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ABSTRACT 

The current understanding of magmatic-hydrothermal processes resulting in the 

formation of porphyry and epithermal deposits is based on case studies that focused on deposits 

such as Santa Rita porphyry copper deposit in New Mexico, the Refugio porphyry gold deposit 

in Chile, and the Summitville high-sulfidation epithermal deposit in Colorado. The present study 

re-examines these classical study sites to constrain the physical nature of the mineralizing 

hydrothermal fluids and to test recent models suggesting that metal transport can occur in the 

vapor phase. 

Careful petrographic investigations involving a combination of microanalytical 

techniques were performed to unravel paragenetic relationships in the three deposits. Based on 

fluid inclusion research on quartz closely associated with mineralization, it is shown that ore 

formation at Santa Rita occurred from a near-critical single-phase hydrothermal fluid under 

hydrostatic conditions. Observed fluid inclusion assemblages have salinities of ~11 wt% NaCl 

equiv. and homogenize at ~350–450°C. At Refugio, gold mineralization postdated the formation 

of banded quartz veins and appears to also have formed from a near-critical single-phase fluid at 

hydrostatic load. Microthermometric data on a small number of petrographically well-defined 

fluid inclusion assemblages yielded salinities of ~13 wt% NaCl equiv. and homogenization 

temperatures of <440°C. At Summitville, enargite precipitated from a hydrothermal liquid. 

Primary fluid inclusion assemblages have a salinity of ~7.5 wt% NaCl equiv. and homogenize at 

~270°C. The paragenetically late gold mineralization formed from a hydrothermal liquid 

undergoing additional cooling and dilution with ambient water. 

The research provides new constraints on the formation of porphyry and epithermal 

deposits, highlighting the importance of near-critical hydrothermal fluids. It is shown that 
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mineralization in porphyry deposits takes place late in the paragenesis and is caused by 

near-critical single-phase hydrothermal fluids derived from an actively degassing magma 

chamber. Vein formation occurs at the ductile-brittle boundary, which coincides with the 

transition from lithostatic to hydrostatic conditions. Epithermal mineralization is caused by 

hydrothermal liquids that originated from the near-critical single-phase hydrothermal fluids 

through isochemical contraction. The mineralizing hydrothermal liquids undergo cooling and 

dilution with ambient waters in the shallow subsurface.  
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CHAPTER 1 

 

INTRODUCTION 

 

Porphyry and related high-sulfidation epithermal deposits represent some of the most 

important resources of copper and gold in the world (Titley and Beane, 1981; Seedorff et al., 

2005; Sillitoe, 2010). Both deposits types form in association with subduction-related magmas, 

although some systems may have formed in postcollisional settings after cessation of active 

orogenic events. Porphyry and related high-sulfidation epithermal deposits are located in modern 

and ancient volcanic arcs worldwide (Richards et al., 2003; Sillitoe and Hedenquist, 2003; Cooke 

et al., 2005). The formation of these deposits involves the exsolution of aqueous fluids from 

typically calc-alkaline arc magmas and ore deposition during the subsequent evolution of the 

magmatic-hydrothermal systems (Kouzmanov and Pokrovski, 2012). 

The present chapter provides a brief introduction to the thesis and reviews some of the 

key characteristics of porphyry and high-sulfidation epithermal deposits. A summary of current 

models of deposit formation is provided. The review shows that the exact nature of the 

mineralizing fluids and the pressure and temperature conditions of ore formation in these 

deposits are currently only poorly constrained. The chapter also provides an introduction to the 

three ore deposits studied as part of the present thesis, which was designed to provide new 

constraints on the ore forming processes in the porphyry and epithermal environments. The new 

proposed model for the formation of porphyry – epithermal deposits  contributes to a better 

understanding of processes of fluid evolution in the Earth’s upper crust. The improved 

understanding of deposit-forming processes has potential implications to mineral exploration.  



2 

1.1. Porphyry deposits 

Porphyry Cu deposits represent large volumes (10-100 km
3
) of hydrothermally altered 

rocks centered on porphyritic stocks (Seedorff et al., 2005; Sillitoe, 2010). The deposits form in 

the uppermost part of the crust at several kilometers depth. Some of the deepest porphyry 

deposits were formed at 5 to 9 km below paleosurface (e.g., Butte in Montana: Rusk et al., 2004, 

2008; Dabaoshan in China: Mao et al., 2017), with the shallowest deposits having formed at 

paleodepth of 1.6 to 0.8 km (e.g., Maricunga belt in Chile: Vila and Silittoe, 1991; Muntean and 

Einaudi, 2000, 2001). 

Typical ore minerals in copper porphyry deposits include chalcopyrite and bornite. 

Molybdenite and electrum may also occur. The ore minerals are present as disseminated grains 

in the wall rocks or occur in veins. Several distinct vein types have been recognized. Following 

the work of Nielsen (1968) on the Santa Rita copper porphyry in New Mexico and the study by 

Gustafson and Hunt (1975) at El Salvador in Chile, with subsequent revision by Gustafson and 

Quiroga (1995), these vein types are referred to as ‘A’, ‘B’, ‘C’, and ‘D’ veins and have been 

recognized in porphyry deposits worldwide. The early ‘A’ veins vary from wavy, discontinuous, 

and segmented to later straight-walled and continuous. The veins are composed of grey vitreous 

quartz and are typically associated with potassic alteration halos typified by K-feldspar and 

biotite. The ‘A’ veins form in a ductile regime under lithostatic pressure conditions. The younger 

‘B’ veins, which have planar, straight-walled, and continuous morphologies, are not universally 

present in porphyry deposits. Quartz in ‘B’ veins is coarse-grained and tends to form euhedral 

crystals that grew perpendicular to vein walls and have cockscomb textures. The ‘C’ veins are 

composed of chalcopyrite and/or pyrite and typically lack quartz as a gangue mineral. The ‘C’ 

veins crosscut the earlier ‘B’ veins. The youngest vein set in porphyry deposits is referred to as 
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‘D’ veins. These veins crosscut all earlier vein types and are typically thick and continuous with 

straight walls. The ‘D’ veins are composed of white quartz and pyrite and mostly lack ore 

minerals. The ‘D’ veins are associated with sericite alteration of the surrounding wall rocks. 

These late veins have formed in the brittle regime under hydrostatic conditions. 

The wall rock surrounding the ore zones in porphyry deposits are intensely altered. 

Common alteration styles include sodic-calcic, potassic, chlorite-sericite, sericite, and 

quartz-pyrophyllite alteration. In most deposits, there is a distinct zoning pattern with 

overprinting relationships between early potassic and later chlorite-sericite or sericite alteration, 

indicating that the different alteration styles developed as part of the evolving 

magmatic-hydrothermal system. Propylitic alteration occurs distal to porphyry deposits and may 

extend for several kilometers laterally away from the ore (Seedorff et al., 2005; Sillitoe, 2010). 

The relative timing of mineralization with respect to the alteration is a matter of debate. 

Many workers have suggested that the main mineralizing event in copper porphyries is related to 

the early potassic alteration (Seedorff et al., 2005; Sillitoe, 2010). However, at least in some 

deposits, mineralization appears to be related to the later chlorite-sericite alteration (e.g.,  Santa 

Rita in New Mexico: Reynolds and Beane, 1985; El Teniente  in Chile: Klemm et al., 2007; Far 

Southeast in the Mankayan district in the Philippines: Hedenquist et al., 1998).  

 

1.2. High- sulfidation epithermal deposits 

High-sulfidation epithermal deposits are a sub-class of epithermal base and precious 

metal deposits. The deposits form from low-temperature (typically <300°C) hydrothermal fluids 

at shallow (<1.5 km) crustal levels (Sillitoe, 1999; Simmons et al., 2005). High-sulfidation 

deposits are superjacent to porphyry deposits and are the near-surface expression of the same 
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magmatic-hydrothermal systems (Hedenquist et al., 1998; Sillitoe, 1999). Similar to porphyry 

deposits, high-sulfidation epithermal deposits are located in modern and ancient volcanic arcs 

and are typically hosted by calc-alkaline volcanic rocks (Sillitoe and Hedenquist, 2003). 

High-sulfidation epithermal deposits occur as bonanza-type veins or replacement ores, as 

subvertical vein-like zones or ledges, and large low-grade disseminated sulfide ore bodies 

(Stoffregen, 1987; Jannas et al., 1990; Gray and Coolbaugh, 1994; Hedenquist et al., 1994; 

Chouinard et al., 2005; Longo et al., 2010; Holley, 2012; Cerpa et al., 2013). The deposits are 

characterized by ore minerals such as enargite, luzonite, famatinite, covellite, and pyrite. The ore 

mineralogy suggests that deposit formation occurred from hydrothermal fluids having high 

sulfidation states (Arribas, 1995; Einaudi et al., 2003). The ore mineralogy of high-sulfidation 

epithermal deposits is distinctly different from those encountered in other epithermal ore deposit 

types (Simmons et al., 2005). 

The ore in high-sulfidation epithermal deposits is hosted within intensely altered wall 

rocks that contain acid-stable alteration minerals such as alunite, pyrophyllite, dickite, kaolinite, 

and quartz. The most intense alteration, which is typically associated with the ore zones, is 

characterized by near-complete leaching of the wall rocks. The altered rocks are highly siliceous 

and contain abundant vugs formed by dissolution of phenocrysts of feldspar and ferromagnesian 

phases or formerly glassy fragments in clastic rocks (Stoffregen, 1987; Longo et al., 2010; Cerpa 

et al., 2013; Hedenquist and Taran, 2013; Holley et al., 2017). Steven and Ratté (1960) coined 

the term of “vuggy quartz” for the rocks showing these textures. Zones of vuggy quartz laterally 

grade into zones of less intense alteration, including quartz-alunite, quartz-kaolinite, and illite to 

illite/smectite. The deposits are enveloped by peripheral propylitic alteration (Hedenquist et al., 

1996).  
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Paragenetic relationships in high-sulfidation epithermal deposits are a matter of debate. In 

many deposits, acid-style alteration of the host rocks resulting in the formation of ‘vuggy quartz’ 

appears to have preceded mineralization (Arribas, 1995). Stoffregen (1987) demonstrated that 

ore minerals in the low-grade disseminated Summitville high-sulfidation epithermal deposit 

occur as fracture linings or infill previously formed vugs. The ore was formed from 

hydrothermal fluids that exploited the permeability created during earlier acid leaching of the 

host rocks (Stoffregen, 1987). Similar textural relationships suggesting that alteration of the wall 

rocks and mineralization are not contemporaneous have also been documented at other deposits, 

including Veladero in Argentina (Holley et al., 2017). 

 

1.3. Nature of the mineralizing fluids and corresponding fluid inclusion types 

Alteration and mineralization in porphyry and associated high-sulfidation epithermal 

deposits occurs over a wide range of pressure and temperature conditions. The 

magmatic-hydrothermal fluids forming these deposits exsolve from magmas at high temperatures 

and a lithostatic load of several kilometers. During the evolution of the magmatic-hydrothermal 

system, hydrothermal fluids cool and the pressure regime changes from lithostatic to hydrostatic 

conditions. Changes in temperature and pressure may cause the magmatic-hydrothermal fluids to 

undergo processes of phase separation. The complexity of possible processes of phase separation 

can be illustrated using the H2O-NaCl model system (Figure 1.1). 

In deep porphyry systems, high-temperature magmatic-hydrothermal fluids occur within 

the single-phase field of the H2O-NaCl model system. In most deposits (Cline and Bodnar, 

1991), fluid inclusions entrapped under these conditions have intermediate densities and are 

referred to as intermediate density fluid inclusions in the present study. These inclusions  
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Figure 1.1. Phase diagram of the H2O-NaCl system showing a range of 0-1000°C, 0-2000 bar, 

and 0-100 wt% NaCl (Monecke et al., 2017). 
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typically have low salinities (2 to 12 wt% NaCl equiv.; Butte, Montana: Rusk et al., 2004, 2008; 

Bingham Canyon, Utah: Redmond et al., 2004; Landtwing et al., 2010).  

A number of studies on porphyry deposits emplaced at intermediate depth showed that 

quartz veins related to the early potassic alteration contained fluid inclusions that entrapped 

In deep porphyry systems, high-temperature magmatic-hydrothermal fluids occur within 

the single-phase field of the H2O-NaCl model system. In most deposits (Cline and Bodnar, 

1991), fluid inclusions entrapped under these conditions have intermediate densities and are 

referred to as intermediate density fluid inclusions in the present study. These inclusions 

typically have low salinities (2 to 12 wt% NaCl equiv.; Butte, Montana: Rusk et al., 2004, 2008; 

Bingham Canyon, Utah: Redmond et al., 2004; Landtwing et al., 2010).  

A number of studies on porphyry deposits emplaced at intermediate depth showed that 

quartz veins related to the early potassic alteration contained fluid inclusions that entrapped 

hypersaline liquid (30 to 70 wt% NaCl equiv.) and coexisting low density vapor inclusions at 

lithostatic conditions (Santa Rita, New Mexico: Reynolds and Beane, 1985; Far Southeast, 

Philippines: Hedenquist et al., 1998; Bingham Canyon, Utah: Redmond et al., 2004; Redmond 

and Einaudi, 2010; Landtwing et al., 2010). This indicates that single-phase hydrothermal fluids 

rising from depth underwent immiscibility or that the causative intrusion was emplaced within 

the two-phase field of the H2O-NaCl system, allowing direct exsolution of a hypersaline liquid 

and a co-existing vapor (cf. Driesner and Heinrich, 2007). Phase separation occurring at the high 

temperatures and pressures corresponding to the early potassic alteration in porphyry deposits 

has a pronounced effect on the chemical composition of the fluids as elements differentially 

partition between the hypersaline liquid and the coexisting vapor phase. Previous studies suggest 

that the presence and nature of sulfur species strongly influences partitioning behavior of 
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elements such as copper and gold as they provide important ligands (Heinrich et al., 1999; 

Murakami et al., 2010). 

In porphyry deposits, the early potassic alteration is overprinted by sericite, chlorite, or 

sericite-chlorite alteration. Veins associated with these styles of alteration are formed at 

temperatures lower than the brittle-ductile transition at ~400°C that marks a change from 

lithostatic to hydrostatic conditions (cf. Fournier, 1999). During continued cooling under 

hydrostatic conditions, quartz formation takes place in the single-phase field of the H2O-NaCl 

system and entrapped fluid inclusions contain liquids (Hedenquist et al., 1998). 

In the epithermal environment, alteration occurs from high-temperature magmatic vapors 

that condense in the shallow subsurface, forming highly acidic sulfate-chloride waters 

(Stoffregen, 1987; Giggenbach et al., 1990; Rye et al., 1992; Hedenquist and Taran, 2013), 

During vapor streaming, vapor inclusions can be formed along healed microfractures in quartz 

phenocrysts or recrystallized groundmass quartz (Holley, 2012). However, hydrothermal quartz 

associated with the ore minerals frequently contains low-salinity liquid inclusions (Wang et al., 

1999; Pudack et al., 2009; Holley, 2012). Liquid inclusions are also present in ore minerals that 

can be studied by infrared microscopy (Mancano and Campbell, 1995), highlighting the 

importance of hydrothermal liquids in the ore-forming processes (Hedenquist et al., 1998). 

 

1.4. Genetic models 

Although the topology of the H2O-NaCl system is well understood and fluid inclusion 

studies on quartz present in porphyry and high-sulfidation epithermal deposits have provided 

important constraints on the nature of the magmatic-hydrothermal fluids at the different 

paragenetic stages, different pathways of fluid evolution in porphyry and related high-sulfidation 
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epithermal deposits are possible. Complex paragenetic relationships and the fact that ore 

minerals may or may not be related to quartz containing fluid inclusions contribute to the 

difficulties in constraining the exact nature of the mineralizing fluids. 

 

1.4.1. Deposit formation from hypersaline liquids 

Some of the earliest studies on porphyry deposits have established that mineralization in 

these deposits is typically spatially associated with potassic alteration (Lowell and Guilbert, 

1970). Based on these field relationships it appeared likely that potassic alteration and 

mineralization in porphyry deposits are caused by the same fluids (Gustafson, 1978). As early ‘A’ 

veins in porphyry ores are surrounded by potassic alteration, it is widely believed that 

mineralization takes place early in the evolution of the magmatic-hydrothermal systems. In 

porphyry deposits emplaced at intermediate crustal depth, which represents the vast majority of 

deposits, quartz in ‘A’ veins is host to abundant hypersaline and vapor-rich fluid inclusions, and 

sometimes the hypersaline inclusions even contain chalcopyrite daughter minerals. Thus, many 

workers associate mineralization with potassic alteration and hypersaline and vapor-rich fluid 

inclusion assemblages (Eastoe, 1978; Sawkins and Scherkenbach, 1981). This view is still 

accepted by workers today (Bethke et al., 2005; Gregory, 2016) despite the fact that studies on 

the Santa Rita porphyry conducted decades ago have conclusively shown (e.g., Nielsen, 1968; 

Reynolds and Beane, 1985) that mineralization is associated with later veins . At Santa Rita, 

these later veins that are also K-feldspar stable, but have chlorite as part of the assemblage rather 

than biotite, commonly reopen the earlier potassic veins. This is an important paragenetic 

relationship that can be easily overlooked in the field. 

 



10 

1.4.2. Deposit formation from a moderate-salinity liquid phase 

The study of the Far Southeast porphyry deposit and the associated Lepanto 

high-sulfidation deposit in the Mankayan district in the Philippines resulted in the development 

of a new genetic model (Hedenquist et al., 1998). Careful petrographic observations showed that 

chalcopyrite in the ‘A’ veins is texturally late and associated with chlorite and sericite alteration 

of the wall rocks. Oxygen and hydrogen isotope compositions of the sericite indicate that the 

alteration was caused by a magmatic-hydrothermal fluid, not by meteoric water as proposed by 

earlier workers for other porphyry deposits. Chalcopyrite in the ‘A’ veins was found to be 

texturally associated with a late quartz generation containing primary liquid-rich inclusions. 

These inclusions have homogenization temperatures of ~350°C and contain salinities of ~5 wt% 

NaCl equiv. While earlier quartz in the ‘A’ veins hosts abundant hypersaline liquid and vapor 

inclusions characteristic of ‘A’ vein quartz, the evidence shows that chalcopyrite at Far Southeast 

formed from a moderate-salinity liquid-phase hydrothermal fluid. The earlier quartz that formed 

at lithostatic conditions refractured at temperatures below the ductile-brittle transition, and 

mineralization was related to the later moderate-salinity liquids. 

Secondary fluid inclusions contained in enargite sampled from the temporally and 

spatially associated Lepanto high sulfidation deposit contain fluids with salinities ranging from 

0.2 to 4.5 wt% NaCl equiv. (Mancano and Campbell, 1995). Based on these observations, 

Hedenquist et al. (1998) concluded that the liquid-phase hydrothermal fluid that formed the Far 

Southeast porphyry Cu mineralization at depth was able to rise into the Lepanto epithermal 

deposit, causing high-sulfidation epithermal mineralization to take place. Dilution with ambient 

water may have caused the observed low salinities. 

Based on K-Ar dating of alteration minerals, Arribas et al. (1995) and Hedenquist et al. 
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(1998) showed that potassic alteration in the Far Southeast porphyry deposit and alunite-quartz 

alteration in the Lepanto high-sulfidation epithermal deposit took place earlier than the 

mineralization at Far Southeast. Textural evidence confirmed that mineralization at Lepanto 

occurred subsequent to the vuggy quartz alteration of the host rocks. This led Hedenquist et al. 

(1998) to propose that potassic alteration at depth was caused by the hypersaline liquid, while the 

coexisting high-temperature vapor was able to escape and produced the vuggy quartz alteration 

in the shallow subsurface. Subsequent mineralization in both the porphyry and epithermal 

environments occurred from the later liquid-phase fluid of moderate salinity.  

Fluid evolution in the porphyry and epithermal deposits was directly linked to the 

progressive evolution of a crystallizing pluton at depth (Figure 1.2b). Early in the evolution, a 

hypersaline liquid and a coexisting vapor were directly exsolved from the magma or, depending 

on the depth of intrusion, formed by phase separation from a single-phase fluid that was exsolved 

from the magma. Later in the evolution, inward and downward crystallization of the pluton 

prevented fluids from entering into the two-phase conditions of the H2O-NaCl system. The rising 

single-phase fluids evolved along a pathway that never intersected the solvus of the H2O-NaCl 

system (Hedenquist et al., 1998). 

In a recent study at the Veladero high-sulfidation epithermal deposit in Argentina, Holley 

et al. (2017) recognized liquid-rich fluid inclusions in late quartz forming euhedral crystals 

within vuggy quartz. This finding is consistent with the model by Hedenquist et al. (1998) as the 

results of their study imply that early vuggy quartz alteration is caused through condensation of 

highly acidic magmatic vapors, followed by a transition to a liquid-dominated hydrothermal fluid 

flow. Although mineralization at Veladero is affected by extensive oxidation, textural evidence 

suggests that hypogene mineralization occurred after the formation of the euhedral quartz  
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Figure 1.2. Proposed models for the formation of porphyry and epithermal deposits showing the possible nature of hydrothermal fluids 

(indicated as observed fluid inclusion types), solidifying and cooling magma downward with isotherms (dashed lines), formation of 

vuggy silica, and subsequent Cu-Au mineralization. Black tightly-spaced dashed lines indicate assumed two-phase immiscibility. (a) 

Deposit formation from hypersaline liquids (Holland, 1972; Gustafson, 1978; Bethke et al., 2005). (b) Deposit formation from 

moderately saline liquids (Hedenquist et al., 1998). (c) Deposit formation from high-temperature vapor (Mavrogenes et al., 2010; 

Henley and Berger, 2011; Henley et al., 2012; Tanner et al., 2013; King et al., 2014). (d) Deposit formation from contracted vapor 

(Heinrich et al., 2004; Heinrich, 2005; Williams-Jones and Heinrich, 2005).
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containing liquid-rich fluid inclusions. This work supports the theory that mineralization in the 

epithermal environment was also formed by a liquid-phase fluid. 

 

1.4.3. Deposit formation from the vapor phase 

More recently it was questioned whether high-sulfidation epithermal ore deposits indeed 

form from a liquid phase (Mavrogenes et al., 2010). These authors compared micron-scale 

dendritic textures recognized in sulfosalt minerals such as tennantite and enargite from El Indio 

in Chile and Summitville in Colorado with those in synthetic sulfosalt crystals formed by 

quenching experiments in laboratory studies. Based on textural similarities, it was concluded that 

the sulfosalt minerals were formed by quenching of melts transported by a high-temperature 

vapor-phase (Figure 1.2c). In addition, it was argued that the sulfur, copper, and arsenic 

concentrations in natural tennantite crystals correspond to synthetic tennantite crystals formed at 

~650°C. Based on these observations, it was proposed that metal transport and deposition in 

high-sulfidation epithermal deposits occurs directly from a high-temperature vapor phase 

(Mavrogenes et al., 2010). 

Several subsequent studies also concluded that vapor transport of metals is responsible 

for the formation of ore deposits in the epithermal environment (Henley and Berger, 2011; 

Henley et al., 2012; Tanner et al., 2013; King et al., 2014). Scher et al. (2013) showed that 

sulfide formation from magmatic vapors is possible as sulfide precipitates are present in the 

crater lake of the Kawah Ijen volcano in Indonesia, which must have formed as a result of the 

condensation of magmatic vapors. Experimental investigations confirm that metals such as Ag, 

Au, and Cu can indeed be transported in the vapor phase at high temperatures (Archibald et al., 

2001, 2002; Zezin et al., 2011; Migdisov and Williams-Jones, 2013; Hurtig and Williams-Jones, 

2014, 2015; Migdisov et al., 2014; Williams-Jones and Migdisov, 2014). 
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1.4.4. Deposit formation from contracted vapor 

An alternative model for the formation of porphyry and epithermal deposits has been 

presented by Heinrich et al. (2004), Heinrich (2005), and Williams-Jones and Heinrich (2005). 

