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1 INTRODUCTION as at 11/5/2020 

 

This introduction sets out the terminology used for epithermal Au-Ag and porphyry Cu-Au ore 

deposit types (figure 1), in order to facilitate the more detailed analysis of some exploration 

tools (alteration, structure, breccias) and then the deposit types. That analysis will then facilitate 

a consideration of what geological features an explorationist might encounter near blind ore 

bodies. An overview places tectonic setting, nature of evolving ore fluids and crustal level 

amongst the many factors with control these varied ore systems.  

 

 
Figure 1.1 Conceptual model for the styles of epithermal Au-Ag and porphyry Cu-Au mineralisation 

developed in subduction-related magmatic arc – back arc settings. 

 

1.1 Setting of epithermal-porphyry ore deposits 

 

Epithermal and porphyry ore deposits develop in response to the plate tectonic process, 

typically as subduction-related partial melting gives rise to magmatism mainly within 

compressional, and locally transpressional, linear dominantly andesitic magmatic arcs. 

Different ore systems develop in the adjacent back arcs, which locally display extensional 

tectonism, and host rhyolitic magmatism. Magmatic arcs are considered as island arcs 

underpinned by oceanic crust, such as in the SW Pacific rim, and continental arcs, formed at 

continental margins, underpinned by continental crust such as in the Andes (Pirajno, 1992) with 

varied metal contents. Although these ore systems form in compressional environments, vein 

kinematics indicate individual epithermal and porphyry deposits developed in response to 

transient extension (section 3.4.2). Intrusion emplacement is also triggered by rapid uplift and 

erosion, including sector collapse of volcanic edifices (Lihir Is., Papua New Guinea), or by 

thrust erosion (Porgera, Papua New Guinea).  

 

The Pacific rim of fire provides the major ore environment as linear belts of fossil and active 

magmatic arcs and related back arcs, which formed above compressional subducting plate 

boundaries, characterised by consumption of the subducting mainly oceanic plates along with 
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uplift and erosion of the overlying arcs (figures 1.2 & 1.3). Ore systems considered herein are 

from dominantly Pacific rim arcs which range in age from the oldest Stavely Cambrian arc in 

western Victoria, to Ordovician arcs of New South Wales (both in eastern Australia), to the 

progression in Chile from the deeply eroded Jurassic arcs of the coastal batholith eastward to 

active systems of the high Andes. Miocene to recent arcs host much of the SW Pacific rim 

epithermal and porphyry mineralisation and geothermal studies in active arcs (New Zealand, 

Philippines, Japan and Papua New Guinea) have been especially important in the understanding 

of hydrothermal ore forming processes.  

Figure 1.2 Pacific rim tectonic plates, magmatic arcs and back arcs, modified from Corbett and Leach 

(1998). 
 

A simplified model for the development of subduction-related epithermal-porphyry 

mineralisation (figure 1.3) is loosely based upon the SE Pacific rim. Oceanic crust of the Nazca 

Plate is created at central Pacific spreading centre and migrates eastward to collide with the 

lighter South American continental plate. Subduction proceeds as the heavier oceanic plate with 

a skin of wet ocean floor sediments and hydrous minerals formed at the spreading centre are 

drawn into the hot molten mantle. Here, the high water content promotes partial melting to 

provide development magmas of varying compositions dependent upon the mix of continental 

or oceanic crust or mantle. The lighter magma rises to form linear andesitic arcs in the 

overlying plate which cap large magma sources where melts undergo staged differentiation and 

concentrate metals. During continued collision the new arcs migrate eastward as uplift and 

erosion exposes the deeper batholitic arc roots to the west, along with intervening ore systems 

formed at different crustal levels The subduction rate and inter-related dip of the down-going 

plate influence the development of porphyry Cu deposits, best formed at moderate subduction 

angles (Sawkins, 1990). Shallow subduction creates insufficient melting and steep subduction 

promotes rifting in the back arc (Frisch et al., 2011). A fundamental aspect of the exploration 

for porphyry and epithermal mineralisation is provided by the variation in the deposit character 

across the conceptual magmatic arc - back arc and with depth of ore formation, variably 

exposed by uplift and erosion. Effective exploration is dependent upon the ability to distinguish 

between these different ore deposit types.  
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Figure 1.3 Conceptual cross section through a subduction zone, magmatic arc and back arc showing the 

settings of epithermal and porphyry deposit formation. This cartoon could be analogous to the SE Pacific rim 

in a section line from the subducting Nasca plate through the east dipping subduction zone below the Andes 

magmatic arc at Chile, to the Deseado Massif back arc in Argentine Patagonia, shown on figure 1.2. 

 

In the SW Pacific rim, the Pacific plate is subducting below North Island New Zealand (figure 

1.2). Here, an upstanding andesitic magmatic arc passes westward to the lower topography of 

the extensional Taupo Volcanic Zone, where geothermal studies (Henley and Ellis, 1983; 

Simmons and Browne, 2000a and references therein) have provided a framework for an 

understanding of hydrothermal systems in back arc (or continental rift) environments (Henley, 

1985a). Here, a several km deep rift is filled with permeable felsic volcanic and volcaniclastic 

rocks which are intruded by felsic sills and underlain by substantial basalt to andesite (figure 

1.4). Recent models favour a mantle-derived geothermal heat source (Wilson and Rowland, 

2016 and references therein) for hydrothermal cells which circulate within the permeable felsic 

volcanic pile. In this environment, differentiated magma sources give rise to rhyolite 

magmatism and neutral chloride magmatic fluids become entrained in circulating meteoric 

waters to produce dilute geothermal fluids (figures 1.4 & 1.5; Henley, 1985a; Giggenbach, 

1992; Corbett and Leach, 1998 and references therein). Low sulphidation epithermal veins are 

deposited from pulsing magmatic versus meteoric fluids.  

 

Terry Leach stressed the profound differences between the New Zealand back arc (or 

continental rift) and the Philippine magmatic arc geothermal systems (figure 1.4; Reyes, 1995; 

Giggenbach, 1995; Mitchell and Leach, 1991; Corbett and Leach, 1998), and that the Philippine 

systems represent analogies for porphyry Cu the majority of epithermal more ore deposit types. 

The Philippine geothermal systems which lie within upstanding andesitic magmatic arcs, are 

driven by shallow level porphyry intrusions, including of porphyry Cu style, which are linked to 

deeper magmatic sources for ore fluids. Here, the geothermal fluids contain up to 50% 

magmatic component and >10,000-50,000 ppm Cl. By contrast, the dilute geothermal fluids of 

the Taupo Volcanic Zone contain only 3-4% magmatic component including <1000-2000 ppm 

Cl (Corbett and Leach, 1998 and references therein). Giggenbach (1995 & 1997) also noted the 

significantly higher CO2 concentrations in andesitic magmatic arcs (Philippine) than the Taupo 

Volcanic Zone. This CO2 features in arc-related low sulphidation carbonate-base metal style 

epithermal Au-Ag ore deposits (section 1.2.3.3.2), where the mixing of the rising pregnant ore 

fluids with oxidising bicarbonate waters promotes Au deposition (Leach and Corbett, 2008; 

Section 7.5.4.4). 
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Figure 1.4 Comparison at the same scale of the geothermal environments in a subduction-related upstanding 

andesitic magmatic arc and a topographically subdued back arc filled the volcaniclastic rocks and felsic 

intrusions, modified from data within Corbett and Leach (1998). 

 

1.2 Classification of subduction related ore systems 

 

A classification, derived from the analysis of many mineral exploration projects and mines, aids 

in the distinction between different Au-Ag-Cu deposit types during first pass prospecting. 

Highly variable zoned wall rock alteration, geochemical and geophysical signatures influence 

exploration, while metallurgical responses during ore treatment, and overall value (metal grades 

and size) effect the viability of any exploration project. Deposit types presented here (figure 

1.1; section 1.2.3) represented end members within continuums formed at varying crustal levels 

and/or tectonic settings while the importance of some transitions is discussed in section 9.  

 

1.2.1 Evolution of terminology 

 

1.2.1.1 Porphyry Cu-Au + Mo  

 

The porphyry Cu terminology came from the association of a common ore type with rocks of a 

characteristic texture. In a detailed review, Redwood (2019) traces the term porphyry to 

describe the rock type to Pliny at the dawn of the first millennia. While veins and supergene 

enriched caps to porphyry Cu deposits have been worked for millennia, the ‘porphyry copper 

era’ began in the Americas in the early twentieth century (Bateman, 1950). Mining progressed 

from underground extraction of mainly vein ores to the exploitation of rich supergene blankets 

by open pit operations using steam shovels and train lines (Chuquicamata, Chile from 1915; 

Bateman, 1950: Bingham Canyon, USA from 1906; Porter et al., 2012). An early categorisation 

of a porphyry copper deposit, no doubt with a supergene component, is provided (from an 

engineering perspective) by Parsons (1933) who focused on ”their huge size, particularly with 
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respect to horizontal dimensions; the relative uniformity with which the copper minerals are 

disseminated through the mass; and low Cu per-ton content of the exploitable ore”. 

