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ABSTRACT 

It has been established that porphyry copper/copper-gold deposits have formed from I Ma 

to 2 Ga ago. Generally, they are related to the Mesozoic-Cenozoic interval with few 

reported occurrences from the Palaeozoic or Precambrian. A reason cited is the erosion of 

these deposits which are often related to convergent plate margins and orogenic belts. 

Observations of the alteration and mineralisation within and around porphyry 

copper/copper-gold systems have been included in numerous idealised models. These 

alteration and mineralisation patterns are dependent on the phases of intrusion, the tectonic 

setting and rock type, depth of emplacement and relationship to coeval volcanics, 

physiochemical conditions operative within and surrounding the intrusive and many other 

mechanical and geochemical conditions. 

Island arc and cratonic arc/margin deposits are generally considered to be richer in gold 

than their molybdenum-rich, intra-cratonic counterparts. Metal zonation may occur around 

these copper/copper-gold deposits, e.g. copper in the core moving out to silver, lead, zinc 

and gold. This zonation is not always present and gold may occur in the core, intermediate 

or distal zones. 

Examples of gold-rich porphyry deposits from British Columbia, Chile and the SW Pacific 

Island regions suggest gold is closely associated with the potassic-rich zones. Generally 

these gold-rich zones have greater than 2% magnetite and a high oxygen fugacity is 

considered to be an important control for gold deposition. High Cl' contents within the 

magma are necessary for gold mobility within the host intrusive centres. Beyond this zone 

HS,· becomes an important transporting ligand. 

Exploration for porphyry copper-gold deposits includes an integrated geological, 

geophysical and geochemical approach. Petrographic work through to Landsat imagery 

may be used to determine the chemical conditions of the system, ore association, favourable 

structural zones and alteration patterns, in order to focus exploration activities. 
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1. INTRODUCTION 

The potential for bulk, low-grade mining of copper from porphyry copper systems was 

essentially only recognised with the discovery of Bingham Canyon during the 1860' s 

(Guilbert, 1992). Since then, much effort has been expended in attempting to understand 

the porphyry system and the associated mineralisation and alteration features. The classic 

model as proposed by Lowell and Guilbert (1970), (Figure 1), for alteration and 

mineralisation about the porphyry stock, has been used as a basis for further research and 

exploration of porphyry copper deposits (PCDs). This research and exploration has been 

undertaken by persons such as Titley (1966, 1975, 1978, 1982, 1992), Sillitoe (1972, 1975, 

1979, 1983, 1989), Gustafson and Hunt (1971), Beane (1982) and Jones (1992), to name 

but a few. Their work and others, combined with the geological information from the 

mining operations of PCDs throughout the world (Plan 1 - Appendix 2), has helped in 

improving our knowledge and understanding of the geochemistry and ore deposition

alteration mechanisms of these systems. 

Today, gold-enriched bulk-mineable porphyry copper deposits are important exploration 

targets and are, according to Jones (1992), among the largest revenue generators in the 

mining industry. Only in the past 80 years or so has the exploration community recognised 

that gold deposits can be found in the porphyry system. The possible cause of gold 

enrichment in some porphyry systems has been addressed by Titley (1978), Sillitoe (1979), 

Kesler (1973), Keith (1984), Cox and Singer (1988), Leveille et al. (1988) and Jones 

(1992). 

Gold-rich or associated porphyry copper-gold deposits occur in various tectonic settings 

associated with various rock types. Fingerprinting the characteristics of these deposits is not 

straightforward and answers are being sought by many academics and explorationists. Due 

to the numerous variables (e.g. tectonic setting, composition of the intrusive, country rock 

composition, depth of emplacement, fluid interaction, temperature and composition of the 

mineralising fluid and structural pathways) which may control the ore forming process 

related to porphyry systems, it can only be remarked that gold-rich porphyry copper systems 

are less well understood than their copper or copper-molybdenum counterparts. There 

appears at present to be no definite set of variables or characteristics which can be assigned 
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to fingerprint barren porphyry intrusives from mineralised ones, and gold-rich copper 

porphyries from copper-rich porphyries. 

It is therefore the objective of this dissertation to gather all relevant information on 

porphyry systems and highlight the models and characteristics proposed for porphyry copper 

deposits. This will be discussed in Part A and will serve as an introduction to the gold-rich 

porphyry systems to be discussed in Part B. The ideas proposed and discussed in these two 

sections will then be integrated and guidelines developed for the initiation of a porphyry 

copper-gold exploration programme. 
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PART A 

2. A REVIEW OF THE PORPHYRY MODELS AND CHARACTERISTICS 

2.1 General 

Models showing alteration and mineralisation features of porphyry metal systems have been 

developed by numerous authors, e.g. Lowell and Guilbert (1970), Gustafson and Hunt 

(1975) and Sillitoe (1973) (Figures 1, 2 and 3). These models allow generalised 

predictions to be made concerning the properties of the porphyry system. 

------ --- ....... /" f'AOPYUTIC " 
/ CL·".cO \ 

ARGILLIC \ 
/ aZ·KA·M 

I ~ \ I POTASSIC \ 

I aUF·., I 
I I 
\ I \ C\ I \~ QZMS ./ 

\ " ·MG CUF / 

AG SILVER 
AU GOLD 
81 IIIOTITE 
C8 CARBONATE 

ALTERATION ZONES 

CL CHLORITE 
CP CHALCOPYRITE 
EP EP'DOTE 
GA GALENA 

PERIP'HERAL 
CP-GA·SL 
AU·AG 

LOW
GRADE 

A 
I"YRITE 
SHILL 
ry 1011. 
a 1·)% 

MINER"LlZATION ZONES 

KA KAOLINITE 
Kf' J(·fELDSI'AR 
MG "'''GNETITE 
MN MON1lo40RILlON'TE 

1010 MOL YBOENITE 
loiS MICAISERICITE 
'Y PYRITE 
az QUARTZ 
$l SPHA.LERITE 

Figure 1. The Lowell and Guilbert model for porphyry deposits 
indicating the alteration and mineralisation zones 
(after Lowell and Guilbert, 1970). 

They are however unable to predict the properties of mineralisation and the precious metal 

potential of the system. The sites and controls of base metal rnd precious metal 

concentrations, as depicted in mineralisation and alteration models, e.g. Lowell and Guilbert 

(1970) - Figure 1, are commonly site specific. The observed alteration assemblages (and 

metal associations) may occur with many variations as a result of multiple igneous 

intrusions and the telescoping of alteration and mineralising events. 
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Table I. Characteristics 
copper deposits of the 
McMillan et al., 1991) 

of typical Cordilleran porphyry 
three major deposit types (after 

Setting 

Plutons 

Structural 
Control 
of Intrusions 

Brecdas 

Alteration 

OrcbodiC:3 

Associloled with post-orogenic 
slocks intruding unrelated nost 
rocks: co-magmatic volcanic piles 
rarely preserved. Cordillerlln 
deposits .ne of Late Me.soloic La 
Tertiary IIge. 

Multiple ph.!lScs emplaced <!IS 
successive, sm.,11 (0.5 to 2 km2 ), 
cylindrical porphyritic intrusions; 
numeroU:i pre, intra. and posl
m in era l porphyry dikes: empLllced 
at shallow depth. 

Paniv!!. structure need not be 
Significant: many stocks loclIliz.cd 
by intersections of regional (aul15. 

Abundant lind charllcteristic:: post· 
arc argillic dlatn::mcs are common. 
Other types prescnt incfude 
collapse breccills, intrusive 
breccias, and c:arapolce or sloping 
breccias. Early bre<:ciu can be 
minen~lized . 

Potassic. phyllic and propy lit ic 
unlversally developed iU annular 
shells around intrusions: arg Jllic of 
varying importa nce. Early 
dev eloped biotite (EDB) can be 
part of an isochemica! hornfels and 
Mas often been m isidentified as 
part of the potauic lone. 

In mllrgins and adjacent to 
porphyry inlrusion(s) as annular 
ore shells . or as domal cappings: 
pronounced laler.!!1 toning. PYrlte is 
found throughout: the weakly 
mmeralized core is surrounded by 
l OneS dominated by molybdenite. 
then chDlcopyrite. and finally. a 
pyrIte halo. 

Volcanic 

In b.!!sic 10 intermediate yolcanic 
piles intruded by co magmatic 
c aJca lk alic or alkalic (dioritic or 
shoshonitIc suite) plutons; 
magmatIsm produces 
consanguineous and intimately 
lIssociDted intn.sslve/elllNsive 
assemblllges. Cordilleran deposils 
are of Mesaraic: age. 

Calcllikalic - very small to small 
sheeLS. dikes and plugs (0.2 to 10 
kml). with much texturDt vDnation: 
subvolc:anic empl.!lcement. 
Alkalic - high level sheelS. dike3 
and plugs associated with 
underlying differentiated 
mesozonal pluton or small 
batholith. 

Calcalkalie - emplacement in 
volcanic vents, [ault zones. radial 
fractures. 
Alkalic - intrusive centres 
localized by regionlll structures. 
Hign level intrusive rocks invade 
YolCllnie vents and fault lanes. 

Calkalkalic - common and 
dIverse; indude primllry 
pyroclastic tepnra. alteratIon 
pseudobrecdas. Yent agglomen~te. 
,hailer lind igneous breccias. 
Mineralited breccias are 
characteristic: some contain 
magnetite or tourmaline. 
Alkalic - intrusive and Vokilnic 
breccias common and generally 
mineralized. u in calc alkalic 
types. 

Calcalkallc - propylitic is 
widespread : potassic is more 
rest ricted but can be intense; 
a lteration centred on tones of high 
permeability. Similar to classic 
type deposits with small core 
lones of potassic and local phyllic 
and/or arg illic sheils. 
Alkalic - loca[ intense to 
pneumatolytic poti!lssic alteration; 
early nydrothermlll bioti te 
overprinted by propytitic. then by 
sodic lind/or potassic (albite
K.feldspar) and rarely 5Ci!lpolite 
alteratfon. 

Calkalkalic - g enerally Cu-Mo 
deposits intimately associi!lted with 
breccias and intensely altered 
rocks: ore bodies le nsoid lind 
irregul.ar. \/,lith some preferential 
be dding control. ''''ost orcs contain 
chalcopyrite \/,11th rare bornite or 
molybdenite as "dry" rr ilcture 
fillings. 
Alkalic - genera lly Cu·Au 
depOSits in IO,ruslve breccias or in 
highly fractu red country rock; 
some replac e porous country rock. 
Locall~ magnetite-ap.'tll e of 
magm"tic Origin prestn! i!S vem or 
brecci.~ inliJling s : :onlng is from 
t;hi!lJcopyntc. \/,IlIh or w,thout 
magnetit e. ,lnd bornite out ward \0 
c) py rite hilla_ 

Plutonic 

In large calcalk,allc plutons 
emplaced in or ncar cornagmatlc 
volcanic rocks: plutons typically 
have mafic borders and are 
moderately to strongly 
differentiated. Cordilleran deposils 
lIfC ot Mesozoic age. 

Batholithic rocks (> 100 km2) 
Immobilized at relatively deep 
levels (2 to 4 km). PhaneriUc 
c:o,arse grained to porphyritic rocks 
with local swarms of pre to post
ore porpnyriUc dikes. 

Diapiric emplacement; magmotic: 
pulses and differentiation cause 
sharp to gradational internal ph"se 
boundaries. 

Common in c)ssociation with late
stage porphyry dIke swarms. 
Breccias pre. IOtra, and late-stage. 

PhyUic . propy-argitlic. and 
propyllttc types a re best 
developed: local potassic 
alteration. Fracture controlled \0 
pervas ive . eommonlv c)s alteration 
envelopes on multistage fractures 
and veins. Centered on orebodies 
but patterns of zoning complicated 
by overprinUng . 

Large ~nd diffuse vein slockworks: 
some brecc;lI control, some (aults 
mineraliud: ,ulpnides rel atively 
sparse . ZOning is evident wilh iron 
coment incre Olis ing outward from 
bornIte. lO chalcopyrite. 10 pyrite· 
rich tones: Mo diSlnbution is 
v.,dable. Some deposits have 10 .... • 
grade qUllrU·rich core lones. 
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Legend 

OIl Propylitic Alteration 
E::::3 K Silicate Alteration 

--- Outline Of Sulfate Zone 

r:::J Chalcopyrite Mineralization 

ffiN3 Bornite-Chalcopyrite 
Mineralizotion 

./ Magmatic Fluids 

(A) 

EARLY MAGMATIC ALTERATION AND MINERALIZATION 

CXX} Serieit!c Alteration 

....... " Outline Of Pyritic Minerolization 

~ Pyrite- bornite Mineralization 

,.I Meteoric Water 
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Figure 2. Model showing the stages of 
alteration and mineralisation about the 
porphyry system (modified after Gustafson 
and Hunt, 1975). 

The classes or models of porphyry deposits, as outlined by McMillan et al. (1991) for the 

Cordilleran porphyry deposits, may prove to be more favourable when considering the 

tectonic setting, pluton composition and size, regional structural controls and the alteration 

of the various porphyry deposits. These three classes include the "classic", "volcanic" and 

"plutonic" types (Table I). 

The classic deposit types are related to multiple subvolcanic plutons (Figure 4). Dykes and 

breccias are common and the host rocks inay be volcanic or sedimentary. These deposits 

may be used to describe the Tertiary porphyry deposits in the southwestern United States. 

Andean-type stage alteration and early developed biotite is characteristic, and the change 

in colour of the biotite from green in the aureole to brown in the ore zone may be used as 

an exploration guide (Carson and Jambor, 1974). The main ore zone consists of 

chalcopyrite and bornite in quartz-filled fractures enclosed in a pyritic halo. 
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Figure 3. Generalised cross-section of a simple 
porphyry copper deposit showing its position between 
plutonic and volcanic environments (after Sillitoe, 
1973) . 

Alteration zoning includes a potassic core with secondary biotite, through a flanking phyllic 

zone consisting of quartz-sericite-carbonate and pyrite, to a propylitic fringe with chlorite, 

carbonate and epidote. 

Volcanic deposit types are formed in the root zones of ancient calc-alkalic and alkalic 

volcanoes as stocks, plugs, sills and dyke swarms (Figure 5). The host rocks being largely 

volcanic, breccias and dykes. Early developed biotite is typical, and the propylitic alteration 

extends well beyond the pyrite zone out into the country rock. 

The plutonic deposit types form at relatively deep levels within plutons of batholith 

dimensions (Figure 6). The plutons are generally zoned - mafic to felsic, e.g. quartz diorite 

to quartz monzonite or granite. Mineralisation is very close in age to the plutonism and is 

associated with the younger phases. Alteration is similar to that of the classic type (but the 

pyrite halo is weaker). These deposits are generally Cu-Mo sulphide deposits with a low 

gold content (O.lg/t or less). 

Generally gold-rich porphyry deposits are associated with the classic- and volcanic-types 
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According to Sutherland Brown (1976) , geological mapping and reconstruction indicates 

a maximum depth of 4km and a typical depth of 2km for porphyry deposits. Porphyry 
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intrusions are emplaced as crystal-liquid 

mixtures that release fluids as the magma 

crystallises and the confining pressure 

decreases during magma ascent. The rapid 

nse of magmas results in sudden cooling 

and the release of volatiles due to the 

change from lithostatic to hydrostatic 

pressure. This may lead to the formation 

of large hydrothermal systems with large 

alteration halos, hydrothermal brecciation 

and intense fracturing in and around 

intrusions. If the intrusions were saturated 

or oversaturated with water, the above 

processes would be promoted. Alteration, 

brecciation and fracturing would also be 

enhanced by the incorporation of wallrock 

fluids, resulting from deep groundwater 

circulation and metamorphic dewatering. 

With respect to porphyry copper deposits, 

they are formed initially as closed systems 

which later become open with the large 

scale introduction of both magmatic and 

hydrothermal solutions along structural 

breaks in the rock. These breaks are 

formed both by regional forces and 

localised magmatic forces. The regional 

forces may be important in controlling the 

location and shape of igneous intrusions, and are evident in orthogonal veins and fault sets. 

Breccias, random crackling and radial·concentric veins are evidence for the action of 

magmatic forces. According to Gustafson (1978), the balance between these forces changes 

from time to time and from place to place within a deposit, particularly as successive 

intrusions are emplaced. The shifting of intrusive centres, telescoping of igneous events and 
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the location of fracture permeability during the evolution of hydrothermal activity are 

important factors controlling whether resultant mineralisation-alteration zoning is concentric, 

e.g. San Manuel - Kalamazoo, Arizona, or asymmetric as at Panguna, Cabang, Kiri (N 

Sulawesi) and Koloula. 

As a result of porphyry copper(/gold) mineralisation being disseminated over large volumes 

of rock, it is amenable to large-scale bulk mining methods. On a microscopic scale it is 

usually possible to see that most of what appears to be disseminated mineralisation is 

actually fracture controlled. Breccias are characteristic features, often intrusive into host 

rocks and have a clastic, igneous or mineralised matrix. 

2.2 Alteration and Mineralisation within Porphyry Systems 

Alteration and mineralisation result from the complex interplay of mechanical, magmatic 

and hydrothermal processes in and around the porphyry body. The physical and chemical 

conditions of ore, alteration and mineral deposition change through the geologic history of 

the system. The degree of conversion of original rock to alteration assemblages, ranges 

from local and partial replacement of selected minerals to the complete conversion of all 

original minerals (Titley, 1982). 

The nature of the host rocks controls the alteration minerals produced under changing 

thermochemical conditions. This, together with the mechanical and compositional 

characteristics of the rock, influences the evolutionary style of alteration and mineralisation. 

Furthermore, the weathering conditions affect the nature and expression of alteration and 

mineralisation within the weathered zone. A discussion of leached cappings and their use 

in predicting copper grades in porphyry copper exploration is outlined in section 2.3 . 