This model is based on the results of laser ablation-inductively coupled plasma-mass 

sepectrometry (LA-ICP-MS) on natural fluid inclusions and experimental work suggesting that 

metals such as Cu, As, and Au preferentially partition into the vapor phase during processes of 

high-temperature phase separation (Heinrich et al., 1999; Nagaseki and Hayashi, 2008; Seo et al., 

2009). 

In this model, early alteration in the porphyry and epithermal environments is interpreted 

to occur through the processes described by Hedenquist et al. (1998). As the parental pluton 

undergoes downward and inward cooling, the isotherms would migrate to depth. As a 

consequence, the rising vapor would progressively undergo cooling at higher pressures. If this 

vapor phase cools at elevated pressures, the vapor will undergo a process of isochemical 

contraction within the single-phase field of the H2O-NaCl phase system. During continued 

cooling, contraction of the magmatic vapor results in the formation of a liquid-phase 

hydrothermal fluid. In the model proposed, the porphyry and high-sulfidation epithermal 

deposits form from a magmatic vapor that contracted prior to deposit formation (Figure 1.2d; 

Heinrich et al., 2004; Heinrich, 2005; Williams-Jones and Heinrich, 2005). 

Although the model relies on the results of LA-ICP-MS microanalyses showing that 

vapor-rich inclusions are more enriched in Cu than co-existing hapersaline liquid inclusions, 

several recent studies indicated that the elevated Cu concetration in vapor inclusions could be a 

result of modification by later more neutral hydrothermal fluids that caused selective diffusion of 

Cu
+
 into the vapor inclusions (Lerchbaumer and Audétat, 2012; Seo and Heinrich, 2013). These 
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results indicate that the Cu concentration of vapor inclusions may not represent the pristine value 

of the entrapped hydrothermal fluids, sheding doubt on the proposed genetic model. 

 

1.5. Thesis layout 

The present study examines the physical nature of mineralizing fluids in the porphyry and 

epithermal environments and aims to show whether metal transport and deposition occurs from a 

liquid or vapor phase. Three study sites were chosen for the present study representing the 

different deposit types and formational depths (Figure 1.3). These are the Santa Rita porphyry 

copper deposit in New Mexico, the Refugio porphyry gold deposit in the Maricunga belt of 

Chile, and the Summitville high-sulfidation epithermal deposit in Colorado. Previous studies on 

these deposits have laid the foundation of the currently prevailing model of fluid evolution in 

porphyry-epithermal hydrothermal system (Reynolds and Beane, 1985; Stoffregen, 1987; 

Muntean and Einaudi, 2000).  

Using a combination of microanalytical techniques, including optical and infrared 

microscopy, optical cathodoluminescence microscopy, field emission-scanning electron 

microscopy, and LA-ICP-MS investigations, the complex paragenetic relationships in ore 

samples from the three deposits were re-evaluated. Following the careful paragenetic studies, 

fluid inclusion petrographic and microthermometric investigations were carried out on quartz 

most closely associated with the ore minerals to better constrain the exact nature of the 

mineralizing fluids. 

The Santa Rita porphyry copper deposit in New Mexico represents an intermediate depth 

(1.5 - 4 km) magmatic-hydrothermal system. The porphyry ores contain ‘A’ veins that are 

associated with potassic alteration of the wall rocks. Although reopened ‘A’ veins may contain 
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ore minerals, the copper mineralization is primarily hosted in ‘C’ veins containing chalcopyrite 

and pyrite. These veins crosscut the ‘A’ veins. They are in turn cut by later ‘D’ veins, which are	

associated with sericite alteration of the wall-rocks. The ‘C’ veins are associated with a chlorite 

and K-feldspar alteration (Reynolds and Beane, 1985). 

The present study utilizes samples from the original fluid inclusion study by Reynolds 

and Beane (1985) to identify the fluid types that have formed quartz in the ‘A’ and ‘D’ veins. 

Careful petrographic investigations were conducted to also constrain the nature of the fluids 

forming the chalcopyrite-pyrite veins, which typically do not contain associated quartz.  The 

results of the present study show that early quartz in the ‘A’ veins at Santa Rita formed under 

two-phase conditions of the H2O-NaCl system under lithostatic conditions. Early formed quartz 

contains abundant hypersaline liquid and vapor inclusions. In contrast, the chalcopyrite-pyrite 

veins appear to have formed by a near-critical single-phase hydrothermal fluid. Quartz in the late 

‘D’ veins formed from a hydrothermal liquid under hydrostatic conditions. Based on these 

observations, a new model for the evolution of porphyry deposits is proposed that highlights the 

importance of near-critical single-phase hydrothermal fluids in the formation of these deposits. 

Chapter 2 of the thesis summarizes the findings of the study. The chapter is written as a paper 

that will be submitted to Economic Geology. 

The Refugio porphyry gold deposit in Chile is thought to represent a shallow-level (1.6 - 

0.8 km) magmatic hydrothermal system (Vila and Sillitoe, 1991; Muntean and Einaudi, 2000). 

One of the distinctive characteristics of the deposit is the presence of banded quartz veins. 

Banded quartz veins are thought to be formed by recrystallization of silica gels that precipitated 

from flashing fluids at the boundary between the liquid + vapor and vapor + halite co-existence  
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Figure 1.3. Phase diagram showing pressure and temperature conditions of different veins of the 

three deposits investigated in this study. The Santa Rita porphyry deposit represents an 

intermediate depth (1.5 – 4 km) magmatic-hydrothermal system (Reynolds and Beane, 1985), 

whereas the Refugio porphyry deposit is interpreted to have formed at a shallow depth (1.6 – 0.8 

km) and is regarded as an example of a system linking the porphyry and epithermal enviroments. 

The shaded area in the box for the Refugio banded quartz vein indicates temperature and 

pressure estimates by Muntean and Einaudi. (2000). The Summitville high-sulfidation epithermal 

deposit formed at only several hundreds of meters below the water table representing a shallow 

sub-surface system (Stoffregen, 1987). Diagram modified from Muntean and Eianaudi (2001). 
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fields of the H2O-NaCl system (Muntean and Einaudi, 2000). 

At Refugio, ‘A’ veins typically occur in the deeper portion of the porphyry deposits. ‘D’ 

veins crosscut the ‘A’ veins. In the shallower portion of the deposit, rare ‘A’ veins are crosscut 

by the banded quartz veins, but ‘D’ veins are not present. The latest veins observed are 

quartz-alunite ledges. These show similarities to high-sulfidation epithermal deposits, including 

vuggy quartz that is host to enargite, luzonite, and tennantite. 

This study focused on the Refugio porphyry gold deposit as an example of a 

mineralization style linking the porphyry and epithermal environments. Emphasis was placed on 

the study of banded quartz vein samples originally studied by Muntean and Einaudi (2000). As 

the banded veins formed from a vapor phase and contain elevated gold concentrations, their 

occurrence suggested to the researchers that gold transport occurred from a vapor phase fluid. 

However, the careful textural observations conducted as part of the present study demonstrate 

that the gold hosted by these veins formed later in the paragenesis as a result of a hydrothermal 

overprint. Fluid inclusion evidence suggests that the late hydrothermal overprint occurred from a 

near-critical single-phase hydrothermal fluid. The results from the study at Refugio show that the 

gold formation was not through vapor transport of gold. The findings of the research are 

summarized in Chapter 3 of this thesis. The chapter was written in preparation of a manuscript to 

be submitted to Economic Geology. 

To clarify whether the copper and gold mineralization in high-sulfidation epithermal 

deposits occur from the liquid or vapor phase, the present study also examined ore samples from 

the Summitville high-sulfidation epithermal deposit in Colorado. In contrast to the Veladero 

high-sulfidation epithermal deposit in Argentina studied by Holley (2012), secondary oxidation 

is not widespread at Summitville, allowing the study of hypogene ores. 
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The Summitville deposit formed only several hundreds of meters below the water table 

and consists of zones of vuggy quartz hosting the mineralization. The large, well-developed vugs 

in the host rocks formed by acid alteration of sanidine phenocrysts during an early stage of acid 

leaching caused by condensation of magmatic vapors (Stoffregen, 1987). Stoffregen (1987) also 

showed that mineralization occurred later in the evolution of the magmatic-hydrothermal system. 

The ore minerals are located along fractures crosscutting the vuggy quartz and typically infill the 

preexisting vugs. 

The present study utilized ore samples collected from drill core stored at the U.S. 

Geological Survey in Denver. The paragenetic relationships of vuggy quartz samples were 

carefully studied and primary fluid inclusions hosted in enargite and quartz were investigated. 

The results of the study verify the model of Stoffregen (1987) and show conclusively that 

enargite was formed from a liquid-phase. The research conducted here shows that enargite 

precipitation was postdated by quartz formation. The quartz contains primary liquid-rich 

inclusions. Gold mineralization occurred late in the paragenesis with much of the gold hosted in 

pyrite formed subsequent to the quartz precipitation. The research allowed the development of a 

model for the formation of high-sulfidation epithermal deposits, involving early vapor-related 

alteration and later liquid-related mineralization. The results of the study are summarized in 

Chapter 4 that will also be submitted to Economic Geology for publication. 

 Chapter 5 of the thesis summarizes the key findings of the present research. In 

addition, a number of recommendations for future research are made.  



20 

1.6. References 

Archibald, S.M., Migdisov, A.A., and Williams-Jones, A.E., 2001, The stability of Au-chloride 

complexes in water vapor at elevated temperatures and pressures: Geochimica et 

Cosmochimica Acta, v. 65, 4413–4423. 

—— 2002, An experimental study of the stability of copper chloride complexes in water vapor at 

elevated temperatures and pressures: Geochimica et Cosmochimica Acta, v. 66, p. 1611–

1619. 

Arribas, A., Jr., 1995, Characteristics of high-sulfidation epithermal deposits, and their relation 

to magmatic fluid, in Thompson, J.F.H., ed., Magmas, fluids, and ore deposits, Mineralogical 

Association of Canada Short Course Volume 23, p. 419–454. 

Arribas, A., Jr., Hedenquist, J.W., Itaya, T., Okada, T., Concepcion, R.A., and Garcia, J.S., Jr., 

1995, Contemporaneous formation of adjacent porphyry and epithermal Cu-Au deposits over 

300 ka in northern Luzon, Philippines: Geology, v. 23, p. 337–340. 

Bethke, P.M., Rye, R.O., Stoffregen, R.E., and Vikre, P.G., 2005, Evolution of the 

magmatic-hydrothermal acid-sulfate system at Summitville, Colorado: Integration of 

geological, stable-isotope, and fluid-inclusion evidence: Chemical Geology, v. 215, p. 

281−315. 

Cerpa, L.M., Bissig, T., Kyser, K., McEwan, C., Macassi, A., and Rios, H.W., 2013, Lithologic 

controls on mineralization at the Lagunas Norte high-sulfidation epithermal gold deposit, 

northern Peru: Mineralium Deposita, v. 48, p. 653–673. 

Chouinard, A., Williams-Jones, A.E., Leonardson, R.W., Hodgson, C.J., Silva, P., Téllez, C., 

Vega, J., and Rojas, F., 2005, Geology and genesis of the multistage high-sulfidation 

epithermal Pascua Au-Ag-Cu deposit, Chile and Argentina: Economic Geology, v. 100, p. 

463–490. 

Cooke, D.R., Hollings, P., and Walshe, J.L., 2005, Giant porphyry deposits: Characteristics, 

distribution, and tectonic controls: Economic Geology, v. 100, p. 801–818. 

Driesner, T., and Heinrich, C.A., 2007, The system H2O-NaCl. Part I: Correlation formulae for 

phase relations in temperature-pressure-composition space from 0 to 1000°C, 0 to 5000 bar, 

and 0 to 1 X-NaCl: Geochimica et Cosmochimica Acta, v. 71, p. 4880–4901. 

Eastoe, C.J., 1978, Fluid inclusion study of the Panguna porphyry copper deposit, Bougainville, 

Papua-New-Guinea: Economic Geology, v. 73, p. 721–748. 

Einaudi, M.T., Hedenquist, J.W., and Inan, E.E., 2003, Sulfidation state of fluids in active and 

extinct hydrothermal systems: Transitions from porphyry to epithermal environments: Society 

of Economic Geologists Special Publication 10, p. 285–313. 



21 

Fournier, R.O., 1999, Hydrothermal processes related to movement of fluid from plastic into 

brittle rock in the magmatic-epithermal environment: Economic Geology, v. 94, p. 1193–

1211. 

Giggenbach, W.F., Garcia, N., Londoño, A., Rodriguez, V., Rojas, N., and Calvache, M.L., 

1990, The chemistry of fumarolic vapor and thermal-spring discharges from the Nevado del 

Ruiz volcanic-magmatic-hydrothermal system, Colombia: Journal of Volcanology and 

Geothermal Research, v. 42, p. 13–39. 

Gray, J.R., and Coolbaugh, M.F., 1994, Geology and geochemistry of Summitville, Colorado: 

An epithermal acid sulfate deposit in a volcanic dome: Economic Geology, v. 89, p. 1906–

1923. 

Gregory, M.J., 2016, A fluid inclusion and stable isotope study of the Pebble porphyry 

copper-gold-molybdenum deposit, Alaska: Ore Geology Reviews, v. 80, p. 1279–1303. 

Gustafson, L.B., 1978, Some major factors of porphyry copper genesis: Economic Geology, v. 

73, p. 600−607. 

Gustafson, L.B., and Hunt, J.P., 1975, The porphyry copper deposit at El Salvador, Chile: 

Economic Geology, v. 70, p. 857–912. 

Gustafson, L.B., and Quiroga, J., 1995, Patterns of mineralization and alteration below the 

porphyry copper orebody at El Salvador, Chile: Economic Geology, v. 90, p. 2–16. 

Hedenquist, J.W., and Taran, Y.A., 2013, Modeling the formation of advanced argillic lithocaps: 

Volcanic vapor condensation above porphyry intrusions: Economic Geology, v. 108, p. 1523–

1540. 

Hedenquist, J.W., Matsuhisa, Y., Izawa, E., White, N.C., Giggenbach, W.F., and Aoki, M., 1994, 

Geology, geochemistry, and origin of high sulfidation Cu-Au mineralization in the Nansatsu 

district, Japan: Economic Geology, v. 89, p. 1–30. 

Hedenquist, J.W., Izawa, E., Arribas A., and White, N.C., 1996, Epithermal gold deposits: 

Styles, characteristics, and exploration: Resource Geology Special Publication Number 1, 

p.1–18. 

Hedenquist, J.W., Arribas, R.A., Jr., and Reynolds, T.J., 1998, Evolution of an intrusion-centered 

hydrothermal system: Far Southeast-Lepanto porphyry and epithermal Cu-Au deposits, 

Philippines: Economic Geology, v. 93, p. 373–404. 

Heinrich, C.A., 2005, The physical and chemical evolution of low-salinity magmatic fluids at the 

porphyry to epithermal transition: a thermodynamic study: Mineralium Deposita, v. 39, p. 

864–889. 

Heinrich, C.A., Günther, D., Audétat, A., Ulrich, T., and Frischknecht, R., 1999, Metal 

Fractionation between magmatic brine and vapor, determined by microanalysis of fluid 

inclusions: Geology, v. 27, p. 755–758. 



22 

Heinrich, C.A., Driesner, T., Stefánson, A., and Seward, T.M., 2004, Magmatic vapor 

contraction and the transport of gold from the porphyry environment to epithermal ore 

deposits: Geology, v. 32, p. 761–764. 

Henley, R.W., and Berger, B.R., 2011, Magmatic-vapor expansion and the formation of 

high-sulfidation gold deposits: Chemical controls on alteration and mineralization: Ore 

Geology Reviews, v. 39, p. 63–74. 

Henley, R.W., Mavrogenes, J., and Tanner, D., 2012, Sulfosalt melts and heavy metal 

(As-Sb-Bi-Sn-Pb-Tl) fractionation during volcanic gas expansion: The El Indio (Chile) 

paleo-fumarole: Geofluids, v. 12, p. 199–215. 

Holland, H.D., 1972, Granites, solutions, and base metal deposits: Economic Geology, v. 67, p. 

281−301. 

Holley, E.A., 2012, The Veladero high-sulfidation epithermal Au-Ag deposit, Argentina: 

Volcanic stratigraphy, alteration, mineralization, and quartz paragenesis: Unpublished Ph.D. 

thesis, Golden, Colorado, USA, Colorado School of Mines, 123 p. 

Holley, E.A., Monecke, T., Bissig, T., and Reynolds, T.J., 2017, Evolution of high-level 

magmatic-hydrothermal systems: new insights from ore paragenesis of the Veladero 

high-sulfidation epithermal Au-Ag deposit, El Indio-Pascua belt, Argentina: Economic 

Geology, v.112, p. 1747–1771. 

Hurtig, N.C., and Williams-Jones, A.E., 2014, An experimental study of the transport of gold 

through hydration of AuCl in aqueous vapour and vapour-like fluids: Geochimica et 

Cosmochimica Acta, v. 127, p. 305–325. 

—— 2015, Porphyry-epithermal Au-Ag-Mo ore formation by vapor-like fluids: New insights 

from geochemical modeling: Geology, v. 43, p. 587–590. 

Jannas, R.R., Beane, R.E., Ahler, B.A., and Brosnahan, D.R., 1990, Gold and copper 

mineralization at the El Indio deposit, Chile: Journal of Geochemical Exploration, v. 36, p. 

233–266. 

King, J., Williams-Jones, A.E., van Hinsberg, V., and Williams-Jones, G., 2014, 

High-sulfidation epithermal pyrite-hosted Au (Ag-Cu) ore formation by condensed magmatic 

vapors on Sangihe Island, Indonesia: Economic Geology, v. 109, p. 1705–1733. 

Klemm, L.M., Pettke, T., Heinrich, C.A., and Campos, E., 2007, Hydrothermal evolution of the 

El Teniente deposit, Chile: Porphyry Cu-Mo ore deposition from low-salinity magmatic 

fluids: Economic Geology, v. 102, p. 1021–1045. 

Kouzmanov, K., and Pokrovski, G.S., 2012, Hydrothermal controls on metal distribution in 

porphyry Cu (-Mo-Au) systems: Society of Economic Geologists Special Publication 16, p. 

573–618. 



23 

Landtwing, M.R., Furrer, C., Redmond, P. B., Pettke, T., Guillong, M., and Heinrich, C.A., 

2010, The Bingham Canyon porphyry Cu-Mo-Au deposit. III. Zoned copper-gold ore 

deposition by magmatic vapor expansion: Economic Geology, v. 105, p. 91–118. 

Lerchbaumer, L., and Audétat, A., 2012, High Cu concetrations in vapor-type fluid inclusions: 

An artifact?: Geochimica et Cosmochimica Acta, v. 88, p. 255–274. 

Longo, A. A., Dilles, J. H., Grunder, A. L., and Duncan, R., 2010, Evolution of calc-alkaline 

volcanism and associated hydrothermal gold deposits at Yanacocha, Peru: Economic 

Geology, v. 105, p. 1191–1241. 

Lowell, J.D., and Guilbert, J.M., 1970, Lateral and vertical alteration-mineralization zoning in 

porphyry ore deposits: Economic Geology, v. 65, p. 373−408. 

Mancano, D.P., and Campbell, A.R., 1995, Microthermometry of enargite-hosted fluid 

inclusions from the Lepanto, Philippines, high-sulfidation Cu-Au deposit: Geochimica et 

Cosmochimica Acta, v. 59, p. 3909–3916. 

Mao, W., Rusk, B., Yang, F., and Zhang, M., 2017, Physical and chemical evolution of the 

Dabaoshan porphyry Mo deposit, South China: Insights from fluid inclusions, 

cathodoluminescence, and trace elements in quartz: Economic Geology, v. 112, p. 889–918. 

Mavrogenes, J., Henley, R.W., Reyes, A.G., and Berger, B., 2010, Sulfosalt melts: Evidence of 

high-temperature vapor transport of metals in the formation of high-sulfidation lode gold 

deposits: Economic Geology, v. 105, p. 257–262. 

Migdisov, A.A., and Williams-Jones, A.E., 2013, A predictive model for metal transport of silver 

chloride by aqueous vapor in ore-forming magmatic-hydrothermal systems: Geochimica et 

Cosmochimica Acta, v. 104, p. 123–135. 

Migdisov, A.A., Bychkov, A.Y., Williams-Jones, A.E., and van Hinsberg, V.J., 2014, A 

predictive model for the transport of copper by HCl-bearing water vapour in ore-forming 

magmatic-hydrothermal systems: Implications for copper porphyry ore formation: 

Geochimica et Cosmochimica Acta, v. 129, p. 33–53. 

Monecke, T., Monecke, J., Reynolds, T.J., Tsuruoka, S., Bennett, M.M., and Skewes, W.B., 

2017, Quartz solubility in the H2O-NaCl model system: A framework for understanding vein 

formation in porphyry copper deposits: Economic Geology, accepted. 

Muntean, J.L., and Einaudi, M. T., 2000, Porphyry gold deposits of the Refugio district, 

Maricunga belt, Northern Chile: Economic Geology, v. 95, p. 1445–1472. 

—— 2001, Porphyry-epithermal transition: Maricunga belt, northern Chile: Economic Geology, 

v. 96, p. 743–772. 

Murakami, H., Seo, J.H., and Heinrich, C.A., 2010, The relation between Cu/Au ratio and 

formation depth of porphyry-style Cu-Au±Mo deposits: Mineralium Deposita, v. 45, p. 11–

21. 



24 

Nagaseki. H., and Hayashi, K., 2008, Experimental study of the behavior of copper and zinc in a 

boiling hydrothermal system: Geology, v. 36, p. 27–30. 

Nielsen, R., 1968, Hypogene texture and mineral zoning in a copper-bearing granodiorite 

porphyry stock, Santa Rita, New Mexico: Economic Geology, v. 63, p. 37–50. 

Pudack, C., Halter, W.E., Heinrich, C. A., and Pettke, T., 2009, Evolution of magmatic vapor to 

gold-rich epithermal liquid: The porphyry to epithermal transition at Nevados de Famatina, 

northwest Argentina: Economic Geology, v. 104, p. 449–477. 

Redmond, P.B., and Einaudi, M.T., 2010, The Bingham Canyon porphyry Cu-Mo-Au deposit. I. 

Sequence of intrusions, vein formation, and sulfide deposition: Economic Geology, v. 105, p. 

43–68. 

Redmond, P.B., Einaudi, M.T., Inan, E.E., Landtwing, M.R., and Heinrich, C.A., 2004, Copper 

deposition by fluid cooling in intrusion-centered systems: New insights from the Bingham 

porphyry ore deposit, Utah: Geology, v. 32, p. 217–220. 

Reynolds, T.J., and Beane, R.E., 1985, Evolution of hydrothermal fluid characteristics at the 

Santa Rita, New Mexico, porphyry copper deposit: Economic Geology, v. 80, p. 1328–1347. 

Richards, J.P., 2003, Tectono-magmatic precursors for porphyry Cu-(Mo-Au) deposit formation: 

Economic Geology, v. 98, p. 1515–1533. 

Rusk, G.B., Reed, M.H., Dilles, J.H., Klemm, L.M., and Heinrich, C.A., 2004, Compositions of 

magmatic hydrothermal fluids determined by LA-ICP-MS of fluid inclusions from the 

porphyry copper-molybdenum deposit at Butte, MT: Chemical Geology, v. 210, p. 173–199. 

