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Fluid inclusions in halite of Monahans H5 chondrite
(Fall of 22 Mar 1998, Monahans, Texas, USA)

Zolensky et al., Science 285, 1377 -1379 (1999)
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Condensation of the elements from a gas phase of solar composition at 104 atm

Grossman and Larimer (1974)
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Earth’s first 100 million years. Earth grew mainly from a series of accretion events (15) broadly compa-
rable in scale to the giant impact, which tormed the Moon --100 million years after the start of the solar

system (8, 10). In disequilibrium accretion (A), the giant impact added metal directly to the core. In equi
librium accretion (B), metal seqregated fram silicat in a magma ocean. The concentrations of metal-loving
elements left in the silicate Farth after core formation are hetter explainert by scenario (B) (17). However,
W isotope data then imply that accretion and core formaticn were mainly rapid, possibly with a substantial

hiatus before the giant impact. Halliday and Wood (2009) Science 325: 44
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" TERRESTRIAL IMPACT CRATERS ™.
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ihe area ol e former USSR and Awstialin, because of their geologee stabithty and sctive scarch programs. Inset: histogram of
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Galileo image 29 Oct 1991

Ida (58 x 23 km) Dactyl (1.6 x 1.2 km)
~200 Ma old orbits Ida at 90 km
distance
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mente gvec la pression, done avec la profondeur. La courbe d'augmentation de tempémture svee In
profondeur (en pointillés) et située sous la courbe de fusion des silicates, dime dons le dommine
solide des silicares. Par conere, elle coupe la courbe de fusion du fer, séparam done le noyau en
deux domnines : un domaine Uquide et un domaine solide.
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Allegre (1985) De la pierre a I‘étoile, p. 238
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Valency

Fig. 11.6. The ennchment of lithophile elements in the continental crust relative 1o abundances in

the primitive marntle (data From Tables 3.5 and 11.3), plotted against jonic radine and valency.

lonic radii data from Shannon [25] are plotted for 4-, 6-, & and 12-fol) co-ordination with oxygen,

as indicated. Elements are enriched in the crust to the degree that their radius or valency differs

from that of the principal mantle¢ cations (Mg, Fe) in 6-fold co-ordination. This enrichment is

SonseqUence oU oIl quia TisHpn Aton. Taylor and McLennan (1985: 266)



Ni(ppm) Pt (ppb) Pd (ppb) Au (ppb)

Bulk Earth 18,200 1,670 890 257
Primitive mantle 1,960 9 4 1
Bulk continental crust 59 1.5 1 1
Upper continental crust 47 0.5 0.5 1

Magmatic sulfide ore deposits:

Bushveld/Merensky Reef 1,800 4,900 2,100 270
Sudbury, Canada 12,000 ~500 ~500 ~100
Norilsk, Russia 18,000 3,000 1,000 380
Stillwater, USA 250 4,300 14,900 540



Sulfur solubility in mid-ocean ridge basalt
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Billard Ball Model

(Naldrett 1973)
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S-Fe-Cu system
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¢) Collection of the sulfides in some structural trap
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Metal content in sulfide melt vs ratio of silicate/sulfide melt: Extreme PGE enrichment
in high-R systems such as in the Bushveld and Stillwater intrusions
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PLATINUM WORLD MINE PRODUCTION 2007 (230 t)

Other countries 8.1t
USA 3.4 t -
Canada 8.5t

South Africa 183.0t

Russia 27.0 t



PALLADIUM WORLD MINE PRODUCTION 2007 (232 t)

Russja 95.0 t

Other countries 12.5t _

&

USA13.5t

Canada 18.0 t

South Africa 93.0t



Norilsk annual production:
250.000 t Ni

450.000 t Cu

—-=26tPt, 85tPd

S8 from ~13 Mt orelyear

(~10 b USD)

251 £ 0.5 Ma

Resources:

S 1.3 Gt @ 1.8% Ni, 3.6% Cu,
s 4.7 g/t PGE
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Norilsk, Russia

