Lehmann:
Gold deposits
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Gold/Silver Price Ratio (1000 — 1999)
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GOLD WORLD MINE PRODUCTION 2007 (2,510 1)

Canada
Indonesia 120 t 1Dﬂt -

Russia 160 t

Other countries

820t

Peru 170t

USA 240 t

China 250 t

Australia 280 t
South Africa 270 t



GOLD WORLD MINE PRODUCTION 2008 (2,330 t)

China 295 t

Other countries 800 t South Africa 250t

USA 230t

Indonesia 90 t
Canada 100 t
Russia 165t

Australia 225t

Perul75t



SILVER WORLD MINE PRODUCTION 2007 (20,500 t)

Peru 3,400 t

Other countries 4,280 t

Canada 1,200 t Mexico 3,000 t

USA 1,220t

Poland 1,300 t
China 2,700 t

Chile 1,400 t

Australia 2,000 t



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













Old settlements
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El-Sid mine in 1950
(produced 3 t Au from 1940-1955, with an ore grade of 28 g/t Au)
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Ore microscopic features of the EI-Sid deposit




Small-scale placer mining, Karen State, Burma



Karen State, Burma
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Pongkor,
Java,
Indonesia







Pongkor, Java, Indonesia

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

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

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




Pongkor,
Java,
Indonesia































Gold rush in Mongolia in 2005



















SerraPelada
(1983)
Carajas, Brazil
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SerraPelada
bonanzagold,
drillcore SP-32,
sampledover50cm
intervals

Cabral et al.,
Econ Geol 97:
1132 (2002)
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In podfcias bkt walarials Ow B ingide of masndar ioops

Heavy minerals:

Insoluble:

Gold (17-19 g/cm?3)

Pt-Fe alloy (18-21 g/cm?3)
Diamond (3.5 g/cm?3)
Cassiterite (7.0 g/cm?3)
Zircon (4.7 g/lcm?3)

Soluble:
Pyrite (5.0 g/cm?)
Uraninite (11 g/cm?3)




Placer deposits

Younger rocks er  Tertiary sand(stone)
sediments or gravel [conglomerate)
produced by first peried

of erosion

;:;::::::::::::::l:'-:::i:i.'r. Fleistocens
terrace gravel

Metamorphic rocks containing Gold at base of terrace gravel
gold = quartz veins and streambed gravel

I 1 toSkm

Gold at base of Tertiary gravel




PROPORTION OF DEPOSITS
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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 Aul!
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Archean provenance
greensiones — gold, quartz
granites —s uraninite
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Earlier low-anergy facies ! E‘.F . ‘ Basin

- Zone of wave reworking,

Fan head facies [sa%] | + Coarse channel conglomerates

Mi taci Py Finer channel conglomerates, trough
idtan facies o By cross-bedded channel sands

Fan base facies [io |+ +[+ +| Sand sheets, algal mats




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
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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)
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Elsburg mine, pyrite pebbles uranlnlte thuchollte gold
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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 + 20, = Fe, 04 (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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Kump (2008)
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PT diagram of
water and
Isochores

(lines of equal
density)

cp = critical point
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Yellowstone
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Mammoth hot springs, Yellowstone Park, \Wyoming







Old Faithful
(1 eruption/h)
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Red Mountain, Colorado







Julcani, Peru




Aruntani




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




-
g W

T BT ¥ i -
= | i
oF

- s O
: E b!ﬁﬂﬂiﬂ!ﬂn;1xﬁmw:l:ﬁ;!_lll o 17,
TRy

. |
R et L 11 L O P

;erro Rico de Potosi. Bolivia




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan




Osorezan, Japan
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Fig, .0 Schenuith cnmesectbon shawing shallow sl soleanie intruskions and asocated

sirasw ol snd environments deduced Tor loomation of porphyry Cu, and high- s ow-
mmllhm'qiﬂnmlmm mmmm Active W q’ﬂtmw frsim
degassbing magma o fumarcles and acidic spongs, anid incorperate porphivry asdios

sulligkasion ore environments, wheness low-sullidation nee deposits Tomm from geoihermal vynens
vharscterzed by mewtral-pH waters thal may discharge o il speings.