Rusk, G.B., Reed, M.H., and Dilles, J.H., 2008, Fluid inclusion evidence for 

magmatic-hydrothermal fluid evolution in the porphyry copper-molybdenum deposit at Butte, 

Montana: Economic Geology, v. 103, p. 307–334. 

Rye, R.O., Bethke, P.M., and Wasserman, M.D., 1992, The stable isotope geochemistry of acid 

sulfate alteration: Economic Geology, v. 87, p. 225–262. 

Sawkins, F.J., and Scherkenbach, D.A., 1981, High copper content of fluid inclusions in quartz 

from northern Sonora: Implications for ore genesis theory: Geology, v. 9, p. 37–40. 

Scher, S., Williams-Jones, A.E., and Williams-Jones, G., 2013, Fumarolic activity, acid-sulfate 

alteration, and high sulfidation epithermal precious metal mineralization in the crater of 

Kawah Ijen volcano, Java, Indonesia: Economic Geology, v. 108, p. 1099–1118. 

Seedorff, E., Dilles, J.H., Proffett, J.M., Jr., Einaudi, M.T., Zurcher, L., Stavast, W.J.A., Johnson, 

D.A., and Barton, M.D., 2005, Porphyry deposits: Characteristics and origin of hypogene 

features: Economic Geology 100th Anniversary Volume, p. 251–298. 



25 

Seo, J.H., and Heinrich, C.A., 2013, Selective copper diffusion into quartz-hosted vapor 

inclusions: Evidence from other host minerals, driving forces, and consequences for Cu-Au 

ore formation: Geochimica et Cosmochimica Acta, v. 113, p. 60–69. 

Seo, J.H., Christoph, M.G., and Heinrich, A., 2009, The role of sulfur in the formation of 

magmatic-hydrothermal copper-gold deposits: Earth and Planetary Science Letters, v. 282, p. 

323–328. 

Sillitoe, R.H., 1999, Styles of high-sulphidation gold, silver and copper mineralisation in 

porphyry and epithermal environments: Pacrim ’99 Congress, Bali, Indonesia, 1999, 

Proceedings, p. 29–44. 

—— 2010, Porphyry copper systems: Economic Geology, v. 105, p. 3–41. 

Sillitoe, R.H., and Hedenquist, J.W., 2003, Linkages between volcanotectonic settings, ore-fluid 

compositions, and epithermal precious metal deposits: Society of Economic Geologists 

Special Publication 10, p. 315–343. 

Simmons, S.F., White. N.C., and John, D.A., 2005, Geological characteristics of epithermal 

precious and base metal deposits: Economic Geology 100
th

 Anniversary Volume, p. 485–522. 

Steven, T.A., and Ratté, J.C., 1960, Geology and ore deposits of the Summitville district, San 

Juan Mountains, Colorado: U.S. Geological Survey Professional Paper 343, 67 p. 

Stoffregen, R., 1987, Genesis of acid-sulfate alteration and Au-Cu-Ag mineralization at 

Summitville, Colorado: Economic Geology, v. 82, p. 1575–1591. 

Tanner, D., Henley, R.W., Mavrogenes, J.A., and Holden, P., 2013, Combining in situ isotopic, 

trace element and textural analyses of quartz from four magmatic-hydrothermal ore deposits: 

Contributions to Mineralogy and Petrology, v. 166, p. 1119–1142. 

Titley, S.R., and Beane, R.E., 1981, Porphyry copper deposits: Economic Geology 75th 

Anniversary Volume, p. 214–269. 

Vila, T., and Sillitoe, R.H., 1991, Gold-rich porphyry systems in the Maricunga belt, northern 

Chile: Economic Geology, v. 96, p. 743–772. 

Wang, Y., Sasaki, M., Sasada, M., and Chen, C.H., 1999, Fluid inclusion studies of the 

Chinkuashih high-sulfidation gold-copper deposits in Taiwan: Chemical Geology, v. 154, p. 

155–167. 

Williams-Jones, A.E., and Heinrich, C.A., 2005, Vapor transport of metals and the formation of 

magmatic-hydrothermal ore deposits: Economic Geology, v. 100, p. 1287–1312. 

Williams-Jones, A.E., and Migdisov, A.A., 2014, Experimental constraints on the transport and 

deposition of metals in ore-forming hydrothermal systems: Society of Economic Geologists 

Special Publication 18, p. 77–95. 



26 

Zezin, D.Y., Migdisov, A.A., and Williams-Jones, A.E., 2011, The solubility of gold in H2O-H2S 

vapour at elevated temperature and pressure: Geochimica et Cosmochimica Acta, v. 75, p. 

5140–5153. 

  



27 

 

CHAPTER 2 

 

THE ROLE OF CRITICAL FLUIDS IN THE FORMATION OF PORPHYRY COPPER 

DEPOSITS: EVIDENCE FROM THE SANTA RITA DEPOSIT, NEW MEXICO 

 

The present chapter summarizes the findings of the research conducted on the Santa Rita 

porphyry deposit in New Mexico. The chapter forms the basis for a manuscript that will be 

submitted to Economic Geology. This manuscript will be co-authored by Thomas Monecke, T. 

James Reynolds, and Mitchell Bennett. 

 

2.1. Abstract 

Stockwork veins from the Santa Rita porphyry copper deposit in New Mexico were 

studied using a combination of optical microscopy, fluid inclusion petrography, 

cathodoluminescence microscopy, and electron microprobe analysis to unravel the relative 

timing of mineralization within the paragenetic sequence and to determine the conditions at 

which ore formation occurred. 

Barren vitreous quartz veins with associated potassic alteration of the wall rocks are the 

earliest veins at Santa Rita. The veins are composed of recrystallized quartz that formed high 

temperatures (homogenization temperatures of up to 775°C) and lithostatic pressures. The barren 

vitreous quartz veins are crosscut by chalcopyrite-pyrite veins that contain minor amounts of 

quartz along the vein walls. This quartz formed at lower temperatures than the quartz in the 

barren vitreous quartz veins at pressures fluctuating between lithostatic and hydrostatic 
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conditions. Petrographic relationships indicate that the sulfide minerals in these veins are 

paragenetically younger than the quartz. Chalcopyrite and pyrite grains truncate primary growth 

zonings in the latest quartz type, suggesting that mineralization was accompanied by the 

dissolution of the earlier formed quartz. The chalcopyrite-pyrite veins are associated with 

chlorite plus K-feldspar alteration of the wall rocks. Quartz in late quartz-pyrite veins at Santa 

Rita precipitated under hydrostatic conditions at temperatures below ~350°C (homogenization 

temperatures of 260 to 360°C). The veins are surrounded by sericite alteration halos.  

Samples from the Whim Hill breccia, which was a large breccia body located in the 

northern part of the Santa Rita granodiorite stock, contains large euhedral quartz crystals. The 

lower parts of these crystals have fluid inclusion, cathodoluminescence, and trace element 

signatures similar to the small amounts of quartz contained in chalcopyrite-pyrite veins. The 

outer portions of the crystals are comparable to quartz in the quartz-pyrite veins. 

Fluid inclusion observations suggest that the evolution of hydrothermal fluids forming the 

different stockwork vein types at Santa Rita can be directly related to the evolution of the 

causative intrusion at depth. Early barren quartz vein formation took place in the two-phase field 

of the H2O-NaCl system. The high-temperature (>500°C) hypersaline liquid and coexisting 

vapor were probably produced through direct unmixing from a nearby magma. The small 

amounts of quartz contained in the chalcopyrite-pyrite veins formed prior to mineralization at 

slightly lower temperatures and fluctuating pressure conditions. As the causative intrusion 

crystallized and the magma front releasing hydrothermal fluids retracted to depth, exsolution of 

hydrothermal fluids occurred within the single-phase field of the H2O-NaCl system. The rising 

hydrothermal fluids did not intersect the liquid plus vapor coexistence boundary during cooling 

and decompression. At Santa Rita, limited fluid inclusion microthermometry of the present study 



29 

indicates that mineralization occurred at ~400°C, which is close to the ductile-brittle transition, 

from a single-phase hydrothermal fluid near its critical density. These critical fluids trapped as 

intermediate density fluid inclusions overprinted all quartz generations formed prior to 

mineralization, but no intermediate-density fluid inclusions are present in quartz formed after 

chalcopyrite and pyrite formation. The late quartz-pyrite veins formed within the single-phase 

field of the H2O-NaCl system from cooling liquid-phase hydrothermal fluids. 

The results of the present study emphasize the role of critical fluids in the formation 

porphyry deposits as these fluids have special mass and energy transport capabilities. Ore 

formation from the critical fluids occurred under conditions of retrograde quartz solubility, 

explaining the observation that copper sulfide minerals in porphyry veins are not associated with 

a specific generation of quartz deposition, and are commonly on fractures with little to no quartz. 

Previous studies at Santa Rita and similar porphyry deposits may have overlooked the 

importance of critical fluids in porphyry deposit formation due to the lack of minerals suitable 

for fluid inclusion studies. 

 

2.2. Introduction 

Porphyry copper deposits represent the world’s most important source of copper and a 

significant resource of gold (Beane and Titley, 1981; Seedorff et al., 2005; Sillitoe, 2010). The 

deposits are characterized by large (~10-100 km
3
) zones of pervasive hydrothermal alteration 

that are centered on shallowly emplaced (<1 to 10 km) porphyritic stocks and dike swarms. 

Porphyry copper deposits are characterized by zoned alteration halos consisting of a core of 

potassic alteration grading marginally into a weakly developed zone of propylitic alteration. In 

many deposits, the core of potassic alteration is overprinted by chlorite, sericite-chlorite, and 
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sericite alteration (Lowell and Guilbert, 1970; Sillitoe, 1973, 2010; Gustafson and Hunt, 1975; 

Dilles and Einaudi, 1992). 

Despite decades of research on porphyry deposits, the relative timing of mineralization in 

porphyry copper deposits and the exact nature of the mineralizing hydrothermal fluids remain a 

matter of controversy. In most porphyry deposits, a close spatial association is noted between ore 

and potassic alteration of the wall rocks. Based on this spatial association, many workers have 

assumed that mineralization in porphyry Cu deposits is primarily introduced during the early 

potassic alteration. 

However, Reynolds and Beane (1985) and Hedenquist et al. (1998) demonstrated that 

paragenetic relationships observed at the thin section scale are not consistent with the association 

of potassic alteration and copper mineralization. Based on careful fluid inclusion studies 

combining fluid inclusion petrography and microthermometry on the Santa Rita porphyry copper 

deposit in New Mexico and the Far Southeast porphyry copper and gold deposit in the 

Philippines, these workers demonstrated that quartz contained in early stockwork veins 

associated with potassic alteration of the host rocks formed earlier than the ore minerals present 

in the same veins. They proposed that mineralization was introduced during reopening of the 

veins and was associated with the later chlorite-K-feldspar, or chlorite-sericite alteration 

overprinting the potassic core of these deposits. 

Several recent studies employing cathodoluminescence (CL) microscopy to study vein 

quartz confirmed that ore minerals contained in porphyry stockwork veins associated with 

potassic alteration of the surrounding host rocks are typically paragenetically late 

(Penniston-Dorland, 2001; Rusk and Reed, 2002; Redmond et al., 2004; Landtwing and Pettke, 

2005; Baline, 2007; Klemm et al., 2007; Rusk et al., 2008; Pudack et al., 2009; Landtwing et al., 
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2010; Müller et al., 2010; Marsh, 2012; Stefanova et al., 2014; Frelinger et al., 2015; Maydagán 

et al., 2015). Textural relationships such as truncation of growth banding in quartz by the ore 

minerals, resorption of quartz grains in contact with ore minerals, the occurrence of quartz 

breccia, and the observation that ore minerals form fracture linings crosscutting quartz grains 

indicate that the early quartz veins associated with potassic alteration were refractured during the 

mineralizing event. The ore minerals precipitated into the open space within these veins with 

little or no new quartz being formed. This is in agreement with macroscopic observations in 

some porphyry deposits where ore occurs as very thin chalcopyrite-pyrite veins that contain little 

to no quartz. These veins crosscut earlier stockwork veins and are typically associated with 

chlorite, chlorite- sericite, or sericite alteration (Fournier, 1967; Dilles and Einaudi, 1992; 

Gustafson and Quiroga, 1995; Müller et al., 2010; Stefanova et al., 2014). 

The fact that the formation of ore minerals in porphyry deposits is not associated with 

quartz or other transparent minerals suitable for fluid inclusion studies poses the question under 

what condition mineralization occurs in porphyry deposits. As the evolution of the 

magmatic-hydrothermal fluids in these deposits is complex, potentially involving multiple phase 

changes (Heinrich, 2005; Driesner and Heinrich, 2007; Heinrich, 2007), the fluid inclusion 

signatures of quartz present in early veins associated with potassic alteration are not likely 

representative of the paragenetically younger mineralizing stage. 

The present study reexamines mineralized stockwork veins from the Santa Rita porphyry 

copper deposit in New Mexico to determine the nature of the fluids responsible for the 

mineralizing event. Due to the lack of identifiable quartz associated with ore minerals, the 

previous fluid inclusion study by Reynolds and Beane (1985) only focused on early and late 

stockwork veins, and crystals from a breccia body. The present study employs state-of-the-art 
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analytical techniques that were not available at the time, including optical cathodoluminescence 

(CL) microscopy and trace element analysis by electron microprobe, to characterize all quartz 

generations, especially those formed immediately before and after mineralization. Based on fluid 

inclusions observed in quartz formed just prior to the copper sulfides, and in quartz that 

precipitated after the bulk of the copper sulfides, it is proposed that mineralization occurred from 

a single-phase hydrothermal fluid exhibiting critical, or near critical behavior. A model of fluid 

evolution is proposed that, for the first time, can fully explain the mineralizing processes in 

porphyry copper deposits. 

 

2.3. Geological background 

The Santa Rita porphyry deposit is located in southwest New Mexico at the eastern limit 

of the American Southeast porphyry metallogenic belt, which comprises ~50 deposits in Arizona 

and New Mexico. The belt represents one of the most important metallogenic belts in the world. 

The porphyry deposits of the American southeast porphyry metallogenic belt are aligned 

with a broad northwest to southeast trend sharing several commonalities such as felsic 

calc-alkalic intrusions into Precambrian basement and Paleozoic - Mesozoic sedimentary strata 

and a narrow range of formational ages during the Laramide orogeny mostly from 72 to 58 Ma. 

Previous workers have interpreted these features as a result of volcanic activities associated with 

northeastward subduction of the Farallon plate beneath the North American plate during the 

Laramide time (Titley, 1993).  

The geological setting of the Santa Rita quadrangle has been described by Hernon et al. 

(1953) and Jones et al. (1967). Detailed geological information on the Santa Rita stocks as well 
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as the associated mineralization and alteration are given by Kerr et al. (1950), Rose and Baltosser 

(1966), and Nielsen (1968). A brief summary of these previous studies is given here. 

The Precambrian basement at Santa Rita area is comprised of gneiss, granitic rocks, 

clastic metasedimentary rocks, micaceous schists, and Proterozoic greenstones. According to 

Hernon et al. (1953), the basement rocks are covered by Paleozoic limestone and intercalating 

shale (e.g., Oswaldo, Syrena, and Abo formations) and Cretaceous quartzite and thick black 

shale (e.g., Beartooth and Colorado formations).  

Igneous activity related to the formation of the porphyry deposit commenced in the late 

Cretaceous with intrusion of quartz diorite sills and emplacement of laccoliths into the 

sedimentary units. The Santa Rita granodiorite stock was subsequently emplaced in these 

concordant quartz diorite sills and plutons and sedimentary rocks during the early Tertiary (~60 

Ma; McDowell, 1971). This was followed by the development of hypogene porphyry-type 

mineralization and alteration in and adjacent to the Santa Rita granodiorite porphyry stock 

(Figure 2.1).  

Post-mineralization igneous activities are recognized as several dikes (i.e., quartz 

monzonite dikes, quartz monzonite porphyry of Turnerville dikes, and latite and quartz latite 

dikes) that intruded into the Santa Rita granodiorite stock and the surrounding sedimentary host 

rocks. Skarn type mineralization is present in limestone units and particularly well-developed 

around the contact between the Pennsylvanian Oswaldo and Syrena limestone formations and the 

intrusions. The skarn type mineralization has significantly contributed to feasibility of mining at 

Santa Rita. 
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Figure 2.1. Geologic map of the Santa Rita area, New Mexico. The pit outline is from Nielsen 

(1968). Modified after Rose and Baltosser (1966) and Nielsen (1968).  
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Figure 2.2. Schematic crosscutting relationship of difference types of veins recognized at the 

Santa Rita porphyry deposit (Nielsen, 1968). 

 

Based on vein mineralogy and crosscutting relationships, Nielsen (1968) distinguished 

three types of porphyry veins at Santa Rita (Figure 2.2). Reynolds and Beane (1985) further	

investigated the alteration mineralogy associated with the different vein types and the nature of 

the fluid inclusions contained in the vein quartz. These authors showed that barren vitreous 

quartz veins represent the earliest vein type at Santa Rita. The veins range from irregular and 

wavy to planar and are characterized by vitreous gray quartz. The wall rocks surrounding the 

veins are altered to K-feldspar and biotite. Hydrothermal orthoclase replaces the igneous 

plagioclase and occurs pervasively throughout the groundmass. Hydrothermal biotite replaces 

igneous biotite and hornblende. The early barren vitreous quartz veins are crosscut by 

chalcopyrite-pyrite veins, which are the main host to ore. In addition to chalcopyrite and pyrite, 

the veins contain minor molybdenite. Alteration selvages surrounding the chalcopyrite-pyrite 
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veins are dominated by chlorite and minor K-feldspar. The barren vitreous quartz veins and the 

chalcopyrite-pyrite veins are crosscut by late quartz-pyrite veins. These quartz-pyrite veins are 

associated with extensive sericite alteration halos that overprint all earlier alteration assemblages. 

The Santa Rita granodiorite stock is host to several breccia bodies. The Whim Hill 

breccia is the largest breccia body located in the northern part of the granodiorite stock (Figure 

2.1). The breccia consists of angular fragments of granodiorite and rock flour forming the breccia 

matrix. Euhedral quartz, orthoclase, apatite, chlorite, and pyrite occur in void space within the 

breccia body. Reynolds and Beane (1985) investigated the alteration mineral assemblages of the 

Whim Hill breccia and compared them to those associated with the different vein types at Santa 

Rita. They concluded that the formation of the Whim Hill breccia preceded hypogene 

mineralization. 

 

2.4. Materials and methods 

The present study is based on samples originally collected from the open pit by Reynolds 

and Beane (1985). The samples represent all three porphyry vein types recognized at Santa Rita 

and also include samples from the Whim Hill breccia. Emphasis was placed on selecting samples 

of the chalcopyrite-pyrite veins as these represent the main host to mineralization. A total of 14 

doubly polished 80-µm-thick sections were prepared from the samples. In addition, three thick 

sections previously prepared for the study by Reynolds and Beane (1985) were used.  

Mineral paragenesis of the quartz veins was determined by optical microscopy in 

transmitted and reflected light using an Olympus BX51 microscope. Following carbon-coating, 

micron-scale textural relationships were investigated with a TESCAN MIRA3 LMH Schottky 

field emission-scanning electron microscope (FE-SEM) equipped with a single-crystal YAG 
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backscatter electron (BSE) detector. Imaging was conducted at a working distance of 10 mm and 

an accelerating voltage of 15 kV. Semiquantitative chemical analyses of minerals were 

performed by energy-dispersive X-ray spectroscopy (EDS) using an attached Bruker XFlash 

6/30 silicon drift detector. 

Following the establishment of paragenetic relationships, fluid inclusion petrographic 

investigations on quartz were conducted on the thick sections using the Olympus BX51 

microscope. The fluid inclusion inventory of pyrite of the chalcopyrite-pyrite vein was examined 

by infrared microscopy utilizing a DAGE-MTI LSC-70 2200 nm IR camera attached to the 

Olympus BX51 microscope. 

Quartz crystals containing fluid inclusions selected for further study were investigated by 

optical cathodoluminescence (CL) microscopy. A HC5-LM hot cathode CL microscope by 

Lumic Special Microscopes, Germany, was used and operated at 14 kV and a current density of 

ca. 10 µA mm
-2

 (Neuser, 1995). CL images were captured with a high sensitivity, double-stage 

Peltier cooled Kappa DX40C CCD camera. Acquisition times of CL images of quartz ranged 

from 8 to 10 seconds. 

The distributions of Al, K, and Ti in quartz showing different CL responses were 

determined by electron microprobe (EMP) analysis using a JEOL JXA-8900 at the U.S. 

Geological Survey in Denver. Trace element mapping was conducted at an accelerating voltage 

of 20 kV and a beam current of 100 nA (measured on the Faraday cup). A focused electron beam 

was used, with dwell times of one second per pixel. The trace element maps for the three 

elements were collected simultaneously, during which Al was collected on one spectrometer 

using a TAP analyzing crystal, K was collected on one spectrometer using a PET analyzing 

crystal, and Ti was collected on three spectrometers using LiF analyzing crystals. In addition to 
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mapping, quantitative trace element spot analyses were conducted along traverses across selected 

quartz crystals. Spots along the traverses were chosen carefully to avoid surface pits and mineral 

inclusions. The operating conditions for spot analyses included an accelerating voltage of 20 kV, 

a beam current of 50 nA (measured on Faraday cup), and a beam defocused to 10 µm to 

minimize specimen damage. The analysis of Al, K, and Ti was performed using the same 

distribution of spectrometers and analyzing crystals as mentioned above. Count times of 10 

minutes on the peak and 5 minutes on each the high and low backgrounds were applied. 

Alternating on and off peak acquisition was used to account for carbon contamination build-up 

during the long analysis times. Aggregate intensities of the on- and off-peak positions of the 

duplicate elements and a blank correction were used to improve the counting statistics (Donovan 

et al., 2011). Calculated detection limits on spot analyses are 8 ppm for Al, 15 ppm for K, and 13 

ppm for Ti. 

Microthermometric investigations were performed on fluid inclusions in quartz crystals 

that were also studied by the analytical methods described above. Following the procedures 

outlined in Goldstein and Reynolds (1994), microthermometric investigations were only 

performed on fluid inclusion assemblages. The measurements were conducted using a FLUID 

INC.-adapted U.S. Geological Survey gas-flow heating and freezing stage. The accuracy of the 

heating method was approximately ± 2°C at 200°C, while freezing temperatures were accurate to 

± 0.5°C. Data was collected using the cycling technique described by Goldstein and Reynolds 

using a temperature interval of 0.1°C. 
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2.5. Barren vitreous quartz veins 

The barren vitreous quartz veins are associated with potassic alteration characterized by 

halos of K-feldspar and biotite in the altered wall rocks. Some veins contain crystals of 

K-feldspar and biotite. The quartz veins consist of anhedral and distinctly granular quartz grains, 

referred to as QA in the present contribution. The quartz grains exhibit undulose extinction and 

adjacent grains typically have different extinction angles (Figure 2.3). Growth banding is rare in 

quartz grains, but has been occasionally observed. The rare occurrence of primary growth 

banding and the granular nature of the quartz suggest that quartz has undergone extensive 

recrystallization. 

The anhedral granular quartz is characterized by a short lived light blue CL emission. 

During continued electron bombardment, the bright blue short-lived CL transitions to a 

long-lived dark blue and purple emission (Figure 2.3). In general, the anhedral granular quartz 

grains are homogeneous under CL. In optical CL, growth banding visible in plane polarized light 

can be recognized based on subtle color variations. 