1.3Gt @ 1.8 % Ni
3.6 % Cu
4.7 g/t PGE
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Geological map of the Bushveld Complex, South Africa
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Bushveld Complex (Iow Iylng topography)




Bushveld Complex: View from the surrounding quartz-rich country rocks




Bushveld Layered Mafic Intrusion (see dip to the left)



Merensky Reef, Atok Mine

UG-2, Karee Mine



o

Merensky Reef at Impala mine (Implats)
right: footwall anorthosite; middle: chromitite, left: pegmatitic pyroxenite with pentlandite-
pyrrhotite-chalcopyrite. Length of photograph is about 15 cm.







Platreef: Sandsloot Pit near Mokopane (Potgietersrus)
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Merensky Reef: pentlandite [(Ni,Fe)S] (Pn), pyrrhotite [FeS] (Ph), chalcopyrite
[CuFeS,] (Cp), and chromite (Cr) in plagioclase-pyroxene matrix (dark), 5x obj.
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Sudbury district: Shatter cones in Early Proterozoic Mississagi Formation




Frood-Stobie Mine
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Fig. 5.4. Simplified illustration of the tectonic processes, driven by mantle
convection, that form the oceanic and continental crust.
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SOLAR PRIMITIVE DIFFERENTIATED EVOLVED PRESENT DAY
NEBULA FARTH EARTH EARTH EARTH
. CORE-MANTLE MANTLE-CRUST INTRACRUSTAL
ACCRETION FRACTIONATION — FRACTIONATION  FRACTIONATION
f o 1-."; "
i '-".:.:I.--I . ] ; -—'—;' —-;' _—}.
wo S -'
: ” 4 55 Ga 4 45 Ga 452 50Ga 250 Ga
O sgEny  METALSILICATE  CRYSTAL-LIQUID  CRYSTAL-LIQUID
FRACTIONATION FRACTIONATION FRACTIONATION — FRACTIONATION
C1 CHONDRITES BULKEARTH PRIMITIVE MANTLE BULK CRUST LOWER CRUST UPPER CRUST
24 Cr 26680 ppm 4120 ppm 2625 ppm 120 ppm 215  ppm 35 ppm
29Cu 126 ppm 21 ppm 30 ppm 26 ppm 26 ppm 23 ppm
42 Mo 0.928 ppm 2.35 ppm 0.05 ppm 065 ppm 045 ppm 15 ppm
5050 1.72 ppm 0.3%9 ppm 0.13 ppm 15 ppm 11  ppm 25  ppm
7I3Ta 0.014 ppm 0.023 ppm 0.037 ppm 0.7 ppm 068 ppm 098 ppm
74W  0.093 ppm 0.18 ppm 0.029 ppm D69 ppm 05  ppm 20  ppm
7BP1 099 ppm 1.87 ppm 0.007 ppm 0.0018 ppm 0.0019 ppm 0.0015 ppm
A0 0140 ppm 0.26 ppm 0.004 ppm 0.003 ppm 0.0014 ppm 0.0018 ppm
82Pb 25 ppm 0.115 ppm 0.15 ppm 125 ppm 4.3 P 20 pRm
20 0.008 ppm 0.014 ppm 0.02 ppm 14  ppm 028 ppm 28  ppm
Eb'sr 0.295 0.032 0.028 0.17 0.03 0.32



Simkin et al. (1989)
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Hildreth (1981) Gradients in
silicic magma chambers.
J Geophys Res 86: 10179
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Microgranite intrudes two-phase granite, Belitung Island, Indonesia
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Beauvorr,
Massif Central,
France

Albite granite,
argillic alteration

China clay mine
with

800 g/t Sn

190 g/t Ta

120 g/t Nb
0.31% Li



Transbaikalia, Russia







Orlovka rare-metal
granite, Russia:
pegmatite-aplite
layering with unidirec-
tional solidification
texture of amazonite
(green microcline)
megacrysts
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Pilok Sn-W-Ta mine, Thailand: Apical portion (little exposed) of a larger granite system
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Central Africa: Rwanda/Burundi