Hedenquist et al. (1996) Soc Res Geol Japan
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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
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Kori Kollo, Bolivia: 59 Mt @ 2.3 g/t Au + 14 g/t Ag
Annual production: 10t Au/a, worked out in 2002
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Kori Kollo, Bolivia: Leach pads
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Kori Kollo, Bolivia: Leach pads



Kori Kollo, Bolivia: Pregnant ponds




Kori Kollo, Bolivia: Pregnant ponds
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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 tAu in 2002, 100,000 t/d ore + 100,000 t/d waste
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Experimental biooxidation-bioleaching reactor at the Gold Quarry Mine
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Carlin type: ,invisible” gold in carbonaceous, decarbonated limestone



Alchem Pit, Jerritt Canyon, Nevada




Alchem Pit, Jerritt Canyon, Nevada
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Groves et al., Econ Geol 98: 5 (2003)
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Yilgarn Craton, western Australia

i Golden Mile: ~1200t Au
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" 2630sioma i Snmitd 2 N Rty Kerrich and Cassidy (1994) OGR 9: 277




A, Magenatic and thermsal svoktion of the sesbem Yiigam Craton, and geld minsralization and ressfling svents
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Superior Province, Canada

i

)

Hemlo: >300t Au

Timmins-Hollinger: >600 t Au

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

Kerrich and Cassidy (1994) OGR 9: 268




i
/
i
i
|
f
i

d :'un"[

"i’ﬁ[ﬂ I

ELLL LR ERE et NI DT TE e R T TP PPREy
CERRRNNN NN

L LR LR R T T T
Trrrprrrr—

" “aﬂ*-“
S
Bl
PR iy
e s Rl
L
=

1
e — - ¥

_ i

i S i
= om o s o o = = B - - - - - -~ = == =l
'.“I.ii u - (T
o | ".= [LTTTEE =7 7
b _1 -
[ ——— 3 n < e e ot

E e R W ke

T TR mm M e mw e e e

G- Ihh'nlhz-ﬂ__i.m-
e N | -£T—H_ -
= —_— _92 ¥
i e E— -l 5
o 5 -

Kerrich and Cassidy (1994) OGR 9: 270



. . Earaia .
CEOTEMALSIEIM g0 Aolca, N7 Crerlake

Fig. 1.1 Sthematic cross-section shawing shallivw sub-voleank: intrusions wsd associated
stratesvokemns, asd envirmomments dediscsd Tor Tormation oF porplyyry Cu, aed higth ond liwe
anlfidation epithermal one deposits [ 20,251 Active voleame-hydrothermal systenm extend from
degassing mugmu to lumurodes and scadic springs, and ncorporate porphyry andior high-
sabfudabion ore environmenis, whereas bow-sulfidaton ore deposits form from goothermal cysiems
characieriedd by neatral-pH waters that may discharge s hot springs.

Hedenquist et al. (1996) Soc Res Geol Japan
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AUO + 2H28 + ]/402 =
[AUu(HS),]" + H* + %2H,0



250° 350°

| |
AuHS(H,S),’
" # This study; 0-1 m Cl
& Ref 12, no Cl
L‘¢ Refs 12-13;0.1-5m Cl

-

o
=]

~
o

d-ﬁﬂp - 55;':"'} EEEE _T.Eﬁiﬂ AU + 4H28 + 1/202 =
| T 08 AUHS(H,S), + %H,0

107

2

Gold solubilty

—

-4.0 i E oxygen-buffered
= '_g ﬂij’:‘ﬂ.ﬁgrﬂ 10 E (pyrrhotite-pyrite-
=50 - r 110 ~ Mmagnetite) and

f | .h S pH-buffered

2 @ (orthoclase-

E 'E'ﬂjl_ 101 ';EJ' muscovite-quartz)
E T‘{JP | S as typical of

a ’ ) orogenic gold
g t . ;‘--"'Aumt "|1'ﬂ'= : deposits
‘y=—BSLAU as AuHS® + Au(HS)" E
| 'S0 MPa =102