Electron microprobe analyses revealed that the quartz in the barren vitreous quartz veins 

of Santa Rita contains comparably high trace element concentrations. The quartz contains up to 

700 ppm Al, 200 ppm K, and 200 ppm Ti, but individual spots reach up to 1,300 ppm Al and 800 

ppm K (Table 1, Figure 2.4). The concentrations of all three elements are typically higher in 

quartz exhibiting a bright blue CL emission when compared to quartz having a purple CL color. 
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Figure 2.3. Textural characteristics of QA in barren vitreous quartz veins. A. The barren vitreous 

quartz vein is composed of anhedral granular quartz grains of QA. Plane polarized light image. B. 

Optical CL image of the same field of view. The recrystallized quartz shows a stable dark purple 

luminescence. C. Relict growth banding of QA. A dark brown mineral at the top left is biotite. 

Plane polarized image. D. Optical CL image of the same field of view. The relict growth banding 

shows dark purple and dark blue CL. Locations of electron microprobe analyses are highlighted 

and keyed to Table 1. E. The quartz QA contains a range of fluid inclusion types, including 

hypersaline liquid inclusion (H), vapor-rich inclusions (V), intermediate density fluid inclusion 

(ID), and liquid-rich inclusion (L). F. Photomicrograph of synthetic pure H2O fluid inclusions of 

critical density in a standard material manufactured by SynFlinc, Blacksburg, Virginia, showing 

phase proportions of fluid inclusions of different shapes and orientations that all homogenize by 

critical behavior at 374°C. Critical inclusions can be easily misidentified as vapor-rich 

inclusions. 
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The anhedral granular quartz contains abundant fluid inclusions. The abundance of fluid 

inclusions is typically so high that individual planes of secondary fluid inclusions can be difficult 

to identify. Different inclusion types are present, including hypersaline liquid inclusions, 

vapor-rich inclusions, intermediate density inclusions, and liquid-rich inclusions (Figure 2.3E). 

Reynolds and Beane (1985) did not previously report the occurrence of intermediate-density 

fluid inclusions, presumably because the homogenization behavior of these inclusions is difficult 

to observe. 

 

2.6. Chalcopyrite-pyrite veins 

The early barren vitreous quartz veins are crosscut by chalcopyrite-pyrite veins that have 

alteration halos characterized by the presence of chlorite and minor K-feldspar. The dark green 

chlorite replaces both igneous and earlier hydrothermal biotite in the wall rock. The groundmass 

surrounding the chalcopyrite-pyrite veins appears greenish in hand specimen as well. In some 

cases, the chalcopyrite-pyrite veins contain rare quartz, referred to as QB in the present 

contribution. This stage of quartz is not optically distinct from QA without CL, and therefore had 

not been recognized by Reynolds and Beane (1985). The quartz forms euhedral to anhedral 

granular grains scattered along the walls of the veins (Figure 2.5). Contacts between the quartz 

and sulfide minerals are typically scalloped and irregular. In some cases, the sulfide minerals 

crosscut rare primary CL growth bandings in the quartz (Figure 2.5), which further suggests that 

chalcopyrite and pyrite are paragenetically later than the QB quartz. 
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Table 2.1 Representative data of electron microprobe analyses. 

Vein type Sample Line Spot CL 
Al 

(ppm) 

K 

(ppm) 

Ti 

(ppm) 
Quartz 

Barren vitreous Qz vein RSR6 1 1 dark purple 94 <15 47 QA 

 
RSR6 1 2 dark purple 114 <15 40 QA 

 
RSR6 1 3 dark purple 112 <15 35 QA 

 
RSR6 1 4 dark blue 609 164 184 QA 

 
RSR6 1 5 dark purple-dark blue 117 <15 18 QA 

 
RSR6 1 6 dark blue 128 <15 55 QA 

 
RSR6 1 7 dark blue 264 55 76 QA 

 
RSR6 1 8 dark blue 211 25 76 QA 

 
RSR6 1 9 dark blue 282 42 90 QA 

 
RSR6 1 10 dark purple-dark blue 172 31 40 QA 

 
RSR6 1 11 dark purple-dark blue 235 <15 66 QA 

 
RSR6 1 12 dark purple 100 <15 51 QA 

 
RSR6 1 13 dark purple 438 92 51 QA 

 
RSR6 1 14 dark purple-dark blue 178 50 83 QA 

 
RSR6 1 15 dark blue 413 71 199 QA 

 
RSR6 1 16 dark purple-dark blue 345 73 187 QA 

 
RSR6 1 17 dark purple 173 59 82 QA 

 
RSR6 1 18 dark purple-dark blue 330 120 89 QA 

 
RSR6 1 19 dark purple 128 67 61 QA 

 
RSR6 1 20 dark purple 126 <15 57 QA 

 
RSR6 1 21 dark purple 106 <15 49 QA 

 
RSR6 1 22 dark purple 113 <15 55 QA 

 
RSR6 1 23 dark purple 90 <15 41 QA 

 
RSR6 1 24 dark purple 288 45 67 QA 

 
RSR6 1 25 dark purple 109 92 94 QA 

Chalcopyrite-pyrite vein RSR15a 7 26 purple 73 <15 14 QBM 

 
RSR15a 7 27 purple 81 <15 <13 QBM 

 
RSR15a 7 28 purple 247 33 29 QBM 

 
RSR15a 7 29 purple 93 <15 25 QBM 

 
RSR15a 7 30 purple 97 <15 17 QBM 

 
RSR15a 7 31 dark purple 98 <15 <13 QBL 

 
RSR15a 7 32 dark purple 100 <15 <13 QBL 

 
RSR15a 7 33 dark purple 134 <15 <13 QBL 

 
RSR15a 7 34 dark purple 27 <15 <13 QBL 

 
RSR15a 7 35 dark purple 81 <15 <13 QBL 

 
RSR15a 8 36 purple 177 <15 19 QBM 

 
RSR15a 8 37 purple 208 80 29 QBM 

 
RSR15a 8 38 purple 142 <15 16 QBM 

 
RSR15a 8 39 purple 79 <15 <13 QBM 

 
RSR15a 8 40 bright red 704 73 57 QBE 

 
RSR15a 8 41 bright red 598 64 29 QBE 

 
RSR15a 8 42 bright red 512 71 43 QBE 

 
RSR15a 8 43 purple 88 <15 <13 QBM 

 
RSR15a 8 44 purple 71 <15 14 QBM 

 
RSR15a 8 45 purple 75 <15 <13 QBM 

 
RSR15a 8 46 purple 63 <15 <13 QBM 

 
RSR15a 8 47 dark purple 366 <15 <13 QBL 

 
RSR15a 8 48 dark purple 66 <15 <13 QBL 

 
RSR15a 8 49 dark purple 108 <15 <13 QBL 

 
RSR15a 8 50 dark purple 110 <15 <13 QBL 

Quartz-pyrite vein RSR6a 14 51 dull red 101 <15 <13 QD 

 
RSR6a 14 52 dull red 256 <15 <13 QD 

 
RSR6a 14 53 dull red 918 <15 <13 QD 

 
RSR6a 14 54 dull red 716 <15 <13 QD 

 
RSR6a 14 55 dull red 590 <15 <13 QD 

 
RSR6a 14 56 dull red 422 <15 <13 QD 

 
RSR6a 14 57 dull red 1068 <15 <13 QD 

 
RSR6a 14 58 dull red 461 <15 <13 QD 

 
RSR6a 14 59 dull red 223 <15 <13 QD 

 
RSR6a 14 60 dull red 213 <15 <13 QD 

 
RSR6a 14 61 dull red 191 <15 <13 QD 

 
RSR6a 14 62 dull red 206 <15 <13 QD 

 
RSR6a 14 63 dull red 700 <15 <13 QD 
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Table 2.1 Continued. 
Vein type Sample Line Spot CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Quartz-pyrite vein RSR6a 14 64 dull red 1042 <15 <13 QD 

 RSR6a 14 65 dull red 1186 <15 <13 QD 

 RSR6a 14 66 dull red 486 <15 <13 QD 

 RSR6a 14 67 dull red 1070 36 <13 QD 

 RSR6a 14 68 dull red 207 140 <13 QD 

Whim Hill breccia RSR5-2b 15 69 dull purple 2586 <15 <13 QD 

 RSR5-2b 15 70 dull red 551 <15 <13 QD 

 RSR5-2b 15 71 dull red 414 <15 <13 QD 

 RSR5-2b 15 72 dull red 257 <15 <13 QD 

 RSR5-2b 15 73 dull red 458 <15 <13 QD 

 RSR5-2b 15 74 dull red 461 <15 <13 QD 

 RSR5-2b 15 75 dull red 188 <15 <13 QD 

 RSR5-2b 15 76 dull red 41 <15 <13 QD 

 RSR5-2b 15 77 dull red 40 <15 <13 QD 

 RSR5-2b 15 78 dull purple 1292 <15 <13 QD 

 RSR5-2b 15 79 dull red 259 <15 <13 QD 

 RSR5-2b 15 80 dull red 311 <15 <13 QD 

 RSR5-2b 15 81 dull red 24 <15 <13 QD 

 RSR5-2b 15 82 dull red 306 <15 <13 QD 

 RSR5-2b 15 83 dull purple 63 <15 <13 QD 

 RSR5-2b 15 84 dull red-dull purple 67 <15 <13 QD 

 RSR5-2b 15 85 dull red-dull purple 62 <15 <13 QD 

 RSR5-2b 15 86 dark purple 140 <15 <13 QBL 

 RSR5-2b 15 87 dark purple 115 <15 <13 QBL 

 RSR5-2b 15 88 dark purple 124 <15 <13 QBL 

 RSR5-2b 15 89 dark purple 97 <15 <13 QBL 

 RSR5-2b 15 90 dark purple 96 <15 <13 QBL 

 RSR5-2b 15 91 dark purple 135 <15 <13 QBL 

 RSR5-2b 15 92 dark purple 96 <15 <13 QBL 

 RSR5-2b 15 93 dark purple 138 <15 <13 QBL 

 RSR5-2b 15 94 dark purple 143 <15 <13 QBL 

 RSR5-2b 15 95 dark purple 120 <15 <13 QBL 

 RSR5-2b 15 96 dark purple 221 <15 <13 QBL 

 RSR5-2b 15 97 dark purple 173 <15 <13 QBL 

 RSR5-2b 15 98 dark purple 95 <15 <13 QBL 

 RSR5-2b 15 99 dark purple 92 <15 <13 QBL 

 RSR5-2b 15 100 dark purple 113 <15 <13 QBL 

 RSR5-2b 15 101 dark purple 107 <15 <13 QBL 

 RSR5-2b 15 102 dark purple 106 <15 <13 QBL 

 RSR5-2b 15 103 dark purple 100 <15 <13 QBL 

 RSR5-2b 15 104 dark purple 205 <15 <13 QBL 

 RSR5-2b 15 105 dark purple 97 <15 <13 QBL 

 RSR5-2b 15 106 dark purple 79 <15 <13 QBL 

 RSR5-2b 15 107 dark purple 61 <15 <13 QBL 

 RSR5-2b 15 108 dark purple 74 <15 <13 QBL 

 RSR5-2b 15 109 dark purple 67 <15 <13 QBL 

 RSR5-2b 15 110 dark purple 82 <15 14 QBL 

 RSR5-2b 15 111 dark purple 50 <15 16 QBL 

 RSR5-2b 15 112 dark purple 73 <15 <13 QBL 

 RSR5-2b 15 113 dark purple 130 <15 <13 QBL 

 RSR5-2b 15 114 dark purple 58 <15 <13 QBL 

 RSR5-2b 15 115 dark purple 104 <15 <13 QBL 

 RSR5-2b 15 116 dark purple 78 <15 <13 QBL 

 RSR5-2b 15 117 dark purple 76 <15 <13 QBL 

 RSR5-2b 15 118 dark purple 66 <15 <13 QBL 

 RSR5-2b 15 119 dark purple 69 <15 <13 QBL 

 RSR5-2b 15 120 dark purple 77 <15 <13 QBL 

 RSR5-2b 15 121 dark purple 58 <15 <13 QBL 

 RSR5-2b 15 122 dark purple 64 <15 <13 QBL 

 RSR5-2b 15 123 dark purple 76 <15 <13 QBL 

 RSR5-2b 15 124 dark purple 93 <15 <13 QBL 

 RSR5-2b 15 125 dark purple 86 <15 <13 QBL 

 RSR5-2b 15 126 dark purple 124 <15 <13 QBL 

 RSR5 16 127 dark purple 338 24 <13 QBL? 
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Table 2.1 Continued. 
Vein type Sample Line Spot CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Whim Hill breccia RSR5 16 128 dark purple 341 <15 <13 QBL? 

 RSR5 16 129 dark purple 620 <15 <13 QBL? 

 RSR5 16 130 dark purple 709 48 <13 QBL? 

 RSR5 16 131 dark purple 393 <15 <13 QBL? 

 RSR5 16 132 dark purple 326 <15 <13 QBL? 

 RSR5 16 133 dark purple 671 <15 <13 QBL? 

 RSR5 16 134 dark purple 423 42 <13 QBL? 

 RSR5 16 135 dark purple 408 <15 <13 QBL? 

 RSR5 16 136 dark purple 270 <15 <13 QBL? 

 RSR5 16 137 dark purple 419 <15 <13 QBL? 

 RSR5 16 138 dark purple 318 36 <13 QBL? 

 RSR5 16 139 dark purple 427 <15 <13 QBL? 

 RSR5 16 140 dark purple 419 <15 <13 QBL? 

 RSR5 16 141 dark purple 259 185 <13 QBL? 

 RSR5 16 142 dull purple 657 98 <13 QD 

 RSR5 16 143 dull purple 438 31 <13 QD 

 RSR5 16 144 dull purple 92 18 <13 QD 

 RSR5 16 145 dull purple 310 <15 <13 QD 

 RSR5 16 146 dull purple 359 <15 <13 QD 

 RSR5 16 147 dull purple 255 <15 <13 QD 

 RSR5 16 148 dull purple 59 <15 <13 QD 

 RSR5 16 149 dull purple 2194 308 <13 QD 
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Figure 2.4. Histograms of Al, K, and Ti concentrations in the different quartz generations as 

determined by electron microprobe analysis. 
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The QB quartz crystals show systematic variations in their trace element concentrations 

from core to rim, which broadly correlate to subtle differences in optical CL properties. Based on 

the combination of electron microprobe investigations and optical CL microscopy, three different 

subtypes of QB quartz can be distinguished. The earliest type of QB quartz, referred to as the QBE 

in the present contribution, is characterized by a bright red and purple optical CL emission. The 

quartz shows the highest trace element concentrations of the three QB quartz types and contains 

350 to 3,500 ppm Al, up to 350 ppm K, and 20 to 60 ppm Ti (Figure 2.4). The second type of 

quartz, referred to as the QBM, is characterized by purple and blue optical CL luminescence and 

lower trace element concentrations than the QBE. Measured trace element concentrations include 

60 to 500 ppm Al, less than 100 ppm K, and less than 30 ppm Ti. The QBE and QBM quartz form 

complex interlocking textures. Isolated islands of QBE are surrounded by QBM (Figure 2.5). The 

boundaries between QBE and QBM quartz can typically be easily recognized in optical CL 

microscopy. The latest quartz type, which is referred to as the QBL quartz, is characterized by a 

dark purple CL luminescence and clear appearance due to scarcity of fluid inclusions. The QBL 

quartz has a low trace element content, with Al concentrations ranging up to 1,100 ppm Al. The 

concentrations of K and Ti are generally below detection (Figure 2.4). 

The QBE and QBM quartz types host abundant secondary hypersaline liquid and vapor-rich 

inclusions (Figure 2.5B). However, the abundance of fluid inclusions in these quartz types is 

lower than in the QA quartz. Vapor bubbles and halite daughter crystals in hypersaline liquid 

inclusions located in QBE and QBM are typically smaller than in the QA quartz. In contrast to the 

earlier QBE and QBM quartz types, only rare hypersaline liquid inclusions are present in QBL. 
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Figure 2.5. Textural characteristics of QB in the chalcopyrite-pyrite veins. A. Plane polarized 

light image of QB. QB is comprised of anhedral granular grains with sugary appearance. The 

latest subtype, QBL, can be recognized by a clear appearance due to scarcity of fluid inclusions. 

The contact between the quartz and sulfide minerals is irregular. B. Fluid inclusion 

characteristics of QBM quartz QBE and QBM quartz host abundant secondary hypersaline liquid 

and vapor-rich and inclusions. C. Secondary fluid inclusion trail containing intermediate density 

inclusions in a QBL crystal. D. Optical CL image of the same field of view as A. QBE is 

characterized by a bright red and purple CL emission and can be easily distinguished from QBM, 

which is characterized by purple and blue CL emission. Sulfide minerals crosscut a primary 

growth banding in QBL, which is recognized as a difference in CL color. Locations of electron 

microprobe analyses are given and keyed to Table 1. E. Interpretation of textural relationships of 

the optical CL image of D. 
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All three types of QB quartz are crosscut by trails of secondary intermediate-density fluid 

inclusions homogenizing by critical or near-critical behavior (Figure 2.5C) and liquid-rich 

inclusions homogenizing through disappearance of the vapor bubble. Careful petrographic 

investigations were conducted to ensure that intermediate-density fluid inclusions exhibiting 

critical or near-critical homogenization behavior are present in QBL, as this quartz type represents 

the last quartz formed prior to sulfide precipitation. 

Many intermediate-density fluid inclusions in the QB quartz types have negative crystal 

shapes and contain large vapor bubbles. Only a few fluid inclusion assemblages were identified 

that were of sufficient size to conduct microthermometric investigations. The inclusions in these 

assemblages homogenized at ~400°C. Salinities could be determined for a few 

intermediate-density fluid inclusions. Ice melting was at -7.2°C. The presence of an additional 

solid phase was noted after ice melting due to deformation of the vapor bubble at higher 

temperatures. Using the cycling technique (Goldstein and Reynolds, 1994), it was determined 

that this second phase, interpreted to be a clathrate, melted at -5.0°C. 

In addition to quartz, the fluid inclusion inventory of pyrite in the chalcopyrite-pyrite 

veins was examined by infrared microscopy. However, no suitable transparent pyrite could be 

found in the chalcopyrite-pyrite veins from Santa Rita. 

 

2.7. Quartz-pyrite veins 

Late porphyry stockwork veins at Santa Rita consist of quartz and pyrite. The veins are 

straight-walled and commonly show several centimeters thick alteration halos that pervasively 

overprint the igneous and earlier formed hydrothermal minerals in the wall rock surrounding the 
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veins. The principal alteration minerals are quartz, sericite, and pyrite in the alteration halos as 

well as in the veins. 

The quartz in the quartz-pyrite veins, referred to as QD in the present contribution, 

exhibits dull red and purple CL luminescence (Figure 2.6). The trace element concentrations are 

generally low. The concentrations of Al range up to 500 ppm, while K and Ti are typically below 

the detection limits (Table 1). However, Al and K in some analytical spots range up to 1,200 

ppm and 150 ppm, respectively, which may suggest the occurrence of sericite microinclusions. 

In general, the optical CL properties and trace element characteristics of QD are comparable to 

those of QBL quartz. 

The QD quartz contains abundant secondary and rare primary liquid-rich inclusions. Evidence for 

primary origin is that the inclusions define growth zones. No intermediate-density fluid 

inclusions are found in QD. Homogenization temperatures are <360°C and salinities are <10 wt% 

NaCl equiv. (Reynolds and Beane, 1985). 

 

Figure 2.6. Textural characteristics of QD in a quartz-pyrite vein. A. Plane polarized light image 

of QD. Locations of electron microprobe analyses are given and keyed to Table 1. B. CL image 

of QD. QD exhibits dull red and purple CL luminescence. 

 

 



51 

2.8. Whim Hill breccia 

The Whim Hill breccia contains coarse euhedral quartz crystals growing on a substrate of 

fine-grained quartz. Wall-rock fragments are potassic-altered and contain earlier gray vitreous 

QA quartz veins (Figure 2.7). The outer parts of the crystals contain cloudy growth zones due to 

the abundance of primary fluid inclusions. Euhedral coarse pyrite is paragenetically late and 

occurs in late growth zones with chlorite and grows on top of crystals with chlorite. 

The coarse euhedral quartz crystals exhibit a dull red and purple CL luminescence that is similar 

to the CL of QBL and QD quartz (Figure 2.7). The coarse euhedral quartz crystals show growth 

banding. The trace element analyses of the euhedral coarse quartz crystals indicate Al 

concentrations of up to 500 ppm, while K and Ti are typically below the detection limit. Only a 

few analytical spots returned values of up to 2,600 ppm Al, 700 ppm K, and 47 ppm Ti (Table 

1). The Al concentrations vary even within individual growth bands visible in CL (Figure 2.7D, 

G), whereas the Ti concentrations are uniformly low. 

At the base of the quartz crystals, rare hypersaline liquid inclusions can be observed. In 

contrast, only liquid-rich fluid inclusions occur in the upper and outer portions of the coarse 

euhedral quartz crystals (Figure 2.7). In many cases, outer growth zones are defined by primary 

liquid-rich inclusions. In some cases, these bands contain rosettes of chlorite. Homogenization 

temperatures and compositions of these primary inclusions (Reynolds and Beane, 1985) are 

essentially the same as those found in the late QD quartz. 
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Figure 2.7. Coarse euhedral quartz crystal in the Whim Hill breccia. A. Plain polarized image of 

a coarse euhedral quartz crystal. Cloudy growth bands are delineated by abundant primary 

liquid-rich inclusions. Sample RSR-5 (cf. Fig. 3 in Reynolds and Beane, 1985). The labeled box 

shows location of image E. B. Optical CL image of the same field of view. The growth bands are 

characterized by difference in optical CL luminescence. C. Plane polarized light image of a 

coarse euhedral quartz crystal. At the base of the quartz crystal, hypersaline liquid inclusions are 

present. The labeled box shows location of image E. D. Optical CL image of the same field of 

view. The coarse euhedral quartz crystal emits dull red and purple CL. The labeled box shows 

location of image G. E. Primary fluid inclusions in the growth banding of the quartz crystal of 

the image A. F. Hypersaline fluid inclusions present at the base of the quartz crystal of the image 

C. G. Electron microprobe distribution map of Al of the quartz crystal of image D. The Al 

concentrations vary even within individual growth bands visible in CL. 
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2.9. Discussion 

Paragenetic relationships in the different porphyry veins encountered at the Santa Rita 

porphyry as well as the fluid inclusion signatures of vein quartz have been previously studied in 

detail by Reynolds and Beane (1985). The present study confirms key findings of this previous 

study, but also demonstrates that the combination of microanalytical techniques not available at 

the time, including optical CL microscopy and electron microprobe analysis of quartz, identify 

an additional stage of quartz (QB) not recognized previously, providing new constraints for the 

processes of ore formation. 

 

2.9.1. Distinction of quartz generations 

A number of recent studies have shown that porphyry veins can be composed of multiple 

quartz generations and that these quartz generations can be effectively distinguished based on 

their fluid inclusion inventory, CL emission, or trace element abundances (Landtwing and 

Pettke, 2005; Pudack et al., 2009; Müller et al., 2010). 