Kabarore rare-metal pegmatite, Burundi




Kabarore rare-metal
pegmatite, Burundi:
ground sluicing




Artisanal mining for tantalum and tin, Burundi




Kabarore rare-metal pegmatite, Burundi: ground sluicing




Kabarore rare-metal pegmatite, Burundi




Rare-metal pegmatite
in Madhya Pradesh,
India (under lateritic
cover)




Madhya Pradesh, India: Washing weathered pegmatite




Moller (1989: 120)

Fig. 11. A simplified model showing the discussed relationship of pegmatites wo their parental granites
and the different sources of Auids. Flwid s a late residual hydrous granitic melw. fluid 17 represents the

mtergranular liquid which mixes continuously with the former. The pegmatite is considered as an open
syslem al least for all non-hydrolyzing ons
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supercritical fluid
goo0 | melt
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= 15.6 Kb
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2, melt+fluid
E 135 El j—
= §50 |
|EH:|H—1—| ———
600
1 1 i i |-
EE'I]'“ 20 40 60 80 100
H2>O wi%e

Fig. 4. Phase diagram of the system haplogranite-H>O under
isochoric conditions for a bulk density of water of 1.016 g cm ™,
The compositions of the coexisting phases were derived from
in-situ FTIR spectra. Open and closed symbols refer to two

different sets of measurements. Boudreau and Keppler (1999) EPSL 165: 103
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Figure 164, Solubality of HyQ i aluminosilicate melts. Clrches (1}, Columbia River basali;
squares (Il Mt Hood andesite; mveried triangies (3L albiie; and upright
triangles (4), Harding pegmatite. ja) Equimodal solubilities at 1373K (1100°C)
calculated from cxperimental weight-percent solubilities in (bl using 1exi
Eqs. 16-3, 164, 16-5, 16-6, and values of M, and A, from Table 16-1. (b) Ex-

perimental weight-percent solubilitics at various temperatures, from Burnharm Burnham (1979)
and Jahms (1962) and Hamilton of ol | 1564)
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The system Qz-Ab-Or-H,0: Liquidus curves for given amount of H,O (solid lines)

and H,O solubility curves (dashed lines) for minimum eutectic compositions.
Holtz and Johannes (1994) Lithos 32: 149-159
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Entwicklungsmuster
Hydroth. Uberpragung

() " Guilbert and Park
i (1986), Fig. 5-8
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Hydrothermal alteration
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Mg melL

CHF wf———= = , A ¢ HC
“ 21 D M 21

Partitioning of copper between meltand aqueous fluid in the system haplogranite-
H,O-HCI-HF at 2 kb, 750°C, Ni-NiO buffer. Keppler and Wyllie (1991) CMP 109: 141



O 2 kbar, this study
© 0.5 kbar, this study

1.4 kbar, Candela
754 ¥ ¢ Holland (1989

(Apparent Conc. Mo in Volatile Phase /
Measured Conc. of Mo in Glass [= Liquid])
3

Apparent Conc. of NaCI+KCl in Volatile Phase (wt.%)

Molybdenum in saline aqueous fluid coxisting with granitic melt (glass)
Webster (1997) GCA 61: 1024
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Melt-fluid partitioning of sulfur

Fig. 1. Distribution of sulfur between haplogra-
nitic melt and hydrous fluid at 2 kbar and
850°C. Oxygen fugacity in the experiments was
0.5 log units above the Ni-NiO buffer (NNO +
0.5) or equivalent to the Co-CoQ buffer (CCO).
Fluid/melt partition coefficients D were deter-

mined by linear regression,

Keppler (1999) Science 284: 1653



Heat and mass transport in pluton environments

Cross section of model of convective
fluid flow around a cooling pluton
from 0 to 160,000 years:
Temperature distribution (right) and
steady-state dimensionless stream
function (left).