Hydrothermal alteration associated with porphyry systems is essentially a base leaching 

process related to hydrolysis. This is controlled by the metal ion to hydrogen ion ratio in 

the altering solution. Factors which influence this leaching process include; pressure, 

temperature, water to rock ratio and fluid and country rock composition. If, as reported by 

McMillan et al. (1991), the ionic ratio of potassium and sodium to hydrogen is low, then 

minerals such as feldspars, micas and other K-, Na- and Ca-alumino silicate minerals will 
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be unstable and begin to alter (Figure 7) . 
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represent aqueous chloride solutions in equilibrium with granocliol'itic magmas. 1 is low K, 
and the fluid never precipitates K-feldspar (path A). 1 can evolve toward 2 by any means 
that raises the K'" IH'" ratio, such as reaction or hydrolysis. From 2, several paths are 
possible, depending on what happens to the fluid. They all pass through the potassic field to 
the potassic-phyllic boundary D and thence into the phyllic field E. 

Figure 7. Diagram showing variations in mKC/mncc of magmatic chloride solutions and 
the major types of wall rock alteration expressed on AKF and ACF diagrams 
(modified after Burnham and Ohmoto, 1980, Meyer and Hemley, 1967 and 
Guilbert and Park, 1986). 
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Furthermore, boiling and magmatic vapour saturation can also lead to acid solutions being 

formed, resulting in argillic alteration. Fluid inclusion data from these porphyry systems 

indicate that the solutions are sulphur and chlorine rich. 

In an idealised model such as that proposed by Lowell and Guilbert (1970), alteration is 

portrayed as a series of shells around the porphyry intrusion (Figure 1). From the core of 

the intrusion outwards, the following alteration patterns were recognised : 

• Barren core 

• Potassic zone 

• Phyllic zone 

• Argillic zone 

• Propylitic zone 

quartz, muscovite, chlorite and K -feldspar . 

quartz, K-feldspar, biotite, 

muscovite, anhydrite. 

quartz, muscovite and pyrite. 

quartz, kaolinite and chlorite. 

chlorite, epidote, carbonate, 

albite and adularia. 

In reality, hydrothermal systems should be seen as being dynamic, and as they cool the 

system may collapse downward resulting in younger alteration overprinting and destroying 

older alteration, e.g. early potassic and propylitic alteration overprinted by phyllic and later 

argillic alteration. An example of this is at Silver Bell in Arizona and Escondida in Chile, 

where quartz and sericite (phyllic alteration) has pervasively overprinted the potassic zone 

(pers. observ.). 

Alteration associated with two main petrochemical classes of porphyry deposits may have 

different alteration patterns. The calc-alkaline deposits have alteration patterns like those 

described from the southwestern United States. Alteration associated with alkalic deposits 

also have a central potassic zone, or albitic plagioclase envelope. These alteration zones 

may be overlapping, and according to McMillan (1992) alteration is patchier and no phyllic 

zone is developed (Figure 8). According to Lowell (1989), the alkalic dt.posits tend to have 

gold enrichment in the potassic core zones and are related to high level intrusions. 
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ALKALIC MODEL 

METALS 

D CPY-BN-MT-AU !!lim ALBITIC+POTASSIC - PYRITE 
® DISSEM. GOLD-SILVER 0 POTASSIC -KFS/BIO 
--. VEIN GOLD-SILVER 0 PROPYLITIC --. 

m BIOTITE HORNFELS 

Figure 8. Idealised alkalic model showing metal and 
alteration zonation (after McMillan, 1992). 

In the porphyry system, potassic and flanking propylitic alteration form early (Figure 9). 

In the potassic zone, minerals are unstable, and quartz, biotite, intermediate plagioclase and 

K-feldspar are typical alteration phases, while anhydrite and hornblende occur locally. The 

alteration process in the propylitic zone occurs under weak hydrolysis. Quartz and potassic 

feldspar are stable, but plagioclase, generally of intermediate composition, alters to a 

mixture of albite, epidote, carbonate and montmorillonite. The mafic minerals are replaced 

by epidote and chlorite, or less commonly by actinolite and tremolite. Argillic and phyllic 

alteration precede the earlier two phases, and represent increasing intensity of hydrolysis. 

Quartz, kaolinite, chlorite and lesser mixed-layer clays form within the argillic zone. With 

intense hydrolysis, advanced argillic alteration may overprint the other phases and the 

mineral assemblage will include quartz, pyrophyllite, kaolinite, dickite and sometimes 

andalusite. 

Typical metal zonation within the porphyry system is indicated in Figure 1. Here, a copper 

ore shell is flanked by a pyrite shell, a low pyrite shell and a peripheral lead-zinc, gold 

zone. Today it is recognised that porphyry deposits in the world may display some of the 

following metal zonation characteristics as indicated by Jones (1992). Jones (1992) 

recognises the following possible metal zones as determined from the Bingham district: 
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Barren core - molybdenum - bornite and gold - chalcopyrite - pyrite with gold in 

shear zones - lead, zinc and silver - gold/silver veins - disseminated to replacement 

epithermal gold in distal areas (Figure 10). 
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Figure 9. Depth and time model for 
alteration related to porphyry 
copper-gold deposits (after 
McMillan, 1991). 
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2.3 Leached Cap pings 

Oxidation and leaching of sulphide-rich deposits, such as porphyry copper-gold deposits, 

results in the formation of limonite minerals which are portrayed on surface in various 

forms (Plates 1 and 2). The oxidation and solution of sulphide minerals results in cellular 

pseudomorphs forming as a result of the precipitation of ferric oxide hydrates (Blanchard, 

1968). 

The characteristics of the original sulphide minerals are portrayed in the cellular structure 

and texture of the limonite products. For example, the limonite formed and the structures 

preserved after the leaching of chalcopyrite will differ from that developed after leaching 

of pyrite or bornite (Figures II, 12 and 13). 

Plate 1. Leached capping from the Morenci porphyry copper 
mine, SW United States. 



IS 

Plate 2. Leached capping from the El Hueso porphyry copper
gold district, Chile. 

1. Coarse cellular boxwork 
2. General ly broken webwork 
3. Granular and pulverulent 

limonite 

~--2 

,,------3 

Figure 11. Characteristic cell 
pattern of limonite after 
chalcopyrite (after 
Blanchard, 1968). 
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1 . Outline of cavity 
2. Inner bleached zone 
3. Limonite halo 
4. Outer zone of limonite 

Figure 12. Characteristic 
oxidation products of 
pyri te (after Blanchard, 
1968) . 

a . Characteristic triangular 
pattern 
b. Eye - shaped cell pattern 
c . Triangular pattern 
d. Incomplete webwork within 
larger cell 

a 

a ~ 

c 

Figure 13. Limonite boxworks 
derived from bornite (after 
Blanchard, 1968). 
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The degree of leaching is controlled largely by the sulphide content of the deposit and the 

degree of oxidation and acid production. The presence of pyrite in such deposits is for 

example, an important source of sulphur and iron, and may cause high acidity in the 

oxidising solutions which are promoted in tropical and semi-arid climates, e.g. 

4FeS, + 7H,O + 14 'hO, ~ 2H.FeO, + 6H,S04 + 2FeS04 

The pH conditions and the expected copper potential can be determined from the percentage 

of hematite : goethite in the leached capping and the copper minerals which are 

camouflaged in the co-precipitating limonite (Anderson, 1982). For example: 

a) A high goethite content indicates weak acid leaching, no secondary 

enrichment of copper, and antlerite [Cu3(OH)4S041, brochantite 

[Cu.(OH,)S041 and cuprite (Cu,O) may be evident in the capping. 

b) A high hematite and/or jarosite content indicates strong acid leaching, 

possible secondary enrichment of copper at depth, and minerals such as pitch 

limonite [H(Fe,Cu)O,l, neotocite [(Cu,Fe,Mn)SiO,l and more rarely turquoise 

(Cu0.3AI,03.2P,O,.9H,o) may be evident in the capping. 

Neotocite cappings have been documented to have formed over deposits with chalcopyrite 

ratios ranging from 9.0 to 0.5 (Anderson, 1982). This is important to identify when doing 

porphyry copper exploration. 

Minerals commonly found in leached cappings are attached in Appendix 1. 

2.4 Age Distribution of Porphyry Ore Deposits 

From radioactive charting, it has been established that PCDs have possibly formed from 1 

Ma ago to 2 Ga ago, e.g. Haib in Namibia, and are probably forming at present (Hunt, 

1991). According to erosion and exposure factors, Meyer (1985) has concluded that the 

richest and largest PCDs, and probably the majority, formed during the Phanerozoic e.g:-
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DEPOSIT Age (Ma) 

Ray 70 - 60 

Dos Pobres 60 - 69 

Morenci 67 

Bingham 37 - 38 

Ok Tedi 1-2 

Panguna 3 - 4 

Grasberg 3.1 

(see Table III - Appendix I for ages of some principal copper-gold deposits). 

As outlined above, these PCDs were emplaced at intervals throughout the Mesozoic and 

Cenozoic, with a large number of deposits being of late Cretaceous-Palaeogene age. 

According to Sillitoe (1972), the following factors control the space-time distribution of 

porphyry ore deposits : 

• The level of exposure - largely dependent on the erosion rate. 

• The time and location of magma generation, and the quantity of metals 

incorporated in magmas on a subduction zone. 

With the exception of a few PCDs, e.g. in Uzbekistan and Kazakhstan, Eastern Australia 

and Finland, PCDs are not characteristically reported from older orogenic belts. This 

apparent absence has been tentatively attributed to the effects of Mesozoic-Cenozoic 

erosion, which has removed the upper parts of batholiths, the loci for PCDs. However, 

PCDs may be encountered in pre-Mesozoic origins where the erosion has been less severe. 

If erosion does playa major part in PCDs being preserved, then PCDs in the SW Pacific 

Belt, with a tropical climate and high erosion rate, may be expected to yield a predominance 

of younger ages. 

The distribution of ages may be explained by the lateral and secular pattern of magma 

generation, and the availability of metals on subduction zones. Data presently available 

suggests the periods of porphyry copper (PC) formation in Chile were separated by 

quiescent intervals with durations of about 15-25Ma (Sillitoe 1972). There are also 
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similarly reported pulse-like igneous intrusions in W North America, with pulses lasting 

approximately 1 0-15Ma, and separated by 30Ma intervals. Therefore, the changes in relative 

motion of plates every 10-20Ma in the NE Pacific, as deduced by Francheteau, Sclater and 

Menard (1970), might be significant in controlling the emplacement and ages of PCDs. 

Furthermore the position of oceanic ridges, rifts, seamounts and other upwelled zones in 

relation to subduction zones may also be responsible for the "metal budget" and the location 

of porphyry districts. However, if the locus of magma generation on a subduction zone 

does not migrate systematically with time, then no clear pattern of PC ages is to be 

expected e.g. random ages in British Columbia (BC). 

According to Sillitoe (1972), theories invoking the extraction of copper from the continental 

crust or upper mantle fail to account for the concentration of most of these PCDs within 

a limited time period. 

2.5 The Tectonic and Structural Setting of Porphyry Deposits 

Porphyry deposits are found in the following three tectonic settings: 

- Island Arc 

- Continental arc/margin 

- Continental setting/craton. 

The tectonic setting of major ore deposit types has been described by numerous authors, 

viz. Sawkins (1984) and Mitchell and Garson (1981). From this and other work the roles 

of magma-type and ore deposition styles in the many lithotectonic terranes have been 

established. However, as a result of exploration and discoveries in the past it has been 

highlighted that porphyry copper deposits are much more diverse than was previously 

thought. This applies to the wide range of host rocks related to different tectonic settings 

e.g calcic-diorite rocks at Panguna, calcic-alkalic granodiorite rocks mostly in the western 

United States, alkali shoshonitic rocks, e.g. OK Tedi and even Ne-normative alkalic syenite 

rocks in Stikine, British Columbia. 



20 

From this it has been suggested that calcic-diorite rocks seem to be characteristic of island 

arc magma systems developed on oceanic crust. Calc-alkalic and alkalic-calcic granodiorite . 

to quartz monzonite associations are developed in continental margin settings. The 

association and variation of metals, viz. gold - copper - molybdenum within various settings 

and host rocks generally appears to be true. This may have important genetic implications 

regarding the source and evolution of porphyry systems and the focusing of exploration 

activities. 

It has been suggested by Keith (1978) and Westra and Keith (1981), that the geographic 

distribution of variations in Cu-Mo-Zn-Pb-Au in the North American PCDs may be related 

to the changes in the angle of plate subduction and to distance from the trench to the arc 

orogen hearth of magmatic activity. Recent discoveries in Argentina, east of the porphyry 

Cu-Mo deposits of Chile, tend to corroborate those findings. 

Generally PCDs are related to Mesozoic-Cenozoic orogenic belts, and active lithospheric 

plate-boundaries. Many are in island arc rocks in the circum-Pacific orogenic belts, and the 

central portion of the Alpide orogenic belt (Figure 14). 

In these orogemc belts, copper deposits are related to high level calc-alkalic or alkalic 

porphyry intrusions of intermediate composition. 

The western Americas belt, continental margin, and accreted island arc terranes, containing 

most of the world's porphyry deposits (Sillitoe, 1972), extends from western Argentina and 

central and northern Chile, through Peru, Ecuador, Panama, Mexico, the western USA to 

British Columbia, the Yukon and Alaska (Plan 1 - Appendix 2). 

Marked concentrations of PCDs occur in Sonora, Arizona, New Mexico and in British 

Columbia. PCDs in the Dominican Republic and Puerto Rico are considered to be an 

offshoot of the western Americas belt. Other belts hosting PCDs include the Taiwan, 

Philippines, Borneo, West Irian, Papua New Guinea, and the Solomon Islands region (SW 

Pacific Belt) and in the South Barat district of Romania, Yugoslavia, central Bulgaria, 

Armenia, Iran and West Pakistan (Alpide Belt). PCDs outside of these post-Palaeozoic 

orogenic belts are those in Uzbekistan and Kazakhstan and the Eastern Australian porphyry 
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copper province (Plan I-Appendix 2) . 
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Figure 14. Porphyry belts in relation to consuming plate 
boundaries (after sillitoe, 1972). 

The time intervals during which the formation of porphyry deposits took place are shown 

to be broadly coincident with periods of lithospheric plate convergence, and porphyry 

deposits may still be forming above currently active subduction zones. 

Gustafson (1979) suggests that a wide range of orogenic calc-alkaline magmas generated 

from a range of source areas and diverse mechanisms (not necessarily active subduction) 

are capable of forming porphyry copper deposits. He proposes that the history of volatile 

evolution during the rise of magmas through the crust is the critical factor, and only melts 

that avoid separation of the CO 2-rich fluid phase may reach shallow crustal levels with 

enough sulphur and metals to produce significant concentrations in cupola areas. 
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A few authors who have written on the regional setting of porphyry copper deposits include 

: Titley (1972, 1975,1982), Sillitoe (1972), Kesler (1973), Hollister (1974), Lowell (1974), 

Kesler et al. (1975), Titley and Beane (1981). According to Hunt (1991), most of these 

more recent authors have emphasised the apparent association of PCDs on a world wide 

scale, with calc-alkaline and alkaline magmas and andesitic volcanism, especially at 

convergent tectonic plate boundaries. Lowell (1974) questioned the relevance of plate 

tectonic mechanisms for the generation of certain SW United States porphyry copper 

deposits. He emphasised their apparent correlation in size with times of continental 

emergence. 

Identification of structural controls guiding the emplacement of ore rich porphyries has not 

been successfully accomplished. Even the I Ma old OK Tedi deposit has not provided 

answers to the structural control. However, the cluster of 35-40 Ma old PCDs in Northern 

Chile which extend along a mappable and specific fault zone, the West Fissure, are possibly 

the only exceptions which provide information on the structural control. 

2.6 A Discussion of the Differences in Composition of Porphyry Deposits of 

Continental Settings vs Island Arcs 

The differences in composition of PCDs in continental arc/margin setting and those in an 

island arc setting remain a matter of speculation. These differences have been suggested 

by Kesler (1973) to possibly be related to differences between the respective igneous 

progenitors. 

Molybdenum enriched PCDs in continental settings, may reflect the greater complexity of 

continental rocks across which intrusions have penetrated or, as proposed by Hollister 

(1977), an intrusion across thickened sialic crust. Deposits of island arcs may reflect a 

closer relationship with parent basalts with less crustal contamination than deposits in . 
continental settings. Relatively higher gold contents may be related to the h:gh gold content 

of certain igneous rockslbasalts (Krauskopf, 1967). Keays and Scott (1976), also suggest 

that under certain conditions, such rocks might be the source of some epigenetic gold 

mineralisation. 
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Titley (1978) however, proposed that factors other than the geologic-geotectonic setting 

must be responsible for the variation in the metal contents of deposits in the arc vs 

continental settings. For example, OK Tedi and Ertsberg are copper deposits high in gold, 

but interpreted as lying above the N edge of the Australian continental block. The Yanderra 

deposit however is enriched in molybdenum, and lies within rocks of the mobile belt of 

New Guinea, presumably above rocks of oceanic affiliation rather than continental rocks. 

Titley (1978) also suggested some relationship between Au:Mo ratios and the age of 

porphyry copper deposits. Relatively lower Au to Mo ratios are the phenomenon of some 

older deposits which are not regionally restricted, nor are they relatable to specific wall 

rocks. 

Compositional variations therefore seem not to be controlled solely by wall rocks or by any 

particular group of unique geological parameters related to the process of ore deposition. 

According to Titley (1978), there may be a crude correlation with age or with depth of 

erosion. Differences in composition with age may relate to primary vertical zoning and 

depths of erosion. Vertical zoning of metals has been reported from a few porphyry copper 

systems. Molybdenite overlaps copper but extends below it at Bingham (James, 1971 and 

Babcock, et aI., 1992). Gold diminishes perceptibly with depth in some deposits of the 

Philippines (Titley 1978). These observations have been suggested by Titley (1978) to 

possibly be related to primary hydrothermal processes as well as to post-ore history and 

possibly to primary properties of the parent to porphyry melts. 

The most common type of intrusive rock associated with porphyry copper deposits in the 

continental areas of SW U.S.A., N Mexico and W South America, are granodiorites and 

quartz monzonites (Stringham 1966, Hollister 1973, and Creasey, 1966). Deposits described 

from island arc areas such as the Philippines, New Guinea, Solomon Islands and Puerto 

Rico, by authors such as Wolfe (1973), Titley (1973) and Cox et al. (1973), have drawn 

attention to the dominance of quartz diorite related ore deposits. 