The present study highlights that crosscutting relationships and a combination of 

microanalytical criteria is needed to successfully distinguish quartz generations. For instance, the 

fluid inclusion inventories of QA and QBE quartz at Santa Rita are fairly similar. Both quartz 

generations show comparable CL characteristics. However, the trace element concentrations in 

both quartz generations are distinct (Figure 2.4, 2.8). On the other hand, the quartz generations 

QBL and QD can be readily distinguished based on their fluid inclusion inventory. The QD quartz 

contains no hypersaline liquid inclusions. However, the optical CL emission and trace element 

concentrations in both quartz generations are similar (Figure 2.4, 2.8). 
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Although electron microprobe analysis of the hydrothermal quartz represents a powerful 

tool in the identification of different quartz generations and broad differences in concentration 

levels can be observed between the concentrations of Al, K, and Ti at Santa Rita, it is important 

to note that classification of quartz generations based on trace element abundances only may be 

misleading and that a combination of microanalytical investigations, including CL and fluid 

inclusion petrography, must be utilizedassemblages. Variations in trace element abundances 

within a given quartz generation are large and typically adjacent growth zones show significant 

differences in compositions. Moreover, the present study shows that incorporation of trace 

elements into vein quartz is controlled by non-equilibrium processes, as highlighted by the 

occurrence of compositional sector zoning in the large quartz crystals of the Whim Hill breccia. 

Geothermometers using trace element abundances in quartz do not yield temperature estimates 

that correspond to fluid inclusion microthermometric data. 

 

2.9.2. Formation of barren vitreous quartz veins 

The barren vitreous quartz veins associated with potassic alteration represent the earliest 

vein generation at Santa Rita. The QA quartz in these veins contains abundant hypersaline liquid 

and vapor-rich inclusions (Figure 2.3, 2.9). Reynolds and Beane (1985) showed conclusively that 

QA formation at Santa Rita occurred within the two-phase field of the H2O-NaCl system. 

Reynolds and Beane (1985) conducted microthermometric investigations on the 

hypersaline liquid inclusions in QA quartz. Homogenization temperatures ranged up to 775°C 

with salinities of up to 70 wt% NaCl equiv. They also reported that vapor-rich inclusions in QA 

contain CO2 based on observed CO2 ice melting at -56.6°C. In contrast to the vapor-rich 

inclusions, CO2 was not observed in the hypersaline liquid inclusions, presumably because CO2 



55 

 

 

 

 

 
Figure 2.8. Summary of the vein paragenesis, alteration mineral assemblages, contained quartz 

types, trace element concentration of quartz, fluid inclusion inventories, and results of fluid 

inclusions microthermometry. 
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preferentially partitioned into the vapor-phase during phase separation. 

The high homogenization temperatures of fluid inclusions in QA quartz are consistent 

with the observation that some of the earliest barren vitreous quartz veins are tygmatically folded 

(Nielsen, 1968), suggesting that quartz formation took place in ductile host rocks where fractures 

created were quickly sealed through ductile deformation of the host rock and quartz 

precipitation. Due to the ductile behavior of the host rocks, lithostatic pressure conditions 

prevailed during quartz formation. 

The barren vitreous quartz veins at Santa Rita are comparable to ‘A’-veins described 

from other porphyry deposits, including the El Salvador deposit in Chile (Gustafson and Hunt, 

1975). Other well-documented examples of ‘A’-vein quartz formed in the two-phase field of the 

H2O-NaCl system include Altar in Argentina (Maydagán et al., 2015); Bingham Canyon in Utah 

(Redmond et al., 2004; Landtwing and Pettke, 2005; Landtwing et al., 2010; Redmond and 

Einaudi, 2010); Butte in Montana (Rusk and Reed, 2002); Central Oyu Tolgoi and Zesen Uul in 

Mongolia (Müller et al., 2010); Dabaoshan, China (Mao et al., 2017); Elatsite in Bulgaria 

(Stefanova et al., 2014); Far Southeast in the Philippines (Hedenquist et al., 1998; Bennett, 

2014); Grasberg in Indonesia (Penniston-Dorland, 2001); and Nevados de Famatina in Argentina 

(Pudack et al., 2009). Early quartz in these deposits is also characterized by high-intensity CL 

emissions and generally high trace element abundances. 

In all of these cases, the quartz making up the ‘A’-veins is similar to QA at Santa Rita and 

characterized by a granular appearance caused by recrystallization. Recrystallization of the 

quartz may have occurred during repeated events of hydrothermal fluid flow and reopening of 

the veins under ductile conditions. Numerical simulations by Weis et al. (2012) showed that fluid 

flow through ductile host rocks occurs as overpressure-permeability waves and that many of 
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these waves are formed over the duration of porphyry deposit formation. Within the upward 

moving waves, pressures exceed lithostatic pressure conditions, resulting in the creation of new 

permeability. Behind the wave, pressure drops to lithostatic conditions, resulting in quartz 

precipitation and sealing of the permeability. Repeated reopening and sealing of the early 

porphyry veins during the passage of these overpressure-permeability waves results in 

recrystallization of earlier formed quartz and the precipitation of new quartz that is recrystallized 

during a subsequent fluid flow event. 

 

2.9.3. Formation of quartz in chalcopyrite-pyrite veins 

Some of the chalcopyrite-pyrite veins at Santa Rita contain small amounts of quartz that 

occur along the vein walls. As the chalcopyrite-pyrite veins crosscut the barren vitreous quartz 

veins, this rare quartz is younger than QA quartz. This second generation of quartz at Santa Rita 

was not previously recognized by Reynolds and Beane (1985) due to the fact that it occurs only 

in minor concentrations and is difficult to distinguish from QA with a standard petrographic 

microscope. Both QA and QB contain hypersaline liquid and vapor-rich inclusions. However, QB 

sometimes occurs as small euhedral crystals whereas QA is almost entirely recrystallized, 

forming granular anhedral grains. 

Although only found in small quantities, QB quartz at Santa Rita is interpreted to be equivalent to 

quartz in ‘B’-veins at the El Salvador deposit in Chile, as described by Gustafson and Hunt 

(1975). At El Salvador, ‘B’-veins represent continuous and regular stockwork veins that have 

parallel or slightly wavy vein walls, and locally vuggy centers. The quartz in ‘B’- veins is 

granular or forms euhedral crystals grown perpendicular to the vein walls (Gustafson and Hunt, 

1975), which is not unlike the QB quartz at Santa Rita. 
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Figure 2.9. Phase diagram of hydrothermal fluids containing 5 wt% NaCl equiv. with quartz 

solubility isopleths indicated by contours (Monecke et al., 2017). Solid lines are phase 

boundaries among single phase fluid (F), liquid plus vapor coexistence field (L+V), and vapor 

plus halite coexistence field (V+H). CP is the critical point, and the dashed line is the critical 

isochore. B is a zoomed up image of A showing temperatures between 200°C and 550°C and 

pressure between 100 and 800 bar. The areas where QA, QB, chalcopyrite and pyrite, and QD 

form are schematically shown with changes in hydrothermal conditions indicated by arrows. 
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In contrast to El Salvador, QB at Santa Rita does not form distinct veins. Redmond et al. 

(2004) reported similar relationships from Bingham Canyon in Utah. Porphyry veins at this 

deposit contain two generations of quartz that formed prior to mineralization. Early quartz, 

interpreted to be equivalent to QA of the present study, forms interlocking anhedral grains. The 

quartz has a moderate to bright luminescence and shows irregular CL zoning. The second quartz 

generation, interpreted to be QB of the present study, occurs along fractures and is distinctly 

darker in CL. The younger quartz type shows well-developed growth zoning. Similar 

observations have also been reported by Müller et al. (2010) from the Central Oyu Tolgoi and 

Zesen Uul deposits in Mongolia where porphyry veins are also composed of two quartz 

generations formed prior to mineralization. The younger quartz generation, thought to be 

equivalent to QB of the present study, has a low CL intensity and frequently exhibited oscillatory 

growth banding or wavy banding. The occurrence of a distinct second generation of quartz 

formed prior to ore deposition has also been reported from Altar in Argentina (Maydagán et al., 

2015), Elatsite in Bulgaria (Stefanova et al., 2014), and Nevados de Famatina in Argentina 

(Pudack et al., 2009). 

Based on optical CL characteristics, fluid inclusion petrography, and trace element 

abundances, three subtypes of QB are recognized at Santa Rita. The QBE and QBM quartz host 

abundant hypersaline liquid and vapor-rich inclusions, while hypersaline liquid inclusions 

predominate in QBL quartz. This observation indicates that these quartz generations were 

precipitated in the two-phase coexistence field of the H2O-NaCl system. The smaller salt crystals 

in the hypersaline liquid inclusions hosted in all QB quartz types when compared to QA quartz 

suggest that the hypersaline liquids forming QB were of lower salinity, suggesting that phase 

separation during QB formation took place at lower temperatures and pressures. 
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Based on fluid inclusion evidence as well as optical CL imaging and trace element 

analysis by electron microprobe, the large euhedral quartz crystals in the Whim Hill breccia are 

partly composed of QBL. Quartz containing hypersaline liquid and vapor-rich inclusions occurs at 

the base and within the cores of the euhedral crystals. The observation that the quartz grew into 

open space confirms the above inference that hydrostatic conditions were established before or 

during the precipitation of QBL. Open space was formed under hydrostatic conditions within 

brittle host rocks, while earlier quartz generations formed under lithostatic conditions in ductile 

host rocks. It is likely that formation of the Whim Hill breccia was caused by a pressure blowout 

from the underlying lithostatic region to the upper hydrostatic region once fractures reached 

downward to the lithostatic region as observed in collapse of deep drill holes in modern 

geothermal systems (Fournier, 1991).  

The QBL quartz is the latest quartz that precipitated prior to ore deposition (Figure 2.8). 

The existence of early quartz in the Whim Hill breccia that resembles QBL implies that the 

chalcopyrite-pyrite veins, which are host to the copper ore at the Santa Rita porphyry deposit, 

formed in a brittle environment under hydrostatic pressure conditions. The exact timing of the 

ductile-brittle transition and corresponding drop from lithostatic to hydrostatic conditions is not 

well constrained. However, the complex intergrowth textures of QBE and QBM quartz may be 

related to fluctuations in pressure conditions across the lithostatic-hydrostatic boundary. 

Inspection of the quartz solubility diagram in Figure 2.9 shows that pressure fluctuations in the 

two-phase field of the H2O-NaCl system can result in quartz precipitation and dissolution. 

Based on the textural relationships observed, the style of alteration associated with QB 

quartz formation at Santa Rita is uncertain. The earlier barren vitreous quartz veins are clearly 

associated with potassic alteration of the surrounding host-rocks. The chalcopyrite-pyrite veins at 
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Santa Rita are associated with chlorite plus K-feldspar alteration. However, as discussed above, 

the sulfide minerals postdate the formation of QB quartz. For this reason, the chlorite and 

K-feldspar alteration surrounding the sulfide veins and affecting the wall rock fragments at the 

Whim Hill breccia may postdate QB precipitation. The evidence suggests that the hydrothermal 

fluids forming QB quartz were K-feldspar stable. This is in agreement with observations at El 

Salvador in Chile by Gustafson and Hunt (1975). These authors noted that ‘B’-veins at this 

deposit are not associated with notable alteration halos, but crosscut host rocks that have 

experienced earlier pervasive potassic alteration. Similarly, the late quartz in porphyry veins at 

Bingham Canyon in Utah is not associated with the alteration of earlier formed K-feldspar 

(Redmond and Einaudi, 2010). 

 

2.9.4. Hypogene ore formation 

At Santa Rita, the hypogene Cu mineralization is confined to the thin chalcopyrite-pyrite 

veins that crosscut the earlier barren quartz veins. The chalcopyrite-pyrite veins are associated 

with chlorite and K–feldspar alteration of the surrounding wall rocks (Reynolds and Beane, 

1985). 

The chalcopyrite-pyrite veins at Santa Rita have textural characteristics comparable to 

those of ‘paint veins’ described from porphyry deposits such as the Liberty in Nevada (Fournier, 

1967) and Elatsite in Bulgaria (Stefanova et al., 2014). In hand specimen, sulfide minerals occur 

along fractures, resembling ‘paint’. The chalcopyrite-pyrite veins at Santa Rita are also 

comparable to the ‘C’-veins described at the Ann-Mason porphyry in the Yerington district of 

Nevada (Dilles and Einaudi, 1992) and at El Salvador in Chile (Gustafson and Quiroga, 1995). 

Other well-described examples of chalcopyrite-pyrite veins crosscutting earlier quartz veins 
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include the Bagdad deposit in Arizona (Barra et al., 2003), the Batu Hijau deposit in Indonesia 

(Arif and Baker, 2004; Imai and Ohno, 2005), the Central Oyu Tolgoi and Zesen Uul deposits in 

Mongolia (Müller et al., 2010), Red Chris in British Columbia (Rees et al., 2015), Resolution in 

Arizona (Manske and Paul, 2002), and the Rosario deposit in Chile (Masterman et al., 2005). 

The fact that quartz is essentially absent in the chalcopyrite-pyrite veins or, where 

present, is texturally older than the sulfide minerals, suggests that quartz precipitation did not 

occur during the formation of these veins. The quartz solubility diagram for hydrothermal fluids 

of the H2O-NaCl system containing 5 wt% NaCl (Figure 2.9) illustrates that quartz precipitation 

is inhibited during isobaric cooling under closed system conditions in the liquid plus vapor 

coexistence field of the H2O-NaCl system as well as in the area of retrograde quartz solubility 

located within the single-phase region of the H2O-NaCl system. As the formation of sulfide veins 

is not likely to take place under closed conditions, the chalcopyrite-pyrite veins at Santa Rita are 

interpreted to have formed during cooling of the hydrothermal fluids within the area of 

retrograde quartz solubility in the single-phase field. The occurrence of retrograde quartz 

solubility during sulfide formation is consistent with the presence of dissolution textures such as 

irregular grain boundaries between the sulfide grains and earlier formed QBL quartz. 

Although infrared microscopy was tested, no suitable transparent pyrite could be found in 

the chalcopyrite-pyrite veins from Santa Rita. For that reason, secondary fluid inclusions were 

studied in QA and QB quartz present in some of the chalcopyrite-pyrite veins. This included the 

study of QBL quartz, which is the latest quartz type formed before the sulfide precipitation. Based 

on comparison to the fluid inclusion inventory of the later quartz QD, the nature of the 

mineralizing hydrothermal fluid could be identified. 
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Both QA and QB quartz at Santa Rita is crosscut by secondary inclusion trails entrapping 

an intermediate-density hydrothermal fluid (Figure 2.5, 2.8). Careful petrographic investigations 

showed that even the late QBL has been overprinted by this fluid. In contrast, fluid inclusions 

containing an intermediate-density fluid do not occur in QD, suggesting that this 

intermediate-density fluid is responsible for mineralization at Santa Rita. 

At room temperature, intermediate-density fluid inclusions in QBL are characterized by a 

large vapor bubble and, depending on the orientation of the fluid inclusion, are difficult to 

distinguish from vapor-rich fluid inclusions. The existence of this type of fluid inclusions at 

Santa Rita was not originally recognized by Reynolds and Beane (1985). Some of the first 

studies recognizing intermediate-density fluid inclusions in porphyry copper systems included 

Redmond et al. (2004) and Rusk et al. (2004). 

Only two inclusions in two different fluid inclusion assemblages were large enough to 

perform complete microthermometric experiments. They homogenized at ~400°C showing 

critical behavior, which means that the meniscus separating the vapor bubble from the liquid 

gradually faded during heating. In the H2O-NaCl system, critical behavior of a 5 wt% NaCl fluid 

occurs at 422°C and 337 bar. The critical density of such a fluid is 0.48 g/cm
3
 (Driesner and 

Heinrich; 2007; Monecke et al., 2017). In the H2O-NaCl system, the observed ice melting 

temperature of -7.2°C is indicative of a salinity of 10.7 wt% NaCl equiv. In the presence of CO2, 

this value only represents a maximum salinity. Freezing experiments showed that the 

concentration of CO2 in the inclusions is high enough to form a clathrate, confirming the 

presence of CO2 in the critical inclusions. Thus, the presence of CO2 in the inclusions causes a 

reduction in the ice melting point and an overestimation of the salinity (Hedenquist and Henley, 

1985). 
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As the transition from lithostatic to hydrostatic conditions occurred already prior to or 

during QBL precipitation, the formation of the chalcopyrite-pyrite veins must have occurred under 

hydrostatic conditions. The transition from lithostatic to hydrostatic is assumed to take place 

between 370 and 400°C for quartz diorite, although the transition temperature can be slightly 

higher if the differential stress and/or strain rate is high (Fournier, 1991). The presence of 

alteration halos containing chlorite and K-feldspar in the rocks surrounding the 

chalcopyrite-pyrite veins is also consistent with temperatures at around 400ºC. Thermodynamic 

studies establishing the temperature range of chlorite and K-feldspar coexistence are limited, but 

suggest that these minerals coexist at 300°C and 1000 bar (Seedorff et al., 2005) or at 350°C and 

500 bar (Beane and Titley, 1981). As pressures were probably lower, mineralization at Santa 

Rita is interpreted to have occurred at temperatures exceeding 350°C, but probably not higher 

than 400°C. At the Bingham Canyon porphyry in Utah, Redmond et al. (2004) reported 

homogenization temperatures between 330 and 380°C and salinities between 38 and 45 wt% 

NaCl equiv. from hypersaline liquid inclusions in the latest quartz that precipitated prior to 

chalcopyrite, suggesting that mineralization may have occurred at a similar temperature range. 

 

2.9.5. Formation of late quartz-pyrite veins 

The formation of the quartz-pyrite veins at Santa Rita postdated the mineralizing event as 

these veins are barren and crosscut all earlier vein types containing ore minerals. The 

quartz-pyrite veins at Santa Rita are equivalent to ‘D’-veins described by Gustafson and Hunt 

(1975) at the El Salvador porphyry deposit in Chile and similar to late veins recognized in 

porphyry deposits worldwide (Butte, Montana: Rusk and Reed, 2002; Oyu Tolgoi and Zesen 
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Uul, Mongolia: Müller et al., 2010; Far Southeast, Philippines: Bennett, 2014; Altar, Algentina: 

Maydagán et al., 2015; Dabaoshan, China: Mao et al., 2017). 

The quartz-pyrite veins at Santa Rita primarily consist of QD quartz, which contains only 

liquid-rich fluid inclusions. Microthermometric investigations on liquid-rich inclusions by 

Reynolds and Beane (1985) yielded homogenization temperatures ranging from 260 to 360°C 

and salinities of up to 9 wt% NaCl equiv. Based on these observations, it can be concluded that 

QD quartz was formed from a liquid-phase hydrothermal fluid within the single-phase field of the 

H2O-NaCl system (Figure 2.8 and 2.9). 

The host rocks of the quartz-pyrite veins were able to undergo brittle deformation during 

QD precipitation, resulting in the formation of planar veins. Hydrostatic conditions prevailed 

within the interconnected fracture network, now occupied by the quartz-pyrite veins. As the 

quartz solubility isopleths in the H2O-NaCl system are essentially vertical at lower temperatures, 

QD quartz formation was caused primarily by fluid cooling (Figure 2.9B). This is consistent with 

the broad range of observed homogenization temperatures, which confirm that the fluids were 

cooling during quartz vein formation. 

Based on the optical CL signatures, trace element concentrations, and fluid inclusion 

signatures, the outer portions of the large euhedral quartz crystals in the Whim Hill breccia are 

interpreted to be equivalent to the quartz present in the quartz-pyrite veins. This finding is 

consistent with the occurrence of quartz crystals grown into large open spaces within the Whim 

Hill breccia, which indicates that that the Santa Rita granodiorite was brittle at the time of 

breccia formation and that hydrostatic conditions likely prevailed.  

The outer growth zones of the quartz crystals in the Whim Hill breccia contain rosettes of 

chlorite. The K-feldspar of the rock fragments is not altered. This suggests that quartz formation 
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in the Whim Hill breccia occurred initially under conditions of chlorite and K-feldspar stability. 

During continued fluid evolution, alteration assemblages formed included chlorite-sericite and 

sericite. The QD quartz in the late quartz-pyrite veins at Santa Rita is primarily associated with 

sericite alteration. This progression in alteration may be a reflection of the cooling of the 

liquid-phase hydrothermal fluids during continued fluid evolution or may reflect a change in 

wall-rock buffering, which influences the acidity of the hydrothermal liquids. 

 

2.9.6. Model of fluid evolution 

The results differ from the earlier findings of Reynolds and Beane (1985) in that the 

present study identifies an additional quartz generation that formed prior to the mineralizing 

event. The microanalytical work also redefines the paragenetic stages of quartz present in the 

Whim Hill breccia, which provides the foundation for an improved understanding of the 

succession of alteration events. Combination of earlier microthermometric data with the results 

of the present study yields a new genetic model of fluid evolution for the Santa Rita porphyry 

copper deposit. 

As shown by Nielsen (1968) and Reynolds and Beane (1985), formation of the Santa Rita 

deposit was closely associated with the emplacement of the ~60 Ma granodiorite stock. 

Emplacement of the hydrous magma was accompanied by exsolution of a hydrothermal fluid. 

Homogenization temperatures of over 775°C observed in the early barren vitreous quartz veins 

suggest that exsolution of the hydrothermal fluids from the magma could have occurred within 

the single-phase field of the H2O-NaCl system. Theoretical constraints (Cline and Bodnar, 1991) 

and observations on other porphyry deposits suggest that single-phase fluids produced this way 

are typified by moderate salinities (ca. 5 to 12 wt% NaCl equiv.; Redmond et al., 2004; Klemm 
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et al., 2007; Rusk et al., 2008; Landtwing et al., 2010; Mao et al., 2017). During fluid ascent, this 

single-phase hydrothermal fluid intersects its solvus at high temperatures and undergoes a 

process of condensation, resulting in the production of a small amount of hypersaline liquid and 

a large amount of coexisting vapor. Alternatively, the causative intrusion at Santa Rita may also 

have been emplaced at a slightly higher level and lower lithostatic pressure conditions, allowing 

direct exsolution of a hypersaline liquid and a coexisting vapor from the melt. 

The barren vitreous quartz veins at Santa Rita formed early in the evolution of the 

magmatic-hydrothermal system and contain abundant hypersaline liquid and vapor-rich 

inclusions. Figure 2.10 schematically shows fluid evolution from the water-saturated 

granodiorite liquidus into the two-phase field of the H2O-NaCl system or the conditions at which 

exsolution could occur directly within the two-phase field of the H2O-NaCl system. 

Subsequent formation of the QB quartz also occurred in the two-phase field of the 

H2O-NaCl system. However, the lower salinity of the entrapped hypersaline liquid inclusions, as 

suggested by smaller salt crystals, suggests that fluid unmixing occurred at lower temperatures 

and pressures. During the formation of QBL, a change in the physicochemical conditions 

occurred. The inclusion inventory in the late QBL is dominated by hypersaline liquid inclusions, 

with little to no coexisting vapor-rich inclusions. The fluid inclusion signature suggests that QBL 

formation took place in the single-phase field of the H2O-NaCl system from a cooling 

hypersaline liquid that was initially formed in the two-phase field of the H2O-NaCl system. 

During continued cooling of the intrusion, the magma front releasing hydrothermal fluids 

retracted further to depth, which results in fluid exsolution at progressively higher pressures. 

Assuming a geothermal gradient of 0.5°C bar
-1

 at lithostatic conditions (geothermal gradients in  
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Figure 2.10. Possible trajectories of hydrothermal fluid evolution from the water-saturated 

granodiorite liquidus. 

 

geothermal systems are 125°C km
-1

 at hydrostatic conditions; Fournier, 1991), the single-phase 

hydrothermal fluid released from the magma would follow a trajectory that is essentially parallel 

to the critical isochors in the H2O-NaCl system. Ascent of a single-phase hydrothermal fluid of 

intermediate density released during the continued evolution of the intrusion would thus be 

possible without significant changes in density. Cooling and decompression along the critical 

isochore allowed critical fluids to ascend and to form the mineralization at Santa Rita. Critical 

fluids are known to have distinctively high mass and energy transport capacities (Norton and 

Knight, 1977; Klyukin et al., 2016), and it can be expected that those specific physicochemical 

features of critical fluids played an important role in the formation of the deposit. Mineralization 

occurred at ~350 to 400°C under conditions of retrograde quartz solubility. At this temperature 
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range, the Santa Rita granodiorite was already able to undergo brittle deformation, allowing the 

establishment of hydrostatic conditions. 