Norton D, Knight J (1977) Am J Sci
277:937-981




Stable isotope
fractionation

Meteoric surface
water: Map of 6D
values for North America

,Meteoric water line*:
6D =8 6180 + 10 (per mil)
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Boulder batholith

with sampling
localities (black dots)
and 6D contours for
biotite and hornblende

Idaho batholith with sampling localities (black dots)
and 6D contours for biotite and hornblende Taylor HP Jr (1977) J geol Soc London
133:509-558
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Flg. 1.1 Schematic cross-section showing shallow sub-volcanic intrusions and associated
stratovolcano, and environments deduced for formation of porphyry Cu, and high- and low-
sulfidation epithermal ore deposits [20.25]. Active voleanic-hydrothermal systems extend from
degassing magma 1o fumaroles and acidic springs, and incorporate porphyry and/or high.
sulfidation ore environments. whergas low-sulfidmion ore deposits form from geothermal systemy
characterized by neutral-pH waters that may discharge as hot springs,

Hedenquist et al. (1996) Soc Res Geol Japan
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COPPER WORLD MINE PRODUCTION 2008 (15.7 Mt)

Chile 5.6 Mt

Other countries 2.0 Mt

Mexico 0.3 Mt
Poland 0.4 Mt

Kazakhstan 0.5 Mt
Zambia 0.6 Mt
Canada 0.6 Mt

Indonesia 0.7 Mt
Russia 0.8 Mt
China 1.0 Mt

Australia 0.9 Mt

USA 1.3 Mt

Peru 1.2 Mt
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Spreading rates of the Pacific Ridge
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BN [yresieche g fieche et gy hetos () Randbecken

Al 2 EinCuerschnitt durch die zentralen Anden aul der Hithe von Anca varanschaulichi die
wahrschaeinliche Ursache der Gebirgsbildung. Durch das stetige Hineinpumpen von Magma
Wy den Rand des Kontinents wurde die Unterkruste duktd, 5o dal sich von Osten her dor kahe
{und damit stesfare) Brastdanische Schild in digse hinsinschieban konnme und dabel die Ober-
krusia des Kontinentalrandes nach oben drilickie: Ais Folge digser Habung kam es im Westen
7u gewalhgen Abschisbungean und im Osten 2um Austl n @ines verschuppien Deckanstia-
pels aul das Vorland des Gebirges. Die Abbddung ist nicht malstableh und nichtiinear Gher
hiht

Seyfried et al (1994) Jb Univ Stuttgart: 60-71
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Lamb and Davis (2003)
Nature 425: 792-797




Peru—Chile current system

and oceanic upwelling:
seasurface temperatures

July 2002, National Oceanographic
Data Center

e Ry

40F5 —

120°W Lamb and Davis (2003)
E— Precipitation <100 mm yr -t Nature 425: 792-797



Supergene
enrichment

Dissolution of Cu by
rain waterand
precipitation at the
groundwater table

The system Cu-Fe-S-O-H

at 25°C and 1 bar.

Total dissolved sulfur = 10-4 m
From Garrels and Christ (1965: 231)

— y The colored solubility limits of
g ; q"\-\:
e /[‘th/ 9:'-':‘.5:‘“?-' "‘-.__;E’"“' - Au 3+, Fe 2* and Cu 2* are drawn
i at10"%m Fe (56 ppb Fe), 108 m cu
(64 ppb Cu) and 1078 m Au (2 ppb Au).

