basal unit of the 1.7 Ga Athabasca sandstone



Archean basement with graphite-rich rocks



Archean basement with sheared graphite-rich rocks



Key Lake: Deilmann Pit



Geology of the Key Lake uranium deposits 

Dahlkamp (1978) EG 73: 1430-1449

>2.6 Ga 1.7 Ga 1.3-1.4 Ga



Longitudinal sections of the Key Lake uranium deposits
~40,000 t U

Dahlkamp (1978) EG 73: 1430-1449



Dahlkamp (1978) EG 73: 1430-1449

Cross section of the
Deilmann orebody, Key Lake 

Orebodies with up to 30 % U
and 15 % Ni



Cross section of the
Gärtner orebody, Key Lake 

Dahlkamp (1978) EG 73: 1430-1449





McArthur River mine, Metal tonnage: 80,000 t U (measured)
At 15 % U + 63,000 t U (inferred) at 22%U 



McArthur River high-grade drill core



McArthur River: Raiseboring after ground freezing

530 m level

640 m level



Raisebore drilling
at
McArthur River





Areva's Cigar Lake underground uranium mine
Metal tonnage (measured): 87,000 t, Grade: 21% U



Metamorphic basementMetamorphic basement

Rollfront uranium deposits in sandstone



Roll front uranium deposits



Lodève, France



Lodève, France



Tyuyamunite (Ca-U-V hydrate) from evapotranspiration.
Wyoming, USA



Cameco's Highland in-situ leach (ISL) uranium mine
in Wyoming, USA



Beverley ISL uranium mine
in South Australia (Heathgate Resources)



Beverley ISL uranium mine in Australia (Heathgate Resources)



In Situ Leaching (ISL)
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Chu-Sarysu and Syrdarya basins in central Kazakhstan:
Resource in Late Cretaceous to Paleogene sandstone: 1.1 Gt U 

Balkash



W E

Lake BalkashKaratau Mountains

Paleozoic basement
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Hitzman and Valenta (2005) EG 100: 1661



Olympic Dam resources (2008):
Measured resource   1.3 Gt @ 1.11 % Cu, 0.28 kg/t U, 0.32 g/t Au, 2.17 g/t Ag
Total resource 8.3 Gt @ 0.88 % Cu, 0.24 kg/t U, 0.31 g/t Au, 1.50 g/t Ag 

Olympic Dam mine
Roxby Downs
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Rössing mine, Namibia



Rössing mine, Namibia in alaskite: 100,000 t U (0.037 % U)
4,000 t U/a; 69 % Rio Tinto, 16 % Govnt of Iran



Rössing:
Alaskite (Leucogranite)





Quartz-pebble meta-conglomerate, Ventersdorp, 2.8 Ga, Witwatersrand, S-Africa





Elsburg mine, pyrite pebbles, uraninite-thucholite, gold 



Elsburg mine, pyrite pebbles, uraninite-thucholite, gold 



Elsburg mine, pyrite, uraninite-thucholite with PbS, gold (oil immersion) 



Elsburg mine, pyrite, uraninite-thucholite with PbS, gold (oil immersion) 



Uranium Isotopic Abundances

Solar system uranium today
238U 99.2745 %
235U 0.7202 ± 0.0006 %

OKLO 235U
First measurement : 0.7171 % (a diff of 0.42 %)
Typical value in Oklo fossil reactors: 0.65 %
Lowest measurement : 0.29 %



Geological map of the
Franceville basin, Gabon

FC-FE  Chert, dolomite,
volcanic rocks
FB  Black shale
FA  (100-1000 m)
Sandstone,
conglomerate

Franceville Series
(1000-4000 m)  2.0 Ga

U ore deposits are all
hosted in FA
(average 0.1-1.0 % U, ore
shoots up to 80 % U)
and formed
during early burial and
diagenesis from mixing
of oxidized uraniferous
basin fluids and oil.
Criticality in 15 high-grade
zones (14 at Oklo,
1 at Bangombé was reached 
~1950 Ma ago

Evins et al. 2005, GCA 69: 1590

.
.

Unconformity-related sandstone hosted deposits in sandstone-
black shale sequence on top  of 3.0-2.6 Ga granite basement





Mounana Ore processing plant



Oklo Today

Mining ceased in 1979



Pourcelot and Gauthier-Lafaye (1999) Chem Geol 157: 156

2.6-3.0 Ga
2.0 Ga

Criticality: ~1950 Ma



Pourcelot and Gauthier-Lafaye (1999) Chem Geol 157: 157
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Zones 7, 8 & 9



Zone 14
Zone 13

Zone 10

Doleritic
Dyke



Zone 2 Entrance to Zone 15



FA Sandstones

FB Pelites

Zone 15



Reactor Requirements
Uranium 
Reactor: 235U 1-10 %
Natural 235U  0.72%

U Fuel Quality
Free of neutron
poisons (Cd, REE)

Reactor Size
Able to utilise neutrons
Fuel assemblage vol of
cubic metres

Moderator
Thermalised neutrons
H2O or  C

FISSION REACTOR



Reactor Requirements
Uranium 
Reactor: 235U 1-10 %
Natural 235U  0.72%

Oklo ~3%

U Fuel Quality
Free of neutron
poisons (Cd, REE) √

Reactor Size
Able to utilise neutrons
Fuel assemblage vol of
cubic metres √

Moderator
Thermalised neutrons
H2O or  C

FISSION REACTOR



Oklo: a “Breeder” reactor

239Pu
2.4x104a

α
239Np

2.355 d β−

235U n
238U 239U

23.5 m

β−

4.5x109a7.04x108a

n
236U

Thermal Fission fast 
fission

α

Atomic
Number

(Z)

Mass
Number
(Z+N)

237U

~50 % of the total energy
released at Oklo (~15 GWa)
is from breeding of 239Pu
and decay to 235U
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