 

Porphyry Cu deposits became significant economic propositions in the southwestern USA as 

well as South America and the Philippines as a result of advances in bulk mining technologies 

after World War II. Basically, the cost-effective ability to move large quantities of rock. Some 

deposits became regarded as porphyry Cu-Mo deposits, while a separate group of porphyry Mo 

deposits (White et al., 1981) are associated with more granitic compositions. The rise, from the 

late 1970’s, in the price of Au extracted from many SW Pacific rim porphyry deposits, led to 

the porphyry Cu-Au and Au-rich porphyry classifications (Sillitoe, 1993a, 2000), which 

morphed to local porphyry Au deposits. Some workers have focused upon K-rich intrusion 

compositions as conducive to Au-rich  mineralisation (Müller and Groves, 1993, 2000, 2016), 

while others considered the influence of oceanic crust in their formation (Cooke et al., 2002; 

2014), and arc reversal and remelting of oceanic crust (Solomon, 1990).  

 

During this era, geologists sought to better understand these high total value ore deposits as an 

aid to exploration. From the 1960s synthesised studies in special volumes (Titley and Hicks, 

1966; Brown, 1976; Titley, 1982a) provided deposit descriptions and brought together different 

disciplines in order to develop ore deposit models. Government sponsored work aided 

prospecting with an understanding of the weathered surface expression (Jerome, 1966; 

Blanchard, 1968), especially in view of the economic importance of blind supergene enriched 

Cu blankets, obscured by leached caps. Data acquired from exploration examples led to the 

development of early geological models (Lowell and Guilbert, 1970, Sillitoe, 1972), some with 

a component of paragenetic sequences (Gustafson and Hunt, 1975). Those geological models 

provided an understanding of the zonation in hydrothermal alteration associated porphyry Cu 

deposits which enabled explorationists to vector towards blind porphyry intrusions (section 

5.1). Some significant porphyry discoveries are attributed to the use of those geological models 

(Kalamazoo, Arizona; Lowell, 1991a: La Escondida, Chile; Lowell 1991b: Resolution, 

Arizona; Ballantyne et al., 2003; Hehnke et al. 2012). Porphyry models continued to develop 

with the introduction of advanced argillic lithocaps (Sillitoe and Gappe, 1984; Sillitoe 1995). 

The high total value of large porphyry Cu deposits prompted continued interest as review 

papers sought to synthesise the progressively evolving understanding of porphyry Cu deposits 

(Titley and Beam, 1981; Titley, 1993; Corbett and Leach, 1998; Cooke et al., 2002; Seedorff et 

al., 2005; John, 20i0; Sillitoe, 2010; Cooke et al., 2014 and many more), including the staged 

development of alteration and mineralisation (Corbett, 2019).  

 

1.2.1.2 Epithermal Au 

 

Lindgren (1933) placed limits upon his earlier definition of epithermal deposits, as less than 

200oC and 100 atm, which translates to palaeodepths of 500-1000 m. However, detailed deposit 

studies since then extend the range of epithermal deposit formation to 300oC and 2 km depth 

(Cooke and Simmons, 2000). Consequently, epithermal deposits are generally regarded simply 

the above porphyry environment. The term deep epithermal is locally applied to some low 

sulphidation epithermal quartz-sulphide Au + Cu veins which are analogous to porphyry D 

veins defined by Gustafson and Hunt (1975), formed in the wall rocks above porphyry 

intrusions. Similarly, Cu lodes which locally represent the transition of high sulphidation 

epithermal Au deposits (Section 9), and wallrock porphyry Cu-Au deposits lie within the 

porphyry-epithermal transition. Lindgren (op cit) placed mesothermal deposits below 

epithermal, formed at conditions above 200oC and 1500-300 m depth, citing orogenic Au 

deposits as examples. Although there is an overlap in the conditions of formation between 

current epithermal and Lindgren’s mesothermal deposits, as the term mesothermal continues to 

be employed for orogenic deposits, it is not used in epithermal-porphyry geology. Lithostatic 

(geostatic) and hydrostatic pressure used in Lindgren’s epithermal definition above, may not 
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directly correlate with depth for epithermal deposits formed in strongly extensional and hence 

anisotropic conditions.   

 

The continued rise in Au price in the early 1980’s prompted renewed interest in epithermal Au-

Ag deposits to now also include many mined as bulk low grade open pit operations in addition 

to historic bonanza Au grade underground vein mines. Studies by Buchanan (1981) and Berger 

and Eimen (1983) in the western US provided analyses of the characteristics of epithermal Au 

deposits and attempted to develop genetic frameworks to account for features such as vertical 

zonation in geochemistry as well as the ore, gangue and alteration mineralogy, and the 

exploration significance of these features. At the same time analyses of active geothermal 

systems (Henley and Ellis, 1983) contributed towards an understanding of the environments in 

which epithermal deposits develop. A classification of different ore deposit styles (table 1.1) 

emerged based upon wall rock alteration and vein mineralogy as low and high sulphur, along 

with local alkalic styles (Bonham, 1988). The former two types, originally termed adularia-

sericite and acid sulphate (Hayba et al., 1985; Heald et al., 1987), became low and high 

sulphidation epithermal, initially (Hedenquist, 1987) related to oxidation state, but later (White 

and Hedenquist, 1990), based upon the sulphidation state of specific ore minerals. Although 

these terms continue to be used, explorationists now rely on criteria derived from the different 

fluid types, more easily discernible in the field such as characteristic wall rock alteration as well 

as the overall ore and gangue mineralogy described herein (table 1.2 in Corbett and Leach, 

1998). These two fluid types are discussed below drawing on the seminal geothermal work of 

Giggenbach (1992).  

 
                                                  TERMINOLOGY  REFERENCE 

                         Epithermal Lindgren, 1922; 

Buchanan, 1981 

Enargite-gold   Ashley, 1982 

  Hot spring gold deposits  Giles and Nelson, 

1982; Nelson and 

Giles, 1985 

High sulphur                        Low sulphur Bonham, 1986, 1988, 

1989 

Acid sulphate                     Adularia-sericite Hayba et al., 1985 

Heald et al., 1987 

High sulphidation                        Low sulphidation 

*Based upon oxidation not sulphidation state 

Hedenquist, 1987 

Alunite-kaolinite + 

pyrophyllite 

                    Adularia-sericite  Berger and Henley, 

1989 

Acid sulphate Porgera type intrusion-

related base metal 

bearing Au 

Adularia-sericite Sillitoe, 1989 

High sulphidation low sulphidation White and Hedenquist, 

1990; Sillitoe, 1993b 

High sulphidation Intrusion-related: quartz-

Sulphide Au +Cu 

Carbonate-base metal Au 

Epithermal quartz Au 

Adularia-sericite 

Epithermal Au-Ag 

Leach and Corbett, 

1993, 1994, 1995; 

Corbett and Leach, 

1998; Corbett, 2002a, 

2004 

High sulphidation Intermediate sulphidation Low sulphidation Sillitoe and 

Hedenquist, 2003 

  Epithermal banded 

chalcedony-ginguro 

Au-Ag 

Corbett, 2005a 

Table 1.1 Summary of the evolution of epithermal terminology. 

 

Two low sulphidation epithermal deposit groups came about in the early 1990’s. At that time 

most published literature described low sulphidation epithermal Au-Ag (adularia-sericite) veins 
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as sulphide-poor, banded quartz + adularia veins, as recognised at mines in Western US 

(Midas), Japan (Hisikari), Coromandel Peninsular, New Zealand (Waihi) and Drummond 

Basin, Australia (Pajingo). Modern analogies are provided by geothermal systems of the 

extensional back arc Taupo Volcanic Zone, New Zealand (Henley and Hedenquist, 1986). 

Working in Southwest Pacific rim magmatic arcs in the 1980’s, Corbett (Morobe goldfield; 

Porgera, Papua New Guinea; Fleming et al., 1986) and Leach (Philippines; Mitchell and Leach, 

1991: Kelian, Indonesia; van Leeuwen et al., 1990), each identified sulphide-rich low 

sulphidation epithermal Au deposits which did not fit the sulphide-poor, banded quartz vein 

models in use at that time (above). Both ore types exhibit typical low sulphidation wall rock 

alteration. Leach came to regard the sulphide-rich low sulphidation epithermal Au systems as 

analogous to some intrusion-related geothermal systems in the Philippine andesitic magmatic 

arcs (Mitchell and Leach, 1991), which are distinguished from the rift style geothermal systems 

of the Taupo Volcanic Zone with rhyolitic magmatism (Reyes, 1995). Consequently, in the 

early 1990’s, based upon exploration studies throughout the Southwest Pacific rim, and Leach’s 

geothermal experience in New Zealand back arc and the Philippines arc environments, low 

sulphidation Au-Ag deposits were divided into two groups (figure 1.1; table 1.1, Leach and 

Corbett, 1993, 1994, 1995; Corbett and Leach, 1998; Corbett, 2013) developed in two fluid 

flow trends (figures 1.7–1.9). Nevertheless, the two low sulphidation deposit groups display 

similar zoned wall rock alteration (section 2.2.3.3). Two fluid flow trends account for deposit 

types described in greater detail below and in section 7, as: 

1. Dominantly within magmatic arcs, the intrusion-related, sulphide-bearing, Au 

mineralisation grades from broadly early, deep crustal level and higher temperature, to 

later, locally shallow crustal level and lower temperature ore deposit types as: 

• Quartz-sulphide Au + Cu deposits,  

• Carbonate-base metal Au deposits,  

• Epithermal quartz Au deposits,  

2. In extensional settings including back arc or intra-arc rifts, often underlain by 

continental basement, transitional deposit types associated with increased involvement 

of meteoric-dominant fluids, pass downwards as: 

• Polymetallic Ag-Au vein deposits represent the Ag-rich variant of carbonate-base 

metal Au systems as they feature an early quartz-sulphide component and late stage 

low temperature epithermal end member which hosts bonanza precious metal grades 

(Corbett, 2002a, 2003, 2004, 2005a, 2013).   