4 J Li T 1 -



Leached capping at Butte, Montana
Anderson, in: Titley, ed., 1982




Hematite
capping
|II-lI

Leached capping at Chino (Santa Rita), New Mexico, USA
Anderson, in: Titley, ed., 1982
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Chuqui-
camata,
Chile

350.000 t
ore with
1% Cu=
~3.500 t
Cu/day

+

350,000 t
waster




Chuquicamata
smelter: SO,
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Chuquicamata open pitin 2003: 2 x 3 km wide, 810 m deep. Total metal value: 45 bilion USD
Historic mining: 1.5 Gt @ 1.5 % Cu + 0.07 % Mo. Reserves: 1.3 Gt @ 0.6-0.7 % Cu.
Current production/day: 350,000t ore (1.0-1.1 % Cu + 200 g/t Mo+Re) plus 350,000 t waste.







Quebrada Blanca, Chile
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OK Tedi pit 1994



OK Tedi pit 1994
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Davies et al. (1978)

Econ Geol 73: 796-
809

MEVERALIZATION
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Ok Tedi/
Papua New Guinea

460 Mt @ 0.72 % Cu,
0.7 g/t Au

Gossan ore:
30Mt x3 g/t Au =
90tAu

~ 2.5 billion USD

Secondary enrich-
ment zone:

265Mt x 0.82 % Cu =
2 Mt Cu

~ 14 billion USD

265 Mt x 0.65 g/t Au =
170t Au

Protore:
0.2-0.4 % Cu
0.3-0.5 g/t Au



OK Tedi ,Erodible dump® main site (1994)




OK Tedi ,Erodible dump* (1994)




OK Tedi ,Erodible dump*













OK Tedi river near Tabubil
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Grasberg road (Aug 99)



Grasberg road (Aug 99)



Grasberg (Aug 99)



Grasberg (Aug 99)



Grasberg, Irian Jaya, Indonesia (Aug 1999): 3.5 Gt @~1 % Cu, ~1 g/t Au




Grasberg Open Pit

View Looking South
October 9, 2003
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Copper porphyries:

Normal subduction beneath a
continental arc: Slab dehydration,
partial melting of asthenospheric
mantle wedge, basaltic underplating,
MASH processes in continental
crust (melting-assimilation-storage-
homogenization)

Large copper porphyry systems

are in a setting of oblique con-
vergence of oceanic and continental
plate which produces extensional
domains in strike-slip systems,
favoring large-scale melt emplace-
ment in the upper crust

Kerrich et al. (2005) EG Anniv Vol: 1112



GOLD WORLD MINE PRODUCTION 2008 (2,330 t)

China 295 t

Other countries 800 t South Africa 250 t

USA230t

Indonesia 90 t
Canada 100
Russia 165 t

Australia 225 t

Peru175t



Flg. 1.1 Schematic cross-section showing shallow sub-volcanic intrusions and associated
stratovolcano, and environments deduced for formation of porphyry Cu, and high- and low-
sulfidation epithermal ore deposits [20.25]. Active voleanic-hydrothermal systems extend from
degassing magma 1o fumaroles and acidic springs, and incorporate porphyry and/or high.
sulfidation ore environments. whergas low-sulfidmion ore deposits form from geothermal systemy
characterized by neutral-pH waters that may discharge as hot springs,

Hedenquist et al. (1996) Soc Res Geol Japan



Orogenic gold deposits:
metamorphic dehydration and focussed fluid flow in shear zones

Formerly Active

Mo gmahc Arc

J00°C
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Kerrich et al. (2005) EG Anniv Vol: 1114
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LD OCEAN

/\ " LEACHING OF BASE METALS,

B . METASOMATIC ALTERATION
A OF VOLCANIC ROCK
HE AT
i S0 MASSIVE SULFIDE Seawater-
7) RHYOLITE basalt
e MAFIC VOLCANIC ROCK Interaction

Reed (1983) EG 78: 466-485



N Black Smoker Chimney

'; : ' '] anhydrite

silica+barite

marcasite crust

ywid pyrrhotite+pyrite+sphalerite

| pyrite+sphalerite
- chalcopyrite




STAGE1 STAGE 2

Farruginous
chert exhalite
Sea water - - . .!- — T
Volcanic rocks
glu:l; orne:
P+ ga+py
| \f
- 200 °C ~ 250 °C
STAGE 3
Yiallow ong: W ﬁ:rﬂﬁl':;ﬂik:;ﬂ:
e ol
- 300 - 350 *C
(Cu-saturated) cy-rich solutions
STAGE 4

