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Quelle: T. Green: The Millenium in Silver 1000-1999, Rosendate Press, London, 1999

Gold/Silver Price Ratio (1000 – 1999) 
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GOLD WORLD MINE PRODUCTION 2008 (2,330 t)

100 t

Other countries 800 t

Indonesia 90 t

Canada
Russia 165 t Peru 175 t

Australia 225 t

USA 230 t

South Africa 250 t

China 295 t





Gold coin with image of Justin II (c. 520 � 578 AC), 4.49 g



Darius I, Persia
6th century A.D.
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„Turin papyrus map“
Museo Egizio, Turin 

Length of Wadi Hammamat
(Valley of the Many Baths)
shown is ~15 km.
Made by the well-known
‘Scribe of the Tomb‘
Amennakhte in 1150 BC
First topographic and
geologic map  





Mountains of gold

The houses of the gold workers

Mountains of gold

The road that leads to the sea

The shrine of Amun

The mountains in which gold
is worked, they are colored in 





Old settlements



El-Sid mine

585-590 Ma



El-Sid mine in 1950
(produced 3 t Au from 1940-1955, with an ore grade of 28 g/t Au)



Ore microscopic features of the El-Sid deposit
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Small-scale placer mining, Karen State, Burma



Karen State, Burma 





Woxi,
Hunan,
China





Pongkor,
Java,
Indonesia





Pongkor, Java, Indonesia

5 Mt @ 12 g/t Au + 137 g/t Ag
(cut-off 4 g/t Au)

Annual production:
3-4 t Au, 21-28 t Ag

Epithermal quartz vein system
(quartz-carbonate-adularia),
2 Ma old



Pongkor, 
Java,
Indonesia





















Gold rush in Mongolia in 2005



Serra Pelada garimpo, Carajas, Brazil: 60-70 t gold (1980-1984)











Serra Pelada
(1983)
Carajás, Brazil







Serra Pelada
bonanza gold,
drillcore SP-32,
sampled over 50 cm
intervals

Cabral et al.,
Econ Geol 97:
1132 (2002) 







Heavy minerals:

Insoluble:
Gold (17-19 g/cm3)
Pt-Fe alloy (18-21 g/cm3)
Diamond (3.5 g/cm3)
Cassiterite (7.0 g/cm3)
Zircon (4.7 g/cm3)

Soluble:
Pyrite (5.0 g/cm3)
Uraninite (11 g/cm3)



Placer deposits



Distribution of
ore grade:

80 % of all deposits
are in the range of 
0.1-0.4 g/t Au

But Witwatersrand:
8 g/t Au!



Johannesburg
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Witwatersrand Basin:

40 % of all gold mined,
and 35 % of global gold
resources

Gold-uranium bearing
meta-conglomerate
(2.89-2.76 Ga)
~8 g/t Au, 200 g/t U

Re-Os age of gold:
3.03 Ga

Kirk et al., Science 297:
1856 (2002)

Historical production
1887-today:
~55,000 t Au
[value 1600 billion USD
in 2008]
60,000 fatal accidents





Amazon mine



Mponeng mine: Ventersdorp Contact Reef (-3200 m), cut-off at 1000 g/t x cm
Overlying meta-basalt: 2714 ±8 Ma (SHRIMP U-Pb on zircon)











Elsburg mine, pyrite pebbles, uraninite-thucholite, gold 



Elsburg mine, pyrite pebbles, uraninite-thucholite, gold 



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



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



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



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 (>10-5 PAL) only 
after the GOE.

(1) Oxygen from oxygenic photosynthesis is fixed in BIF

2Fe2+ + 2H2O + ½O2 = Fe2O3 (s) + 4H+

(2) Anoxygenic photosynthesis by reduction of CO2

4Fe2+ + CO2 + 11H2O = 4Fe(OH)3 (s) + 8H+ + [CH2O]

The two mechanisms for formation of iron ore deposits of
the �Banded Iron Formation� (BIF) family





Kump (2008)
Nature 451: 278



PT diagram of
water and
isochores
(lines of equal
density)
cp = critical point



Temperature, °C

Solubility of
quartz 
in water



Yellowstone
River, Wyoming,
USA



Mammoth hot springs, Yellowstone Park, Wyoming



Mammoth hot springs, Yellowstone Park, Wyoming





Old Faithful
(1 eruption/h)



Mud pot/mud volcano (water-deficient hot spring, CO2 + SO2)



Red Mountain, Colorado





Julcani, Peru



Aruntani



Laurani, Bolivia: high-sulfidation gold (quartz-alunite alteration)



Cerro Rico de Potosi, Bolivia



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Osorezan, Japan



Hishikari,
Japan



Temperature, °C

Solubility of
quartz 
in water



Hedenquist et al. (1996) Soc Res Geol Japan



PT diagram of
water and
isochores
(lines of equal
density)
cp = critical point



Kori Kollo, Altiplano, Bolivia



Kori Kollo, Altiplano, Bolivia



Kori Kollo, Altiplano, Bolivia



Kori Kollo, Bolivia: 59 Mt @ 2.3 g/t Au + 14 g/t Ag
Annual production: 10 t Au/a, worked out in 2002



Kori Kollo, Bolivia: Leach pads



Kori Kollo, Bolivia: Leach pads



Kori Kollo, Bolivia: Leach pads



Kori Kollo, Bolivia: Pregnant ponds



Kori Kollo, Bolivia: Pregnant ponds































Basin and range province, Nevada 



Round Mountain gold mine, Nevada





Round Mountain, 300 Mt @ 0.8 g/t Au (0.18 g/t Au cut-off in final pads), 200-250 USD/oz



Round Mountain mine in 1990: 320 t Au until 2006 . 