Although most of the mineralised arc intrusions are quartz diorites, the potassic intrusions 

of quartz monzonites and syenites have lower-K than their craton counterparts. Island arc 

intrusions also appear to be depleted in lead and rubidium and the 87Sr/86Sr ratios are 0,705 
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or less, which is lower than those for cratonic settings (Figure 15). Copper, and possibly 

zinc, are enriched in the island arc intrusions. 
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Figure 15. Initial 87Sr/"Sr for 
intrusive rocks associated with 
porphyry copper mineralisation in 
island arc and craton environments 
(after Kesler, Jones and Walker 
1975) . 

Generally, geochemical data indicate that island arc PC related intrusions are 

compositionally more primitive than their craton counterparts. 

Not withstanding the occurrence of significant Mo values in some island arc porphyries, e.g. 

Yanderra and Yau Yau, Titley (1978), and Sillitoe (1979), suggest it is generally true that 

deposits generated in island arcs tend to be richer in gold and poorer in molybdenum than 

those in continental margin oro genes. This generalisation does not however suggest that 

geotectonic setting is the critical factor controlling Au:Cu and Mo:Cu ratios in PCDs. 

Local factors related to the evolution of porphyry systems, e.g. oxygen fugacity, water 

content, composition of the magmatic f1uids and depth of emplacement, may account better 

for the evolution of the gold-rich nature of certain PCDs. These factors possibly controlling 

gold-enrichment will be discussed in Part B on porphyry copper-gold deposits. From 
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Sillitoe's (1979) paper, it is asked why a higher than normal /O,I/S, in the magmatic 

environment is proposed to be more suitable for gold concentration ? 

Moreover, why should gold-rich porphyry deposits and hence /O,! /S, appear to be more 

prevalent in island arc environments than those at continental margins ? It is suggested that 

this may be due to conditions; 

• prevailing in the underlying subducting plate, 

• affecting magma composition during their ascent, 

• influencing the in-situ differentiation and crystallisation of magma bodies and 

the separation of a hydrothermal fluid phase. 

If the second alternative is accepted, then Sillitoe (1979) suggests island arc magmas would 

have a greater chance of having a higher oxygen fugacity than those emplaced at 

continental margins. However this does not account for the few hundred fold difference 

in gold content between closely spaced, possibly co-magmatic stocks at Saindak, Pakistan. 

This may therefore support Tillings et al.'s (1973) conclusion, for gold deposits in general, 

that geochemical conditions of gold transport and deposition are the major factors 

controlling the concentration of gold. 

In the following chapters the porphyry copper-gold system will be discussed in more detail 

with respect to many of the characteristics introduced in the above section. 
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PART B 

3. GOLD-RICH PORPHYRY COPPER DEPOSITS. 

3.1 General 

According to Sillitoe (1988), a spectrum of gold and/or silver deposits may be generated 

as part of the porphyry copper and molybdenwn systems. Gold in porphyry copper deposits 

may be viewed, according to Hunt (1991), in terms of its timing in the system. Apparently 

gold is both early and late, and related to magmatic and/or circulating meteoric waters. 

Early gold mineralisation is closely associated with the potassic alteration zone and bornite. 

Late mineralisation, derived from circulating hydrothermal and meteoric waters, is 

associated with pyrite and either sericitic, advanced argillic or skam- destructive argillic 

alteration. Furthermore, the spectrum of porphyry deposit types may be characterised by 

the types of magmatism, palaeotectonic environments and some general geochemical 

associations as illustrated for example in Table II. 

From Table II the gold-copper porphyry deposits are seen to be closely related to island-arc 

volcano-plutonic suites, composed of basalt-andesite volcanic and gabbro-diorite-quartz

diorite associations (Zvezdov et al., 1993). These deposits are also associated with the 

diorite model proposed by Hollister (1975). 

Precious metal deposits, which may occur within, around or above porphyry copper 

deposits, are often amenable to bulk mining, and the economic incentive in looking for 

these deposits is attractive. For example, Grasberg is expected to produce 1 billion tonnes 

of copper and 48t of gold annually by the year 1996 (Mining Record, Oct. 20, 1993). 

Precious metal deposits associated with the original porphyry ( copper) system, have 

accounted for important sources of gold in the circwn-Pacific region, e.g. 26 major deposits 

containing greater than 7000 tonnes of gold (Sillitoe, 1990). 
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Table II. Porphyry deposi t types (modified after Zvezdov, et al., 

1993) . 
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eu/Mo TOliO;/I primoryore 
200: 1-2~O: I and grealer 
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The gold-rich porphyry category was arbitrarily defined by Sillitoe (1979) to include 

deposits containing <: 0,4ppm gold. Deposits with much lower average gold grades may 

however contain very large tonnages of gold, e.g. 779 metric tonnes of gold at the Bingham 

porphyry copper deposit (excluding the peripheral contact-metasomatic mineralisation) in 

which the average gold grade of the K-silicate altered porphyry (now mined out) was only 

0,3 ppm gold (Sillitoe, 1988). Many porphyry systems, especially the "failed", pyritic ones 

which carry low copper and molybdenum values, have according to Sillitoe (1988), never 

been explored for gold and silver. 
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According to Sillitoe (1990), gold-rich porphyry copper deposits possess all the essential 

geological features of their gold-poor counterparts. Gold may be present in zones of veinlet 

stockworks and/or disseminated within or contiguous to porphyry stocks. These stocks can 

constitute the foci of more extensive hydrothermal systems, within which gold of high and 

low sulphidation epithermal veins, skarns and replacements in carbonate and non-carbonate 

rocks may occur. In this report porphyry copper-gold deposits will include copper-gold 

mineralisation directly related to porphyry intrusives, and the following will be addressed: 

• Certain tectonic settings have a greater abundance of any particular porphyry 

ore type. 

• Porphyry copper-gold deposits may be related to depth of emplacement and 

associated vertical zonation of ore metals. 

• Weathering and erosion control the preservation age. 

• The fO,! fS2 ratios within a porphyry system and the presence or absence of 

magnetite may determine the gold potential. 

• Porphyry copper-gold deposits are generally smaller in size than their copper

molybdenum counterparts. 

• Weathering and erosion and the exposure of alteration types give an 

indication of the porphyry being mineralised. 

• Alteration types may help in distinguishing between favourable gold-copper 

porphyry systems and barren porphyry deposits. 

• The mineral composition of the intrusive porphyry may indicate the potential 

gold-copper bearers. 

• Regional structures and structural lineaments may favour the concentration 

of known porphyry copper-gold-molybdenum deposits. 

• The degree of fracturing and veining may indicate the more favourable sites 

for ore deposition. 

• No single characteristic can be used as the basis for exploration for these 

copper-gold porphyry systems. The use of weighted criteria of the various 

characteristics may be the only possible method of implementing a successful 

exploration programme. 
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Further questions which remain to be answered and which will be addressed in this report 

include: 

• Were porphyry copper deposits without gold-bearing halos characterised by 

metal budgets which were too low, or were physiochemical conditions 

unsuitable for gold deposition beyond the porphyry stock ? 

• Do porphyry deposits with gold-rich centres lack auriferous halos (not always 

the case) because of the absence of reactive and/or permeable host rocks? 

3.2 Characteristics 

From Table II and Table III (Appendix 1) and papers by Sillitoe (1979, 1990), Cuddy and 

Kesler (1982), Cox and Singer (1986, 1988), Schroeter et al. (1989), Tit1ey (1992) and 

others, the following will be discussed: 

• Age 

• Tectonic Setting 

• Structural Controls and Porphyry Emplacement 

• Rock Types 

• Wall Rocks 

• Magnetite Content 

• Deposit Size and Tonnage 

• Alteration 

• Metal Zonation 

3.2.1 Age 

The ages of porphyry Cu-Au deposits range from the Palaeozoic through to the late 

Pliocene - early Pleistocene (Table III and Figure 16). In general, there does appear to be 

a greater abundance of porphyry copper deposits and gold-rich porphyry deposits associated 

with younger Tertiary intrusives (Table III and Figure 16). This could be related to the 

greater preservation potential of these younger systems compared to the older deposits. 

Rapid uplift and erosion associated with subduction and continental margin areas would also 

result in the shallow emplaced porphyries being eroded away, or result in only the lower 
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portions being preserved. 

Within some porphyry copper districts, gold-rich deposits tend to have a different age 

(Lowell, 1989). An example cited is where gold-poor deposits in the SW United States are 

of Laramide age, while the gold-rich deposits tend to be upper Tertiary in age. Similarly 

the Cretaceous age - Andacollo porphyry gold related vein deposit in Chile tends to be high 

in gold, while the mid-Tertiary systems tend to be gold-poor (Sillitoe, 1982). However 

there are many exceptions and the controlling factor does not appear to be age. 

What significance one may assign to age, and the potential gold-rich deposits, may be 

somewhat indirect. For if gold- rich systems are associated with the shallow emplacement 

of porphyry intrusives and there is a genetic association to rock type, then age is important. 

Older, shallow emplaced bodies may have been eroded away and the younger, shallower 

emplaced bodies which are gold-rich, preserved. 

COP PER - GOLD DEPOSITS 

I=J, , 
:200 180 rGO 1<1 0 120 100 80 60 40 20 o 

MI LLIONS OF YEAH$ 

COPPER- MOLYBDE NUM DEPOSITS 

'l 
'1 
I 

ffi-=1JJ- -I r3 - -1 --1 - --1..1-
J ,--.LI 

200 100 H,O 1<1 0 120 100 80 GO '1 0 7.0 0 
MILLIONS OF YEARS 

Figure 16. Ages of 
and copper -gold 
1973) . 

3.2.2 Tectonic Setting 
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Outlined in Table III are some characteristics of the more principal gold-rich porphyry 

copper deposits. 
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The majority of the intrusion related gold-rich porphyry copper deposits tabulated in Table 

III were generated at Phanerozoic convergent plate boundaries above zones of active 

subduction. In general these have formed in a primitive island arc or mature continental 

arc/margin setting. Over the years two schools of thought have been proposed for the 

variation of Cu-Mo-Au deposits in these environments. The one school of thought 

(Hollister, 1978, Titley and Beane, 1981) proposes that CulMo ratios decrease with 

increasing thickness of the sialic crust and distance from the Benioff Zone. High Mo and 

high silica would indicate a thick sialic crust. By contrast the high gold or high CulMo 

ratios, e.g. SW Pacific Island porphyry deposits, would indicate a thin and more mafic crust. 

In this instance the mafic rocks such as the oceanic crust and dioritic plutons would be the 

source of the metals, viz. Cu and Au ± Mo. 

The second school of thought, proposed by Sillitoe (1986), disagrees with the fact that 

CulMo or Au ratios have any relationship to crustal thickness. He believes the only control 

of metal sources is the subducting oceanic crust (including the subducting sediments, upper 

mantle wedge and possibly the zone of underplating by rising mafic melts beneath the 

crust) . In support of this argument he cites the Andes as an example where there is a 

marked distribution of porphyry deposits in a N-S trend in parallelism with the Peru-Chile 

trench. These deposits lie over thickened sialic crust and do not have high Mo contents. 

However, what is apparent, is that the continental margin deposits are generally the Cu-Mo

Au deposits, while the island arc deposits are the porphyry gold or porphyry copper-gold 

deposits (Figure 17). 

As mentioned earlier, porphyry deposits occur along active or ancient subduction zones. 

The source of mineralisation, as determined from fluid inclusion, isotope and trace element 

studies by workers such as Rona (1978), appears to be related to primary magmatic sources. 

There is, as outlined by Sillitoe (1988) and Titley (1982), a close genetic association 

between pOrp:1Yry deposits and volcanogenic orebodies. 
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Figure 17. Ternary variation diagram plotting Ag, Au and Mo 
for regionally distinct porphyry systems (after Titley, 
1990) . 

All porphyritic plutons need not be mineralised, and mineralised plutons may also be 

overlain by barren andesites. Regions which may seem to be in ideal geologic settings can 

be quite unproductive, e.g. New Zealand (Sillitoe, 1980). This, Sillitoe (1980) conduded, 

can be accounted for partly in terms of the type of volcanism involved but there may also 

be many unexplained reasons. 

Dated deposits suggest that mineralisation was an event and not a continuous or repetitive 

process (Heys, 1987). Metal provinces have been associated with a metallogenic epoch of 

± 5-20 Ma duration. Within this timespan, mineralisation tends to have occurred only once 

at any locality and migrates systematically through the province (usually elongate). This 

was noted by Sillitoe (1974) to be the case in the Andes. 

However, besides a global association of porphyry copper deposits with, e.g. subduction 

zones or colliding plate margins, there also appears to be regional association of porphyry 

deposits with certain faults, shears and other structural lineaments within these tectonic 
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areas. This association has not been fully evaluated, but in the next section attention is 

drawn to the possible significance of such structures in further copper-gold porphyry 

localisation. 

Within any tectonic environment, e.g. intra-continental, continental margin or island arc 

setting, the emplacement of intrusive porphyry bodies is strongly controlled by the regional 

stress regime operative during that period. 

3.2.3 Structural Controls and Porphyry Emplacement 

If one considers that gold-rich porphyry copper deposits are more closely related to island 

arc and continental arc settings (section 3.2.2), then the following must be considered as 

controls for the emplacement of porphyry intrusions: 

• The angle of the subducting plate. 

• Rate of subduction. 

• Collisional angle of the subducting plate and the overriding plate. 

• Fracture patterns due to the compressive or extensional regimes operative 

during subduction. 

• Geothermal gradients. 

There are two models of subduction which have been proposed by Uyeda (1982). These 

two models are essentially related to the angle of the subducting plate. The Chilean-type, 

or less steeply dipping plate, causes a compressional stress regime in the arc and back-arc 

regions. The Marianna-type, with a steeply dipping subducting plate, causes a tensional 

regime in the arc and back-arc regions (Figure 18). 

It is this change in the angle of the subducting slab which is thought to be a control on 

porphyry emplacement. This is illustrated by the mineralised porphyry deposits in Chile 

whereby the principal copper and gold deposits occur in two discrete linear magmatic arcs. 

These two arcs are of late Palaeocene to early Eocene (59-52 Ma) and late Eocene to early 

Oligocene (42-31 Ma) in age. During this time it is thought that the central Andes was 

underlain by a shallower Chilean-type subduction zone (Mpodozis and Ramos, 1989). 
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Migration of the magmatic arc eastward is also suggested to be related to subduction zone 

flattening (Maksaev and Zentilli, 1988). 
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Porphyry deposits have had evolutionary histories associated with plate interactions. These 

may be related to interactions involving continental and oceanic plates. Although the 

relationship of these porphyry copper deposits to plate tectonics is still largely unresolved, 

the episodic nature of events related to sea-floor spreading has been recognised (Le Pichon, 

1968). 
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Porphyry copper evolution in the SW Pacific Island regions appear to coincide (at least 

some of the time) with, initial increase in rates of convergence of the Australian and Pacific 

plates. Examples include: 

• Change in direction and rate of spreading at ca 25 Ma, 

• the increase in the rate of spreading at some time between 20 Ma and 10 Ma 

and 

• the near doubling of spreading rates in the eastern Central Pacific at ca 10 

Ma. 

It has been suggested by Le Pichon (1968) that low rates of convergence produce 

compressional features at surface, while high rates of convergence produce tensional 

features on surface. 

Karig (1974) has also shown that intrusives in the Philippine Sea are closely related to 

volcanic activity. This he suggests corresponds to times of rapid subduction. This rapid 

convergence is also tentatively suggested by Titley (1975) to have resulted in uplift with 

extension, and producing deep penetrating channels along which magmas can travel to reach 

surface. 

Uplift of the northern side of the Papuan Basin occurred in the mid-Pliocene and this time 

corresponds broadly to the time of mineralisation at Kainantu (Cu-Au), Yanderra (Cu-Au) 

and to times of some intrusions at Mount Fubilan and to the Ertsberg intrusion (Cu-Au) 

(Figure 19). Evolution of the copper-gold systems in these regions appear to be episodic 

rather than continuous and this may be true for other areas in the circum-Pacific. 

It is suggested by Titley (1975) that if convergence rates can be established, during the 

interval of about 19 to 15 Ma and at about 8 to 5 Ma, the case for rapid convergence, as 

a triggering mechanism for volcanism and attendant intrusion and porphyry copper-(gold) 

formation, would be strengthened. 
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Figure 19. Miocene-Pliocene 
palaeogeography of a part of 
New Guinea with superimposed 
porphyry copper-(gold) deposits 
(after Tit1ey. 1975). 

The rise and emplacement or extrusion of magma into or onto the continental crust is 

controlled by extensional tectonics, structural weaknesses and the temperature of the rising 

magma. Within a zone of regional compression (e.g. an oceanic plate colliding and 

subducting beneath a continental plate), extensional tectonics can operate. This extension 

is related to the doming of the overlying crust due to thinning by high heat flow and/or the 

pull of the trailing edge of the continent downward by the subducting plate. 

With the extension, high heat flow, rifting and magmatic activity operative on surface above 

the subducting plate; the ideas of Cartwright (1992) are examined in order to understand 

where, how and what controls magma emplacement. Although Cartwrights (1992) ideas 

are related to continental rifts, the principles of possible porphyry/magma emplacement may 

be similar. Continental rifts commonly consist of segments linked by a complex pattern of 

intense fracturing along trends which are generally transverse or oblique to the main rift 

bounding structures. These transverse zones are often the foci for high heat flow anomalies 

and magmatic activity. They are also sites of hydrocarbon and metalliferous ore 

accumulations (Cartwright, 1992). 
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From the revIew of various rifts by Cartwright (1992), e.g. the North Sea, Rhine, Rio 

Grande, Lake Tanganyika, Horn and Oslo, there appears to be a control on magmatic 

activity by basement lineaments and transverse rift structures. It was also observed that 

magmatic centres are preferentially located along the traces of the basement lineament, often 

a great distance away from the rifts. This is thought to suggest that transverse zones 

developed in direct response to deep seated dislocations along lineaments. 