• Banded chalcedony-ginguro Au-Ag quartz vein deposits (Corbett, 2005a) are 

distinguished as the sulphide-poor, banded quartz veins termed adularia-sericite 

style (Hayba et al, 1985) in early geological literature. 

 

The term intermediate sulphidation was applied (Enaudi et al., 2003) to the progression from 

enargite-bearing high sulphidation ores to tennantite-tetrahedrite ores, as recognised at the El 

Indio district, Chile (section 9.2.1) and here discussed from Mt Carlton, Australia (9.9.2.4). 

This was termed retrograding sequence by Bartos (1989) while he described the prograde 

progression from low to high sulphidation vein infill, as recognised at the Magma Vein, 

Arizona (section 9.1.2) and here discussed from Stavely, Australia (section 9.1.3). The term 

intermediate sulphidation was then also allocated (Sillitoe and Hedenquist, 2003) to the existing 

group of carbonate-base metal Au and polymetallic Ag-Au low sulphidation ore systems.  

 

1.2.2 Hydrothermal fluids 

 

Porphyry and epithermal Cu-Au deposits feature hydrothermal fluids – as the term suggests, hot 

water. These fluids (as liquid plus gas which may be termed volatiles or vapours) represent 

complex mixes of magmatic and meteoric components and vary according to the fluid nature 

and degree of evolution. Those features are partly controlled by crustal setting and the level at 

which that evolving fluid is intersected, as well as degree of reaction with wall rocks. Open 
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magmatic systems entrain ground waters and/or react with wall rocks whereas closed systems 

do not and may evolve as a bubble. The heat is provided at a local scale by magmatic intrusions 

or regional scale by subduction-related geothermal processes. Metamorphic contributions to 

groundwaters and radioactive heat lie below porphyry levels, and so are of interest here. Fluids 

which evolve from a magmatic source at depth were considered by Giggenbach (1992) as 

forming deeper level porphyry Cu-Au mineralisation and then at higher crustal levels, high and 

low sulphidation epithermal Au deposits “with no intermediate member” in two fluid flow 

paths. 

 

Hydrothermal fluids transport mineralisation, create overprinting hydrothermal alteration and 

mix with rising pregnant ore fluids to promote Au deposition, locally as bonanza Au grade ores.  

 

1.2.2.1 Porphyry Cu-Au + Mo 

 

Porphyry Cu-Au + Mo deposits develop within andesitic magmatic arcs at convergent plate 

margins evolved from deeper crustal level magmatic source rocks as part of a complex process 

of partial melting and differentiation (Richards, 2011). Subducted wet sediments (section 1.1) 

ultimately account for the CO2 content of ore fluids, whereas S (as SO2 and H2S) and Cl- are 

derived from a magma source (Giggenbach, 1992). The initial oxidised, early, high temperature 

SO2 evolves from deep crustal level magmatic source rocks, to form the more reduced lower 

temperature H2S at shallow epithermal crustal levels (Giggenbach, 1987).  

 

Tectonic triggers promote the forceful emplacement of polyphasal often spine-like porphyry 

intrusions as apophyses to buried, batholitic, magmatic sources (section 3.4). At local scale 

dilatant sheeted fracture systems bleed metal-bearing fluids from the cooling batholitic 

magmatic source into the overlying porphyry. Here, ore fluids may be constrained by an 

impermeable outer hornfelsed wall rock and inner chilled intrusion margins to deposit sulphides 

within fracture/veins and breccias (section 5.2). Elsewhere, those same porphyry-related fluids 

may rise to form structurally controlled Cu lodes (section 9) or sheeted wallrock Au-Cu 

porphyry deposits. Much of the porphyry Cu-Au mineralisation therefore post-dates the host 

intrusion and is derived as hydrothermal fluids from the magmatic source at depth. Boron-rich 

aqueous melts rise rapidly from batholitic sources to elevated crustal settings and become over-

pressured as lithostatic pressure declines, and so erupt and produce tourmaline breccia pipes 

(section 4.4.3.7).  

 

Forceful upwards porphyry emplacement produces fracture networks within the porphyry and 

wall rocks. Initially, prograde potassic grading outwards to propylitic hydrothermal alteration 

result from the conductive transfer of heat from the porphyry to wall rocks (section 2.2.1). The 

porphyry contains magmatic fluids, while lithological and fracture permeability influence 

access of the wall rock-hosting ground waters to the porphyry environment. The magmatic 

(porphyry apophysis and/or underlying batholith) heat source sets up circulating cells or 

meteoric-magmatic fluids as the magmatic fluid component becomes entrained within 

circulating ground waters. Those fluids become more dilute moving away from the porphyry as 

additional ground waters enter the hydrothermal cells. In strongly dilatant structural settings 

alteration and mineralisation may extend considerable distances into the wall rocks from a 

magmatic source, and form wallrock porphyry sheeted vein systems. While prograde 

hydrothermal alteration is associated with outward moving hydrothermal cells retrograde 

hydrothermal alteration is associated the collapsing hydrothermal cells.  

 

The drawdown model, taken from the geothermal literature (Mitchell and Leach, 1991; Corbett 

and Leach, 1998), accounts for the late stage collapse of typically low pH mixed magmatic-

meteoric fluids onto the porphyry environment and development of retrograde (phyllic-argillic) 

hydrothermal alteration. This is important to explorationists as a mechanism for the 
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development of Cu-Au mineralisation. The outward circulating hydrothermal cells introduced 

above carry SO2 volatiles released from the cooling intrusion, and deeper sourced SO2-bearing 

fluids to a higher crustal level above the porphyry. The additional SO2 exsolved from the rising 

and depressurised hydrothermal fluids becomes unstable below 300oC and disproportionates (as 

described below) and combines with ground waters to form a sink of hot acidic (low pH) waters 

in the upper portion of the porphyry environment. Phyllic alteration begins there (section 2.2.2) 

by reaction of those hot acidic waters with wall rock and the upper porphyry. Eventually the 

porphyry apophysis heat source cools and the circulating hydrothermal cells stall and then 

reverse, causing the hot low pH waters to collapse upon the porphyry to promote and promote 

retrograde phyllic (silica-sericite-pyrite) hydrothermal alteration. Additional meteoric waters 

are drawn into the upper porphyry environment and dilute the hot low pH waters and so cooler 

less acidic waters then collapse upon the upper porphyry environment. The phyllic alteration is 

then overprinted by argillic alteration. 

 

At a late stage, the porphyry apophysis has cooled more rapidly than the larger magmatic 

source at depth as it continues to exsolve ore fluids which rise into the porphyry environment. 

The mixing of rising pregnant waters with the collapsing oxidising fluids responsible for phyllic 

alteration- argillic alteration, promotes additional Cu sulphide and Au mineralisation.  

 

Epithermal ore systems developed as two distinct fluid types, low and high sulphidation, with 

no intermediate member (Giggenbach, 1992; Corbett and Leach, 1998), summarised in table 

1.2. These two evolving fluids in high and low sulphidation systems, might be considered as 

closed and open systems respectively, characterised by the variable reaction of vapours (H2S, 

SO2 or Cl-) with wall rocks and mixing with groundwater. Analogies provided by the magmatic 

arc (Philippine) and back arc (New Zealand) geothermal systems aid in the understanding of 

epithermal ore systems (above; figure 1.4; Mitchell and Leach, 1991, Corbett and Leach, 1998; 

Giggenbach, 1992, 1997). 