Pynte-nich
basal section

Four stages in the evolution
of a volcanic-hosted massive

(Cu-undersaturated) - as0-400°c sulfide deposit (Evans 1992: 74)
Cu-poor solutions



Hydrogeologic and tectonic regimes for large-scale groundwater flow
in sedimentary basins: Formation of Pb-Zn, Cu and U deposits
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The Great Oxidation Event (GOE): 2.4-2.0 Ga

Oxygen from photosynthesis is essentially fixed in Fe-oxides
and gypsum. Free oxygen in the atmosphere (>10° PAL) only
after the GOE.
(1) Oxygen from oxygenic photosynthesis is fixed in BIF
2Fe?* + 2H,0 + %0, = Fe, 0, (s) + 4H"
(2) Anoxygenic photosynthesis by reduction of CO,
4Fe?* + CO, + 11H,0 = 4Fe(OH), (s) + 8H* + [CH,O]

The two mechanisms for formation of iron ore deposits of
the ,Banded Iron Formation* (BIF) family
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Cumulative oxygen evolution from photosynthesis with geological time

| iz o
v : 51x10%g %
E = B0 : -
£ 5 Il ©y bound %
| - ound as
.E ﬁ 0 . —[ Fe:0:(83%) o
£8 04 [/ n ffg
| -
7 ":'N r’ I Beginmng of Ammnc -
& 1o Atmospheric O, Og ot - g
(v 210 [ I -
' I l -l O- bound as &
. -l S0 (~15%)
0- o 2
LDccurrence of continental “red bed™ e ——— | Molecular
Cwerurrence of handed Irnn formation — s = oxygen (~2%)
4.0 3.0 2.0 1.0 Today

Time (10° year before present)

Model by Schidlowski (1978) Pure Appl Geophysics 116: 234-238
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i Precambrian g

Million years (Myr) ago

FIG. 1 The relative abundance of banded iron formations in
the Precambrian. Estimated values are relative to those of the
Hamersley Province, which Is the largest BIF province in the
world*®. a, Isua (West Greenland); b, Zimbabwe, South Africa,
Ukraine, Venezuela, Western Australia; ¢, Canadian green-
stone belts, Yilgarn block (Western Australia); d, Transvaal
Supergroup (South Africa); e, Lake Superior region (USA);
f, Wrivoy Rog series (Russia); g, Labrador Trough (Canada);
h, Rapitan Group (Canada), Urucum region (Brazil), Damara
Supergroup (Namibia). Klein (1997) Nature 385: 25




Banded Iron Formation (BIF)

Evaporation

Oxygenated Water j Fa® —+ Fe®

Anoxic Water IF

Fe Upwelling Deposition

Mohbilized Seawater-hydrothermal
from Ea® Systems
Clastics Fe®
Delta Mid-Ocean Ridge Clastic-Free Shelf

Model for the deposition of Lake Superior-type iron formations (Holland 1995:181):
Deeper water, enriched in Fe2* from either volcanic or diagenetic sources, moves
up onto a shallow shelf, where iron minerals and SiO, are precipitated as a result
of oxidation, mixing, and possibly evaporation.
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Figure 2  Prevailing view of atmospheric oxygen evolution over time. The
red line shows the inferred level of atmos pheric oxygen bounded by the
constraints imposed by the proxy record of atmospheric oxvgen variation
over Earth's history ", The signature of mass-independent sulphur-isotope
behaviour sets an wpper limit for oxygen levels before 2.45 billion years
sgo and a lower limit after that time. The recond of oxidative weathering
after 2.45 billion years ago sets a lower limit for oxvgen levels at 1% of PAL,
whereas an upper lmit of 40% of PAL is inferred from the evidence for
anoxic eccans during the Proterozoic. The tighter bounds on atmospheric
oxvigen froan 420 millbon yewrs ago o the present is set by the iy
continuous record of charcoal accumulation'™: Mames cannol be sustained
bedow an oxygen level of 60% of PAL, and above about 160% of PAL the
persistence of forest ecosystems would be unlikely because of the freqoendy
andd vigour of wildfines "',