As an example, the Rio Grande Rift (Figure 20) can be seen to be broken into segments by 

NE trending transverse shear zones (Chapin et aI., 1978). These shear zones continue into 

the rift flanks as major crustal discontinuities. The rift related magmatism occurs some 

distance from the rift which may suggest that the transverse shear zones extend to far 

greater depths than the rift border faults (Figure 21). It is suggested by Cartwright (1992) 

that these transverse structures occur as narrow vertical shear zones in the mantle and pass 

upwards into more diffuse zones of discontinuous faulting in the brittle upper crust creating 

a lithospheric flower structure (Figure 21). 

NORTH SEA 

.-~ o 50 kml 

Figure 20 . Segmentation and structure of the Rio Grande, 
Rhine and North Sea Rifts (after Cartwright, 1992). 
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Figure 21. An idealised transverse shear 
zone (after Cartwright, 1992). 

The arguments presented above may be circumstantial but, from the regional tectonics of 

Chile and the location of porphyry deposits along and offset from the West Fissure by NW 

trending structures, this idea requires further investigation. 

From Figure 22 it can be seen that the principal gold and copper deposits in Chile are 

related to metallogenic belts of different ages which formed during the migration of the 

magmatic arc eastward with time (Sillitoe,1992). The large Oligocene porphyry copper 

deposits were, according to Mpodozis and Ramos (1989), emplaced along a zone of crustal 

. weakness trending north-south. 

This zone of crustal weakness is thought to be characterised by strike slip faults such as the 

West Fissure. Although there are numerous porphyry deposits associated with or in close 

proximity to the West Fissure, other transverse structures may have a greater control on 

their structural location. Both NW and NE trending fractures and faults are observed on the 

mine scale, e.g. Chuquicamata (pers.observ.) and on a regional scale, p.g. NW alignment 

of the El Salvador, Potrerillos and La Coipa porphyry copper and/or gold deposits (Figure 

22). 
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o Manlo type 
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deposits 

I<m 500 , 

Figure 22. Types of principal gold and 
copper deposits in the central Andes. 
Deposits containing >lOt Au or >lOOOOOt 
eu are named (after Sillitoe, 1992). 

Although this association of faulting, and possible controls on porphyry emplacement and 

mineralisation is likened to Cartwrights (1992) extensional rift model, another possibly more 

relevant compressional model, is discussed. 

This apparent structural control, as suggested above for the porphyry copper deposits in 

Chile, could also be related to dilational jogs developed between strike-slip fault systems 

(Figure 23). This may be compared to the southern San Andreas fault system where the 

loci for major magmatic-hydrothermal systems are major dilational jogs developed 

throughout the seismogenic region. 
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Figure 23. Dilational 
the southern San 
system (modified 
1987) . 

faul t jogs in 
Andreas fault 
after ,gibson, 

Another area where porphyry-type mineralisation, alteration and brecciation (porphyry 

emplacement), is thought to be controlled by structures, is Eastern Queensland, Australia. 

In this area (Figure 24), like Chile, the majority of the porphyry deposits (early Cretaceous 

porphyries) are seen to be related to a longitudinal belt which in this case trends northwest. 

However, along this NW trending belt there are transverse belts and linear zones orientated 

east-nol1heast in Southern Queensland to east-west in Northern Queensland. These 

transverse structures appear to have had some influence on mineralisation in the longitudinal 

belts, as some of the important Cu-Mo deposits, e.g. Coalstoun (70) and Moonmera (51 

Figure 24) are situated at their intersections (Horton, 1978). 
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Figure 24. Porphyry-type mineralisation belts and 
associated transverse elements in eastern Queensland 
(modified after Horton, 1978). 

Further controls of structural features on mineralised porphyry emplacement is in northern 

Sonora, Mexico. Evidence from remote sensing, geophysics and geochemistry indicates that 

NE trending lineament zones may have controlled the emplacement of the known porphyry 

copper deposits (Figure 25). 
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Figure 25. A map showing the significant features from the 
remote sensing, geophysical and geochemical studies in 
Mexico (after Turner et al., 1982). 

The structural controls described above may control the emplacement of porphyry intrusives 

but other factors such as the rock type and the physiochemical conditions operative within 

the magma determine the potential for the formation of porphyry copper-gold-molybdenum 

orebodies. 



43 

3.2.4 Rock Types 

The various types of porphyry copper mineralisation may be related jn part to different rock 

types. It is generally recognised that Cu-Au-Mo porphyry deposits are associated with 

granodiorite, quartz monzonite, quartz diorite granitoids and that the Sn-W -U and rare 

metals occur in more felsic varieties. Although the petrological distinction has been related 

to a number of genetic classification systems (Chappel and White, 1974 and Burnham and 

Ohmoto, 1980), none is totally successful. If for example, the descriptions of rock types 

believed to be genetically related to porphyry deposits, as taken from the literature and 

converted into standard rock terminology (Streckeisen, 1973) (Figure 26), are compared, 

then the following associations are apparent from the study by Cox and Singer (1988). 

FIElD OF 
CRUSTAL 
GRANITES 

,l.,LK. FELD. 
GRANITE 

o 

OUARTZ 

GRANllOIOS 

TONALITE 

M-TYPE 
FJELD 

?777:I75cn:~;--f-+:-:-===------lr-:===~.--~ DIORIT( 

A I P 
ALIt. FELO. SYENITE 

MONZOGRANITE 
UPLIFT STAGE 

Figure 26. Granite fields plotted on a 
Streckeisen diagram (after Streckeisen, 
1973) • 



Types Tonalite/or 

O. Diorite 

Au-rich 8 

Au-Mo rich 4 

Mo-rich 3 
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Syenite/or 

Monzonite 

6 

Granodiorite/or 

Monzogranite 

6 

13 

12 

(Q = Quartz, ? = Uncertain) (after Cox and Singer, 1988). 

1. 

2 

1 

From the above data we may agree with Sillitoe (1979) that associated rock type is not a 

good describer of porphyry copper-gold deposits. However, it may be suggested that 

porphyry copper-gold systems may possibly show a close association with rocks rich in 

mafic minerals compared to the more Mo-rich systems associated with monzogranites and 

granodiorites having a low mafic mineral content. Partial melting of hornblende-bearing 

mafic rocks of igneous origin, e.g. oceanic basalts of subducting plates or hornblende 

gabbro's in the lower continental crust, may yield I-type calc-alkaline magmas with the 

required chemical composition to be progenitors of hornblende-bearing copper-gold 

porphyries (M.Sc course notes). 

When the abundances of common ore metals in igneous rocks are compared (Table IV) the 

following is apparent: 

• Generally high copper, molybdenum and gold occurs in mafic rocks. 

• Gold abundances are the same, molybdenum abundances are 0.2 ppm and 

copper abundances 6X lower in granitic rocks. 

• Gold is 50% higher, molybdenum is 83% lower and copper 83% lower in 

ultramafic rocks. 

Furthermore, part of the problem in recognising productive granitoids (Cu-Au-rich, Cu-Au

Mo-rich etc.) is the multiplicity of possible sources of any element in any particular sample. 

In surface samples the situation is further complicated by the effects of weathering . 
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Table IV. Abundances of common ore metals in 
igneous rocks in parts per million (from 
Guilbert and Park, 1986) . 

lOOppm = 0.01 % 

Ultramafic Mafic Intermediate Granitic 
Element Rocks Rocks Rocks Rocks Syenites 

Li 0.5 IG 22 40 28 
Be 0.2 1 2 5 1 
Ti 300 12,000 6000 1600 3500 
V 40 225 95 42 30 
Cr 1800 180 36 15 2 
Mn 1600 1750 800 500 850 
Co 175 47 14 3 1 
Ni 2000 145 35 7 4 
Cu 15 90 33 15 5 
Zn 40 120 66 50 130 
As O.S 2 2.2 1.5 1.4 
Se 0.05 0.05 0.05 0.05 0.05 
Zr 37 120 200 185 500 
Nb 10 20 20 20 35 
Mo 0.25 1.45 1.0 1.2 0.6 
Ag 0.06 0.1 0.06 0.04 O.OX 
Cd 0.1 0.2 0.1 0.12 0.13 
Sn 0.5 1. 5 1.5 3 X 
Sb 0.1 0.6 0.2 0.2 O.X 
Ce O.X 20 80 96 160 
T. 0.5 0.8 2.5 4 2 
W 0.5 0.8 1.2 ,1.9 1.3 
Au O.OOG 0.004 0.004 0.004 O.OQX 
Hg 0.02 0.09 0.08 0.08 O.OX 
Tl 0.04 0.2 O.G 1.8 1.4 
Pb 0.6 7 15 20 12 
Bi 0.001 0.007 0.01 0.01 
Th 0.005 3.5 7.8 17.5 13 
U 0.002 0.75 2.4 3.3 3.0 
S 200 300 250 350 300 

It may also be suggested that "specialisation" (association of ore metal with granitoid type) 

only provides an indication of the potential for mineralisation, provided tectonic and other 

geological conditions are appropriate. 

Important porphyry copper precious metal deposits are also associated with alkaline rocks 

which include alkali gabbros and syenites (silica saturated and undersaturated plutons) 

(Figure 27). They are characterised by high sulphur abundances, and the Cu-sulphides are 

disseminated in veins and blebs in the matrix. Carbonate, K-metasomatic, redox, and 

phyllic alteration occur as the major alteration types. 
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Figure 27. Gold-copper values for 
some porphyry deposits in 
British Columbia (after 
Schroeter et al., 1989). 

These porphyry copper precIOus metal deposits may grade upward into epithermal gold 

deposits which may be preserved or eroded away. In the epithermal deposits gold may be 

transported as thiosulphide-Au, whereas in the porphyry system it may be transported as 

a telluro-Au-complex (Mutschler, et al., 1985) or a chloro-complex. 

Alkali source rocks with a high exploration potential may be classified as: 

• Alkaline: (Na,O + K,o (wt%) > 0.3718 SiO, (wt%) -14,S) 

• Members of the alkalic basalt or, 

• felsic syenite (Na,O + K,O > 10 wt% and MgO < 2 wt%) assemblages. 

• Showing local anomalies in some of the following: Au > IOppb, Ag, As, Bi, 

Ce, Cu, F, Hg, La, Mo, Nb, Pb, S, Sb, Te, Tl , U and V. 

• High Ba and Sr in Ba:Sr:Rb ratios. 

• Showing one or more of the following alteration assemblages; 

K-metasomatism (K,O) > Na,O) 

redox Fe,03 > I,S FeO or carbonatic CO, > O,Swt%. 
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Many porphyry-style gold ± copper deposits worldwide are associated with, or are hosted 

by potassic igneous rocks and shoshonites (Muller and Groves, 1993). They are 

characterised by high halogens such as CI and F, high large ion lithophile elements (LILE) 

(K, Ba, Rb, Sr) and low High Field Strength Trace Elements (HFSE) (Zr, Nb, Y, and REE). 

Mineralisation associated with potassic Igneous rocks are generally restricted to three 

tectonic settings, viz. late oceanic arcs, continental arcs and post-collisional arcs (Figure 28). 

LOP 
Au:C ... 

9' 0:: :~:::~"::"" 
I I I .~ ..... nl 01 ..." ... .: ~. 

~"""'f""'~" 
. ' ", I ... ·~_d d .. , .... _,. 

~ -:-: "'oce'" 

t ._. or m..,...,. _, •• 

___ , .... " •• ~.,. mo ....... ", 

CAP 
CU:AU 

PAP 

('AP=conlincnlal arcs. 1~·I/'=P05IColhsional arcs, LOI'=I",,' oceanic arcs ;)nd 11'l f with in-plale settings . 
. \fORU: mid-ocean ridge bas31is and 0 10 =occan ic island basal!. 

Figure 28. Schematic diagram of potassic rocks and their 
tectonic setting (after Muller and Garson, 1993). 

• Late oceanic arcs 

• Continental arcs 

Potassic volcanic rocks form the youngest 

eruptions after volcanics of tholeiitic .and calc

alkaline series (Muller and Groves, 1993). 

Lihir Island - Papua New Guinea 

deposits. 

Characterised by zones of oblique plate 

convergence and the subduction of oceanic 

crust beneath continental crust. 

Generally characterised by flat subduction 

angles and broad Benioff zones (Muller and 



• Post-collisional arcs -
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Groves, 1993). 

Porphyry copper deposits in Chile. 

Areas where the process of subduction has 

ceased and the continental plates have collided. 

Miocene Porgera gold deposit in PNG. 

"Shoshonites" sensu-stricto show high K,oINa,O ratios (> 0.5), high Na,O + K,o (> 5wt 

%), high LILE enrichments viz. (K, Ba, Rb, Sr), high but variable AI20 3 (zero to 9wt %) 

and generally low Ti02 (Joplin, 1968, Morrison, 1980). These rocks are commonly formed 

during the late stage of arc evolution erupted after low K-tholeiites and calc-alkaline rock 

series. 

Most Cretaceous to Cenozoic epithermal and porphyry-type copper-gold deposits in the 

Chilean Andes are hosted by high K - calc-alkaline igneous rocks (Gropper et a!., 1991 and 

Reyes, 1991). There also appears to be a direct genetic link between potassic magmatism 

and mineralisation in the continental-arc (Muller and Groves, 1993). 

High CI concentrations (> 0.04 wt %) in mica phenocrysts are present in all mineralised 

potassic volcanic rocks. Cl-rich hydrothermal fluids were probably exsolved during magma 

crystallisation and were responsible for gold and/or base metal transport. Therefore, it may 

be no coincidence that many gold deposits tend to be associated with the more volatile rich, 

potassic and calc-alkaline magmas (Spooner, 1993). Muller et a!. (1993), also indicates that 

the Goonumbla porphyry Cu-Au deposit is interpreted to have been generated in a late 

oceanic-arc setting and the micas are enriched in both CI and F (Figure 29). 

The halogen contents of mica phenocrysts from high-K igneous rocks may therefore be used 

with caution as a measure of Au-Cu mineralisation potential in continental post-collisional 

and late oceanic arcs. 
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Figure 29. Diagram indicating the Cl and 
F content of mineralised and 
unmineralised 
rocks (after 
1993) . 

potassic volcanic 
Muller and Groves, 

Caution must be taken when looking at high-K rocks from within plate settings as they have 

high halogen contents, although no genetic relationship to Cu-Au has yet been established 

(Muller and Groves, 1993). 

Mineralised (Cu-Au) high-K rocks from late ocea11lC arcs may be typified by both 

anomalous high Cl and F but this awaits confirmation from a larger database. 

Porphyry intrusions of the SW Pacific Islands differ from the porphyry copper related 

deposits in the SW United States in that they are more dioritic (Figure 30). Generally 

porphyritic calc-alkaline intrusions in the SW Pacific occur within andesitic and dacitic 

volcanic piles. 

3.2.5 Wall Rocks 

Porphyry copper-gold deposits are found associated with a variety of wall rocks. For 

example, andesitic wall rocks are found at the Lepanto Far Southeast deposit in the 

Philippines, Marte in Chile and Bajo de la Alumbrera in Argentina. While sedimentary 

wall rocks are the host to the Bell Copper deposit in British Columbia, the Porgera deposit 

in Papua New Guinea and the Grasberg deposit in Indonesia. 
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Figure 30. AFM diagram showing the plot of some 
porphyry copper-related rocks (after Titley, 
1975) • 

The wall rocks do not control the gold content of the deposit but their composition or 

structural characteristic may control ore deposition beyond the porphyry stock. The release 

of high temperature, acid rich, highly saline, gold-rich fluids from the emplaced magma 

body into carbonate rocks will be more suited for a peripheral gold deposit than if the host 

rocks were a non-reactive quartzite. Chemical reactions between the ore solutions and the 

wall rocks are therefore important in localising the ore-rich fluids beyond the porphyry 

intrusive. 

3.2.6 Magnetite Content 

According to Saegart and Lewis (1977) and Sillitoe (1979), most porphyry copper-gold 

orebodies contain more-than I % magnetite in veinlets. Magmatic hydrothermal magnetite 

is associated with the potassic zone where it forms a stable assemblage with chalcopyrite, 

biotite, anhydrite, K-Feldspar, chlorite or actinolite. 

In the study by Cox and Singer (1988) in which the porphyry copper deposits outlined ll1 
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Table V were examined, the following was determined. Magnetite was positively correlated 

with the gold grades in these deposits and a triangular plot of the magnetite content versus 

gold, molybdenum and copper is illustrated in Figure 31. 
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There are however exceptions; for example, at the Bethlehem deposit in B.C secondary 

magnetite appears as clusters with the K-feldspar in the potassic alteration zone without any 

gold mineralisation. At Mineral Park in Arizona a late magnetite-chalcopyrite-chlorite vein 

system cuts early quartz-K-feldspar-biotite-molybdenite veins with the molybdenum orebody 

containing essentially no gold (Cox and Singer, 1988). 

Further illustrations of the correlation of gold and magnetite are highlightf':d 111 Figure 32 

and Table VI. 
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Cu 
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Figure 31. Magnetite content in volume percent in 
potassic alteration zones in porphyry copper 
deposits (after Cox and Singer, 1988) . 
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F~gure 32. Magnet~te content vs gold 
grade for 26 porphyry copper 
deposits. Correlation is 0.68 and 
significant at the 1% level (after 
Cox and Singer, 1988) . 
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Table VI. Median grades, tonnages and 
depths of some porphyry-type 
copper deposits (after Cox- and 
Singer, 1988). 

Porphyry 
Porphyry 

Porphyry copper-
copper- gold-

copper 
molybde-

gold Iype molybde-
num type 

num type 

:-":umhcr Ilf J':»4 hll~ .. :!O 19 16 

Ml'lri..: IllnS). 101> 160 390 500 

Copper Ipc r.:cnn .55 .48 .41 

Molybdenum (percent) .003 .015 .016 
G-.>Id (g:11 . .38 .15 .012 

Sil\"cT (p.1l1 1.69 1.63 1.22 
Magnetitc (,lnll'nl (percent) 2.6 1.0 .05 
Ot:plh I klll l 1.0 .9 3.6 

The evidence for high magnetite-to-pyrite ratios in porphyry copper-gold systems. indicates 

the high 10,lIS2 which Sillitoe (1982) postulates is responsible for the trapping of gold in 

the copper-rich part of the system. A possible mechanism suggested by Cox and Singer 

(1988) for maintaining the high 102/IS2 during early gold deposition is the dissolution of 

HzO to Hz and O2. This reaction would be favoured by the high temperatures and low 

pressures associated with the emplacement of tonalitic and other mafic intrusions at high 

levels in the crust The high 10,1 ISz conditions would be attained by the escape of the 

smaller hydrogen molecules. The high 10,1 IS2 in turn would favour the formation of 

magnetite, and gold would be restricted. 