-8.0
-3.0

:r‘
o Au-Hvﬂ-E-—rr Au-Cl ? =104
-1 |1 "# /‘aﬁ \ |

—10%

| | | -1}

20 _flé'ia 1.7 1& ]

S5 14 13 12 11 1.
8 Loucks and Mavrogenes

10°/ T(K) (1999) Nature 284: 2162



Orogenic
gold deposits:
Tonnage-grade plot

Age of deposit Size of deposit
¢ Archean 0 Mesozoic O40A TO to 490t Au
O Prolerozoe ®  Canozrosc Q6EA > 5001 Au



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: 600,000t Cu + 80t Au, 26 ct/pound Cu, 113 USD/oz Au



Grasberg open pit (Aug 99)




Grasberg Open Pit

View Looking South
October 9, 2003
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The system Cu-Fe-S-O-H

at 25°Cand 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
at10%m Fe (56 ppb Fe), 10%m cu
(64 ppb Cu) and 108 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
Productionin 2003: 210,000t Cu + 16 t Au




Davies et al. (1978)

Econ Geol 73; 796-
809
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Ok Tedi/
PapuaNew Guinea

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

Gossan ore:
30Mt x 3 g/tAu =
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






ACCRETED CONTINENTAL BACK-ARC

CRA
MAAGIN
¢ Epthermal O YHMS & Crogenic o« Epithermal o Infrusion-
Aaudg Cu-Au A Ay redated Au
Mo (iskams)
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SHHBIBINYW
B Accretionary wedge -:mmmu ';*j-wr Oider craton [ Extensional faun
(77 Grannoics —] Whosphers [X] et

Lo Asthencsphere

P 1. Tectonds seiting '?rl'-l-.!-rh-l--r—i[:p.-nlr'li- naivereral deposits, Vertical scale i cxaggesated to allow schematic depths
aif frrmuatbon ool varksis -&1‘:::]! it‘rih bii sl .-'|.-|I.||'|-I'r-|l fostin Lammes bl {18980, Abbreviatbons: YHMS = voleanice
hemtes] massive ualfide.

Groves et al., Econ Geol 98: 4 (2003)
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:' Fault valve
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. O %  Principal
lode-goid ", siress
deposit 3, "N “%% ()

1111111111
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(B} (Plan view)

Suction pump

Hydrothermal fluid flow at deep levels (comp'ressi've 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)




Die Oberharzer Blei- und Silbererzeugung von 1500 bis 1900
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High-sulphidation - porphyry transition

srioite up
to pryrophyllite

top of basmnen

P
ot lmpched rone  dian Au-Ag
i vy

ocp mt depth

copw'
ALY L

= 1.5 =2 km vertical interval
represanted from palec-surface to

porphyry deposit
* Vuggy quartz — quartz-alunite —

quariz-pyrophyllite —s quariz-searicite
from top downwards

« Au-dominated — Cu-dominated from
top downwards
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Porphyry-epithermal relationships

g =

o | lll;llilll'lllll

E o =l s
. =

N, =

“ e e 1

i -

= L W]

Linkages between porphyry, high- and intermediate-

sulphidation epithermal, skarn. carbonate-replacement, and
Carlin-like anvironmants now widely appraciated

The necessary information was supplied by warldwide
exploration activities
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Key role of geology in porphyry and epithermal exploration

Circum-Pacilic Region

Farameters

« XT—ear history

« 81 deposits

* Mamly porphyry, epidbermal, & sadiment-hosted gold (mingr
VIS & crogenic goid |

Main conclusions

« Notwihstanding exploration changes., liffle overall evohution in
discovery methodology (but see next slide)

+ Geologic feldwark: 80% of discovenes

= roudine observation, mappang. & interpretaton

- famdliarity with depoadt models {since 1980s)
egchemustry. 7l of discovenes

= siream sedimeni, 5o, & rock chip
Geophysics: 15% of discoverns (only 50 of programs)

L

— Ground IP & EM
T « Drllling & sevendipity: 12% of discoveries
B EIHI E! i + Remobe sensing (satallne imagery, arbome scanners 09%)
- i;& .
L ]
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