 

1.2.2.2 Low sulphidation epithermal Au 

 

Low sulphidation epithermal Au deposits develop from near neutral fluids in which S is present 

in the lesser oxidised state of H2S in a system that evolves into what might be regarded as open 

due to the progressive entrainment of meteoric waters. Substantial meteoric waters 

progressively enter the ore environment and dilute the existing magmatic component. Earliest 

propylitic alteration is locally recognised in the field as low temperature K-feldspar (adularia) 

with associated albite, chlorite, calcite and illite, varying to include epidote at depth, zoned to 

later and more marginal chlorite-zeolite dominant in cooler conditions. Alteration is recognised 

as extensive pervasive flooding in permeable volcanic rocks (section 2.2.1.5), or localised 

within vein selvages. As a rising depressurised magmatic fluid cools Cl- vapours are released 

below about 400oC, and CO2 below about 330oC, to form acid waters at relatively deep crustal 

levels, and then this acidity is progressively neutralised by wall rock reaction to produce neutral 

chloride waters (Giggenbach, 1992).  

 

Low sulphidation neutral chlorite waters may be introduced into the ore environment at fluid 

temperatures as high as 300oC for deposits with strong associations with intrusion source rocks 

and cooler temperatures (200-240oC) in rift environments. Saline fluid inclusions provide an 

indication of the strong magmatic component to the ore fluid within arc settings (Corbett and 

Leach, 1998; Simmons, 1995). Meteoric waters are increasingly drawn into the ore 

environment and entrained within the magmatic ore fluid to provide progressively more dilute 

(less saline) meteoric-magmatic fluids (section 7.1.2), typically at more elevated crustal 

settings. Here, temperatures of mineral deposition may decline significantly to as low as 150oC.  
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There is a common trend in time and space, as the earlier and deeper portions of quartz veins 

deposited from mostly magmatic fluids host mineralisation, whereas the later and higher crustal 

level vein portions deposited from meteoric waters may be less well mineralised. Matsuhisa and 

Aoki (1994) noted the increased component of meteoric waters as the source for quartz veins at 

Hishikari. Many sulphide-rich low sulphidation polymetallic Ag-Au deposits (sections 1.2.3.3.4 

& 7.2.2.1) progress upwards to later stage chalcedony-ginguro banded quartz vein style 

mineralisation. These strongly polyplasal veins (section 3.2.2), feature events of magmatic fluid 

input as the mineralised ginguro bands and significantly greater quantities of less well 

mineralised quartz, locally with K-feldspar (adularia), deposited from dominantly meteoric 

waters. Consequently, well banded quartz veins may be barren if no mineralised magmatic 

component is present (section 7.1.2). 

 

Gold is transported in low sulphidation epithermal deposits as a bisulphide complex [Au(SH)2] 

within the neutral chloride waters and deposited by cooling, aided by boiling for lower Au 

grades, and mixing with oxidising meteoric, bicarbonate and acid sulphate waters for elevated 

Au grades (Corbett and Leach, 1998; Leach and Corbett, 2008; Section 7.4).  

 

 
Figure 1.5 Distinction between high and low sulphidation epithermal Au deposits showing fluid flow paths 

within upstanding magmatic arcs and topographically depressed back arc environments. 

 

1.2.2.2.1 Barren acid sulphate waters promote bonanza Au deposition by mixing with rising 

pregnant ore fluids (section 7.5.4.4) and barren acid sulphate alteration (section 2.2.4.6) may 

obscure low sulphidation epithermal Au mineralisation at depth. Therefore their recognition 

represents a powerful exploration tool for the discovery of blind Au mineralisation (section 

11***). Acid sulphate waters develop above the water table in the aerated vadose zone in the 

uppermost portions of magmatic arc and back arc (rift) low sulphidation epithermal 

environments (figures 1.4 & 1.5). Here, rising H2S volatiles oxidise and mix with ground waters 

to form hot, low pH, acid sulphate waters according to the reaction: 

 

H2S + ½ O2 -> H2SO4 (Corbett and Leach, 1998 and references therein). 
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In active back arc settings, such as the Taupo Volcanic Zone of New Zealand, surficial 

temperatures vary from modest (50-60oC for Frying Pan Lake, Waimangu, Taupo Volcanic 

Zone; Seward and Sheppard, 1986) to significantly hotter within boiling pools (Champagne 

Pool, Waitapu), while the fluid pH is typically < 4. Here, acid sulphate waters vent to the 

surface as hot springs or fumaroles in areas of steaming ground where reaction with wall rocks 

produces low temperature advanced argillic alteration (Henley and Ellis, 1983) of the acid 

sulphate style, discussed in section 2.2.4.6.  

 

By contrast, upstanding andesitic magmatic arcs may feature higher temperature acid sulphate 

waters in some instances derived from the condensation of rising hot magmatic vapours, 

commonly with direct links to deep magmatic reservoirs (Telga Bodas, Indonesia, Moore et al., 

2002). Studies at White Is., New Zealand (Giggenbach, 1987) demonstrate that rapidly rising 

hot magmatic fluids contain a significant proportion of SO2 in addition to the more reduced H2S 

volatiles, which typically dominate at lower temperatures. Elsewhere, in active magmatic arcs 

(Bacon-Manito, Philippines; Mitchell and Leach, 1991) cool surficial acid sulphate waters may 

be progressively heated during drawdown (above) to deeper crustal levels under the influence 

of a cooling underlying intrusion heat source. As a result in these settings, the acid sulphate 

alteration which overprints the earlier intrusion-related propylitic alteration and fresh rocks 

contains additional higher temperature minerals, typically dickite, pyrophyllite, anhydrite and 

local diaspore (section 2.2.4). 

 

In many exploration scenarios, the process of drawdown has caused low pH acid sulphate 

waters to collapse from the near surficial levels of formation to up to 2000 m into the ore 

environment. Here, those oxidising waters mix with and destabilise the complexes with carry 

Au within rising pregnant ore fluids, to promote bonanza Au deposition (section 7.5.4.4). This 

process is generally evidenced by hypogene kaolin deposited late in the ore assemblage, 

although the heating of the collapsing waters (such as at Bacon-Manito, above) causes other 

higher temperature minerals to be locally deposited (dickite, alunite and rare pyrophyllite).  

 
 Low sulphidation High sulphidation  

Fluid dilute, S as H2S  saline S as SO2 

wall rock 

alteration 

local early propylitic with dominance 

of zoned argillic illite Gp with quartz, 

carbonate, pyrite 

zoned advanced argillic as vughy silica-

>alunite Gp->kaolin Gp->illite Gp and 

abundant pyrite 

ore 

minerals 

low sulphide < 2% 

Pyrite, sphalerite (all Fe:Zn), galena, 

chalcopyrite, Ag sulphosalts  

Enargite-pyrite with low temperature luzonite 

and varying to covellite, chalcocite, bornite, 

chalcopyrite at depth 

Economic 

metals 

Au>Ag rare Cu Bi Te Au>Ag+Cu 

 

Au 

metallurgy 

generally good  

poor where Au encapsulated in fine As 

pyrite 

common oxide ores as enargite hosts 

refractory Au 

rare good Cu ores at depth 

Gold 

fineness 

Ag:Au 

highly variable fineness with 

commonly Ag poor (high Ag:Au 

ratios) at depth  

in SW Pacific Ag-poor 

Latin America Ag-bearing and locally 

Ag>>Au 

Controls ore shoots controlled by lithology, 

structure, styles and mechanisms of Au 

deposition 

permeability by host rock structure and 

dome/breccias   

Table 1.2 Comparison of low and high sulphidation epithermal Au-Ag deposits. 

 

1.2.2.2.2 Bicarbonate waters are an essential element in the formation of many low sulphidation 

epithermal Au-Ag deposits, as these barren oxidising low pH waters promote the deposition of 

Au from rising pregnant ore fluids (section 7.5.4.3). Bicarbonate waters develop at an elevated 

position in the hydrothermal system as CO2, exsolved from cooling and boiling fluids, becomes 

entrained within meteoric waters to provide a variable low pH character. Common mixtures 
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with acid sulphate waters display lowest pH’s (section 7.5.4). There is an empirical relationship 

with felsic magmatism as a source for CO2, as carbonate-base metal Au deposits are best 

developed in regions of magmatic arcs with dacite domes (section 7.2.1.2.4). Individual 

deposits without these sources of bicarbonate waters grade from quartz-sulphide Au + Cu 

directly to epithermal quartz-Au mineralisation without the general intervening carbonate-base 

metal Au stage (Emperor, Fiji; Sleeper and Round Mountain, Nevada). Bicarbonate waters may 

vent to the surface as carbonate springs to form travertine deposits (Pamukkale, Turkey; Central 

Peru; Cerro Negro, Deseado Massif, Argentina) or mixed travertine-silica sinter deposits (Wau, 

Papua New Guinea). Bicarbonate waters abound in magmatic arc geothermal systems such as in 

the Philippines (Mitchell and Leach, 1991) and districts with carbonate-base metal Au deposits 

such as the Morobe Goldfield, Papua New Guinea; Southern Peru; and Deseado Massif, 

Argentina. 