Kump (2008)
Nature 451: 278
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IRON ORE WORLD MINE PRODUCTION 2008 (2.19 Gt)

Other countries 50 Mt
Mexico 12 Mt
Mauritania 12 Mt
Venezuela 20 Mt
Kazakhstan26 Mt
Sweden 27 Mt

Iran 32 Mt

Canada 35 Mt
South Africa 42 Mt

China 770 Mt

USA 54 Mt

Ukraine 80 Mt Brazil 390 Mt

Russia 110 Mt

India 200 Mt
Australia 330 Mt

Feb 2009, Fines (64.5 % Fe), fob Europe: 86 USD/t
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Carajas mineral province, Amazonas basin, Brazil







Central part of the Carajas mineral province
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Banded iron formation (waste)




Serra Sul, Orebody A
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D orebody: 25,000 m drilled (200 x 200 m)
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Polished section (3 mm length):
Elsburg mine, pyrite pebbles, uraninite-thucholite, gold



Polished section (3 mm length):
Elsburg mine, pyrite pebbles, uraninite-thucholite, gold



Uranium Isotopic Abundances

Solar system uranium today
238 99.2745 %
235 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 %






Mounana

Ore processing plant g




Oklo Today

Mining ceased in 1979



ldeahzed  cross-section of the Oklo-Okélobondo  deposits

Criticality: ~1950 Ma
I . OKLO Open pit
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Reactor Requirements

Uranium U Fuel Quality
Reactor; 23°U 1-10 Free of neutron

Natural 22°U 0.72% poisons (Cd, REE)

FISSION REACTOR

Reactor Size

Moderator Able to utilise neutronsg

Thermalised neutro Fuel assemblage vol of
H,Oor C cubic metres




Reactor Requirements

Uranium U Fuel Quality

Reactor:232535U 1-10 Free of neutron
Natural =<>>U 0.72% poisons (Cd, REE)

FISSION REACTOR

Reactor Size

Moderator Able to utilise neutronsg

Thermalised neutro Fuel assemblage vol of
cubic metres




Oklo: a “Breeder’ reactor

Atomic Mass ~50 % of the total energy
N”(’;)ber Number released at Oklo (~15 GWa)
(Z+N) 239PU is from breeding of 23°Pu
A >
and decay to 235U
2.4x10%a
239
o Np
2.355d

"4
235 236| J 237 238 239
n n

—>

7.04x10%a / 4.5x10% [ 23.5m

oL /
Thermal Fission fast
fission




Retention of Fission Products at OKLO

Partially retained

+oca|ly redistribute+

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

92 93 94 | | ‘ ‘ | |
U Np Pu







Manganese nodules and crusts:
Hydrogenetic formationin the
deep seawith extremely low
clastic deposition.

Growth rate of a few mm/Ma
allows concentration of a wide
range of elements from
seawater (Mn, Fe, Ni, Co, Cu,

Pb, Ba, Mo, V, Ti, Pt, Au) by
adsorptive and redox processes.

Fig. 1. Ling drawing of sangassse-inon podules collected dunng the 1TLM.5 hallemedr Expedition
(18T =1876 {durmay and Komard, 1891, plate 100k



Ore deposits form in any aqueous environment: the lowerthe temperature,
the more wateris needed to transport the amount of metals for enrichmentto
ore level (up to 100 million times in Mn nodules with respectto sea water)
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Lehmann et al. (2000) Int J Earth Sci 89: 286



Ice on Mars,
Phoenic Mission;
Smith et al. (2009)
Science 325: 60
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