In deposits with a low magnetite-pyrite ratio in the potassic alteration zone, sufficient 

sulphide ions may have been present to cause gold to remain mobile as gold thiocomplex 

ions during falling temperatures (Henley, 1973). Under such chemical conditions gold may 

migrate outward to form peripheral gold vein-type deposits (see section 3.2.9). 

As a result of the 102 having a potential influence on mineralisation, it would be important 

to note the observation made by Mason and Mcdonald (1978) on ferromagnesian 

phenocrysts from productive porphyries. Amphiboles from productive porphyries tend to 

be emiched in Mg towards their rims. This Mason and Mcdonald (1978) interpreted as 

indicating increasing oxygen fugacity within the crystallising melt The fingerprinting of 
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these amphiboles together with the magnetite content of the intrusive may be a useful tool 

in the exploration for porphyry copper-gold deposits. 

3.2.7 Deposit Size and Tonnage 

Porphyry copper-gold deposits with gold grades greater than or equal to 0.44ppm, range in 

size from approximately 5 million tonnes, e.g. Marian (Philippines) to 900 million tonnes 

at Panguna. Grades and tonnages of some SW Pacific Island and Chilean deposits are 

shown in Figures 33, 34 and 35. Sillitoe (1979) noted that there was no relation between 

deposit tonnage and gold grade, however from more recent work by Cox and Singer (1988) 

(Table VI) there ' appears to be a greater number of small deposits on the gold side 

compared to larger deposits on the molybdenum side. Median tonnages for the porphyry 

copper-gold type are 160 x 10· metric tonnes compared to 500 x 10· metric tonnes for the 

porphyry copper-molybdenum type. This difference in tonnage is possibly related to the 

volcanic and plutonic association of the deposit types (Cox and Singer, 1988). 

'" • o-...w.. " G."". 0 ..... 
" tfSW." ... ,aIio ' .e.. CuwoI. 

,. 
~'B""'" " M~ 

~""'" "' .... 0.. .... 
I.e.. CO~><I. 

L.' 0" Ot.T..:Ii. ". "". Coppu. 
,._~G.......,. ' .c.. Con'" , 

• 
0. ..... " " ~I<>w .. )'(""1"" 

E ""'-- 1I.e.. u."", 
~ 
n ." I]~ 

" 0.1 rnollion Colw". );iri, 101_'..,. 
lonnfl 1_ .. I .e.. c. ...... , ", . ., 

<: ~O·IOO $.0., .. ", ... " "..b lot • . '00·1)0 
1~-100 I~. Be.. yuill 
1\(1-1000 
'~A 

"'."' ..... ~ Io".-$C",""", , ,. M.Io,.... B.c.. "'Molt 

17(.0 110 ~'. J 1 
I;;",ti.,,, " AI" ... 

." 'b;~ppO'>CI D.C •• un><l. 
.1 21!! + 

'0 n d- 0, 
<!-12 • •• • ~.~ = a..,~ ..... 

0.' ,'Yl"2 ... ." I'JoiIippi_ U ..... VolA. 

o c' ~ ." " .. "'- " T.",,,, .. 

~ '0 rtwlorpo"", ..... ""R .... 

" s.._ T_ .. It 

" 1\.,._1 .. 
0 I'IWIipp;.... ...,._ .... 

0 0 .. 0.' 0. 2 
.... " •• 'n. 

" " G .... _o,. 
Cu % r "..;F'P ..... U 10\ ..... 

""" " l<-r< • .., F .. 
Sc>.,h<"l 
'~oI,pPi .... ~ "'"' ~. 
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of some circum-Pacific porphyry eu-Au 
deposits (after Sillitoe, 1990). 
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Average copper and gold grades are shown in Figures 35, 36 and 37 with the average 

tonnage shown in Figure 38. 
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Figure 38. Tonnages of porphyry Cu-Au 
deposits (after Cox and Singer, 1986). 

3.2.8 Alteration 

The types of alteration which may be observed over copper-gold-rich porphyry deposits are 

related to the rock type, movement of magmatic and hydrothermal fluids through the system 

(favoured by extensive fracturing), the chemical conditions of the fluids and the sulphide 

content of the intrusive. 

Alteration associated with porphyry systems are outlined in Figure 39. 
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• Potassic - (core zone) 

• Propylitic - (outer zone) -

• Phyllic - (intermediate zone) 

• Argillic - (intermediate zone) 

Secondary K-feldspar, quartz biotite ± 

plagioclase, ± pyrite ± anhydrite. 

High Temperature_ 

Chlorite, epidote, albite, calcite and pyrite. 

High temperature. 

Quartz sericite and pyrite. 

Low Temperature. 

Kaolinite, quartz, chlorite. 

• Advanced Argillic - Quartz-alunite plus kaolinite, quartz-alunite-native sulphur, 

quartz-diaspore [AIO(OH)J, quartz-alunite-sericite. 

The alteration types of porphyry Cu-Au deposits in the SW Pacific Islands, Chile and 

British Columbia are compared to determine whether there are any differences related to: 
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Rock type: Quartz diorites - Monzonites (SW Pacific, Chile). 

Alkalic-rich rocks - Shoshonites (SW Pacific and 

British Columbia. 

Tectonic Setting : Continental Arc - Chile 

Island Arc - S W Pacific 

Accreted Island Arcs - British Columbia. 

3.2.8.1 K - Silicate Alteration 

Potassic alteration is the most important alteration type associated with porphyry Cu-Au 

mineralisation (Sillitoe. 1990). The alteration is characterised by the presence of biotite 

together with K-feldspar and/or amphibole and often well developed quartz veining. K

feldspar is more abundant in high-K calc-alkaline and alkaline intrusions, whereas 

amphibole (hornblende and/or actinolite) is more common in diorites to quartz diorites due 

to the greater availability of calcium (Sillitoe, 1990). Within the SW Pacific Island deposits 

it is reported that potassium feldspar is less abundant than biotite within potassically altered 

diorites and quartz diorites (Saegart and Lewis, 1977). Albitisation rather than potassic 

feldspar may occur in more alkalic porphyry deposits, e.g. Afton and Ajax in British 

Columbia (McMillan, 1991). 

Anhydrite is also commonly widespread in the potassic zone, as is hydrothermal magnetite. 

which may amount to 5-10% by volume of some deposits (Sillitoe 1979, 1980, and Cox and 

Singer 1988). 

Abundant quartz veinlets (stockwork) contain hypogene sulphides and iron oxides VIZ. 

chalcopyrite, pyrite and bornite (% cp + bn = 0.5 - 3) (Sillitoe 1990). The iron oxides 

commonly present include magnetite and hematite, Hematite may occur in the specular 

form or as martite after magnetite (Vila and Sillitoe, 1991). 
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3.2.8.2 Propylitic Alteration 

This alteration type is characteristic of both calc-alkaline and alkalic porphyry deposits in 

the continental and island arc environments. It occurs peripherally to K-silicate and/or 

argillic alteration, and includes chlorite, epidote, calcite and pyrite. 

3.2.8.3 Phyllic Alteration 

The more potassic-alkalic deposits do not generally contain a phyllic zone as was evident 

in the porphyry copper-gold deposits in British Columbia (McMillan, 1991). Quartz-sericite 

alteration is more restricted in the Au-rich porphyry deposits of Chile and the Philippines 

compared to Cu-Mo-rich porphyry deposits of Chile and/or the Western Hemisphere 

deposits (Saegart and Lewis, 1977 and Sillitoe, 1990). 

3.2.8.4 Argillic Alteration 

Argillic alteration is often unrecognised as an overprint to K-silicate assemblages 

particularly in the upper parts of stocks (Sillitoe, 1990). 

The alteration assemblage which includes quartz-chlorite-sericite-illite-smectite and calcite 

is often a widespread overprint in the ore zones of calc-alkaline porphyry copper-gold 

deposits in the SW Pacific Islands and the Maricunga belt in Chile (Vila and Sillitoe, 1991). 

3.2.8.5 Advanced Argillic Alteration 

Sillitoe, (1990) suggests that the advanced argillic alteration is thought to be more 

widespread in the upper volcanic hosted parts of porphyry gold-rich systems. It's 

preservation potential in such gold-rich porphyry systems is therefore determined largely 

by erosion rates and age of the system. Calc-alkaline deposits in Chile and the SW Pacific 

Islands, e.g. Marte and Dizon, have advanced argillic alteration caps (Sillitoe, 1990, Vila 

et aI. , 1991 and Malihan, 1987). 



62 

The alteration minerals include chalcedonic quartz, alunite, pyrophyllite and diaspore. 

Small amounts of rutile and tourmaline have also been reported in some of the deposits, e.g. 

Marte. 

3,2.9 Metal Zonation 

In gold-rich porphyry systems gold may commonly occur throughout the system. However, 

according to Jones (1992), it generally shows a preference for deposition and enrichment 

in either the central, intermediate or distal gold zones. Examples of these are highlighted 

below. 

3.2.9.1 The Central Copper-Gold Zone 

Many gold-bearing porphyry copper deposits have a high correlation between hypogene 

copper and gold grades. Gold has been reported by Sillitoe (1979) and Cox and Singer 

(1988), to be associated with bornite in a potassic assemblage dominated by secondary 

biotite and magnetite. Porphyry deposits with a central Cu-Au zone include Panguna 

(Figure 40), OK Tedi in Papua New Guinea, Bell and Granisle in British Columbia. 

3.2.9.2 Intermediate Gold Zone 

This intermediate gold zone occurs between the central copper zone and the lead-zinc zone 

of some porphyry deposits. This has been documented and reported by many workers such 

as Sillitoe (1988), Sillitoe and Bonham (1990), and Lowell (1988). Deposits with 

economically important intermediate gold mineralisation include the Copper Canyon district 

in Nevada (Figure 41), San Manuel-Kalamazoo in Arizona, Tanama and Helecho in Puerto 

Rico, Robinson district in Nevada and Mt Milligan in British Columbia (Jones, 1992). 
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Figure 40. Copper-gold zoning and 
alteration at the Panguna 
deposit, Papua New Guinea 
(after Jones, 1992). 

Pb · Zn·Ag 

Figure 41. Metal zoning in the 
Copper Canyon district, 
Nevada, porphyry system 
(after Jones , 1992) . 
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3.2.9.3 Distal Gold Zone 

The close proximity of certain gold deposits with porphyry stocks possibly suggests some 

genetic relationship exists. Examples include sediment hosted gold mineralisation at Bau 

in Sarawak and Carlin type gold mineralisation in the Yauricocha district in Peru and 

Barneys Canyon near Bingham mine (Figure 42) . 

... 

. -'=--' n" 

Figure 42. Simplified geology and metal zonation in the 
Bingham district (after Babcock et al., 1992). 

3.2.9.4 Systems with Multiple Gold Zones 

Certain districts display gold enrichment in all of the above three zones. This is 

characteristic of the large porphyry copper deposits with extreme gold enrichment. 

Examples include Bingham Canyon in Utah and Lepanto in the Philippines (Figures 42 and 



43). 
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Figure 43. Schematic diagram 
showing the location of 
gold enriched deposits at 
Lepanto (after Jones, 
1992) • 

From the above recorded distribution of gold, it is clear that gold has the potential to 

precipitate in economic concentrations both within and at various distances away from the 

progenitor intrusions. 

Traditional hydrothermal zoning (Fe-Ni-Sn-Cu-Zn-Pb-Ag-Au-Sb-Hg), Barnes (1975), does 

not explain the above zoning. It only predicts the distal precipitation of gold along with 

Sb, Hg and ± As. Hemley et al. (1987) showed that hydrothermal zoning is dependent 

mainly on temperature-concentration relationships and suggested that zoning reversals are 

due to the differences in the relative concentration of metals. 
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4. PHYSIOCHEMICAL CONSTRAINTS ON PORPHYRY COPPER-GOLD 

MINERALISATION 

4.1 General 

According to Burnham (1981) six major physiochemical constraints of the parent magma 

are recognised for efficient mineralisation within the porphyry system. These include: 

I) H20 content 

2) Temperature 

3) Metal content 

4) Chlorine content 

5) Sulphur content 

6) Oxidation state. 

Generally it is suggested by Burnham (1981) that copper-gold porphyries are related to calc

alkalic hornblende-biotite quartz diorites and granodiorites typical of island arcs, i.e. I-type 

granite systems. Alkalic biotite, quartz monzonites and syenites tend to be more typical of 

most molybdenum and continental copper-molybdenum porphyries. Furthermore markedly 

peraluminous, generally biotite-bearing, granitoids are typical of the tin-tungsten porphyries. 

Porphyry copper-gold magmas possess characteristics of the igneous or chemicall j 

unfractionated source rocks from which they were derived. Partial melting of hornblende

bearing mafic rocks of igneous origin, either amphibolitised oceanic basalts in a subduction 

zone or hornblende gabbros in the lower continental crust, yield I-type calc-alkaline 

magmas with the requisite chemical composition to be direct progenitors of copper-gold 

porphyries. The moderate low water content and the high temperatures of magmas derived 

from more mafic source rocks, enables them to reach high levels within the crust and 

possibly into the epizonal environment where gold-rich deposits tend to be found, e.g. 

Marte in Chile. 

Hornblende-bearing mafic rocks yield melts capable of ascending to the surface that contain 

approximately 2,7 wt% HP (Burnham and Ohmoto, 1980). These melts have initial 

temperatures of 1000°C to I050°C and are granodioritic in composition. Biotite-bearing 
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granodioritic and tonalitic source rocks yield initial alkalic melts in the lower continental 

crust at temperatures of 800° - 8S0°C with 3,3 wt% H,o. These melts are also capable of 

ascending to depths of 2 to 3km without becoming crystalline. Alkali melts derived from 

muscovite-bearing source rocks are incapable of reaching epizonal depth of porphyry 

magma emplacement due to their 8,4 wt% H,o content and moderate temperatures of 700° 

- 7S0°C. 

4.2 !!,O Content of Magmas 

The H,o content of magmas must be such that the mechanical energy released during 

crystallisation and exsolution of aqueous fluids (second boiling) is sufficient to produce 

extensive fracturing at depths of 2-8 km. Magmas with less than 2 wt% H20 are incapable 

of extensive fracturing and the formation of hornblende or biotite as a phenocryst phase. 

4.3 Temperatures 

Temperatures of porphyry magmas are inversely related to the H20 contents. Temperature 

must be high enough to carry the magmas in a largely liquid state to depths of 4km or less. 

Therefore temperatures in the source regions of these magmas must be 800°C or higher 

(Burnham, 1979). 

4.4 Metal and Chlorine Contents 

The minimum metal content of the source rocks necessary to yield economic mineralisation 

is difficult to quantify as it is dependant on numerous factors, e.g. structural sites, 

transporting ligands etc. (Burnham, 1981). 

The higher the chlorine content of the fluid, the greater its capacity to transport both metals 

(mainly Fe) and reduced sulphur (H2S). Fluids with chlorine contents less than 1.8%, i.e. 

slightly less than seawater, and equivalent to O,OS wt% in the magma, are relatively 

ineffective in transporting large quantities of metals (chiefly Fe) and sulphur necessary to 

produce a pyrite-rich porphyry copper-type mineralisation. 
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Burnham (1981) reports that a 100 million ton orebody averaging 0,5% copper could be 

obtained from only one cubic kilometre of magma that contains 200ppm Cu. 

To be effective copper-gold bearers, porphyry magmas should contain at least 0,05 wt% Ct'. 

In fluids of average total chlorine content released from the H20 saturated carapace of 

porphyry plutons, at temperatures above the stability field of hornblende and biotite, 60 

mole% of the CI is associated with Na and K. A further 27% is associated with metals 

(chiefly Fe), 4% with Ca in CaCl 2 and 9% with H in HC!. With exsolution of a chloride

rich brine from a magmatic-hydrothermal fluid, HCI is the only chloride complex to be 

concentrated in the H20-rich (steam) phase together with H2S and S02' Chlorides are 

concentrated in the brine (up to 77 wt% NaCI) and the metal oxide and sulphide solubilities 

are also exponentially dependent on the chloride concentration, which results in the high

temperature brine phase being very effective in redissolving already precipitated sulphides 

and oxides. 

These brines are then capable of transporting metals and sulphur to lower temperature 

regions of the fracture system where reaction with the acid volatile-enriched aqueous fluids 

results in the precipitation of sulphides, oxides and sulphates over relatively narrow 

temperature ranges (Burnham, 1981). 

The precipitation of oxides such as cassiterite and magnetite is accompanied by the release 

of HCI to the hydrothermal fluids. Examples are indicated below : 

I) I mole of chalcopyrite or pyrite deposited, results in 4 moles of HCI being 

released. 

2) 1 mole of cassiterite deposited, results in 2 moles of HCI being released. 

3) The deposition of 1 mole of magnetite (Fe30 4) , releases ± 8 moles of HC!. 

This release of HCI is regarded as the principal source of acid for phyUic alteration. 
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4.5 The Sulphur Content and Oxidation State 

Generally S-type porphyry magmas are sulphur-rich and contain in excess of 0,2 wt% S. 

However, many I-type magmas are constrained to contain perhaps only 1/10 of this amount 

sulphur (Burnham, 1981). 

Fluids exsolved from low fa, S-type magmas, result in all the sulphur forming H,S which 

inhibits dissolution of already precipitated sulphides. It also limits the transport of metals 

such as iron, copper and gold, by chloride-rich magmatic hydrothermal fluids. Fluid 

derived from high fa, I-type magmas, result in the lowering of already low H,S fugacities 

by oxidation of H,S to SO,. This SO, is insoluble in the melt phase (Burnham, 1979) and 

may form oxidised aqueous complexes. Already precipitated sulphides are redissolved, and 

the transport of metals and sulphur out of the H,O saturated carapace is greatly enhanced 

in the porphyry system. 