 

The pH of the bicarbonate waters controls the dissolved metal cations and hence type of 

carbonate deposited, varying from lower to higher pH as Fe -> Mn -> Mg -> Ca. Consequently, 

allowing for mixed cation carbonates, there is a carbonate zonation with pH as: siderite -> 

rhodochrosite > kutnahorite (MnMg) -> ankerite (MgCaFe) -> dolomite (CaFe) -> Mgcalcite 

and (Ca) calcite. Collapse of bicarbonate waters promotes progressive neutralised by wall rock 

reaction and mixing with ground waters and so many ore systems display a vertical zonation in 

carbonate type from surficial siderite to through this trend of mixed carbonate to deep level 

calcite. Highest often bonanza Au grades are derived from mixing of the lowest pH most 

oxidising fluids and so are associated with siderite, declining to generally barren calcite (section 

7.5.4.3; figure **). However most ore systems feature Mn carbonate such as rhodochrosite. 

Limited isotope studies suggest that deep (Ca, Mg) carbonates are derived directly from a 

magmatic fluid, while the shallow level carbonates (Fe, Mn) are deposited from meteoric-

dominated bicarbonate waters (section 7.**). Argillic alteration associated with the reaction of 

bicarbonate waters with the wall rocks dominated by illite-smectite, chlorite, carbonate and 

local kaolinite. 

 

1.2.2.3 High sulphidation epithermal Au 

 

High sulphidation epithermal Au deposits are deposited from hot, saline, magmatic fluids with 

a very low pH (strongly acidic) character, derived from evolution of the SO2 dominant volatile 

phase, during the rise from buried magmatic source rocks to epithermal regimes. At this higher 

crustal level setting, the progressive cooling and neutralisation of those hot, low pH fluids by 

reaction with the wall rocks combined with entrainment of ground waters, creates the 

characteristic zoned advanced argillic to argillic wall rock alteration (sections 2.2.4.4 & 8.2). 

The ore fluid commonly separates into a fast moving volatile-rich fluid phase , which is 

responsible for the wall rock alteration, whereas mineralisation is deposited by the slower 

moving liquid phase (Corbett and Leach, 1998; section 8.3). Consequently, alteration may be 

barren and mineralisation generally overprints alteration. High sulphidation ore systems tend to 

develop as “one-off” events typically as breccia or replacement ores and less commonly 

recognised as banded veins (El Indio, Chile; figure **) developed by repeated mineral 

deposition. Elevated Au grades are deposited in the transition from high to lower sulphidation 

state minerals (section 9.2).  

 

Studies of Philippine geothermal systems provide an insight into the formation of low pH fluids 

which are responsible for the development high sulphidation epithermal fluids and advanced 

argillic alteration in a variety of settings. A volatile-rich fluid, dominated by SO2, but also 

containing other volatiles such as H2O, HCl, CO2 and HF, concentrates in the uppermost 

portion of a rising and cooling magma source, often constrained by an impermeable cap. This 

fluid becomes increasingly overpressured as additional volatiles from the underlying cooling 

magma source also gathers in the carapace, and also as the rising magma body is subject to 
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reduced lithostatic pressure. Eventually failure of the over pressurised carapace, possibly 

triggered by a transient change in the nature of the kinematic environment (section 3.4), 

facilitates forceful and rapid escape of the hot over-pressured SO2-dominant volatile-rich fluid. 

The hot over-pressured fluids typically vent up dilatant structures and so are depressurised in a 

closed system without interaction with the wall rocks or ground waters.  

 

Substantial SO2-dominant volatiles are progressively exsolved as this fluid as it cools and is 

depressurised during the rapid rise from porphyry to epithermal crustal levels. Below 400oC, 

particularly as the fluid cools from 300 to 150oC, SO2 becomes unstable and disproportionates 

into sulphuric acid (H2SO4) and H2S gas, followed by the dissociation of H2SO4 to 2H+ and 

SO4
2- to provide hot very low pH (acidic) fluids (Giggenbach, 1992 & 1997). Therefore, the net 

result of this process is that during the rise from porphyry to epithermal crustal levels the 

volatile-rich phase of the hydrothermal fluid, travelling essentially as a bubble, has attained a 

very low pH character. Then within the epithermal regime, characteristic zoned advanced 

argillic-argillic wall rock alteration results from the cooling and neutralisation of the hot very 

low pH fluid by reaction with wall rock and entrainment of ground waters (Hayba et al., 1985; 

sections 2.2.4.4 & 8.2). There should be a distinct gap between the deeper magmatic source and 

the epithermal level in which space fluid evolution takes place, and so high sulphidation 

epithermal Au deposits are not expected to cap their own magmatic source rocks, locally 

regarded as porphyry Cu intrusions. However, active uplift and erosion (including by tectonic 

processes) during fluid evolution may telescope shallow level high sulphidation epithermal 

systems upon earlier deeper porphyry intrusions. It is more likely that a porphyry capped a 

batholitic magmatic source and then later uplift and erosion prompted exsolution of the fluid 

form the magma source, responsible for the high sulphidation epithermal system, which 

overprints the porphyry. 

 

This process, of increasing fluid acidification and followed by neutralisation and development 

of zoned advanced argillic alteration by wall rock reaction, is recognised in the development of 

many ore systems and alteration zones discussed herein, such as: barren shoulders (section 

2.2.4.1), high sulphidation epithermal Au deposits (section 2.2.4.4) and lodes marginal to 

porphyry Cu deposits (section 9.1).  

 

Gold is transported in high sulphidation systems as a saline brine, likely as AuHS0, and rapidly 

deposited by fluid cooling, at a rate of 90% per 30oC temperature decline (Giggnebach, 1992). 

Arribas (1995), also suggests a AuCl2
- transport for high sulphidation epithermal Au. 

 

1.2.2.4 Intermediate sulphidation epithermal  

 

During the latter half of the nineteenth many workers (Meyer and Hemley, 1967; Bartos, 1989, 

Giggenbach, 1992, 1997) considered changes in ore, gangue and wall rock alteration 

mineralogy as magmatic ore fluids evolve to lower pH during the rise from deep magmatic 

sources to epithermal environments (section 9.1). Similarly, the evolution of high to lower 

sulphidation mineralogies was considered for Butte, Montana (Meyer et al., 1968; section 9.1.2) 

and within the Magma vein (Hammer and Paterson, 1968; section 9.1.1). Following from those 

studies, Enaudi et al. (2003) categorised intermediate sulphidation within the progression from 

high to lower sulphidation (section 1.2.1.2), which also came to be used (Sillitoe and 

Hedenquist,2003) to describe the ore systems previously attributed the low sulphidation 

carbonate-base metal Au class (Leach and Corbett, 1994, 1995; Corbett and Leach, 1998), 

including the Ag-rich polymetallic Ag-Au group (Corbett, 2000).  

 

Giggenbach (1992) stressed, from discussion with his colleagues, that just two epithermal fluid 

types, high and low sulphidation, evolve from a degassing magma, with no intermediate 

member. High and low sulphidation fluids are recognised in the field in association with two 
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radically different wall rock alteration styles (section 2). While the intermediate sulphidation 

class categorised by Enaudi et al (2003) overprints advanced argillic alteration (in the 

progression from high to lower sulphidation), the deposits described by Sillitoe and Hedenquist 

(2003) as intermediate sulphidation exhibit wall rock alteration typical of low sulphidation 

epithermal Au deposits. These deposits are developed from a sulphide-rich low sulphidation 

fluid, which by dilution with the addition of meteoric waters progressively grade to what those 

workers regard as a low sulphidation fluid. Consequently, field observations demonstrate the 

later intermediate sulphidation terminology is better accommodated by the original carbonate-

base metal Au classification (Corbett and Leach, 1995 &1998), within the two fluid flow trends 

for andesitic magmatic arcs and back arc settings discussed below.  

 

1.2.3 This terminology  

 

The terminology used to describe epithermal and porphyry deposits must be delineated to 

facilitate discussion of the exploration tools, alteration, structure and breccias (sections 2-4), 

and then detailed consideration of ore types (sections 5-9) and their exploration (section 10).  

 

1.2.3.1 Porphyry Cu + Au + Mo 

 

Mineral exploration and research over 80 years has delineated characteristic features for 

porphyry Cu deposits (section 1.2.1.1), rather than a simple definition. Mineralised intrusions 

emplaced deeper than 2 km, with porphyritic textures and dominantly calc-alkaline 

compositions (figure 1.6.A), may cap weakly mineralised equigranular batholitic source rocks 

(figure 1.6 B) buried at about 5-10 km below the palaeosurface. Those stock or spine-like 

intrusions display characteristic overprinting zoned hydrothermal alteration and associated 

hydrothermal fluids (section 2.2), formed as they cool from 700oC to about 375oC (Dilles, 

2010). Extensions of zoned alteration into the wall rocks provide vectors to blind porphyry 

deposits (section 10.1). Modest Cu-Au grades occur within quartz-sulphide (chalcopyrite-

bornite) fracture veins (figure 1.6 C) and display a well-documented paragenetic sequences of 

vein types for each cooling intrusion (section 5.2). Porphyry deposits typically only achieve 

economic status by multiple intrusion events, although barren post-mineral intrusions may stope 

out ore and downgrade resources. Consequently, the sequence of vein styles and multiple 

intrusion events, provide complex stockwork arrays of overprinting veins (figure 1.6 D), which 

typically continue into the immediately adjacent wall rocks. In strongly dilatant settings sheeted 

porphyry veins (figure 1 6 E) may extend into the wall rocks for over 1 km and form ‘wallrock 

porphyry deposits’ (Cadia East, Australia; Llurimagua, Ecuador). Alteration and mineralogical 

changes at higher crustal levels provide a transition to the low sulphidation epithermal regime 

(figure 1.6 F), while Cu lodes discussed in section 9.1. are linked to high sulphidation 

epithermal Au deposits.  