Following mineralization, late quartz and pyrite formation occurred from a liquid-phase 

hydrothermal fluid. Based on measured salinities (Reynolds and Beane, 1985), this liquid-phase 

hydrothermal fluid is also interpreted to have derived from the intrusion at depth, perhaps with 

intermittent dilution by ambient meteoric water. Evolution of the fluid during its ascent would 

also have occurred through the single-phase field of the H2O-NaCl system. 

 

2.10. Conclusions 

The present contribution focused on the study of the mineralizing processes at the Santa 

Rita porphyry copper deposit in New Mexico. Previous investigations on this deposit contributed 

to the current understanding of porphyry deposits and the processes that result in stockwork vein 

formation and associated alteration. The present study demonstrates that the reexamination of a 

deposit already studied in detail can provide important new insights into ore forming processes 

as specific questions requiring in-depth petrographic investigations and fluid inclusion research 

can only be addressed once the geological framework and general paragenetic relationships are 

well understood. This is in contrast to the commonly held perception that advances can only be 

made through the study of new and poorly characterized ore deposits. 

Reexamination of the characteristics of the stockwork veins at the Santa Rita porphyry 

copper deposit  showed that the evolution of the hydrothermal fluids forming stockwork veins 

in porphyry deposits can be directly related to the evolution of the intrusion at depth from which 

the hydrothermal fluids are exsolved. Over the duration of the stockwork vein formation, the 

causative intrusion cools and the magma front releasing the hydrothermal fluids retracts towards 
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depth. As a result, the exsolved hydrothermal fluids evolve along different pathways over the 

course of deposit formation. While early hydrothermal fluids experienced condensation at high 

temperatures and pressures, resulting in the formation of hypersaline liquid and coexisting vapor, 

hydrothermal fluids released later from the crystallizing magma chamber evolved above the 

solvus within the single-phase field of the H2O-NaCl system. At Santa Rita, mineralization is 

paragenetically later than potassic alteration and microthermometry on limited number of 

inclusions indicated that mineralization occurred from a single-phase hydrothermal fluid of near 

critical density. The finding highlights the importance of critical fluids in porphyry deposit 

formation, which have distinctively high mass and energy transport capacities. Stockwork veins 

postdating the mineralizing event formed at lower temperatures from liquid-phase hydrothermal 

fluids within the single-phase field of the H2O-NaCl system. 

The findings of the present study illustrate that mineralization at Santa Rita occurred at 

pressure and temperature conditions of retrograde quartz solubility, explaining the fact that 

chalcopyrite-pyrite veins, which are the principal ore host, contain little to no quartz. The 

mineralized veins at Santa Rita are the same vein type referred to as ‘C’ veins by Gustafson and 

Quiroga (1995), and also referred to as paint veins by other researchers and geologists in the 

field. The detailed study of this important vein type has been neglected in the past, probably 

because of the paucity of related quartz in the veins. It is likely that the findings of this study at 

Santa Rita are applicable to porphyry copper deposits worldwide. 

The research further demonstrates that fluid inclusion studies have to be accompanied by 

careful petrographic investigations as fluid inclusion populations hosted by quartz do not 

necessarily reflect the conditions of ore deposition. It is shown here that the nature of the 
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mineralizing fluids can be constrained by studying the fluid inclusion population in quartz 

formed immediately befor and after  the mineralizing event. 

The research also demonstrates that paragenetic relationships in porphyry stockworks are 

complicated by the fact that the veins can reopen multiple times during the evolution of the 

magmatic-hydrothermal system. Identification and distinction of quartz generations is only 

possible through the integration of multiple microanalytical techniques, including fluid inclusion 

petrography, optical CL microscopy, and electron microprobe analysis. The complicated textural 

relationships cannot be identified macroscopically, casting doubt on models of fluid evolution in 

porphyry deposits that are based on hand specimen and drill core observations only. 
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CHAPTER 3 

 

GOLD TRANSPORT IN SHALLOW-LEVEL MAGMATIC-HYDROTHERMAL SYSTEM: 

EVIDENCE FROM THE REFUGIO PORPHYRY GOLD DISTRICT, CHILE 

 

This chapter summarizes the findings of the research conducted on the Refugio district of 

the Maricunga belt in Chile. The chapter forms the basis for a rapid communication that will be 

submitted to Economic Geology. This manuscript will be co-authored by Thomas Monecke, T. 

James Reynolds, and John Muntean. 

 

3.1. Abstract 

The Refugio district in the Maricunga belt of Chile is host to several porphyry gold 

deposits. The ore zones at the Pancho and Verde deposits are centered on shallow quartz diorite 

porphyry stocks and are typified by the abundant occurrence of gold-bearing banded quartz veins. 

Previous research suggested that the quartz in the banded quartz veins formed as a result of 

recrystallization of silica gel deposited from a magmatic vapor during episodic flashing of the 

magmatic-hydrothermal system. 

The present study reports on a detailed petrographic study employing optical microscopy, 

fluid inclusion petrography, optical cathodoluminescence microscopy, and scanning electron 

microscopy on the banded quartz veins that aimed to determine the relative timing of the gold 

deposition. The petrographic evidence demonstrates that gold deposition at Refugio did not 

occur with the banded quartz from a vapor-phase hydrothermal fluid at high temperatures. The 

gold is paragenetically late and was introduced during a hydrothermal overprint event. The 
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presence of intermediate density fluid inclusions in gold-bearing quartz-epidote veinlets 

crosscutting the banded quartz veins suggests that mineralization at Refugio occurred from a 

single-phase hydrothermal fluid near its critical density. The results of the research emphasize 

the role of critical fluids in the formation of porphyry gold deposits. 

 

3.2. Introduction 

Magmatic-hydrothermal systems associated with subduction-related, calc-alkaline 

magmatism at convergent plate margins form a range of ore deposit types ranging from porphyry 

to related epithermal deposits (Vila and Sillitoe, 1991; Hedenquist et al., 1998; Pudack et al., 

2009). Element enrichment patterns in these deposits are related to the source and evolution of 

the arc magmas (Sillitoe, 1997; Halter et al., 2002; Heinrich, 2005). However, other factors may 

also play a role such as the occurrence of phase separation during the evolution of the 

hydrothermal fluids (Kouzmanov and Pokrovski, 2012) or variations in the metal precipitation 

efficiency (Williams-Jones and Migdisov, 2014). 

Systematic compilations have shown that elevated gold contents appear to be 

characteristic for porphyry deposits emplaced at shallow crustal depths (Murakami et al., 2010). 

A number of such shallow porphyry gold deposits lacking economic copper enrichment have 

been recognized in the Maricunga belt in northern Chile (Vila and Sillitoe, 1991; Muntean and 

Einaudi, 2000, 2001). In these deposits, the ore zones are characterized by the abundant 

occurrence of banded quartz veins. These veins range up to 2 cm in width and are composed of 

quartz that is dark gray to black due to the occurrence of myriads of micron-sized vapor-filled 

fluid inclusions as well as magnetite inclusions forming bands that are parallel to the vein walls. 

Locally preserved botryoidal textures suggest that the quartz formed as a result of 
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recrystallization of original vapor-charged amorphous silica gel that deposited during flashing of 

the magmatic-hydrothermal system (Muntean and Einaudi, 2000, 2001). 

Given recent experimental and field studies suggesting that gold transport and deposition 

in porphyry and related epithermal deposits can occur from high-temperature magmatic vapors 

(Mavrogenes et al., 2010; Henley and Berger, 2011; Scher et al., 2013), the study of banded 

quartz veins from Maricunga has the potential to provide critical new insights into the 

mineralizing processes occurring in shallow magmatic-hydrothermal systems. To test whether 

gold in the banded veins was indeed precipitated from a high-temperature vapor-phase 

hydrothermal fluid, a detailed petrographic study was conducted on representative vein samples 

from the Refugio district of the Maricunga belt in Chile. The research, however, showed that 

gold present in the quartz veins did not precipitate from a vapor-phase hydrothermal fluid at high 

temperatures, but was introduced during a later hydrothermal overprint of the banded quartz 

veins. 

 

3.3. Geologic background 

Detailed descriptions of the geology of the Maricunga belt are given by Davidson and 

Mpodozis (1991), Vila and Sillitoe (1991), and Kay et al. (1994). For this reason, only a short 

summary is provided here. 

 

3.3.1. Regional setting 

The Maricunga volcanic belt is a chain of calc-alkaline andesitic to dacitic volcanoes that 

originated as a late Oligocene to late Miocene volcanic-plutonic arc. It is located immediately to 

the north of the Miocene El Indio belt (Figure 3.1), which is known for bonanza-type  
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Figure 3.1. Map of the Chilean Andes region showing the Maricunga belt and other important 

metallogenic belts. Black triangles give the locations of major volcanic centers in Chile and 

Argentina. The dashed lines give the depths to the Wadati-Benioff zone. Modified from 

Davidson and Mpodozis (1991) and Muntean and Einaudi (2001). 
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high-sulfidation epithermal deposits such as El Indio and Tambo and low-grade large-tonnage  

deposits such as Pascua-Lama and Veladero (Sillitoe et al., 2013). 

The Maricunga belt is situated at a transition zone from the northern modern volcanic 

active zone to the southern non-volcanic zone between latitude 26° and 28°S. This transition is 

attributed to a change in the angle of the subducting Nazca plate underneath South America from 

the northern moderate-angle (~30°) to the southern flat-angle (~10°) subduction (Davidson and 

Mpodozis, 1991). The major deposits in the Maricunga belt include the Esperanza and La Coipa 

high-sulfidation epithermal deposits and the La Pepa, Marte, Lobo, Refugio, and Aldebaran 

porphyry gold deposits. In addition, the Maricunga belt is host to the recently discovered 

Caspiche porphyry Cu-Au deposit, previously known as the Santa Cecilia prospect (Figure 3.2). 

With the exception of Aldebaran and Caspiche, the porphyry deposits of the Maricunga belt do 

not contain economic copper grades and are therefore classified as porphyry gold deposits 

(Sillitoe, 1991). 

The geometry of the Maricunga belt is primarily controlled by north to south trending 

high-angle reverse faults in general, and multiple horsts and grabens are developed forming fault 

dissected closed basins such as the Salar de Maricunga and Laguna del Negro Francisco where 

salt lakes and evaporate deposits are formed. A system of northwest trending structures is also 

prominent in the belt and reflected in the northwest trend of faults, veins, breccia dikes, and soil 

geochemical anomalies. The intersections between these structural components control the 

location of major deposits in the area (Figure 3.2; Vila and Sillitoe, 1991). 

Ages of the igneous rocks in the belt are subdivided into four main magmatic periods. 

During the 26 to 20 Ma (late Oligocene to early Miocene) and 16 to 11 Ma (middle Miocene) 

periods, numerous stratovolcanic complexes and dacitic domes were formed throughout the belt.  
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Figure 3.2. Geologic map of the Maricunga belt. Modified from Davidson and Mpodozis (1991) 

and Vila and Sillitoe (1991). 
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Magmatic activity culminated with the emplacement of porphyry stocks that are host to gold 

mineralization such as those at Refugio. The flattening of the subduction is thought to have 

commenced during a volcanic lull between the first and the second igneous period (Kay et al., 

1991). In contrast to the widespread magmatism during the middle Miocene, volcanism of the 

third period at 11 to 7 Ma (late Miocene) was restricted to the area of Volcan Copiapo and 

Volcan Jotabeche where felsic ignimbrites were generated. Compound volcanoes, dome 

complexes, cones, and explosion craters with rhyolite to basaltic andesite composition to the east 

of the Maricunga belt are products of late Miocene to early Pliocene (7 to 5 Ma) volcanisms and 

now these volcanic rocks also constitute part of the highest peaks of the Andean Cordillera (e.g. 

the 6,887 m peak of Ojos del Salado and the 6,330 m peak of Nevado Tres Cruces; Vila and 

Sillitoe, 1991). 

Erosion of the Miocene stratovolcanic complexes and dacitic domes exposed advanced 

argillic alteration zones that are now recognized as distinctive color anomalies by satellite 

imagery and aerial photography. These argillic alteration zones host high-sulfidation epithermal 

precious metal deposits and occurrences (Davidson and Mpodozis, 1991; Muntean and Einaudi, 

2000; Sillitoe et al., 2013). At Aldebarán, La Pepa, and Refugio, advanced argillic alteration 

zones are located above the porphyry gold mineralization, suggesting that they are genetically 

connected (Vila and Sillitoe, 1991; Muntean and Einaudi, 2001). 

 

3.3.2. Geology of the Refugio gold porphyry deposit 

The Refugio porphyry gold deposit is comprised of two main ore bodies, referred to as 

the Verde and Pancho deposits (Figure 3.3). Both deposits are hosted by the 22 Ma Refugio 

volcanic rocks, which are andesitic to dacitic volcanic and intrusive rocks (Kay et al., 1994; 
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Muntean and Einaudi, 2000). The Refugio volcanic rocks overlay basement rocks that are 

composed of late Pennsylvanian to Triassic rhyolitic pyroclastic rocks, late Jurassic to early 

Tertiary red beds, propylitized andesite flows, and andesitic volcaniclastic rocks. 

The Refugio deposit is located at the western margin of a graben that was formed as a 

result of extension along a northeast trending high-angled reverse fault, referred to as the 

Refugio fault. To the west of the graben, high ridges are delineated by the Refugio fault and the 

reverse fault juxtaposes the basement rocks and the Refugio volcanic rocks (Muntean and 

Einaudi, 2000). On the eastern side of the deposit, the Refugio volcanic rocks are overlain by 

mid-Miocene volcanic deposits. 

The Refugio volcanic rocks are a ~700 m thick volcanic rock unit comprised of 

andesitic-dacitic rocks, subvolcanic quartz diorite porphyry stocks, and breccia pipes. The 

subvolcanic quartz diorite porphyry stocks and breccia pipes intrude the andesitic-dacitic rocks. 

Similar mineralogy of the intrusive breccia and the diorite porphyry stocks may indicate that they 

are cogenetic. Quartz veins at the Verde and Pancho deposits are spatially related to the quartz 

diorite porphyry stocks and intrusive breccias, and gold mineralization is hosted by these small 

stocks and intrusive breccias (Figure 3.3; Muntean and Einaudi, 2000). 

The quartz diorite porphyry stocks, breccia pipes, quartz veins, and gold mineralization 

are aligned broadly in a northwest trend. Local faults around the deposit are also generally 

northwest trending. This common alignment suggests that igneous activity as well as the 

hydrothermal fluid pathways were primarily controlled by the regional northwest trending 

structures (Muntean and Einaudi, 2000). 
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Figure 3.3. Geologic map of the Refugio gold porphyry district. Modified from Muntean and 

Einaudi (2001). 

 

 

 



87 

3.3.3. Alteration and mineralization 

Prior to mining in late 1995, the Verde deposit encompassed reserves of 101 Mt of ore 

grading 1.02 g/t gold at a cut-off grade of 0.5 g/t. The copper grade is 0.03%. Inferred resources 

of the Pancho deposit were 68 Mt at a grade of 0.96 g/t Au. Assays on drill core samples indicate 

that copper grades of Pancho are higher than Verde, ranging from 0.05 to 0.2% (Muntean and 

Einaudi, 2001). 

Muntean and Einaudi (2000) reported that there is a broad zonation in alteration mineral 

assemblages at Refugio from a central chlorite-magnetite-albite zone to a peripheral 

pyrite-albite-clay zone, with a deep central zone of potassic alteration. The deep central potassic 

alteration zone was only recognized at Pancho, but not at Verde. Weak propylitic alteration is 

regionally widespread and affects much of the package of Refugio volcanic rocks. 

‘A’-veins represent the oldest quartz veins at Pancho. These veins are discontinuous and 

irregularly-shaped. They consist of sugary vitreous quartz and are macroscopically similar to 

‘A’-veins in porphyry deposits worldwide (cf. Gustafson and Hunt, 1975). The ‘A’-veins occur 

only in the quartz diorite porphyry and intrusive breccias and are spatially associated with the 

zone of potassic alteration. The potassic alteration assemblage is comprised of magnetite, 

K-feldspar, and oligoclase. This assemblage occurs only within approximately 200 m from the 

center of the Pancho deposit and gradually changes outward to an assemblage dominated by 

brown biotite. Both types of the potassic alteration are overprinted by later chlorite alteration. 

Chalcopyrite is commonly recognized in the potassic alteration zone. Where the potassic 

alteration is developed, gold grades are typically low (commonly <1.0 g/t). 

At Pancho, the ‘A’-veins are generally located at lower elevation than the banded quartz 

veins. Where both vein types occur, the ‘A’-veins are crosscut and offset by later banded quartz 
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veins, and no reverse relationship has been reported (Muntean and Einaudi, 2001). The banded 

quartz veins are composed of fine-grained granular quartz with bandings formed by submicron 

magnetite and sub-micron to micron-sized vapor-filled fluid inclusions. The bands commonly are 

symmetric from the center of the veins towards the vein margins. Botryoidal textures locally 

occur, suggesting that quartz in the bands was formed by recrystallization of amorphous silica 

gels. 

At Verde, the banded quartz veins are radially and concentrically distributed around the 

quartz diorite porphyry. The distribution of banded veins coincides with the highest gold grades. 

This observation led Muntean and Einaudi (2000) to conclude that gold mineralization at 

Maricunga is genetically linked to the banded quartz veins. 

‘D’-veins, which are common in porphyry copper deposits worldwide (cf. Gustafson and 

Hunt, 1975), are only present at the Pancho deposit. The ‘D’-veins crosscut the earlier ‘A’-veins 

and the banded quartz veins (Muntean and Einaudi, 2001). 

Veins formed by quartz-alunite alteration of the host rock are present at high elevations. 

At Verde, they crosscut the banded quartz veins, indicating that they are paragenetically later. 

However, no clear crosscutting relationship between quartz-alunite veins and banded quartz 

veins or ‘D’-veins has been reported from Pancho. The host rocks are strongly altered to a 

mineral assemblage similar to advanced argillic alteration of high-sulfidation epithermal deposits 

with quartz, alunite, pyrite, rutile, minor kaolinite, dickite, diaspore, and pyrophyllite. However, 

vuggy quartz is rare. Where vuggy quartz is present, enargite, transparent euhedral quartz, and 

barite line the vugs. The quartz-alunite veins are anomalous in gold, however usually the gold 

grade is <1 ppm and not high enough to be mined economically (Muntean and Einaudi, 2000, 

2001).  
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Table 3.1 List of the samples used in this study. 

Sample Identification Deposit District 

RV027_2 Verde Refugio 

DD25_84-86m Verde Refugio 

V6-5NWC_342.4m Verde Refugio 

P5J_54m-a Verde Refugio 

P5J_54m-b Verde Refugio 

19885 Verde Refugio 

19894 Verde Refugio 

DD25_122-130m Verde Refugio 

DD26_36-38m Verde Refugio 

RV027 Verde Refugio 

RP054 Pancho Refugio 

RP058 Pancho Refugio 

P8C_205.35m Pancho Refugio 

19886 Guanaco Refugio 

 

3.3.4. Materials and methods 

This study examines representative banded quartz vein samples collected from drill core 

and outcrop (Table 3.1). A total of 18 doubly polished 80 µm-thick sections were obtained in 

addition to 25 sections originally used by Muntean and Einaudi (2000, 2001). Mineral 

paragenesis of the banded quartz veins was determined by optical microscopy in transmitted and 

reflected light using an Olympus BX51 microscope. 

Micron-scale textural relationships were investigated using a TESCAN MIRA3 LMH 

Schottky field-emission scanning electron microscope (FE-SEM) equipped with a single-crystal 

YAG backscatter electron (BSE) detector. BSE imaging was carried out at a working distance of 

10 mm using an accelerating voltage of 15 kV. Semiquantiative chemical analyses were 

performed by energy-dispersive X-ray spectroscopy (EDS) using a Bruker XFlash 6/30 silicon 

drift detector. 

The textural settings of native gold grains were determined by reflected light. In addition, 

bright phase searches were conducted using QEMSCAN technology at the Colorado School of 

Mines. The QEMSCAN is an automated mineralogy-mapping system that utilizes a Carl Zeiss 
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EVO50 SEM as a platform and is equipped with four Bruker EDS detectors, and proprietary 

software to produce mineral maps through a combination of BSE and EDS signals. All sections 

were scanned to search for native gold grains. Settings included an accelerating voltage of 25 

keV, a beam current of 5 nA (measured on the Faraday cup), and a step size of 2 µm. 

In addition to the paragenetic studies, the quartz in the banded quartz veins was screened 

for the presence of fluid inclusion assemblages. Criteria outlined by Goldstein and Reynolds 

(1994) were used to identify primary fluid inclusion assemblages. Microthermometric 

measurements were conducted on selected assemblages. This included the measurement of the 

homogenization temperatures (Th) by heating and the temperature of last ice melting (Tm) in 

freezing experiments. A FLUID INC.-adapted U.S. Geological Survey gas-flow heating and 

freezing stage was used. The accuracy of the heating method was approximately ± 2°C at 200°C, 

while freezing temperatures were accurate to ± 0.5°C. The heating measurements preceded 

freezing measurements. For fluid inclusions that were too small to directly observe the phase 

changes in the inclusions, the cycling method was utilized (cf. Goldstein and Reynolds, 1994). In 

these cases, Th and Tm values were obtained as temperature ranges of 5°C and 0.5°C intervals, 

respectively. The Tm values were converted to salinity values assuming that the inclusions are of 

the H2O-NaCl system. All salinity values are reported in weight percent NaCl equivalent (wt% 

NaCl equiv.; Goldstein and Reynolds, 1994). 

The textures of quartz hosting fluid inclusions were studied by optical 

cathodoluminescence (CL) microscopy. A HC5-LM hot cathode CL microscope by Lumic 

Special Microscopes, Germany, was used, allowing inspection of the carbon coated sections 

under electron bombardment in a modified Olympus BXFM-S optical microscope. The 

microscope was operated at 14 kV and with a current density of ca. 10 µA mm
-2

 (Neuser, 1995). 
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CL images were captured by a high sensitivity, double-stage Peltier cooled Kappa DX40C CCD 

camera. Image acquisition times for quartz typically ranged from 8 to 10 seconds. 

The chemical composition of pyrite grains located in different textural settings was 

studied to test for the potential occurrence of invisible gold. Initially, high-resolution BSE 

images were obtained on the TESCAN MIRA3 FE-SEM to study the chemical zoning patterns of 

the pyrite and to identify potential microinclusions. Following careful selection of analytical 

spots, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was 

performed using a 193nm excimer by Photon Machines Analyte coupled to a PerkinElmer 

DRC-e quadrupole ICP-MS at the U.S. Geological Survey in Denver. Data were obtained using a 

spot size of 30 µm and calibrated using external synthetic sulfide calibration material MASS-1. 

An average Fe content of 46% was used as an internal standard element for all concentration 

calculations using the methods outlined by Longerich et al. (1996). Analyzed elements included 

Ag, Au, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn, Te, Tl, and Zn. The time profiles of 

the measured elements were carefully examined to identify analytical spots that intersected 

microinclusions and these data were excluded from the calculation of trace element abundances. 

 

3.4. Vein and mineral paragenesis at Verde 

At Verde, translucent banded quartz veins form stockwork veins that crosscut each other. 

The banded quartz veins have variable thicknesses ranging from <1 mm to several centimeters. 