Round Mountain, 24 t Au in 2002, 100,000 t/d ore + 100,000 t/d waste













Round Mountain open pit in July 2004 





Experimental biooxidation-bioleaching reactor at the Gold Quarry Mine



Carlin type: „invisible“ gold in carbonaceous, decarbonated limestone



Alchem Pit, Jerritt Canyon, Nevada



Alchem Pit, Jerritt Canyon, Nevada



Groves et al., Econ Geol 98: 5 (2003)





2630 ±10 Ma ~3000-2600 Ma

2660-2630 Ma

Golden Mile: ~1200 t Au

Kerrich and Cassidy (1994) OGR 9: 277

Yilgarn Craton, western Australia



Yilgarn Craton, western Australia Kerrich and Cassidy (1994) OGR 9: 278
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Kerrich and Cassidy (1994) OGR 9: 268

Superior Province, Canada

Hemlo: >300 t Au

Timmins-Hollinger: >600 t Au

Larder Lake Shear Zone:
Larder Lake: >300 t Au,
Val d‘Or >100 t Au



Kerrich and Cassidy (1994) OGR 9: 270
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Hedenquist et al. (1996) Soc Res Geol Japan

Reduction of SO2 to H2S
and HCl to dissolved salts

Disproportion of magmatic SO2:
2 H2O +SO2 = H2SO4 + H2S



Au0 + 2H2S + ¼O2 =
[Au(HS)2]- + H+ + ½H2O



Loucks and Mavrogenes
(1999) Nature 284: 2162

Gold solubilty
oxygen-buffered
(pyrrhotite-pyrite-
magnetite) and
pH-buffered
(orthoclase-
muscovite-quartz)
as typical of
orogenic gold
deposits

Au + 4H2S + ½O2 =
AuHS(H2S)3 + ½H2O



Orogenic
gold deposits:
Tonnage-grade plot



Road to Grasberg (Freeport McMoRan) in Irian Jaya



Irian Jaya: Grasberg road



Grasberg



Grasberg open pit (Aug 1999), 1.2 Gt @ 1.41 % Cu + 1.5 g/t Au, 1 Gt overburden
Production in 2003: 600,000 t Cu + 80 t Au, 26 ct/pound Cu, 113 USD/oz Au



Grasberg open pit (Aug 99)



SISHENSISHEN
IRON OREIRON ORETo be acknowledged as a global leader in reliable Iron Ore production.





Cu2+Fe2+

Top of groundwater table

Upper limit of water stability

Lower limit of water stability

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)

The colored solubility limits of
Au 3+, Fe 2+ and Cu 2+ are drawn
at 10-6 m Fe (56 ppb Fe), 10-6 m Cu
(64 ppb Cu) and 10-8 m Au (2 ppb Au).



OK Tedi, Papua New Guinea (1976) Drill sites, helicopter landing pads
EG 73: 597 (1978)



OK Tedi (1992)



OK Tedi, Papua New Guineas (1994), 265 Mt @0.82 % Cu + 0.65 g/t Au
Production in 2003: 210,000 t Cu + 16 t Au 



Ok Tedi/
Papua New Guinea

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

Gossan ore:
30 Mt x 3 g/t Au =
90 t Au
~ 2.5 billion USD

Secondary enrich-
ment zone:
265 Mt x 0.82 % Cu =
2 Mt Cu
~ 14 billion USD

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

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

Davies et al. (1978)
Econ Geol 73: 796-
809 





Groves et al., Econ Geol 98: 4 (2003)



Hydrothermal fluid flow at deep levels (compressive stress regime at 
several km depth) » Fault valve model: orogenic gold/mesothermal gold; 
and at shallow levels (extensional regime) » Suction pump model: 
epithermal gold



Wadi Hammamat,
Eastern Desert, Egypt

Turin Mine Papyrus,
Museo Egizio
ca. 1200-1000 A.D.
(XXth Dynasty) 
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Rammelsberg

Oberharz

Deutschland

Erzeugung von Silber
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Erzeugung von Blei
Jahresdurchschnitt von jew eils 5 Jahren 
in 1000 t

Rammelsb.

Oberharz

Die Oberharzer Blei- und Silbererzeugung von 1500 bis 1900Die Oberharzer Blei- und Silbererzeugung von 1500 bis 1900
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Sillitoe, ProExplo Lima 2009



Sillitoe, ProExplo Lima 2009



Sillitoe, ProExplo Lima 2009



Sillitoe, ProExplo Lima 2009