A D 

 
B 

 
E 
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Figure 1.6 Some characteristics of porphyry Cu-Au deposits discussed in detail in section 5.  

A – Typical porphyritic intrusion, Woodlark Is., Papua New Guinea. 

B –Pyrite-chalcopyrite miarolitic cavities in an equigranular batholith, Yoeval, Australia. 

B – Stockwork quartz-magnetite (M style) quartz veins, Copper Hill, Australia.  

C – Stockwork formed by several overprinting vein events, Ridgeway, Australia.  

D – Sheeted vein wallrock porphyry, Cadia Hill, Australia.  

E – Sheeted transitional porphyry-epithermal quartz-magnetite veins cut a milled matrix (diatreme) breccia, 

Fenix, Chile, 1.6 g/t Au. 

 

1.2.3.2 Skarn deposits 

 

Skarn Cu-Au deposits, defined by the characteristic calc-silicate mineralogy (Enaudi et al., 

1981; Meinert et al. 2005 and references therein), mostly develop by the metasomatic 

replacement of carbonate-bearing rocks (including volcanics) and display paragenetic 

sequences similar to porphyry alteration and mineralisation (Corbett and Leach, 1998) 

discussed in detail later (section 6). This study adds a later stage epithermal Au event to the 

usual paragenetic sequence of isochemical, prograde and retrograde events, as an important 

setting for Au mineralisation within skarn deposits. 

 

1.2.3.3 Low sulphidation epithermal Au deposit types 

 

Low sulphidation epithermal Au deposit types introduced above, and discussed in greater detail 

in section 7, develop within two fluid flow trends within magmatic arc or back arc/ rift settings.  

 

1.2.3.3 1 Quartz-sulphide Au + Cu mineralisation (section 7.2.1.1) typically develops within 

andesitic magmatic arcs, as the earliest in the paragenetic sequence of the intrusion-related low 

sulphidation epithermal Au deposit styles. Gold Au is hosted within pyrite in a variety of forms 

and over a considerable vertical range (figures 1.1, 1.7 & 1.8, table 1.2; Leach and Corbett, 

1993, 1994, 1995; Corbett and Leach, 1998; Corbett, 2013)). Modest Au grades derived from 

cooling fluids, rise in settings of fluid mixing, typically in the transition to carbonate-base metal 

Au and epithermal quartz Au deposit styles. Quartz veins and lodes are in-filled by crystalline 

pyrite (figure 1.8 D) in which free Au on fractures and grain boundaries in pyrite and lesser 

chalcopyrite (Bilimoia [Kora-Irumafimpa] & Hamata, Papua New Guinea; Nolans, Australia) 

although disseminated pyrite is common within permeable volcanic rocks (Round Mountain, 
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Nevada) or breccias (Mt Rawdon, and Mt Wright, Queensland). Gold is typically of a high 

fineness and the coarse-grained ores display good metallurgy and so represent ideal heap leach 

ores, especially where oxidised. At deep crustal levels Au is accompanied by Cu within 

chalcopyrite, while local pyrrhotite, specular haematite or rare magnetite may be present (Kora 

lode, above; Bolnisi, Georgia). At shallow crustal levels, Au occurs in marcasite with 

chalcedony and rapidly cooled fluids deposit fine grained arsenean pyrite in which Au may be 

encapsulated within the sulphide lattice and so display problematic metallurgy (Lihir Is., 

Simberi Is., Kerimenge, Papua New Guinea; Emperor, Fiji). Quartz-sulphide Au deposits are 

transitional to D veins (in the classification of Gustafson and Hunt, 1975) as they pass in time, 

and commonly higher crustal levels, to carbonate-base metal Au mineralisation. 

 
Figure 1.7 Low sulphidation epithermal Au fluid flow trends recognised in different terrains. In path A, 

typical of compressional magmatic arcs such as in the Southwest Pacific rim, ore fluids deposit Au 

mineralisation with a variable relationship to intrusions as: quartz-sulphide Au + Cu, overprinted by 

carbonate-base metal Au, which in turn evolves to epithermal quartz Au. In path B developed in strongly 

extensional settings such as the Sierra Madre of Mexico, Southern Peru or Deseado Massif of Argentine 

Patagonia, quartz-sulphide Au + Cu evolves to deposit polymetallic Ag-Au mineralisation, as the Ag-rich 

variant of carbonate-base metal Au. The banded chalcedony-ginguro Au-Ag veins develop as substantial 

meteoric waters deposit chalcedony and adularia and the low temperature end member of polymetallic Ag-Au 

mineralisation evolves to form mineralised ginguro bands. Chalcedony-ginguro Au-Ag veins also occur in 

the western Pacific where they bottom as base metal sulphide-rich quartz veins. The two fluid flow trends (A 

& B) culminate in end members which host bonanza precious metal grades with alternatively high and low 

fineness Au (high and low Au:Ag ratios, respectively). Fluid flow path C represents the transition of a high 

sulphidation ore fluid by neutralisation, through wall rock reaction and mixing with ground waters, to 

progressively develop a lower sulphidation fluid and deposit carbonate-base metal Au and local epithermal 

quartz Au ores, with improved metallurgy and higher Au grades. 

 

1.2.3.3 2 Carbonate-base metal Au mineralisation (section 7.2.1.2) was originally defined in the 

southwest Pacific rim (table 1.4; Leach and Corbett, 1993, 1994 & 1995; Corbett and Leach 

1998), and later recognised within other magmatic arcs, including the Ag-rich polymetallic Ag-

Au variant (below). The carbonate-base metal Au style (figure 1.8) includes early lower 

precious metal grade quartz-sulphide Au mineralisation (Cowal, Australia; Frute del Norte, 

Ecuador) and may be overprinted by later high Au grade epithermal quartz Au mineralisation 

(Porgera, Mt Kare, Papua New Guinea). Mineralogy deposited after quartz-sulphide is 
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dominated by sphalerite greater than galena and lesser Ag sulphosalts, along with local 

chalcopyrite or pyrrhotite at deeper levels (figure 1.8 D). These ores display higher Ag contents 

than quartz-sulphide or epithermal quartz Au mineralisation. At deeper crustal levels Ag-salts 

such as tennantite-tetrahedrite host most Ag, varying to argentite-acanthite at shallow levels. 

Sphalerite composition varies from Fe-rich at depth at high temperatures, to shallow crustal 

level Fe-poor formed in cooler conditions (section 7.2.2.2). Quartz gangue may be deposited 

throughout, while carbonate is commonly late in the paragenetic sequence and also zoned in 

carbonate type (section 7.2.1.2.1). While many deposits occur as single event breccias (Kidston, 

Mt Leyshon, Australia) and stockwork veins (Cowal, Australia; Porgera, Woodlark Is., Hidden 

Valley, Papua New Guinea), others form as banded veins with multiple events of mineral 

deposition and higher metal grades (Acupan & Antamok, Philippines; Misima Is., Edie Creek, 

Papua New Guinea). There is a strong association with felsic high level intrusions, typically 

rhyolite-dacite domes and also phreatomagmatic breccias (Wau, Papua new Guinea).  

 

 
Figure 1.8 Styles of low sulphidation epithermal Au mineralisation developed within magmatic arcs as the 

ore fluid evolves from early to late and deep to shallow crustal levels.  

A – Modified portion of figure 1.1 to illustrate the fluid flow and paragenetic sequence for the formation of 

mineralisation styles. 

B – Epithermal quartz Au mineralisation (deposited last in the paragenetic sequence and typically at highest 

crustal levels) is characterised by bonanza grade high fineness yellow free Au with minor quartz gangue and 

green roscoelite (V illite) wall rock alteration, Porgera Zone VII, Papua New Guinea.  

C – Carbonate-base metal Au comprises early pyrite (of the quartz-sulphide Au + Cu event) followed by 

sphalerite (here high temperature dark Fe-rich) with lesser galena and later carbonate, here as open space 

breccia fill, Kelian, Indonesia.  

D – Quartz-sulphide Au + Cu mineralisation (deposited earliest by the evolving ore fluid) is characterised by 

quartz and coarse crystalline pyrite, Bilimoia, Papua New Guinea.  

Each of these specimens are the actual rocks used in development of this classification in the early 1990’s.  