The immiscible separation of chloride-rich brines from I-type magmatic fluids during its 

escape into the fracture system, results in the SO, and H, S in the original magmatic aqueous 

phase to be partitioned into the H,O-rich "steam" phase. Cooling of the sulphur-rich fluid 

and the formation of H,S from SO, occurs at temperatures between 500°C and 350°C 

(Burnham and Ohmoto, 1980). This is essentially the same temperature interval over which 

the acid-rich volatile phase rehomogenises with the chloride-rich brine phase. 

It is this hydrolysis and rehomogenisation process which is regarded as the major, if not 

dominant, factor controlling the localisation of ores (copper-gold) in the porphyry copper 

system. 

The reduced magmas associated with gold-rich porphyry deposits (Leveille et ai., 1988), 

evolve fluids with lower oxygen and sulphur fugacities resulting in chalcopyrite-magnetite

bornite assemblages rather than the chalcopyrite-pyrite assemblages of gold-poor porphyry 

deposits (Figure 44). 



70 

bn+py 

cc+hem 

-20 - 15 - 10 

log 002 

;:.: 1 Biotite 1ft G old-bearing porphyry copper 
o· 01 '~~~f deposIts 

Figure 44. The field of Cu-Au 
deposition in K-silicate 
al teration zones of gold-rich 
porphyry copper deposi ts as a 
function of fO,/fS, (after 
Sillitoe, 1990). 



71 

5. TRANSPORT OF GOLD 

5.1 General 

According to Large et al. (I989) gold is transported in hydrothermal solutions either as thio

complexes [Au(HS)2' AuiHS)2·S·2] or chloro-complexes (AuCI2·). Other complexing agents 

may include sulphide-, telluro-, carbonyl- or carbonate gold complexes. The AuCI2· complex 

is the most important complex involved in initial gold transport in porphyry copper systems. 

The importance of the thio- and chloro- complexes in a hydrothermal fluid is controlled by 

temperature, pH, salinity and the H2S activity. 

Gold transported as AuCI2· is favoured by: 

I) High temperature fluids (>300°C), 

2) with low pH «4.5), 

3) low H2S concentration «1O.2'm), 

4) high salinity (> seawater) and 

5) moderate to high fOz (pyrite or magnetite ± hematite stable). 

Gold transported as Au(HS)z· is favoured by: 

I) Lower temperature fluids (I50-300°C), 

2) with moderate to alkaline pH (>4,5), 

3) high HzS concentration (>IO·z·'m), 

4) low salinity « seawater) and 

5) moderate f02 (pyrite field only). 

The switchover from AuCiz· transport to Au(HS),· occurs at about 290°C given pH=4, 

HzS= IO·3
, 1m NaCI, SO.-zlHzS=10·' (Figure 45). The variation in temperature, pH, 

concentration of HzS and salinity, controls this switchover position. 
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Figure 45. Plots showing Au, Cu and Zn solubility with 
temperature (a, b), pH (c) and log a H2S (d). The swi tchover line 
from Au (HS) 2- to AuC1 2- predominance is shown (S) (after Large 
et al. ,1989). 

From Figure 45 it can be seen that for high temperatures and low pH, where AuCI2-

predominates, gold and copper show very similar solubility characteristics (CuJAu ratios ± 

10000: 1 at saturation). Gold and copper can therefore be transported and deposited together 

at temperatures above 270°C to 300°C with dropping temperature or increasing pH. 

At lower temperatures (l50-270°C) Au(HS)2- predominaies and Zn and Au are transported 

and deposited together at low temperatures and moderate to neutral pH. 

The sulphur carrying capacity of a given aqueous chloride solution is directly dependent on 

the oxygen fugacity in the system. Fluids derived from generally more oxidised "I-type" 

or magnet;te series magmas are more effective gold and base metal sulphide mineralises 

than fluids derived from the more reduced "S-type" or ilmenite series magmas (Burnham 

and Ohmoto, 1980). 
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5.2 Effect of Salinity on Gold Transport 

With increasing salinity, the Au(HS); solubility decreases and the AuCI,' solubility 

increases to about 4 wt% NaCI where it starts to flatten out (Figure 46). 

H = 4, log aH,s = -3, and T = 
300°C 

· 2,.------..,------ --.-,10ppb 

AuGI; 
1 ppb 

O.lppb 

0 .5 2 5 10 20 50 
wt % NaCJ 

Figure 46. The effect of salinity 
on solubility of Au (HS),. and 
AuC1 2 - complex (after Large et 
al., 1989). 

In East China, salinities of ore-bearing solutions from porphyry copper-gold systems are 

between 15 and 55 wt% NaCl. Temperatures of 250° - 450°C are recorded for the transport 

of these metals as a chloride complex (Ren et al., 1990). 

5.3 Temperature-fO, Control on Gold Transport 

From Figure 47 it can be seen that AuCI,' is soluble at high temperatures and high fO, and 

is independent of iron sulphide or oxides present. However Au(HS),- is more stable at 

lower temperatures. It forms a solubility window within the pyrite field. The solubility of 

Au(HS),' decreases rapidly adjacent to the pyrite-hematite boundary. With the reaction 

taking place as follows: 4Au(HS),' + 2H,o + ISO, +-7 4Auo + 8S04-' + 12H+ 

Under these conditions gold deposition is favoured by: 

I) increasing fO" 

2) decreasing temperature, and 

3) increasing pH (Large et aI., 1989). 

(Possible cause - mixing of hydrothermal fluid with seawater). 
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Figure 47. Diagram showing the deposition of 
gold in a porphyry system (modified after 
Large et al., 1989 and Pirajno, 1992). 

From the geologic thermodynamic model proposed by Large et al. (1989) for gold 

concentrations in massive sulphide deposits, the following scenario could possibly apply to 

the porphyry system. This scenario is as follows: 

If gold, copper, lead and ZInC are carried in the same porphyry system, the following 

deposition trends may be expected to occur. Gold and copper may be expected to be 

deposited in the central portions of the porphyry system with decreasing temperature and/or 

increasing pH. For gold deposition it is assumed that gold is being transported as a hot, :?: 
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290 - 300°C, AuCl, - complex, point (D). With further cooling, ::; 290°C, gold is 

transported as a Au(HS); complex and deposited in more distal zones. Gold deposition 

may be controlled by oxidation resulting in the loss of H,S, e.g. 

H,S + 20, -t 2H+ + SO,' and an increase in the SO,'IH,S ratio. 

This would correspond to the movement of Au(HS); from point (B), Figure 47, to point 

(C) where there is a steady temperature and fO, decline. If however the H,S content is 

high, and as a result the SO,'IH,S ratio is low, the ore fluid may be buffered and will 

follow the BE path with little or no gold enrichment in the peripheral zones to the porphyry 

system. 

Further work on the FeS content of sphalerite, in massive sulphide deposits has shown that 

gold-rich zinc ores are associated with low FeS « 5 mole %) contents in sphalerite. 

Furthermore gold-rich copper ores are associated with pyrite ± magnetite ± sericite ± 

kaolinite and high FeS contents(> 5 mole %) in sphalerite. 

The above could possibly be applied to porphyry copper-gold exploration provided that zinc 

is derived from the same system. The location of peripheral gold zones to copper porphyry 

systems, using the FeS contents of sphalerite, may together with fO" temperature and 

amphibole geochemistry, provide a vector for exploration. 

The gold-copper association in the central part of the porphyry system reflects gold 

transport as a AuCi; complex from high temperature (> 300°C), low pH « 4,5), moderate 

to high fO, and high salinity fluids. Whereas the gold-zinc association in the peripheral 

zones reflects gold transport as a Au(HS); complex from lower temperature (200° - 250°C), 

moderate pH (4,5 - 6) and moderate fO, fluids. 
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6. GOLD-SULPHIDE ASSOCIATION - METALLURGICAL IMPLICATIONS 

An important factor in assessing the economic viability of a copper-gold porphyry deposit 

is the mineral association of gold within the system. From the work done by Cuddy and 

Kesler (1982) on the Granisle and Bell porphyry copper-gold deposit in British Columbia, 

the following may be highlighted: 

• Gold shows a close association with bornite in deposits containing this 

mineral and with undisturbed potassic alteration zones. 

• Gold shows a random association with pyrite and chalcopyrite in the absence 

of bornite (usually in deposits with sericitic overprints). 

• At temperatures of 600°C both bornite and chalcopyrite exhibit extensive 

solid-solution of Cu, Fe and S (Craig and Scott, 1974), and probably of gold. 

• If bornite or chalcopyrite were deposited from a gold-bearing hydrothermal 

solution at 600°C, it would carry gold in solid solution. 

• With cooling the gold would exsolve, but at 400°C chalcopyrite does not 

exhibit extensive solid solution and would probably not carry gold in solid 

solution. Therefore with the deposition of a 400°C chalcopyrite-pyrite ore 

such as at Bell, gold in solution will not go into chalcopyrite but instead it 

will deposit randomly on both sulphide minerals. 

• Bornite-bearing ore formed at higher temperatures, i.e. about 600°C, would 

cause any gold to concentrate in the bornite and to exsolve during cooling. 

• From the magmatic A veins in the centre of Granisle, gold was found to 

show a positive correlation with bornite, a negative correlation with 

magnetite and no correlation with chalcopyrite. 

• In veins collected from the outer edge of the potassic zone (absence of 

bornite but the presence of pyrite) at Granisle, gold shows a positive 

correlation with chalcopyrite. However from an optical examination of the 

mill products at Bell, Owens (1974) found three grains of electrum, (10 to 

55 micron diameter) two enclosed in chalcopyrite and one grain attached to 

pyrite. Thus, although gold occurs with chalcopyrite, a smaller but probably 

important amount may be associated with pyrite. 
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From the above gold-sulphide associations the following may be concluded 

• Gold recoveries would be expected to be greater from bornite-bearing ores 

compared to chalcopyrite-pyrite ores. The reason for this being that gold 

forming middling grains with pyrite report to the tailings, while gold-bornite 

middling grains report to the copper concentrate. 

• Recovery of gold from the tailings would be difficult unless the material 

went directly to a cyanide circuit. 

• If the gold was not adequately liberated from the pyrite, or the cyanide 

consumption was too high, it would be necessary to prepare a pyrite 

concentrate and roast it before cyanide treatment. This may then prove to be 

too costly. 
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7. EXPLORATION 

7.1 General 

According to Sillitoe (1988) the following may be considered as favourable signs for 

precious metals in the porphyry system. 

• High contents of hydrothermal magnetite commonly occurring with K -silicate 

assemblages. 

• Hydrothermal breccias, within and above porphyry copper-molybdenum 

deposits, may localise gold mineralisation. Gold mineralisation is most likely 

to occur within the most permeable parts of the breccia, e.g. sheeted contact 

zones. 

• Regional and district fault zones may control precious metal mineralisation 

around, above and/or superimposed on porphyry copper deposits. 

• Reactive wall rocks (carbonate bearing) may enhance the precious metal 

prospectivity of porphyry systems. 

• Positions where carbonates are transformed to jasperoid or gossan after 

massive sulphides (rather than magnetite or andradite garnet) may be 

considered favourable targets (Sillitoe, 1988). 

• Non-carbonate wall rocks with a high permeability, such as volcanic breccias, 

amygdaloidal flows and conglomerates, may also localise distal precious 

metal deposits. 

• Porphyry copper systems with well developed peripheral alteration zones 

(propylitic and sericitic zones) and pyritic halos, may be more likely to host 

distal vein and metasomatic precious metal deposits. 
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• Bodies of chalcedonic silica (including jasperoid) In zones of advanced 

argillic alteration above porphyry copper deposits with prominent 

hydrothermal brecciation offer excellent precious metal targets. 

Although all porphyry copper orebodies contain some gold, Lowell (1989) reports that there 

seems to be a fairly sharp break in the gold content at about 0,1 glt gold for gold-rich 

porphyry copper deposits. 

Mineralised porphyry deposits may have formed at specific times, e.g. in the SW Pacific, 

emplacement of copper associated magmas occurred during the Miocene and predominantly 

in the Pliocene period. There may also be a specific range in time during which copper 

bodies in given regions may have formed, e.g. at Ray a 10 million year pre-mineralisation 

intrusion history has been documented. Similar pulse-like histories are suggested by the 

radiometric age data from deposits in the Sierrita and Patagonia Mountains of Arizona 

(Titley, 1970). 

Exploration for gold-rich porphyry copper systems requires an understanding of the general 

characteristics of the deposits (described in this report) and subjectively prioritising these 

variables. Other criteria used for general porphyry copper exploration such as geophysics, 

alteration studies, relict sulphide studies, mapping of vein intensities and geochemical 

surveys, forms the basis for exploration once a region has been targeted. 

7.2 Tectonic Setting and Rock Type 

It would appear as though the gold-rich porphyry copper systems outlined in Table III and 

Table V and elsewhere in the literature are more prevalent in island arc and continental 

arc/(margin) settings. The intra-continental deposits tend to be more molybdenum-rich. 

The tectonic setting is possibly the most important variable in the "exploration equation". 

Within the island arc and continental arc(lmargin) setting, the magma types associated with 

these gold-rich porphyry copper deposits include : 

• Low-K calc-alkaline diorites to quartz diorites. 

• High-K calc-alkaline granodiorites to quartz monzonites. 
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• Potassic alkaline diorites through to syenites and shoshonites (Figure 48). 
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Figure 48. K,O vs SiO, diagram for 
some gold-rich deposits (after 
Muller and Groves, 1993). 

These are part of the I-type magnetite series of Ishihara (1981), and in general the 87Sr/86Sr 

ratios are between 0.702 and 0.707. The exceptions being the high K-shoshonitic rocks 

which may have high 87Sr/"Sr ratios, e.g. Bajo de la Alumbrera which may be taken as 

evidence for crustal contamination (Figure 49). 
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Figure 49. Initial 87S r /"Sr ratios 
for rocks associated with 
porphyry eu systems (after 
Sillitoe, 1987). 

Sillitoe (1987) suggests that eu-Au deposits may be generated in volcano-plutonic arcs 

underlain by thin island arc crust (30km thick) or thick (up to 70km) cratonic crust. 
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7.3 Age 

The ages of porphyry copper-gold deposits are generally quite variable, however the 

preservation potential of such deposits is higher in Tertiary age porphyry bodies. 

7.4 Multiple Intrusive Events 

Intrusive events appear to be associated with certain time periods and mineralisation, VIZ. 

copper and gold are associated with certain epochs, e.g. 10-20 Ma in the SW Pacific Islands 

and 42-31 Ma in Chile. During these epochs certain areas, due to the structural controls 

and/or the angle of subduction and the melting of the subducting plate, may be characterised 

by the telescoping of porphyry intrusives. It is this telescoping of intrusives which is 

thought by Sillitoe (1990) to be typical of many mineralised porphyries, e.g. Grasberg and 

Marte. Identification of multiple intrusive porphyry bodies may empirically be more 

favourable for mineralisation, provided that the other criteria such as tectonic setting, rock 

type and other chemical constraints (magnetite content and chlorine content) are satisfied. 

No conclusive evidence is however available, but multiple intrusive events should be 

considered as being of significance when doing exploration. 

7.S Magnetite Content 

The percentage magnetite, associated with the potassic alteration zone, can be an indication 

of the Cu-Au potential. As indicated in section 3.2.6, this is related to the oxygen fugacity 

within the system, and the crystallisation of magnetite causes gold to be precipitated out. 

Sillitoe (1979), Saegart and Lewis (1977) and Cox and Singer (1988) indicate that most 

porphyry copper-gold orebodies contain more than 1 % magnetite. This appears to be 

especially true of porphyry copper-gold deposits in British Columbia associated with alkalic 

rocks, and deposits in the SW Pacific Islands associated with calc-alkaline and shoshonitic 

rocks. Furthermore, from the mine visit to El Salvador (porphyry copper deposit) in Chile, 

it was noticed that abundant magnetite was associated with the potassically altered "K

porphyry" in the Inca decline area. Gold grades from this primary ore zone were reported 

to be ± 0.6g/t, compared to 0.02-0.03g/t in other areas of the mine. Although there are 
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exceptions to this gold-magnetite association, the magnetite content must be considered in 

the exploration model. 

7.6 Country Rocks 

As a result of porphyry copper-gold deposits being associated with continental and island 

arc environments, there is usually an association with volcanics. This association with 

coeval volcanics may also suggest that these deposits are associated with the more high 

level intrusive porphyries. Intrusion of Cu-Au-rich porphyries into carbonate rocks may 

also lead to important Au-skarn deposits, e.g. OK Tedi. It is therefore suggested that the 

type of wall rocks, e.g. carbonates, may be important in localising mineralisation about the 

porphyry stock, and the coeval volcanics may suggest more favourable high level intrusives 

for Cu-Au mineralisation. Association of porphyry intrusives with coeval volcanics and 

carbonate host rocks (or other favourable reactive lithologies), may be assigned a higher 

exploration rating than porphyries with no coeval volcanics and/or sandstones as the wall 

rocks. 

7.7 ChlorinelFluorine Ratios 

From studies done by Muller and Groves (1993) on gold-copper deposits associated with 

potassic igneous rocks, (e.g. shoshonites) in continental arc and late oceanic arc 

environments, the following is proposed. 

Porphyry style Au ± Cu mineralisation associated with high-K igneous rocks are generally 

characterised by high contents of Cl and F (halogens), high LILE (K, Rb, Sr and 8a), low 

TiO, and low High Field Strength Trace elements (Zr, Nb, Y, REE). 

The high CI concentration ( > 0.04 wt% Cl) in mIca phenocrysts from mineralised 

intrusives may, according to Muller and Groves (1993), support a genetic relationship 

between magmatism and the mineralising fluids (highly saline, high temperature and low 

pH fluids for gold transport as a chloro-complex). Furthermore, Spooner (1993) suggests 

that gold deposits tend to be associated with the more volatile-rich potassic and calc-
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alkaline magmas. 

The use of CI and F as an exploration tool for porphyry Cu-Au deposits may be significant 

and warrants further investigation. Caution must however be taken when analysing rocks 

from within plate settings which have inherently high halogen contents (Muller and Groves, 

1993). 