The veins have straight walls and are continuous at the drill core and outcrop scales. Under the 

microscope, thicker veins generally crosscut and offset thinner veins and commonly have a 

vuggy center. Symmetrical wavy banding that is parallel to the vein walls is caused by the 

presence of sub-micron to micron sized vapor-filled fluid inclusions and sub-micron magnetite 
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crystals. The banding locally forms botryoidal textures, suggesting that quartz in the bands was 

formed by recrystallization of amorphous silica gels (Figure 3.4). The veins are comprised of 

granular quartz grains that dissect the wavy bandings. The thicker veins tend to be comprised of 

larger quartz grains (~300 µm), on the other hand, the thinner veins are usually comprised of 

smaller grains (~50 µm). Optical CL microscopy revealed that the quartz forming the banded 

quartz veins emits a uniform bright blue and purple CL luminescence (Figure 3.4). 

The bands of the banded quartz veins are comprised of myriad of vapor-filled inclusions. 

The outside of the bands is host to less vapor-filled fluid inclusions. They range in size from 

submicron to ~30 µm with majority of <~1 µm. The inclusions are filled solely by vapor with no 

visible liquid phase bubble. Few irregular-shaped liquid-rich inclusions are present, but very rare. 

The banded quartz veins locally host melt inclusions. The melt inclusions range in size from a 

few microns to ~30 µm with majority of ~5 µm. They have more equant shapes and are 

characterized by smoother surfaces than the fluid inclusions, which is an evidence for glass filled 

insides of the melt inclusions (Figure 3.4C). 

Rare late quartz is locally lining the walls of the vugs occurring in the center of the 

banded quartz veins. This late quartz is transparent and clear as is contains few minerals and 

fluid inclusions, although rare primary intermediate-density inclusions were recognized in this 

quartz type (Figure 3.5). The quartz is characterized by a dark CL signal that is distinct from the 

bright blue and purple CL of the surrounding quartz making up the majority of the banded quartz 

veins. 

Despite careful screening, only one fluid inclusion assemblage consisting of three 

intermediate-density inclusions with a consistent liquid to vapor ratio suitable for 

microthermometric measurements was identified in the late quartz from Verde. Two of these  
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Figure 3.4. Textural characteristics of banded quartz veins from Verde. A. Botryoidal textures 

are locally present in banded quartz veins. Sample DD26_36-38m. Plain polarized light. B. 

Optical CL image of the same area of view. The banded quartz vein shows purple CL 

luminescence. C. Vapor-filled inclusions and magnetite inclusions in a banded quartz vein. 

Sample DD26_36-38m. Plain polarized light. D. Melt inclusions in a banded quartz vein. Sample 

19885. Plain polarized light. 
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Figure 3.5. Textural characteristics of late quartz at Verde. A. Late quartz lining a wall of a 

vuggy banded quartz vein intergrown with radial aggregates of epidote. Sample DD25_84-86m. 

Plain polarized light. B. Optical CL image of the same field of view. The late quartz is 

characterized by a dark CL signal. C. Primary intermediate-density fluid inclusions hosted in the 

late quartz. Location of image is given in B. Plain polarized light. D. Anhedral pyrite grains are 

hosted in the vuggy center of the banded quartz vein. LA-ICP-MS revealed that this anhedral 

pyrite contains 51.6 ppm Au. Plain polarized light. 
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inclusions homogenized at 442°C by pseudo-critical behavior (cf. Bodnar, 1995). During cooling, 

the last ice melting was observed in the two inclusions between -9.0 and -9.5°C and at -10.0°C, 

respectively. These ice-melting temperatures correspond to salinities between 12.9 and 13.4 wt% 

NaCl equiv. and 13.9 wt% NaCl equiv., respectively (Goldstein and Reynolds, 1994). No 

indication for the presence of CO2 was recognized during the cooling experiments. 

The late transparent quartz occurring in the vuggy centers of the banded quartz veins is 

intergrown with radial aggregates of epidote (Figure 3.5A). Some of the vugs also contain 

anhedral pyrite. However, there is insufficient textural evidence to establish paragenetic 

relationships between the quartz, epidote, and pyrite. Anhedral pyrite also occurs in the wall 

rocks adjacent to banded quartz veins containing the vugs. Locally, calcite infills the vuggy 

centers of the banded quartz veins. 

The wall rocks surrounding the banded quartz veins are pervasively altered with alteration 

minerals forming only micron-sized grains, necessitating the use of scanning electron 

microscopy in alteration studies. Igneous K-feldspar and plagioclase in the wall rock are partly 

or entirely altered to albite. In the argillic-altered samples, kaolinite-group minerals are 

commonly present. Open spaces and voids of the banded quartz veins hosted by argillic-altered 

samples are commonly filled by kaolinite-group minerals, anhydrite or gypsum, and minor native 

sulfur. 

Locally the banded quartz veins are crosscut by chlorite-epidote veins (Figure 3.6). These 

veins are associated with minor iron oxide and Ti oxide. The thickness of the chlorite-epidote 

vein varies, but the veins are typically ~50 µm in thickness. Under the FE-SEM, the 

chlorite-epidote veins are discontinuous or fill fractures in the wall rocks and the banded quartz 

veins. 
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Figure 3.6. Textural characteristics of a chlorite-epidote vein from Verde. Sample DD26_34-36m. 

A. The chlorite-epidote vein crosscuts a banded quartz vein. Plain polarized light. B. Native gold 

contained in the chlorite-epidote vein. Location of the image is given in A. Backscattered 

electron image. 

 

Native gold is present in the banded quartz veins, the wall rocks, and the chlorite-epidote 

veins. Native gold typically ranges from a <1 to ~25 micrometers in size	 (Figure 3.6B). In the 

argillic-altered samples, native gold grains were recognized together with kaolinite 

groupminerals, iron oxide/hydroxide, and anhydrite (or gypsum) in variable sized open-spaces 

and matrices of the banded quartz vein and the wall rocks. 

The LA-ICP-MS analyses showed that the anhedral pyrite present in the vugs in the 

center of the banded quartz veins and the adjacent wall rocks contains up to 51.6 ppm Au 

(Appendix B). Arsenic and lead concentrations appear to be positively correlated with the gold 

content, while Ag content is uniformly low and usually lower than the detection limit for all 

samples examined. 

 

3.5. Vein and mineral paragenesis at Pancho 

Banded quartz vein of Pancho are texturally very similar to those at Verde. However, no 

late transparent quartz, radial-shaped epidote, and gold-bearing anhedral pyrite was identified in 
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the banded quartz veins at Pancho. This may be due to small number of samples examined in this 

study (only 3 thick sections were available to be examined during this study) or a true difference 

to Verde. Similar to Verde, the banded quartz veins of Pancho also exhibit bright blue and purple 

optical CL emission. 

The banded quartz veins are crosscut and offset by chalcopyrite-pyrite veins (Figure 3.7). 

These veins appear to follow fractures in the banded quartz veins and the wall rocks. The 

chalcopyrite-pyrite veins have variable thickness from tens to one hundred micrometers. Rare 

quartz occurs in these veins. The quartz is typified by a dark purple CL luminescence that is 

distinctly different from the bright blue and purple CL luminescence of the banded quartz vein 

(Figure 3.7). 

Gold at Pancho occurs as inclusions in chalcopyrite grains forming part of the 

chalcopyrite-pyrite vein or is associated with pyrite (Figure 3.7). The native gold grains range in 

size from <1 to ~8 micrometers. LA-ICP-MS analysis revealed that chalcopyrite contains up to 

12.4 ppm Au. However, the gold content in pyrite was below detection limit (Appendix B). 

 

3.6. Discussions 

The detailed petrographic research conducted on the banded vein samples from Refugio 

provide new critical insights into the formation of the porphyry gold deposits of the Maricunga 

belt in Chile. In combination with the observations by Muntean and Einaudi (2000, 2001), it is 

now possible to derive a more detailed model of ore deposit formation. 
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Figure 3.7. Textural relationships of a chalcopyrite-pyrite vein from Pancho. A. 

Chalcopyrite-pyrite veins crosscut a banded quartz vein and appear to follow fractures in the 

banded quartz vein and the wall rock. Sample P8C_205.35m. Plain polarized light. B. Native 

gold grain forming an inclusion in chalcopyrite within the chalcopyrite-pyrite vein. LA-ICP-MS 

analysis revealed that chalcopyrite contains up to 12.4 ppm Au. Sample P8C_205.35m. 

Backscattered electron image. C. Native gold grain associated with a pyrite grain hosted in a 

banded quartz vein. Sample RP058. Plain polarized light. D. Backscattered electron image of the 

same gold grain. Location of image is shown in C. Backscattered electron image. 
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3.6.1. Distinction of quartz generations 

The banded quartz veins at Refugio contain at least two distinct quartz generations. The 

bulk of the veins is composed of quartz that is interpreted to have recrystallized from a silica gel 

precursor. This quartz is banded and locally contains relict botryoidal textures. The quartz 

contains abundant trails of vapor-rich fluid inclusions and magnetite inclusions, forming bands 

parallel to the vein walls. 

The quartz in the banded quartz veins exhibits a bright blue and purple CL luminescence. 

Bright CL similar to that encountered for the quartz in the banded veins is characteristic for 

quartz formed at high temperatures (>450°C to as high as 775°C) in porphyry deposits and has 

been documented in ‘A’-veins from deposits such as Altar in Argentina (Maydagán et al., 2015); 

Bingham Canyon in Utah (Landtwing et al., 2005); Butte in Montana (Rusk and Reed, 2002); 

Dabaoshan, China (Mao et al., 2017); Far Southeast in the Philippines (Bennett, 2014); Grasberg 

in Indonesia (Penniston-Dorland, 2001); Oyu Tolgoi and Zesen Uul in Mongolia (Müller et al., 

2010); Santa Rita, New Mexico (Chapter 2). Based on the similarity in the CL signal and the 

occurrence of melt inclusions in the quartz, the banded quartz veins are interpreted to have 

formed at high temperatures. The high abundance of vapor inclusions in the quartz suggests that 

the quartz formation occurred in the vapor plus halite field of the H2O-NaCl system. Low 

pressure conditions like this probably required the attainment of vaporstatic conditions during 

quartz precipitation. This is consistent with the genetic model of Muntean and Einaudi (2000, 

2001). These authors proposed that quartz formation in the banded quartz veins occurred in 

response to episodic pressure drops and flashing of the magmatic-hydrothermal system. 

As part of the present study, limited microthermometric investigations were conducted. A 

primary fluid inclusion assemblage present in the late transparent quartz crosscutting the banded 
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quartz vein yielded a much higher homogenization temperature of ~440°C at a salinity of ~13 

wt% NaCl equiv. salinity. The transparent quartz crosscutting the banded quartz is typified by a 

dark CL emission, which is characteristic for lower temperature quartz occurring in porphyry 

deposits. Similar dull CL emission has been recorded for late lower temperature quartz from 

Altar in Algentina (Maydagán et al., 2015); Butte in Montana (Rusk and Reed, 2002); 

Dabaoshan, China (Mao et al., 2017); Far Southeast in the Philippines (Bennett, 2014); Oyu 

Tolgoi and Zesen Uul in Mongolia (Müller et al., 2010). Given the fact that the fluid inclusions 

homogenized at near-critical behavior, entrapment of the inclusion would have occurred at a 

minimum pressure of 320 bars. At lithostatic pressure conditions, this would correspond to a 

depth of ~1.2 km below the paleowater table. Given the fact that the temperature of 

homogenization exceeds the temperature of the brittle-ductile transition of crustal rocks 

(Fournier, 1991), it appears reasonable to assume that lithostatic conditions prevailed during the 

entrapment of these inclusions in the late transparent quartz. 

Muntean and Einaudi (2000) also performed preliminary fluid inclusion 

microthermometry on banded quartz veins. These authors recorded the occurrence of 

assemblages of liquid-rich fluid inclusions and coexisting vapor inclusion as well as assemblages 

of hypersaline liquid inclusions coexisting with vapor-rich inclusions. Based on the observations 

of the present study and photomicrographs given in Muntean and Einaudi (2000), the measured 

trails recording the occurrence of phase separation were undoubtedly of secondary nature, 

recording fluid evolution after the formation of the banded quartz veins. Although the 

relationship of these secondary trails to the occurrence of the transparent quartz observed in the 

present study are uncertain, the microthermometric data given by Muntean and Einaudi (2000) 

are in good agreement with the present study. Muntean and Einaudi (2000) reported 
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homogenization temperatures of 220° to 350°C and salinities ranging from 3.4 to 34 wt% NaCl 

equiv. Based on the observed textural evidence for the occurrence of phase separation, 

entrapment occurred at pressure conditions corresponding to a depth of 190 to 1,500 m below the 

paleowater table at hydrostatic conditions. 

Although pressure estimates are only available for the late hydrothermal overprint of the 

banded quartz veins, the evidence of the present study combined with the previous data by 

Muntean and Einaudi (2000, 2001) suggest that deposit formation at Refugio occurred at a 

paleodepth of not more than 1.5 km, confirming that Refugio represents a porphyry gold deposit 

formed at shallow depth. 

 

3.6.2. Relative timing of the gold mineralization 

Based on spatial coincidence between ore zones and the distribution of banded quartz 

veins at Refugio, Muntean and Einaudi (2000, 2001) suggested that gold mineralization is 

genetically associated with the formation of the banded quartz veins. However, preliminary 

petrogrographic evidence suggested that gold is paragenetically late. At Verde, Muntean and 

Einaudi (2000) noted that gold grains in the banded quartz veins are closely associated with 

pyrite that fills fractures postdating the dark bands in the quartz. They noted that gold grains 

occur along grain boundaries and in contact with pyrite and chlorite. No native gold was 

identified at Pancho. 

The careful petrographic investigations conducted as part of the present study confirm 

that native gold at Verde is paragenetically late. The gold grains are hosted in chlorite-epidote 

veins crosscutting the quartz of the banded quartz veins or occur in open spaces and along 

fractures crosscutting the banded quartz veins. Native gold is also present in the altered wall 
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rocks where gold is also associated with chlorite and epidote alteration. Gold mineralization is 

also recognized as high gold content of the anhedral pyrite (<51.6 ppm Au), which is hosted in 

the vuggy centers of the banded quartz veins and intimately intergrown with the radially-shaped 

epidote. These observations clearly indicate that gold mineralization at Verde took place afterthe 

banded quartz vein formation as a result of a hydrothermal overprint. 

At Verde, native gold is also recognized in association with kaolinite minerals in open 

spaces in the banded quartz veins and argillic-altered wall rocks. Kaolinite is commonly 

recognized as a product of supergene alteration processes (Muntean, 1998). The mineral 

association of kaolinite group minerals and anhydrite or gypsum may have formed as a result of 

a late supergene overprint of the original hypogene mineral assemblages. Alternatively, the local 

presence of native sulfur intergrown with the kaolinite group minerals and anhydrite or gypsum 

may suggest that the argillic alteration at Verde represents a product of steam-heating. Although 

native gold grains are present with kaolinite group minerals, samples containing kaolinite-group 

minerals or native sulfur never contained pyrite. This suggests that the gold-bearing anhedral 

pyrite may have been destructed during the supergene or steam-heated processes and also 

supports the assumption that the kaolinite group minerals recognized are of secondary origin. 

The overall contribution of gold-bearing anhedral pyrite to the whole-rock gold grades is 

unknown. However, gold contained in the anhedral pyrite of the hypogene ores can be refractory 

and may not be fully extractable by cyanide heap leaching processes. This may contribute to the 

economic challenge of mining low-grade porphyry gold deposits in the Maricunga belt. 

At Pancho, the gold mineralization is somewhat different in character. Native gold grains 

are hosted by pyrite within the banded quartz vein and gold is also incorporated in chalcopyrite 

of the chalcopyrite–pyrite vein. Chalcopyrite contains elevated gold concentrations of up to 
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~12.4 ppm (Figure 3.15). These characteristics of gold mineralization observed at Pancho are 

commonly reported at porphyry copper deposits (Sillitoe, 2000), stressing the fact that 

mineralization at Pancho is more similar to porphyry copper-gold deposits (Muntean and Einaudi, 

2000, 2001). Although native gold is also observed along fractures in the banded quartz vein, the 

gold mineralization at Pancho is primarily related to the formation of the chalcopyrite–pyrite 

veins crosscutting the banded quartz veins,  

 

3.6.3. Nature of the mineralizing fluids 

A number of recent studies have highlighted the importance of magmatic vapors as 

potential ore-forming fluids in shallow magmatic-hydrothermal systems. This includes 

experimental studies establishing that gold can be transported by low-density magmatic vapors 

(Williams-Jones and Migdisov, 2014) as well as investigations on modern arc volcanoes 

showing that high-temperature volcanic vapors contain gold (Hedenquist et al., 1993). Additional 

evidence from high-sulfidation epithermal deposits has been put forward suggesting that gold 

deposition from the vapor-phase is possible (Scher et al., 2013; King et al., 2014). 

The textural relationships observed as part of the present study show that gold 

mineralization at Refugio postdated the formation of the banded quartz veins. The quartz in the 

banded quartz veins undoubtedly formed through deposition of silica gels from high-temperature 

magmatic vapor. However, at Verde, the gold is associated with the later transparent quartz that 

crosscuts the earlier banded quartz. The gold is hosted in chlorite-epidote veins (Figure 3.7). 

Although the quartz-epidote veins containing the measured fluid inclusion did not contain gold,  

the barren and gold-bearing quartz-epidote veins at Verde may have formed under broadly 

similar conditions. In geothermal systems, epidote is stable at temperatures of 250 to 340°C 
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(Reyes, 1990) in near-neutral and reduced fluids. A near-neutral and reduced character of the 

mineralizing fluids is consistent with the elevated gold content measured in pyrite. At Pancho, 

mineralization occurred from similarly near-neutral and reduced fluids as native gold grains 

occur as inclusions within pyrite. At this deposit, chalcopyrite shows elevated gold 

concentrations. 

The mineral assemblage of epidote-chlorite-pyrite is typically recognized at porphyry and 

epithermal deposits as a non-economic distal alteration mineral assemblage. However, at Verde, 

this mineral assemblage is associated with the gold mineralization. 

As indicated by the small number of measured fluid inclusions from Verde, the late 

transparent quartz formed from a single-phase hydrothermal fluid that had a salinity of ~13 wt% 

NaCl equiv. Homogenization at near-critical behavior at ~442°C suggests that the entrapped 

intermediate density hydrothermal fluids have a near critical density. Critical fluids are known to 

have distinctively high mass and energy transport capacities (Norton and Knight, 1977; Klyukin 

et al., 2016). The present study for the first time highlights the importance of critical fluids in the 

formation of shallow porphyry gold deposits. While early banded quartz veins formed from a 

low-density magmatic vapor, mineralization at Refugio is related to an intermediate-density 

critical fluid. 
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CHAPTER 4 

 

MINERAL PARAGENESIS OF THE SUMMITVILLE HIGH-SULFIDATION EPITHERMAL 

GOLD DEPOSIT, COLORADO: FLUID EVOLUTION IN HIGH-LEVEL 

MAGMATIC-HYDROTHERMAL SYSTEMS 

 

This chapter summarizes the findings of the research conducted on the Summitville 

high-sulfidation epithermal deposit in Colorado. The chapter forms the basis for a paper that will 

be submitted to Economic Geology. This manuscript will be co-authored by Thomas Monecke, T. 

James Reynolds, Elizabeth Holley, and Alan E. Koenig. 

 

4.1. Abstract 

The Summitville high-sulfidation epithermal deposit in southwestern Colorado preserves 

the full vertical range from weak porphyry-style mineralization at depth to surficial sinter 

deposits. Early observations made at Summitville contributed significantly to the  genetic 

model of high-sulfidation epithermal mineralization. Early workers suggested that the deposit 

formation involved early intense alteration and acid-leaching of the volcanic host rock caused by 

a high-temperature vapor-phase hydrothermal fluid, followed mineralization from a 

lower-temperature liquid-phase hydrothermal fluid. However, more recently it has been 

suggested that vapor-phase hydrothermal fluids caused both alteration and mineralization at 

Summitville. 

The present study examined the paragenesis of ore samples from the Summitville deposit 

to better constrain the nature of the hydrothermal fluids that caused alteration and mineralization. 
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A range of microanalytical techniques were used, including optical microscopy, fluid inclusion 

petrography and microthermometry, and optical CL microscopy. The detailed petrographic 

research shows that residual quartz with vuggy textures was formed early in the paragenesis and 

that this quartz is associated with fine-grained anhedral to subhedral pyrite. Formation of residual 

quartz and development of vuggy textures was followed by the formation of enargite crystals 

containing primary liquid-rich inclusions that homogenize between 260 and 280°C and have 

salinities of 7 to 8 wt% NaCl equiv. The enargite crystals are overgrown by small euhedral 

quartz crystals that line the wall of vugs and fractures. Silicification of the previously altered 

rock occurred by a liquid-phase hydrothermal fluid as quartz crystals contain primary liquid-rich 

fluid inclusions having homogenization temperature of 195 to 245°C and salinities of 1.0 to 2.5 

wt% NaCl equiv. Silicification was postdated by pyrite formation and deposition of intergrown 

luzonite and enargite. Pyrite formed at this stage of the paragenesis shows pronounced chemical 

zoning and contains gold concentrations of up to 74 ppm. A distinct late association of barite and 

gold is recognized at Summitville that formed at low temperatures (<150°C). Supergene 

alteration converted the hypogene sulfide minerals into secondary sulfate minerals, resulting in 

the formation of oxide ores. 

The detailed paragenetic study conducted in this study conclusively shows that early acid 

leaching of the host rocks at Summitville resulted from condensation of a vapor-phase 

hydrothermal fluid in the near subsurface. This vapor-phase hydrothermal fluid was formed as a 

result of a parental fluid undergoing phase separation at depth, resulting in the formation of 

highly buoyant vapor and a hypersaline liquid that was not able to rise into the epithermal 

environment. Subsequent mineralization took place from a later liquid-phase hydrothermal fluid. 

This liquid, which has a salinity of 7 to 8 wt% NaCl equiv. represents a hydrothermal fluid that 
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directly originated from the cooling magma chamber at depth and never experienced phase 

separation at high temperatures. Fluid evolution in the shallow subsurface included cooling and 

mixing. The observations of the present study provide strong evidence against recently proposed 

models of ore formation from magmatic vapors.  

 

4.2. Introduction 

The Summitville high-sulfidation gold deposit is located in the San Juan Mountains of 

southwestern Colorado. The deposit is hosted by a Miocene quartz latite volcanic dome that is 

affected by intense alteration, including a core zone of vuggy quartz that is mantled by 

quartz-alunite altered rocks (Steven and Ratté, 1960; Perkins and Nieman, 1982). The deposit is 

comparably small (17.4 metric tons or ~560,000 oz Au) with a generally simple geometry, but 

preserves the full vertical range from weak porphyry-style mineralization at depth to surficial 

sinter deposits (Enders and Coolbaugh, 1987; Bethke et al., 2005). As Summitville represents 

one of the first high-level magmatic-hydrothermal systems studied in detail (Patton, 1917; 

Steven and Ratté, 1960; Perkins and Nieman, 1982; Stoffregen, 1985, 1987; Rye et al., 1990; 

Gray and Coolbaugh, 1994; Bethke et al., 2005). It is widely regarded as the archetype of 

high-sulfidation epithermal deposits. 