 

1.2.3.3 3 Epithermal quartz Au mineralisation (section 7.2.1.1; Leach and Corbett, 1995; 

Corbett and Leach 1998) is developed at shallow crustal levels within magmatic arcs, late in the 

paragenetic sequence. High fineness, locally bonanza grade, free Au occurs with variable quartz 

gangue (figure 1.8 B) and local chlorite, while roscoelite (V illite) is present in alkaline systems 

(Porgera, Papua New Guinea; Emperor, Fiji). Gangue poor examples which overprint quartz-

sulphide and carbonate-base metal mineralisation provide irregular Au distribution to those ores 
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(Porgera, Mt Kare, Papua New Guinea; Frute del Norte, Ecuador; Round Mountain, Nevada). 

Elsewhere, high fineness Au lies within banded quartz (chalcedony) veins (Sleeper, Nevada; 

Gosowong, Indonesia). Some are strongly anomalous in Te (Emperor, Fiji) and Bi is common 

typically as tellurobismuthite ores (Bilimoia, Papua New Guinea). 

 

1.2.3.3.4 Polymetallic Ag-Au deposits represent the Ag-rich variant of the intrusion related low 

sulphidation carbonate-base metal Au style (Corbett, 2002a, 2003, 2004, 2005a), common in 

extensional structural settings and therefore well developed as fissure veins throughout Latin 

America (Sierra Madre, Mexico; Southern Peru and the Deseado Massif of southern Argentina-

Chile). Many individual deposits display long production histories of exploitation from pre-

colonial to present times (Caylloma, Peru). Most systems are dominated by banded veins which 

may host best mineralisation as ore shoots within steeper dipping portions of listric faults. 

Quartz is typically the most abundant gangue deposited over a protracted period of time as 

originally banded chalcedony and lesser comb quartz filling open space. Pyrite and minor 

chalcopyrite may reflect the presence of an early quartz-sulphide stage. Sphalerite occupies the 

complete range of Fe:Zn ratios and associated colour changes (section 7.2.1.2.2) formed at 

varying crustal levels, and is dominant over galena. Most precious metals are associated with 

Ag-sulphosalts dominated by tennantite-tetrahedrite, including Ag-rich freibergite, rising to 

more abundant argentite-acanthite at shallow levels, although many other Ag minerals 

(pyrargyrite & proustite) are also present. Carbonate may also display the complete range in 

types from Fe, through Mn, Mg to Ca with a rise in the pH of bicarbonate waters, although 

rhodochrosite is most common. Barite and rare rhodonite may also be present as gangue.  

 

An epithermal end member of polymetallic Ag-Au mineralisation is present in lower 

temperature, upper crustal level, late stage vein portions as: cubic pyrite, white low Fe 

sphalerite and argentite-acanthite and/or electrum-gold with quartz gangue (figure 1.9), locally 

with bonanza A-Ag grades, especially if kaolinite is present. 
 

 
Figure 1.9 Styles of low sulphidation epithermal mineralisation developed within extensional settings such 

as back arcs or rifts (Sierra Madre, Mexico; Deseado Massif, Argentina; Southern Peru). 

A - Modified portion of figure 1.1 to illustrate the fluid flow. 
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B - In extensional settings the banded chalcedony-ginguro Au-Ag veins develop as the polymetallic ore fluid 

epithermal end member evolves to form ginguro bands and combines with chalcedony and other gangue 

repeatedly deposited from meteoric-dominated waters, Golden Cross, New Zealand. Note the central open 

space as an indicator the banded vein has progressively filled a fracture as it dilated. 

C – Epithermal end member of polymetallic Ag-Au mineralisation characterised by chalcedony, argentite-

acanthite, cubic pyrite and white Fe-poor sphalerite, Huevos Verde, Argentine Patagonia. 

D – Polymetallic Ag-Au mineralisation characterised by pyrite (as part of the early quartz-sulphide Au + Cu 

component) along with sphalerite (here yellow moderate to low Fe style), galena and Ag sulphonates, with 

gangue of quartz and carbonate (here rhodochrosite). The stope from which this sample came assayed 30,000 

g/t Ag, no doubt derived from the dark, Ag-rich tetrahedrite, freibergite on the centre left, Caylloma, Peru.  

 

 Carbonate-base metal Au Polymetallic Ag-Au 

Precious metal Au-rich Generally Ag rich, locally Au-

Ag 

Au fineness Low Low 

Form Breccias, fracture/veins local 

fissure veins 

Generally as fissure veins 

Relationship to other deposits Early quartz-sulphide.  

Overprinted by epithermal 

quartz Au-Ag 

Early quartz sulphide 

Evolve to chalcedony-ginguro 

in higher portions of strongly 

dilatant systems 

Setting Magmatic arc Extensional magmatic arcs 

Relation to intrusions Many deposits associated with 

diatreme flow dome complexes, 

also marginal to intrusions 

Felsic domes common at 

prospect scale 

Dilution May be stopped-out by late 

breccias 

Common dilution of ore grade 

by post-mineral quartz 

Ore fluid transport Bisulphide important Chloride important 

Table 1.4 Differences between low sulphidation carbonate-base metal Au and polymetallic Ag-Au deposits. 

 

1.2.3.3.5 Epithermal chalcedony-ginguro Au-Ag banded vein mineralisation develops by 

repeated mineral deposition of magmatic or meteoric-dominant fluids within open structures as 

illustrated by the figure 1.8 A (section 7.1.2). The ginguro bands, derived from further 

evolution of the sulphide-rich polymetallic Ag-Au epithermal end member, represents the 

mineralised magmatic component. Circulating meteoric waters deposit the banded gangue 

dominated by quartz (chalcedony) with low temperature K-feldspar (adularia) and local platy 

carbonate pseudomorphed by quartz (Corbett, 2005a). Silica deposits as an amorphous low 

temperature form, loosely termed chalcedony, and may then evolve to quartz with time 

(Fournier, 1985a; section 2.1.7). The term ginguro is derived from the early Japanese miners 

who recognised best Au-Ag occurred within bands or breccia fill of black metallic material that 

comprise fine pyrite, Ag sulphosalts such as argentite-acanthite, along with electrum and gold 

with rare chalcopyrite. Consequently, chalcedony-ginguro deposits vary to Ag-rich (low Au:Ag 

ratios). The uppermost portions of epithermal banded chalcedony-ginguro veins are locally 

referred to a hot spring deposits (Giles and Nelson, 1982) and may display an association with 

eruption breccia pipes (section. 4.4.6). 

 
Characteristic Epithermal quartz Au-Ag Epithermal chalcedony-ginguro Au-Ag  

Visible Au Abundant Present 

Ore mineralogy Free Au local Te and Bi minerals Electrum, silver salts and Ag-bearing 

sulphides local Se minerals  

Au fineness High Low 

Ag:Au ratio Low High 

Gangue 

quantity 

Commonly low Generally high gangue which may dilute ore 

Gangue type Quartz, local clay or chlorite. Banded chalcedony with local quartz pseudo 

morphing calcite and adularia. Common post-

mineral calcite. 
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Setting Magmatic arc Extensional settings which are most common 

in rifts, (back arc and intra arc) 

Associated 

mineralisation 

Commonly overprint low 

sulphidation quartz-sulphide and 

carbonate base metal Au 

Commonly pass downwards to polymetallic 

Ag-Au in Latin America or base metal 

sulphides in the SW Pacific 

Table 1.5 Comparison of the two end members of low sulphidation epithermal Au-Ag mineralisation. 

 

Bonanza Au is associated with the two low sulphidation epithermal end members typically at 

shallow crustal levels, readily distinguished by mineralogy and Au:Ag ratios (figures 1.1 & 1.5; 

tables 1.3-5). Epithermal quartz Au mineralisation is characterised by high fineness free Au 

(high Au:Ag) which may overprint earlier mineralisation with little gangue. Banded 

chalcedony-ginguro Au-Ag mineralisation is characterised by higher Ag contents within the 

ginguro bands and abundant gangue of chalcedony (quartz) commonly with variable low 

temperature K-feldspar (adularia). Rare transitions are discussed in section 9.3. 

 

1.2.3.3.6 Sediment hosted replacement Au deposits (section 7.2.4) occur throughout the Pacific 

rim and so a derivation of the ‘sediment-hosted disseminated precious metal deposit’ 

terminology (Bagby and Berger, 1985; Berger and Bagby, 1991) provides a preferred 

descriptive term (Cooke and Deyell, 2003), rather than the commonly used Carlin-style 

terminology (Cline et al., 2005 and references therein). Sediment hosted replacement Au 

deposits are now interpreted (Leach, 2004) to develop at elevated crustal settings by a 

combination (Corbett and Leach, 1998) of several features. Dilatant structures facilitate 

transport of quartz-sulphide style ore fluids from magmatic source rocks at depth, to react with 

permeable impure limestone where mineral deposition occurs by fluid cooling and sulphidation 

reactions (Leach, 2004). These deposits are characterised by microfine refractory Au 

encapsulated within typically arsenean pyrite in which permeability (and hence Au grade) is 

controlled by a combination of pseudomorphous lithological replacement, breccia fill and 

structure. These deposits feature anomalous Hg, Sb and Ba, in addition to As, as an indication 

of the interpreted shallow crustal level of formation. The associated generally barren jasper 

alteration provides a valuable prospecting tool. 