7.8 Amphibole Chemistry 

Another possible exploration tool is the chemistry of amphiboles in the intrusive. Studies 

of amphibole grains in mineralised and unrnineralised intrusives in Papua New Guinea by 

Mason and Mc Donald (1978), suggest the following : 

• Mineralised porphyries display Mg-enrichment toward the rims of 

amphiboles (e.g. magnesio-hornblende to actinolite). 

• Unmineralised porphyries contain amphiboles which display Fe-enrichment 

toward their rims. 

It is suggested by Czamanske and Wones, (1973) and Helz, (1973) that the high oxygen 

fugacity (102) caused Mg-enrichment in amphiboles of mineralised suites. This is therefore 

important and could be used as another tool in exploration programmes. 

7.9 Vein Intensity 

Measuring the fracture density during exploration mapping (No of cumulative lengths of 

veins in the sample area divided by the sample area) can, according to Titley (1992 pers. 

comm.), be used as an aid in targeting sites of potential mineralisation. The area with the 

higher fracture density should be the potentially more favourable area for mineralisation 

(provided other criteria such as metal content, rock type, alteration features and other factors 

are favourable). 
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7.10 Alteration 

The identification and mapping of the alteration types and intensities is important in 

locating the ore zone generally associated with potassic alteration and magnetite. In alkalic 

deposits, such as those in British Columbia, the phyllic, argillic and advanced argillic 

alteration zones are poorly developed. In more calc-alkaline deposits, e.g. in the SW Pacific 

Islands and in Chile, argillic and advanced argillic alteration zones are common and may 

be located using Landsat imagery. Furthermore, potassium radiometric highs, reflecting 

hydrothermal alteration related to copper-gold mineralisation, may be used to locate target 

zones. 

Alteration mappmg, superimposed on a vein intensity plan, geochemical plan and relict 

sulphide plan can be extremely useful in targeting the ore zone. 

Alteration types recognised in the SW Pacific are generally the same types which occur in 

the SW USA deposits. The difference, however, is that alteration in the W Hemisphere 

deposits is interpreted as being zoned and less commonly considered in the context of 

paragenesis (Titley, 1978). However, the SW Pacific alteration types tend to be less 

discreetly zoned and are best described by the process of telescoping of intrusions and 

alteration types. 

Further departures of the alteration mineralogy is related to the rock types. In the more 

dioritic rocks, orthoclase veining is commonly attended by epidote, which is the possible 

result of potassic alteration of more basic rock, or of sodium metasomatism. Carbonate 

alteration is also more widespread in the SW Pacific than for deposits in the W Hemisphere. 

Calcite alteration in the propylitic zone seems to be closely associated in time with at least 

some significant copper occurrences. This carbonate alteration appears to be a 

manifestation of "intense" types of alteration in SW USA. 
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7.11 The Effect of Climate on the Characteristics of the Leached Capping and the 

Mobility of Copper and Gold 

In this section a brief overview of porphyry Cu-Au deposits in arid and humid tropical 

conditions is given, with respect to supergene leaching processes, leached cappings and 

copper and gold within the system. 

Copper-gold deposits formed in humid, high rainfall areas may be expected to be deeply 

weathered with significant oxidation, leaching and resultant enrichment. Strong weathering 

may lead to the formation of reddish saprolites and iron oxides which may include hematite, 

goethite and jarosite. 

In a very humid, high rainfall, environment the groundwaters can be expected to have a 

higher pH due to the diluting action of the abundant rain (e.g. La Huaca in northern Peru -

I-2m p.a. , Snoep and Zeegers, 1979 and Yanderra in Papua New Guinea, Sillitoe, 1975). 

In a humid environment, with a high water table, deep oxidation is prevented, rapid 

leaching is curtailed and copper is expected to have a lower mobility and bind either as an 

oxide or in combination with iron-oxides. The development of a secondary enriched 

blanket is less likely in this environment compared to, e.g. semi-arid areas, where deep 

oxidation and leaching, (because of the low water table), allows periodic recharge water to 

remove capillary solutions from the oxide zone, leading to enrichment (Anderson, 1982). 

Secondary copper enrichment is further prevented if the pyrite ratio is low, (limits acid 

production), which for gold-rich deposits in the circum-Pacific is reported by Sillitoe 

(1990), to be as follows; py/cp + bn = 0.5-3. 

Gold in this humid, wet environment is also relatively immobile, and will not be 

concentrated in the "enriched blanket" but will more than likely be scavenged by the iron 

oxides in the leached capping (Figure 50). 

Copper-gold porphyry deposits formed in an arid environment, e.g. the Maricunga Belt in 

Chile, may be characterised by an extensively oxidised and leached horizon overlain by 
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a capping of hematite, goethite and jarosite. Below the leached horizon a well developed 

secondary enriched copper blanket may form. This environment is favourable for the 

formation of acid waters after pyrite dissolution and high Eh conditions extending to greater 

depths. Copper is leached out and is highly mobile under these acid conditions. It 

precipitates out and may form a secondary enriched chalcocite blanket at/or close to the 

water table (change in redox status). Gold however is relatively immobile under acid 

conditions and is generally not enriched in the secondary copper blanket. Gold 

concentrations in the leached capping will closely reflect the potential of the protore below 

as a gold orebody. 

It is therefore important to consider the environment offormation of these deposits and bear 

in mind that gold-copper anomalies will not necessarily coincide in arid environments. The 

formation of acid solutions favours the transport of copper, but not gold, out of the system 

or some distance from the protore. 
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7.12 Geochemical Surveys 

Regional stream sediment geochemical sampling of major drainages is initially required. 

Where possible, field panning of stream sediments (e.g. 30 litres at 30 to 100 cm depths -

Nuchanong et aI., 1991) may prove useful as an indication of the coarseness and content 

of gold in the stream. Generally, samples are sieved to produce minus 63 micron and/or 

minus 80 micron fraction (e.g. Nuchanong et al., 1991, Lowder and Dow, 1978). However, 

the ideal sampling size must be determined during an initial orientation survey. In more 

arid environments, gold may be in the coarser fraction. The samples collected should be 

analysed for Fe, K, Pb, Zn, Cu, Mo, Au, As, Ag and Mn. 

Follow up on reconnaissance surveys should include soil sampling. The soil sampling 

programme should include an orientation survey whereby the most favourable soil horizon 

is chosen for sampling. In the more humid and tropical environments, e.g. Thailand, 

Indonesia and Northern Peru (Nuchanong et aI. , 1991, Lowder and Dow, 1978 and Snoep 

and Zeegers, 1979), the samples are taken from the B-horizon close to bedrock and/or in 

the saprolites. The sample size may vary between 300-500g. 

In the more arid environments, e.g. Southern Peru and Chile, two types of samples may be 

taken. This includes residual soil samples over the intrusive body and/or rock chip samples. 

Caution must be taken not to take samples from transported soil horizons or younger 

aeolian deposits. 

Multi-element zoning patterns may be evident in indicating areas favourable for drilling. 

Copper-gold porphyry deposits may have a high-K anomaly associated with the potassic 

alteration zone, a gold anomaly which outlines the centre of the mineralised zone and/or a 

copper anomaly. In the arid environments, the copper and gold anomaly need not overlap 

the central mineralised zone due to the high mobility of copper in the oxidised acid leached 

upper portion of the profiles. 

Another form of geochemical prospecting which is being considered for gold-copper 

mineralisation is the use of tourmalines (Koval et aI., 1991). According to Koval et al. 
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(1991), the high abundances of Au, Ag and As in tourmalines are effective signs of gold 

mineralisation. Application of this method to porphyry copper-gold exploration is not yet 

proven and requires confirmation of its usefulness from a larger database. 

7.13 Geophysics 

Airborne electromagnetic surveys, aeromagnetic surveys, ground magnetic surveys, induced 

polarisation surveys and radiometric surveys are used in porphyry copper-gold-molybdenum 

exploration. 

Airborne electromagnetic surveys are used mainly for structure mapping and identifying 

zones of low and high resistivity over porphyry intrusives. Identification of structural 

lineaments, lineament intersections, lineament trends and possible fault jog zones can be 

used in targeting further geological mapping and ground geophysical surveys. 

Aeromagnetic surveys are also used to identify copper-gold porphyry intrusives with 

associated magnetite. These have been used successfully in British Columbia and the SW 

Pacific Islands (McMillan, 1992 and Zonge, 1992). 

Radiometric surveys for regional alteration mapping and identifying energy in lithologies 

can be used. Identifying potassically altered zones can be made, provided the vegetation 

cover is not very dense. 

The use of IP surveys for identification of sulphide-rich intrusive bodies is useful, provided 

that highly conductive clays do not overlie such intrusives. 

All the above geophysical methods may be used to various degrees in an exploration area. 

These methods are only tools which may confirm regional geological mapping of rock 

types, alteration zones and sulphide mineralogy. 
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7.14 Aerial Photography 

Making extensive use of aerial photography in the initial exploration phase is relatively 

inexpensive and can be very useful. Structural lineaments and intersections can be 

identified which may control porphyry emplacement. Weathering and alteration phenomena 

may be identified for further follow-up work. 

7.15 Remote Sensing 

Structural controls on porphyry emplacement are important, and remote sensing is a very 

effective method for exploring and evaluating such controls. Images that highlight 

lineaments and other structural features include colour-enhanced bands, colour composites, 

principal components, edge enhancements and images that enhance hydrothermally altered 

areas, (Spatz, 1992). The selection depends on what the explorationist believes would best 

reveal important structures. According to Spatz (1992), the Multi-Spectral Scanner (MSS) 

instrument with a ground resolution of 80m has proven to be very effective in regional 

structural analysis. Furthermore, Landsat TM offers a 30m resolution and with the near 

infra-red bands, alteration analysis and the possible application to structural controls may 

prove useful. 

Structural lineaments may further be highlighted using edge enhancements (Spatz, 1992). 

This process utilises either non-directional filters or directional filters which highlight linear 

features in preferred directions. 

When using Landsat TM imagery. bands 5/7 highlight hydrothermal alteration minerals and 

should be used in the colour composites for alteration mapping. MSS data does not have 

bands which can highlight these alteration minerals (Figure 51). 
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Figure 51. Reflectance curves for vegetation on 
altered rocks and hydrothermally altered rocks, 
with the MSS and TM bands superimposed (after 
Sabins, 1987) . 

Other bands which can enhance oxides, vegetation and rock types are indicated in Table 

VII. 

Remote sensmg data can be used very effectively in regional porphyry copper-gold 

exploration, provided that the user understands what his requirements are. Therefore the 

Image acquired should be such that the colour bands used will best highlight rock/soil 

cover, alteration or vegetation. 
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Table VII. Guide to Landsat TM imagery for mineral 
exploration (after Zonge, 1992) 

BOlnd 2 

Band3 

Band' 

DOlnd 5 

Band 1 

Bilnds 3·5·7 

BOlnds 5-1.·2 

Bands 3-2·1 

Bands 3/1 

Bands 413 

Bands 514 

Bolnds 517 

Bilnds 3/1, sn, 5/4 

13 :ronds 3/1, sn, 413 

{R - Red, G - Green, B - Blue} 

Highlights surlidal disturbances. prospects, roads, and excavations (bright> and 

desert varnish (dark). 

Iron oxides arc bright and vegetation darker than rock and soil 

Vegetation is extremely bright 

Best contrast among dark and light colored rocks, and other surface covers. 

Best single band [or structural analysis and highlighting light tonal anomalies. 

Low values for most alteration minerals and vegetation. Bright values for 

"evolved" alkalic and per-alkaline rocks. 

Color composite emphasizes contrast among lithologies in semi-arid terrain. 

Color composite provides excellent contrast among all cover types including 

vegetation. 

Color composite in RCB provides nonnal color image similar to a photograph. 

Enhances iron oxides and contrasts rock/soil (bright) with vegetation (dark). 

Enhances vegetation (bright) 

Enhances rock/soil (bright) over vegetation (dark). 

Hydrothermal alteration mine!rals are bright, "evolved " alkalic rocks are dark. 

Color composite in RCB iron oxides are reddish, secondary hydrothermal 

minerals are greenish, rock/soil are blue and vegetation is subdued. 

Color composites in RCB, iron oxides are reddish, secondary hydrothennal 

~nerals are greenish, vegetation is blUe!. 

PRINCIPLE COMPONENT IMAGES 

Band 1 

Band2 

Dand3 

Band 5 

Bands 2-4-5 

Best overall band for scene contrast. Similar to a TM Band 5 image 

Best contrast among lithologies. Vegetation subdued. in semi-arid te!rTain. 

Highlights vegetation (bright) in semi-arid terrain. Similar to a 

TM 4/3 ratio. 

May highlight hydrothermal products (bright). 

Color composite emphasizes rock, soils and hydrothermal alteration althe 

expense of vegetation. 
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8. CONCLUSION 

Bulk mineable porphyry copper-gold deposits are related to subduction generated plutonism 

and volcanism at consuming plate margins. These deposits are more prevalent in island arc 

and continental arc settings than intra-continental settings. The predominant host rocks 

include diorites, quartz diorites, granodiorites and the more alkalic (e.g. shoshonites) rock 

types compared to monzonites and/or S-type granites. 

The alteration and mineralisation models, as outlined by Lowell and Guilbert (1970), 

Gustafson and Hunt (1975), Sillitoe (1973) and Hollister (1975), allow generalised 

predictions to be made concerning the properties of the porphyry system. However from 

observations made it would appear that the metal and alteration assemblages may occur 

with many variations. The variation in metal and alteration assemblages is a combination 

of factors , viz. metal content, type of intrusion, physiochemical conditions operative within 

the magma during emplacement and multiple igneous intrusions resulting in the telescoping 

of alteration and mineralising events. 

Alteration associated with the various classes of porphyries (alkalic vs calc-alkalic) vary 

from potassic near the intrusion, through to phyllic (not seen in the alkalic intrusions) -

argillic and propylitic in the peripheral areas. These alteration halos vary in size and shape 

with deposits and may often be the only clue to hidden mineralisation. 

Porphyry copper-gold deposits appear to be more shallowly emplaced than their 

molybdenum-rich counterparts, and may be associated with the volcanic model (Table I). 

These intrusions, due to their tectonic setting, are often associated with multiple intrusive 

events and coeval volcanics. The deposits are generally of late Tertiary age, but their 

preservation potential is related to the depth of emplacement and rates of erosion. 

Mineralisation within these gold-rich deposits is closely associated with potassic alteration 

and high magnetite content, e.g. ~ 2%. The high magnetite content being related to high 

oxygen fugacities. The high oxygen fugacities, together with the other physiochemical 

factors , such as the complexing agent, viz. chlorine, pH and temperature, control copper

gold transport and deposition. 
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Petrological determinations of magnesium emichment towards the rims of amphiboles and 

CIIF contents of mica phenocrysts may prove to be significant in assessing the 

mineralisation potential of these systems. 

Mineralisation may also be found surrounding these porphyry intrusions. Unlike the 

expected metal zonation of copper in the centre moving out to lead-zinc-silver-gold veins 

in distal areas, gold may be deposited in the core, intermediate or distal zones. The control 

of this is related to the magma type, temperature of the fluids, pressure, depth of intrusion, 

host rocks, "metal budget" of the intrusion and a favourable complexing agent, e.g. HS2' for 

transporting gold beyond the stock. 

Generally these porphyry copper-gold deposits may be expected to have a median tonnage 

of 100 million tonnes, with grades of 0.5% Cu and 0.38 g/t Au. Exceptions to this include 

Grasberg, which has reserves in excess of 1 billion tonnes averaging 1.4% Cu and 1.8 g/t 

Au. 

Exploration for these deposits involves a mUltidisciplinary approach whereby numerous 

geophysical, geochemical and geological techniques are used. Structural lineaments and 

intersections favouring porphyry emplacement may be located using aerial photographs and 

remote sensing data, viz. edge enhancements. Aeromagnetic surveys may prove useful in 

confirming the presence of an intrusive body at the selected sites. Furthermore, thematic 

mapper colour composites, in particular components of bands 5 and 7, can be used to 

identify areas of alteration. These areas identified from the desk study must then be 

checked, the alteration types mapped and a geochemical survey conducted to target areas 

for further drilling. Identification of the potassic alteration zones and copper and gold 

anomalies will aid in the target selection. Caution must be paid to the environment of 

formation of the porphyry of interest. In arid environments copper and gold anomalies need 

not necessarily coincide, and secondary copper emichment may not overlie the main 

porphyry body. 

Porphyry copper-gold deposits are confined essentially to the circum-Pacific. The 

identification of target areas is dependant on an understanding of the concepts introduced 

in this dissertation and the successful implementation of exploration programmes. 
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APPENDIX 1 



LEACHED CAPPING MINERALOGY 

Pertinent notes on the mineralogy and occurrence of comn10n capping min
erals are given below. Megascopic identification of these 111inerals is 
fundamental to capping appraisal techniques. Lack of visual evidence for 
any of the oxide copper minerals listed below (or copper sulfide minerals) 
indicates that the capping contains less I:han 0.1% Cu . 

Alunite -

Antlerite -

Azurite -

B rochantite -

Chrysocolla -

Cuprite -

(Na, K)AI 3 (S04)2(OH)6: White, streak-white 
conunonly stained light yellow, H"4, fine 
crystalline to massive, conchoidal fracture, 
vitreous to pearly luster. Probably of hypo
gene origin when in porphyry copper mineral 
asselnblages. 

CU3(OH)4S04: (orthorhombic?) Light green 
soft lumps and prismatic crystals but poorly 
c i-ys talline. H= 3, pale- green streak. Fo rmed 
during the oxidation and partial leaching of 
copper deposits with high Cu-S ratio. 

CU3(OH)2(C03)2: Azure blue; crystalline, mas
sive or earthy; vitreous luster. See malachite. 

CU4(OH)6S04, monoclinic: Emerald green with 
paler green streak, prislnatic acicular crystar"s 
and drusy crusts, H=3. Formed in the oxida
tion and partial leaching of copper deposits with 
high Cu-S ratio. 