 

1.2.3.4 High sulphidation epithermal Au mineralisation 

 

High sulphidation epithermal Au deposits develop within magmatic arcs above the level of 

porphyry Cu-Au intrusions and the deeper level magmatic source rocks for both systems. 

Mineralisation is most easily recognised in the field as enargite-pyrite ore and associated with 

barite-alunite gangue, which commonly overprints the vughy silica core of characteristic zoned 

advanced argillic wall rock alteration (figure 1.10; section 8). The core vughy silica grades 

outwards to alteration dominated by alunite-> pyrophyllite->dickite/kaolinite-illite-smectite 

(figure 1.10; section 2.2.4.4) as the hot very low pH fluids described in section 1.2.2.3 are 

progressively cooled and neutralised by wall rock reaction. Alteration derived from the volatile-

rich phase of the fluids is commonly overprinted by mineralisation deposited by the slower 

moving liquid phase of the ore fluid ( figure 1.10 G) . There is a variation in Ag content, from 

virtually absent in most SW Pacific deposits (with the exception of V2 pit at Mt Carlton, 

Australia, section 9.3), to Ag-rich and locally Ag-dominant by value over Au in some Latin 

American deposits. Copper is present over most of the entire vertical range with As-bearing 

enargite, varying to luzonite, the low temperature polymorph. Deeper level covellite-chalcocite 

ores are attractive exploration targets as they host high Cu grades and may lack As-bearing 

metallurgically problematic enargite ore (Cukari Peki, Serbia). Many deposits are only worked 

in the metallurgically benign oxide ores. Highest Au contents are recognised in systems which 

evolve from high to lower sulphidation (section 9.2) or feature hypogene oxidation (Perina, 

Peru; Veladero, Argentina)..  
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Terminology should distinguish mineralisation as high sulphidation epithermal Au, and does 

not feature Ag or Cu unless they are the dominant economic metals and alteration is described 

as advanced argillic grading to marginal argillic.  

 

Steam heated alteration, characterised by cristobalite, kaolin and powdery alunite with basal 

silica ledges, develops in the uppermost portions of high sulphidation epithermal Au deposits 

above the palaeo water table. These near surficial blankets are only preserved in youthful and 

poorly eroded systems, in arid climates such as the high Andes (section 8.5). Although 

commonly strongly anomalous in Hg, this alteration is typically barren (with respect to Au-Ag), 

unless collapsed upon earlier ore systems, which it may obscure. 
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B F 

  
C 

 
D 

G 

 
H 



Epithermal Au-Ag and Porphyry Cu-Au Exploration – Short course notes 

 

22 
 

  
Figure 1.10 High sulphidation epithermal Au mineralisation is associated with characteristic zoned advanced 

argillic alteration grading outwards from the core of the alteration system.  

A- Graphic illustrates the localisation of a high sulphidation epithermal system at the intersection of a feeder 

structure and a reactive permeable lithology which then controls fluid flow (see figure 1.1). Alteration 

zonation develops as the hot acidic fluids are progressively cooled and neutralised by reaction with the wall 

rocks and mineralisation overprints the fractured competent vughy silica adjacent to the plumbing system. 

B - Vughy silica typical of that at the centre of the advanced argillic alteration, El Indio district, Chile.  

C – Silica-alunite grading outwards from the core of the alteration system, Sappes, Greece.  
D -Pyrophyllite-diaspore in the outer portion of the advanced argillic alteration, Sappes Greece. 

E – From left to right, dickite-kaolinite, kaolinite, kaolinite-illite, illite and then smectite (swelling clays) 

developed, as argillic alteration on the margin of advanced argillic alteration, developed by continued 

reaction with wall rocks of the low pH fluids responsible for the development of the advanced argillic 

alteration, Sappes, Greece. 

F – Black enargite mineralisation and white additional alunite, cut silica-alunite, Nena, Papua New Guinea. 

 Silica-alunite grading outwards from the core of the alteration system, Sappes, Greece.  

G – Enargite-pyrite breccia-fill cuts vughy silica alteration, Cerro Quema, Panama. 

H - Disseminated enargite-pyrite within vughy silica, Mt Kasi, Fiji.  

 

1.2.3.5 Transitions between deposit types 

 

Transitions between deposit types are common and so most of the deposits described herein and 

illustrated in figures 1.1 & 1.5 represent end members in a continuum. The low sulphidation 

epithermal deposit types develop from evolving fluids derived as mixtures of magmatic and 

meteoric-dominated fluids, at different crustal levels. In compressional magmatic arcs, many 

intrusion-related low sulphidation epithermal Au deposits (Porgera, Papua New Guinea) or 

districts (Morobe Goldfield, Papua New Guinea) contain mineralogies typical of all the deposit 

types: quartz-sulphide Au + Cu, carbonate-base metal Au and epithermal quartz Au + Au. 

Similarly, in Latin American extensional settings, polymetallic Ag-Au mineralisation may pass 

upwards to epithermal banded chalcedony-ginguro Au-Ag veins, while some SW Pacific 

chalcedony-ginguro veins terminate down-dip as sub-economic base metal bearing quartz veins 

likened to polymetallic Au-Ag mineralisation. Some districts (Great Basin, Nevada) and 

deposits (Frute del Norte, Ecuador; Karangahake, New Zealand) contain elements of both low 

sulphidation epithermal fluid flow trends, well developed in extensional arcs.  

 

High sulphidation epithermal Au deposits display better (commonly bonanza) in where they 

transition to lower sulphidation mineralisation if the causative hot low pH fluids have 

undergone extensive cooling and neutralisation by reaction wit wall rocks and entrainment of 

cool neutral meteoric waters (section 9.3). 

 

The fluids responsible for the development of porphyry Cu deposits may be drawn by dilatant 

structures to form wallrock porphyry sheeted veins or Cu lodes characterised by an increase in 

the Cu mineral sulphidation state in time as the pH of the rising ore fluid declines, according to 

the model presented in section 1.2.2.3 and discussed in section 9.2. 

 

1.4 Conclusions  
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Section 1 introduced the terminology for the variety of epithermal gold-silver and porphyry 

copper-gold ore deposit types which will facilitate the forthcoming discussion of alteration, 

structure and breccias used as exploration tools, followed by detailed analysis of these deposits 

and their exploration. Ore, gangue and wall rock alteration mineralogy discernible in the field, 

allows portfolios of exploration projects to be placed within this terminology (figure 1.1) and 

compared to each other within three dimensional models, or to other known examples, with 

profound exploration implications. Geological models account for the development at variable 

crustal levels, of different ore and alteration types by the evolution of contrasting fluid flow 

trends, with variable mixes magmatic and meteoric components as liquid and vapour phases. 

Analyses of fluid flow trends may lead to the identification preferred ores. The mechanism is 

provided which accounts for the development of low pH fluids (section 1.2.2.3) which are 

cooled and neutralised by wall rock reaction to produce advanced argillic alteration recognised 

in a variety of geological settings (section 2.2.4), with highly divergent relationships to 

mineralisation. 

 

Application of the original model for carbonate-base metal Au mineralisation avoids the 

confusion generated by the later intermediate sulphidation terminology and is aligned with the 

seminal work of Giggenbach (1992). That work suggests there are only two epithermal fluid 

end members and no intermediate fluid type are derived from a degassing magma source at 

depth. Ores described as intermediate sulphidation are deposited from sulphide-rich low 

sulphide fluids with wall rock alteration typical of low sulphidation Au-Ag mineralisation. This 

explains why intermediate and low sulphidation epithermal mineralisation are often linked in 

the geological literature.  

 

1.4.1 Exploration implications 

 

Evaluation of the exploration potential of any project/prospect begins with an understanding of 

the style of Au, Ag, Cu and/or Mo mineralisation so that the field characteristics and 

exploration data might be better understood, and the appropriate exploration tools correctly 

applied. Comparisons with known ore systems allows portfolios of mineral exploration 

prospects to be prioritised in order to facilitate the application of scarce financial and human 

resources to the projects of greatest interest in that situation. Ores with different metal grades, 

size, metallurgical characteristics and exploration characteristics will be of variable interest in 

contrasting geological, business and political situations. These preferred ores lie within fluid 

flow trends constructed using the understanding or ore types. Similarly, the identification of the 

controls to any particular ore occurrence aids exploration for further mineralisation in that 

district. 

 

Features associated with epithermal mineralisation are included in the ‘out of porphyry’ vectors 

towards blind porphyry Cu intrusions. Buried magma sources may also account for overlying 

wallrock porphyry (sheeted vein systems), Cu lodes and breccias of interest in themselves and 

as part of any porphyry Cu-Au exploration model. The mechanism has been introduced to 

account for the formation of advanced argillic alteration (section 1.2.2.3) developed in 

divergent settings with contrasting relationships to mineralisation (section 2.2.4).  

 