CuSi03· nH20: Bluish green to light blue, 
cryptocrystalline, opal-like in texture, con
choidal fracture, white streak, H=4. Indicates 
partial leaching of copper. Probably forms 
instead of neolocite in envirorul1euts \\'it~\ luw 
Mn-eu ratio or with high dissolved silica
sulfate ratio. 

CU20 : Red with reddish streak and adamantine 
or submetallic luster, H=3.5-4. Octahedral or 
cubic habit. Forms in the oxidation and partial 
leaching of copper deposits with high Cu-S ratio. 
Con1n10nly associated with chalcocite in outcrop. 



Ferrimolyudite - FeZ(Mo04l3· 8BZO: Sulfur yellow to greenish 
yellow, fibrous, very soft, with greenish
yellow streak. Fornls as an oxidation product 
of molybdenite in the presence of PY1·ite . 

Goethite - Fez03· HZO (or HFeOz): Soft, earthy, brown 
with dark-brown streak. Diagnostic of that 
po rtion of sulfide iron that is not leached frDln 
the outcrop . High proportions of goethite in 
limonite indicate that little copper has been 
leached. Goethite containing as much as 7% 
Mo is found at molybdenum deposits and cOln
nlonly is reddish brown with a high luster. 

Hematite - Fez03: Soft, earthy, red with red streak. 

Jarosite -

Lindgrenite -

MaJachite -

Native copper -

The percent hematite in limonite is related 
to the amount and relative proportion of chal
cocite in the former sulfide zone. Specular 
hematite is a fairly comnlon hypogene mineral 
of uncertain significance. ' 

K(Fe, AI)3(S04)Z(OH)6: Druses of small 
rhombohedral crystals, light yellow with light
yellow streak; vitreous luster, also occurs as 
very intilnate mixtures with goethite and hema
tite. The percent jarosite in limonite is related 
to the degree of leaching of iron and copper from 
the fo rmer sulfide zone. 

CU3(Mo04)Z(OH)Z: H=4.5. Green to yellow 
green with pale-grecn streak. Tabular or platy 
habit. Oxidation product of copper-molybdenum 
sulfides. Experimcntal work suggests low iron 
environments, i. e., chalcocite-molybdenite 
oxid .. tion product. 

CuZ(OH)ZCOJ: Bright green; massive, incrust
ing, fibrous; uneven fracture. Forms instead of 
brochantite in cappings containing highly reactive 
gangue such as carbonate. 

Cu: Red, metallic, sectile. Forms III environ
ment s which have high Cu-S ratio. 



Neo!ocile -

Pitch limonite -

Tenorite -

(Cu, Fe, Mn)Si03: Black, amorphuus, vitreous 
to drab luster, black to dark olive, waxy sll"cak. 
Neotoci!e can be identified by the [0110 wing field 
tcst: Apply 10% H2S04 to the mineral, rub with 
wetted steel knife blade (but not stainless str.ell. 
exan.ine knife blade for obvious coating o[ 
metallic copper. Forms in the oxidation of 
chalcopyrite deposits which have a chalcopyrite
pyrite ratio greater than 0.5. 

H(Fe, Cu)02: Brown, an10rphous, resinous 
luster with red internal reflection, saIne brown 
streak as goethite. Forms in the oxidation o[ 
chalcopyrite deposits with very little pyrite. 
Weak reaction with 10"/. H2S04 and steel knife 
blade. 

CuO: Black scales with metallic luster, H=3-4, 
and black streak. Occurs in alkaline cnvironn.ents 
with malachite. 

Gencor Internal Report (1993). 



TABLE 1\1 

SOM E PRINCIPAL PORPHYRY COPPER-GOLD DEPOSITS 

NAME OK TEDI DIZON 

Location Papua New Guinea Philipines 

Tectonic Setting Continental Margin Island Arc 

Age (Ma) 1.2 2 .7 

Tonnage/Reserves 386t of Au 9.8t of Au 

Igneous-Type Potassic Calc-Alkaline CA 

Porphyry-Type Monzonite Quartz Diorite 

Au (g/tl 0 .59 0 .75 

Ag (ppm) - 2.5 

Cu (%) 0.65 0.43 

Mo (%) - Minor 

Coeval Volcanics No Yes 

Alteration Associated with Hypogene + K-feldspar Sericite-Clay-Chlorite + M artitized 

Ore Magnetite 

Advanced Argillic Alteration - Yes 

Breccia/Stockwork Quartz Stockwork Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant No Yes 

Magnetite/Hematite 

Wall Rocks Cretaceous Siltstones and Miocene Andesitic Volcanics 

Limestones 

Regional Structures - WNW Lineaments - Mt Pinutoba 

Remarks 1992 - Produced 10,50 tonnes of 3,0 - 4,0 Wt% total sulphides. 

gold Also associated with Cu-Au skarn. 



NAME SANTO THOMAS II LEPANTO FAR SOUTHEAST 

Location Philippines Philippines 

Tectonic Setting Island Arc Island Arc 

Age (Ma) 1.4 3 .5 (?) 

Tonnage/Reserves 204.83 x 10't of are 356 x 10' of are 

11 5t of Au 441t of Au 

Igneous-Type Calc-Alkaline Calc-Alkaline 

Porphyry-Type Diorite andlor Quartz Diorite Quartz Diorite 

Au (g/t) 0 .56 1.24 

Ag (ppm) - -

Cu (%) 0 .32 0 .73 

Mo (%) - -

Coeval Volcanics Ves Ves 

Alteration Associated with Biotite-Actinolite-Anhydrite- Biotite-Anhydrite-Magnetite 

Ore Magnetite 

Advanced Argillic Alteration No Ves 

Breccia/Stockwork Quartz Stockwork Quartz Stockwork 

Cu-Au with K-Silicate Ves Ves 

Alteration 

Abundant Ves Ves 

Magnetite/Hematite 

Wall Rocks Andesite Volcanics Andesite Volcanics 

Regional Structures - Major Lepanto fault 

Remarks - -



NAME AMACAN MAMUT 

Location Philippines Malaysia 

T eetonic Setting Island Arc Island Arc 

Age (Ma) Miocene ± 9 

T onnage/Reserves 129 x 1 06t of ore 179 x 19't of ore 

65t of Au 90t of Au 

Igneous-Type Calc-Alkaline Potassic Calc-Alkaline 

Porphyry-Type Quartz Diorite Adamellite and Granodiorite 

Au (g/t) 0.50 0 .5 

Ag (ppm) - -

Cu (%) 0.42 0.476 

Mo (%) Minor -

Coeval Volcanics Yes No 

Alteration Associated with Biotite, Chlorite-Sericite, Epidote Silicification and Biotite 

Ore 

Advanced Argillic Alteration No Yes 

Breccia/Stockwork Quartz Stockwork -

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant No No 

Magnetite/Hematite 

Wall Rocks Metasediments and Metavolcanics Flysch sediments 

Regional Structures - NW trending Kinabulu fault 

Remarks - -



NAME GRASBERG GUINAOANG 

Location Irian Jaya Philippines 

T eetonic Setting Continental Margin Island Arc 

Age (Ma) 3.1 3.5 

Tonnage/Reserves 1 x 109t of ore 500 x 10't of ore 

1800t of Au 200t of Au 

Igneous-Type Potassic Calc-Alkaline Calc- Alkaline 

Porphyry-Type Diorite I Monzonite Quartz Diorite 

Au (g/t) 1.8 0.4 

Ag (ppm) - -

Cu (%) 1.4 0.4 

Mo (%) - -

Coeval Volcanics No Yes 

Alteration Associated with Potassic Potassic + Sericite-Clay-Chlorite 

Ore Overprint 

Advanced Argillic Alteration No Yes 

Breccia/Stockwork Quartz Stockwork -

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes (up to 8%) Yes 

Magnetite/Hematite 

Wall Rocks Tightly Folded Carbonates Schists and Volcanics 

Regional Structures Intersection of Several Structures -

Remarks Expected production in 1996 = 1 ,1 

billion tonnes of Cu/p.a. ± 48 

tonnes of Au/p.a. 



NAME CABANG KIRI SUNGAI MAK 

Location Sulawesi-lndonesia Indonesia 

T eetonic Setting Island Arc Island Arc 

Age IMa) 16 Miocene 

Tonnage/Reserves 39t of Au 20t of Au 

Igneous-Type Calc-Alkaline Calc-Alkaline 

Porphyry-Type Quartz Diorite Diorite 

Au 19/t) 0.65 -

Ag Ippm) - -

Cu 1%) 0.57 -

Mo 1%) - -

Coeval Volcanics Yes Yes 

Alteration Associated with Quartz-Diaspore-Pyrophyllite -
Ore 

Advanced Argillic Alteration Yes Yes 

Breccia/Stockwork Quartz Stockwork Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes Yes 

Magnetite/Hematite 

Wall Rocks Miocene Volcanics -

Regional Structures - -

Remarks - -



NAME CASINO CARMEN 

Location British Columbia Philippines 

Tectonic Setting Accreted Island Arc Island Arc 

Age (Ma) 70 Early Cretaceous 

Tonnage/Reserves 41 7 x 10'! of ore >200 x 10'! of ore 

125t of Au 40t of Au 

Igneous-Type Calc-Alkaline Calc-Alkaline 

Porphyry-Type - Hornblende-Biotite Quartz-Diorite 

Au (g/t) 0.3 0.2 

Ag (ppm) 1.75 Estimate -

Cu (%) 0 .3 <0.5 

Mo (%) 0 .038 -

Coeval Volcanics Yes -

Alteration Associated with K-feldspar + Biotite + Quartz + -

Ore Sericite 

Advanced Argillic Alteration No -

Breccia/Stockwork Breccia + Quartz Stockwork -

Cu-Au with K-Silicate Yes -
Alteration 

Abundant Yes Yes 

Magnetite/Hematite 

Wall Rocks Quartz Monzonite -

Regional Structures - -

Remarks - Gold Associated with Bornite Grains 



NAME GALORE CREEK MORRISON 

Location British Columbia British Columbia 

Tectonic Setting Accreted Island Arc Continental Margin 

Age (Ma) 198 52 

Tannage/Reserves 125 x 10' t of ore 95xl0Stofore 

50t of Au 32 .3t of Au 

Igneous-Type Alkaline Calc-Alkaline 

Porphyry-Type Syenite Quartz Diorite 

Au (g /t) 0.40 0 .340 

Ag (ppm) 7.7 1.00 

Cu (%) 1.10 0.42 

Mo (%) 0 .001 0 .017 

Coeval Volcanics Yes Yes 

Alteration Associated with K-feldspar + Biotite Biotite, Chlorite 

Ore 

Breccia/Stockwork - Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes Yes 

Magnetite/ Hematite 

Wall Rocks Volcanics Siltones , argillites and 

conglomerates 

Regional Structures - -

Remarks High level stocks and dykes . Garnet Mine inactive 

is abundant in central zone. 

Anhydrite + gypsum around the 

deposit. 



NAME BElL COPPER MOUNT MIUIGAN 

Location British Columbia British Columbia 

Tectonic Setting Continental Margin Accreted Island Arc 

Age (Ma) 51 Jurassic 

Tonnage/Reserves 23t of Au (Reserves Exhausted) 298 x 1 O't of are 

131 ,1 2t of Au 

Igneous-Type CA A 

Porphyry-Type Quartz Diorite Monzonite 

Au (gill 0.3 0.44 

Ag (ppm) 1 .00 -

Cu (% ) 0.480 0.22 

Mo (%) 0.006 -

Coeval Volcanics Yes Yes 

Alteration Associated with Intense - Cu Associated with Potassic 

Ore Potassic Alteration 

Advanced Argillic Alteration - -

Breccia/Stockwork Quartz Stockwork Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes Yes 

Magnetite/Hematite 

Wall Rocks Sedimentary-Siltstones and Argillites Andesitic Volcanics 

Regional Structures - -

Remarks Mine Inactive Mine Inactive. High level stocks 

and dykes. 



NAME MOUNT POLLEY FISH LAKE 

Location British Columbia British Columbia 

Tectonic Setting Accreted Island Arc Continental Margin 

Age (Ma) 184 77 

Tannage/Reserves 30 x 10' of are 895 x 10't of are 

29t of Au 

Igneou5-Type Alka)ine Calc-Alkaline 

Porphyry-Type Monzonite Quartz Diorite 

Au (g/tl 1.03 0.47 

Ag (ppm) - 2.30 

Cu (% ) - 0 .30 

Mo (%) - 0.002 

Coeval Volcanics Ves Ves 

Alteration Associated with - K-feldspar 

Ore 

Breccia/Stockwork Magnetite, Pyrite + Chalcopyrite in Quartz Stockwork 

Breccias 

Cu-Au with K-Silicate Ves Ves 

Alteration 

Abundant Ves Ves 

Magnetite/Hematite 

Wall Rocks - Pyroclastics + Sediments 

Regional structures - -

Remarks Active High level stocks and dykes - Active 



NAME ISLAND COPPER AFTON 

Location British Columbia British Columbia 

Tectonic Setting Accreted Island Arc Accreted Island Arc 

Age (Ma) 180 198 

T onnage/Reserves 147,4 x 10' t of are 15 .5 x 10' t of are 

32t of Au 9t of Au 

Igneous-Type Calc-Alkaline Alkaline 

Porphyry-Type Rhyodacite Diorite 

Au (g /t) 0 .22 0 .60 

Ag (ppm) 0 .63 4 .00 

Cu (%) 0 .520 1.030 

Mo (%) 0 .018 0 .001 

Coeval Volcanics Yes Yes 

Alteration Associated with Au in Biotite Alteration Zone Potassic + Phyllic 

Ore 

Advanced Argillic Alteration Yes -

Breccia/Stockwork Quartz Stockwork -

Cu~Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes Yes 

Magnetite/Hematite 

Wall Rocks Andesitic Volcanics + Pyroclastics Tuffs and Lava Flows 

Regional structures En-echelon Faults Trending ENE + 
Dip 60°-70° 

Remarks - chalcopyrite-bornite-chalcocite are 

dominant ore minerals 



NAME PEBBLE DOS POBRES 

Location British Columbia Arizona 

Tectonic Setting Island Arc Continental Margin 

Age (Ma) 91 -95 47-58 

Tannage/Reserves 454 x 10't of are 356 x 10't of are 

160t of Au 107t of Au 

Igneous-Type Calc-Alkaline Calc-Alkaline 

Porphyry-Type Biotite Diorite , Quartz Monzonite, Quartz Monzonite , Granodiorite 

Granodiorite 

Au (g /t) 0 .35 0 .3 

Ag (ppm) - 2 .09 

Cu (%) 0.35 0 .72 

Ma (%) - -

Coeval Volcanics - Yes 

Alteration Associated with Biotite Alteration Biotite Alteration 

Ore 

Advanced Argillic Alteration - -

Breccia/Stockwork Stockwork Veins + Breccia Contact and Crackle Breccia 

Cu-Au w ith K-Silieate - Yes 

Alteration 

Abundant - -

Magnetite/Hematite 

Wall Rocks Greywackes -

Regional structures - NW fault + NE anticline 

Remarks Au + Cu are closely associated. Au associated with bornite . 

Multiple Intrusions . No Phyllie 

Alteration. 



NAME BINGHAM BAJO DE LA ALUMBRERA 

Location Utah Argentina 

Tectonic Setting Continental Margin Continental Margin 

Age (Ma) 37 ,5 - 39,8 8 

Tonnage/Reserves 1 x 109t of ore 551 x 106 t of ore 

440t of Au 396t of Au 

Igneous-Type Potassic Calc-Alkaline Potassic Calc-Alkaline 

Porphyry-Type Quartz Monzonite Dacite 

Au (g /t) 0.44 0.67 

Ag (ppm) 122 -

Cu (% ) 0 .7 0 .52 

Mo (% ) 0.319 -

Coeval Volcanics Yes Yes 

Alteration Associated with Ouartz-Sericite-Biotite Veinlets -
Ore 

Breccia/Stockwork Quartz Stockwork Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant No Yes 

Magnetite/Hematite 

Wall Rocks Quartzitic Limestones, Calcareous Andesitic Volcanics 

Siltstones, Dolomites 

Regional structures NW + N E Folds and Thrusts -

Remarks Au + Bornite Association, Skarn Still to be developed 

Deposits 



NAME MARTE LOBO 

Location Chile Chile 

Tectonic Setting Continental Margin Continental Margin 

Age (Mal 13 13 

Tonnage/Reserves 66t of Au 128t of Au 

Igneous·Type Calc·Alkaline Calc-Alkaline 

Porphyry-Type Diorite Diorite 

Au (g/tl 1.43 1.6 

Ag (ppm I - -

Cu (%1 0 .12 0.05 

Mo (%1 0.005 0 .001 

Coeval Volcanics Yes Yes 

Alteration Associated with Quartz-Chlorite-Clay-Sericite Quartz-Chlorite-Clay-Sericite 

Ore 

Advanced Argillic Alteration Yes Yes 

Breccia/Stockwork Intrusive and Hydrothermal Breccia Quartz Stockwork 

Cu-Au with K-Silicate Yes Yes 

Alteration 

Abundant Yes Yes 

Magnetite/Hematite 

Wall Rocks Andesite Lavas Andesite Lavas 

Regional structures At the intersection of NW + NNE -

striking structures 

Remarks Gypsum in ore body -



NAME REFUGIO ANDACOUO 

Location Chile Chile 

Tectonic Setting Continental Margin Continental Margin 

Age (Ma) 23 Early Cretaceous 

T onnage/Reserves 194t of Au 33t of Au 

Igneous-Type Calc-Alkaline Calc-Alkaline 

Porphyry-Type Diorite - Quartz Diorite Granodiorite 

Au (gft) 0.96 2.4 (Estimate) 

Ag (ppm) - -

Cu (%) 0.64 0.3 - 0.8 

Mo (%) - -

Coeval Volcanics Yes Yes 

Alteration Associated with Quartz-Biotite-Chlorite-Clay Au with Silicification K-feldspar and 

Ore Chlorite Alteration 

Advanced Argillic Alteration No -

Breccia/Stockwork Quartz Stockwork -

Cu-Au with K-Silicate - Yes 

Alteration 

Abundant Yes -

Magnetite/Hematite 

Wall Rocks Andesite - Dacite lavas Felsic Volcanics 

Regional structures - -

Remarks - -
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