Despite previous research carried out at Summitville, key questions still remain, 

especially as to the nature of the mineralizing fluids. Early workers (Patton, 1917; Steven and 

Ratté, 1960; Perkins and Nieman, 1982; Stoffregen, 1987; Gray and Coolbaugh, 1994; Bethke et 

al., 2005) suggested that the deposit formation involved early intense alteration caused by 

extreme acid-leaching of the volcanic host rock, followed by the deposition of Cu sulfides and 

the subsequent introduction of Au. It was proposed that this progression coincided with a 
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transition from a high-temperature vapor-dominated magmatic-hydrothermal system to a system 

in which the Cu sulfides and the Au precipitated from a lower-temperature hydrothermal liquid 

(Stoffregen, 1987) that perhaps was even saline in nature (Bethke et al., 2005). In contrast, recent 

workers (Williams-Jones and Heinrich, 2005; Mavrogenes et al., 2010; Henley and Berger, 2011; 

Henley et al., 2012; Scher et al., 2013; Tanner et al., 2013; King et al., 2014) suggested that a 

single vapor-dominated magmatic-hydrothermal system could cause both alteration and 

mineralization in high-sulfidation deposits such as Summitville. Based on textural and fluid 

inclusion data, Mavrogenes et al. (2010) proposed that such a high-temperature vapor phase 

deposited the Cu sulfides at Summitville. Such a model is supported by experimental data, 

indicating that both Cu and Au can indeed, be transported in high-temperature aqueous vapors in 

significant concentrations (Migdisov and Williams-Jones, 2013; Hurtig and Williams-Jones, 

2014). 

The present contribution reports on a detailed paragenetic study on mineralized vuggy 

quartz samples from Summitville that was carried out to provide new constraints on the nature of 

the mineralizing fluids at this high-sulfidation deposit. Through the integration of optical 

microscopy and scanning electron microscopy, textural relationships between quartz and the ore 

minerals were established. The quartz paragenesis was determined through fluid inclusion 

petrography and optical cathodoluminescence microcopy. Microthermometric investigations 

were carried out on fluid inclusions hosted by the different quartz generations, while infrared 

microscopy was utilized to study the fluid inclusion inventory of enargite. The mineralogical 

sequestration of gold in the ore samples was determined through a combination of ore 

petrography and laser ablation-inductively coupled plasma-mass spectroscopy. The analytical 

data provide important new insights in the nature of mineralizing fluids at Summitville and 
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clarifies whether the Cu and Au were transported by a vapor or a liquid phase. 

 

4.3. Geologic background 

The Summitville high-sulfidation deposit is located in the southeastern part of the San 

Juan Volcanic Field, which represents a 25,000-km
2
 erosional remnant of an originally much 

larger composite volcanic field (Figure 4.1). Volcanism of the San Juan Volcanic Field was 

associated with eastward subduction of oceanic lithosphere underneath the American plate, and 

covered most of the southern Rocky Mountains during the middle to late Tertiary (Steven and 

Lipman, 1976; Lipman, 1982). Volcanic activity of intermediate composition commenced in the 

region around 35 Ma. By 30 Ma, volcanism changed to a more silicic composition and involved 

large ash-flow eruptions (Lipman et al., 1970). This volcanic phase, lasting until 26 Ma, resulted 

in the deposition of thick and extensive quartz latite and low-silica rhyolite units in the region 

(Lipman et al., 1970). These voluminous explosive eruptions resulted in contemporaneous 

subsidence to form large caldera ring structures (Lipman, 1975). The silicic ash-flow deposits are 

interlayered with and covered by basalt and local silicic alkali rhyolite flows. These 

petrologically distinct bimodal volcanic rocks marked the end of the volcanism in the region 

(Lipman, 1975), undergoing faulting and tilting to the east in the eastern part of the volcanic field 

along with the initial development of the Rio Grande rift (Lipman et al., 1970). 

 

4.3.1. Geology of the Platoro and Summitville areas 

Previous workers have reconstructed the geology of the Platoro and Summitville areas 

based on their detailed mapping (e.g., Steven and Ratté, 1960; Lipman et al., 1970, 1973; 

Lipman, 1975, 1982; Steven and Lipman, 1976). A brief summary of these findings is given  
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Figure 4.1. Geological map of the Summitville area showing the distribution of the San Juan 

volcanic rocks and the location of other calderas (inset). The Summitville deposit is located at 

the western margin of the Summitville caldera. The abbreviations for calderas in the inset are 

Lake City (LC), Creede (C), Cochetopa Park (CP), San Luis (SL), Bachelor (B), La Garita (LG), 

Mount Hope (MH), Silverton (S), San Juan (SJ), Uncompahgre (UN), Lost Lake (L), Ute Creek 

(U), Summitville (SM), Platoro (P), and Bonanza (BZ). Modified from Steven and Lipman 

(1976) and Gray and Coolbaugh (1994). 
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below. 

The Conejos Formation is the oldest and most extensively exposed rock unit in the 

Platoro and Summitville areas. It consists of a thick succession of dark, fine-grained porphyritic 

rhyodacite flows (Steven and Ratté, 1960; Steven and Lipman, 1976). It is overlain by the 

Treasure Mountain Tuff, which is comprised of three ash-flow sheets that accumulated between 

30 and 26 Ma. Subsidence associated with these eruptions resulted in the formation of the 

Platoro and the nested younger Summitville calderas (Lipman and Steven, 1970; Steven and 

Lipman, 1976). The calderas were successively covered by the Summitville Andesite and the 

Park Creek Rhyodacite. Anaconda Minerals and the U.S. Geological Survey reported a K-Ar age 

of 26.6 ± 1.2 Ma for igneous plagioclase of the Upper Member of the Summitville Andesite and 

27.7 ± 1.1 Ma for igneous biotite of the Park Creek Rhyodacite (Perkins and Nieman, 1982). The 

South Mountain composite volcanic dome was subsequently emplaced onto the volcanic rocks at 

the western margin of the Summitville caldera (Steven and Ratté, 1960; Lipman, 1975; 

Stoffregen, 1987). The composite volcanic dome consists of porphyritic quartz latite lava that 

extends at least 300 m vertically and 5 km
2
 horizontally (Lipman, 1975) and represents the 

immediate host to the Summitville deposit (Steven and Ratté, 1960). Mehnert et al. (1973) and 

Perkins and Nieman (1982) reported K-Ar ages of 23.5 Ma to 22.2 Ma for unaltered biotite and 

sanidine of the quartz latite. The minimum constraint on the formational age of the composite 

volcanic dome is 21.4 ± 0.9 Ma, which is a K-Ar age date obtained from a quartz latite porphyry 

dike that intruded into the composite volcanic dome (Perkins and Nieman, 1982). The Cropsy 

Mountain rhyolite that overlies the quartz latite dome represents the youngest volcanic deposit in 

the region. In contrast to the underlying volcanic rocks, it is hydrothermally unaltered. The 

rhyolite yielded K-Ar dates of 20.2 ± 0.8 Ma and 18.5 ± 1.2 Ma (Mehnert et al., 1973; Perkins 
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and Nieman, 1982). These ages represent minimum ages for the deposit formation at 

Summitville. 

The porphyritic quartz latite lava dome, which hosts the Summitville deposit, is located 

near the intersection between the regional northwest trending Pass Creek - Elwood Creek - 

Platoro fault system and the ring fracture faults of the Summitville caldera. The fault system may 

have represented a primary control on the location of post-caldera collapse igneous activity as 

well as the hydrothermal fluid flow (Perkins and Nieman, 1982). The lava dome is emplaced in 

an area that is bounded by two major diagonally northwest trending faults, referred to as the 

South Mountain fault and The Missionary fault. Both major faults displace and form the contact 

between the Summitville Andesite and the South Mountain porphyritic quartz latite (Steven and 

Ratté, 1960). The South Mountain fault, which extends south of the lava dome is a wide shear 

zone and appears to represent part of the Park Creek - Elwood Creek - Platoro fault system near 

the Summitville deposit (Steven and Ratté, 1960; Lipman, 1975). Hydrothermal alteration made 

it ambiguous and difficult to be traced, but its surface contacts generally appear to dip between 

60° to 80° to the southwest (Steven and Ratté, 1960). Although no surficial expression of the 

Missionary fault has been identified, the fault was estimated from underground data along the 

Missionary vein to strike N80°W with a dip of 45° to 60° to the south (Perkins and Nieman, 

1982; Gray and Coolbaugh, 1994).  

 

4.3.2. Alteration and mineralization 

Steven and Ratté (1960) recognized that the South Mountain Composite Volcanic dome 

composed of quartz latite represents the primary host of the Summitville deposit. They also 

described the paragenesis of the mineralization and coined the term of ‘vuggy silica’ for the 
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highly siliceous and porous host rock. Today, ‘vuggy silica’” is recognized as a common 

alteration texture in high-sulfidation epithermal deposit and the Summitville deposit is known as 

one of the best studied deposits of this type of mineralization (Hedenquist, 1987; Simmons et al., 

2005). 

The Summitville gold and copper deposit comprises several strongly silicified vein-like 

and minor pipe-shaped orebodies (i.e. Missionary, Dexter, Little Annie, Hidden, Aztec, and 

Tewksbury vein; Stoffregen, 1987; Gray and Coolbaugh, 1994). The ore zones occur parallel to 

the northwest-trending fault system, suggesting that hydrothermal fluid flow was structurally 

controlled. The style of alteration and mineralization is generally consistent throughout the ore 

bodies, although some small pipes and replacement veins host higher-grade ores. A concentric 

zoning pattern is recognized progressing outward from the central vuggy silica and quartz – 

alunite through argillic toward outer extensive propylitic alteration and eventually unaltered 

country rocks (Steven and Ratté, 1960). 

Zones of vuggy silica alteration occur throughout the mining area. Each body ranges from 

a few centimeters to tens of meters in width although much larger zones occur close to fault 

intersections (Stoffregen, 1987; Gray and Coolbaugh, 1994). The distribution of vuggy silica 

alteration can be indirectly used to map out zones of intense fluid flow (Perkins and Nieman, 

1982). Almost all primary minerals of the host rock, except for quartz phenocrysts, were 

destroyed although relict textures of the leached minerals are still discernible. The matrix of the 

intensely altered rocks is silicified and composed of 10 to 100 µm sized intergrown anhedral 

quartz grains, sulfides, minor anatase, and trace zircon (Stoffregen, 1987). The copper and gold 

mineralization coincides with zones where vugs are well developed. The vugs range in size up to 

a few centimeters, which is identical to the size of the pristine feldspar phenocrysts of the quartz 
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latite host rock. Drusy euhedral quartz crystals commonly line the walls of the vugs. Ore 

minerals such as pyrite, enargite, covellite, and minor chalcopyrite, native sulfur, barite, galena, 

sphalerite, and native gold occur in these vugs. However, pyrite also occurs in the matrix of 

rocks affected by vuggy silica alteration (Steven and Ratté, 1960). Based on the observed 

occurrence of sulfide minerals and native gold in the vugs, Steven and Ratté (1960) concluded 

that the copper and gold mineralization postdated the silicification and intense acidic alteration 

of the host rock. The average gold grade of the vuggy silica zone is 2.4 ppm Au (Gray and 

Coolbaugh, 1994). 

Narrow base metal sulfide-bearing barite veins that are commonly associated with galena, 

sphalerite, pyrite, marcasite, barite, kaolinite, and minor amount of chalcopyrite crosscut the 

intensely altered host rocks. Veins with higher gold grades of up to 4,500 ppm Au were mined 

from the shallower part of the deposit. Much higher gold grades were also noted to be associated 

with late barite. A 51.7 kg float rock containing about 20 wt%  visible  gold in a crystalline 

barite matrix was discovered on a flank of a road of the upper part of the mine. The sample is 

now exhibited at the Denver Museum of Nature and Science and known as the Summitville gold 

boulder (cf. Cunningham, 1985; Gray and Coolbaugh, 1994). Bethke et al., (2005) conducted 

isotope studies on barite from the base metal–barite veins and concluded that the barite was 

formed by mixing between the hydrothermal fluids responsible for the main copper and gold 

mineralization and steam-heated waters at the late stage of the hydrothermal activity. 

Two ~1,000 m deep holes drilled from the center of the quartz latite volcanic dome by 

ASARCO in the mid-1970s intersected porphyry copper-type mineralization in a porphyritic 

quartz monzonite at the bottom of the drill holes, approximately 400 m underneath the lowest 

level of the open pit (Enders and Coolbaugh, 1987; Bethke et al., 2005). The porphyritic quartz 
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monzonite has been affected by strong phyllic alteration, which is characterized by an 

assemblage of quartz + sericite + pyrite ± kaolinite, with pyrite and quartz stockwork veining. 

Although the stockwork quartz veins do not contain strong copper mineralization, trace 

chalcopyrite and molybdenite are present (Enders and Coolbaugh, 1987; Gray and Coolbaugh, 

1994). K-Ar dating on sericite from the phyllic alteration zone yielded an age of 22.5 ± 0.1 Ma 

for the total gas and a plateau age of 22.6 ± 0.5 Ma (Getahun, 1994). The sericite ages overlap 

with K-Ar ages obtained on coarse alunite sampled from the quartz-alunite alteration, which 

yielded ages of 22.4 Ma and 22.3 Ma (Mehnert et al., 1973). This suggests a genetic link 

between the high-sulfidation mineralization in the shallow subsurface and the porphyry-type 

mineralization at depth (Enders and Coolbaugh, 1987; Getahun, 1994; Gray and Coolbaugh, 

1994). 

 

4.4. Materials and methods 

As mining at Summitville ceased in 1991 and the ore zones are no longer accessible, the 

present study is based on samples collected from historic exploration drill holes and mineral 

specimens obtained from mineral collections. 

 

4.4.1. Sample material 

A total of 48 hand-specimen samples were obtained from three diamond drill holes 

originally cored by ASARCO and Anaconda Minerals as parts of their exploration programs in 

the 1970 and 1980’s, which are now stored at the U.S. Geological Survey Core Research Center 

in Denver, Colorado. Sampling targeted intervals of vuggy quartz alteration as zones of this 

alteration style represent the principal ore host at Summitville (cf. Stoffregen, 1987). Three 
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samples containing large enargite crystals suitable for fluid inclusion petrography and 

microthermometry were provided by the Denver Museum of Nature and Science. The museum 

also permitted subsampling of two quartz specimens containing abundant visible gold that were 

texturally and mineralogically identical to the gold boulder discovered by ASARCO employees 

in 1975 (cf. Cunningham, 1985). Doubly polished thick sections (80 µm) were obtained from all 

samples and used for petrographic investigations. 

 

4.4.2. Whole-rock gold assays 

To ensure that the vuggy quartz samples investigated were mineralized, the 

hand-specimen sampled for thin section preparation were analyzed for their gold content. 

Whole-rock fire assay was performed at ALS Chemex in Reno, Nevada. Initially, rock powders 

were prepared. The powdered samples were mixed with a flux and Ag added as a collector. The 

mixtures were then placed in crucibles and heated step-wise to a maximum temperature of 

1060°C. Following recovery of the Ag beads, the beads were digested in 0.5 ml dilute HNO3. 

After cooling, the sample solutions were analyzed by atomic absorption spectroscopy. The Au 

analyses were performed at a detection limit of 10 ppb. 

 

4.4.3. Petrographic investigations 

The mineral paragenesis of the vuggy quartz samples was studied in transmitted and 

reflected light using an Olympus BX51 microscope. Small-scale textural relationships were 

investigated using a TESCAN MIRA3 LMH Schottky field emission-scanning electron 

microscope (FE-SEM) equipped with a single-crystal YAG backscatter electron (BSE) detector. 

BSE imaging was carried out at an accelerating voltage of 15 kV and a working distance of 10 
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mm. Semiquantitative analyses of ore minerals were performed by energy-dispersive X-ray 

spectroscopy (EDS) using a Bruker XFlash 6/30 silicon drift detector. 

To ensure that all native gold present in thin section was identified, reflected light 

microscopy was supplemented by bright phase searches using QEMSCAN technology. This 

automated tool utilizes a Carl Zeiss EVO50 SEM platform equipped with four Bruker EDS 

detectors, and proprietary software that combines backscatter electron (BSE) signals and EDS 

spectra. Thick sections corresponding to hand specimens having a whole-rock gold content 

exceeding 0.5 ppm Au were scanned to search for native gold. Settings included and an 

accelerating voltage of 25 keV, a beam current of 5 nA, and a step size of 2 µm. The bright phase 

searches yield the location of all gold grains as the system automatically analyzes all mineral 

grains yielding a high phase contrast.  

 

4.4.4. Optical cathodoluminescence microscopy 

The textural setting of quartz crystals was investigated by optical cathodoluminescence 

(CL) microscopy. A HC5-LM hot-cathode CL microscope by Lumic Special Microscopes, 

Germany, was used, allowing inspection of the carbon coated thick sections under electron 

bombardment in a modified Olympus BXFM-S optical microscope. The microscope was 

operated at 14 kV and a current density of ca. 10 µA mm
-2

 (Neuser, 1995). CL images were 

captured by a high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera. 

Acquisition times ranged from 8 to 10 seconds. 
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4.4.5. Electron backscatter diffraction 

To conclusively distinguish enargite and its polymorph luzonite, electron backscatter 

diffraction (EBSD) was utilized on a FEI Quanta 450 FE-SEM equipped with a high sensitivity 

EDAX DigiView IV EBSD camera at the U.S. Geological Survey in Denver. The generated 

thick sections were tilted at 70°. Analytical settings included an accelerating voltage of 20 kV, a 

beam size of 5 µm, and a low vacuum mode of 11 Pa. Observed Kukuchi-bands were compared 

with the American Mineralogist Crystal Structure Database. To observe textural relationships of 

enargite and luzonite, EBSD mapping was also performed with 1x1 (1392x1040) binning and 1 

µm step. The obtained patterns and images were auto-indexed using the EDAX’s OIM™ Data 

Collection Software. The mapped images were then modified by the Neighbor Orientation 

Correlation mode of the software with a grain tolerance angle of 5°, a minimum confidence 

index of 0.1, and a cleanup level of 5. 

 

4.4.6. Pyrite chemistry 

The chemical composition of pyrite contained in the vuggy quartz samples was studied 

by electron microprobe (EMP) mapping and laser ablation-inductively coupled plasma-mass 

spectroscopy (LA-ICP-MS). Initially, high-resolution backscattered electron (BSE) images were 

collected from a large number of pyrite grains using the TESCAN MIRA3 FE-SEM. 

Representative grains showing internal zoning were selected for microprobe mapping. Mapping 

of As, Au, and Cu was conducted using a JEOL JXA-8900 electron microprobe located at the 

U.S. Geological Survey in Denver. Mapping was performed using a TAP analyzing crystal for 

As, a LIF analyzing crystal for Cu. Gold was measured by combining two spectrometers, one 

with a PETJ and one with a PETH crystal, respectively. Other settings included an accelerating 
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voltage of 20 kV, a beam current of 100 nA, a beam size of 1 µm, and a step size of 1 µm. 

LA-ICP-MS spot analyses of the pyrite were performed using a Photon Machines Analyte 

(193 nm excimer) coupled to a PerkinElmer DRC-e quadrupole ICP-MS at the U.S. Geological 

Survey in Denver. Data were obtained using a spot size of 30 µm, and calibrated using the 

external synthetic sulfide calibration material MASS-1. An average Fe content of 46% (based on 

EPMA data) was used as an internal standard for all concentration calculations using the 

methods outlined by Longerich et al. (1996). Minor and trace elements analyzed included Ag, 

Au, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn, Te, Tl, and Zn. Following analysis, the 

time dependent concentration profiles of the measured elements were carefully examined to 

eliminate analytical spots that intersected inclusions. 

 

4.4.7. Fluid inclusion investigations 

Following the paragenetic studies, detailed fluid inclusion petrography was conducted on 

the thick sections. Fluid inclusion assemblages suitable for microthermometric investigations 

were identified in quartz and enargite following the criteria outlined by Goldstein and Reynolds 

(1994). 

Microthermometric investigations involved the measurement of the homogenization 

temperature (Th) and the final melting temperature of ice (Tm) using a Fluid Inc.-adapted U.S. 

Geological Survey gas-flow heating and freezing stage. As the fluid inclusions were typically too 

small to directly observe the phase changes in the inclusions, the cycling method was used, as 

described in Goldstein and Reynolds (1994). Consequently, all Th and Tm values are reported as 

temperature ranges in the present contribution. The ranges were set at less than 5°C intervals for 

the Th measurements and less than 0.5°C intervals for the determination of the Tm values. The 
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accuracy of the heating method was approximately ± 2°C at 200°C, while freezing temperatures 

were accurate to ± 0.5°C. 

For fluid inclusions hosted in quartz, the heating experiments were conducted prior to the 

freezing experiments. In this contribution, the final melting temperatures of ice are converted to 

salinity values assuming that the salt contained in the inclusions is only NaCl, as suggested by 

observations on selected large inclusions allowing the determination of the eutectic temperature. 

All salinity values are reported in weight percent NaCl equivalent (wt% NaCl equiv.) and 

calculated based on the final ice melting equation of Bodnar (1992). 

Fluid inclusions hosted by enargite were studied by IR microscopy using an Optronics 

Microfire A/R camera attached to the Olympus BX51 microscope. Enargite crystals containing 

fluid inclusion assemblages suitable for microthermometric investigations were subsequently 

imaged in BSE mode on the TESCAN MIRA3 FE-SEM and analyzed by EDS to constrain the 

chemical zoning patterns of the crystals and their compositions. 

Moritz (2006) reported that the high intensity of the IR light source results in systematic 

errors in microthermometric investigations on opaque minerals such as enargite. He noted a 

negative correlation between the light source intensity and measured Th and Tm values. To test 

for possible analytical issues, Th and Tm values on selected fluid inclusion assemblages in 

enargite were measured at full light intensity and one-fourth of the maximum light intensity, 

which was the lowest light intensity still allowing inspection of the fluid inclusions. To cover a 

range of homogenization temperatures and salinities, these experiments were conducted on 

primary and secondary inclusions. 
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4.5. Results 

Samples from the ore zones at Summitville collected for the present study have Au grades 

ranging from 0.06 ppm to 4.00 ppm (Table 4.1). In hand specimen, the highly altered porphyritic 

rock samples have a distinct vuggy texture. The vugs typically are angular in shape and represent 

casts of leached out sanidine and plagioclase phenocrysts. The vugs range from a few 

millimeters to 5 centimeters in size. Quartz phenocrysts ranging from 0.1 to 1 centimeters in size 

are present in the ore samples, representing the only primary magmatic mineral recognizable in 

hand specimen. Many of the vugs are lined by small euhedral quartz crystals, which also occur 

along fractures within the intensely altered rocks. The vugs can contain enargite, aggregates of 

pyrite, and covellite. Some of vugs are filled by aggregates of alunite crystals after feldspar 

phenocrysts. The groundmass surrounding the vugs is dark gray and highly siliceous in hand 

specimen. 

 

4.5.1. Quartz phenocrysts 

Under the microscope, the quartz phenocrysts are easily recognizable based on shape and 

their transparent appearance compared with the surrounding cloudy and finer-grained 

groundmass quartz (Figure 4.2). Quartz phenocrysts are commonly partially resorbed and show 

embayment textures. The quartz phenocrysts are crosscut by abundant secondary trails of 

vapor-rich inclusions. Some phenocrysts have a cloudy appearance as they are crosscut by 

myriads of trails of vapor-rich inclusions, making them difficult to distinguish from the 

surrounding groundmass. However, under an optical CL microscope, the quartz phenocrysts and 

fragments of the quartz phenocrysts are distinct, showing a dark blue CL emission. The 

secondary trails of vapor-rich inclusions and/or micro-fissures developed in the quartz 

phenocrysts are delineated by a bright pink CL color, which is also the CL of the surrounding  



126 

Table 4.1 Sample list and gold assay results. 

Sample # Drillhole # 
Depth 

(feet) 
Au (g/t) 

SV-DDH8-1 DDH-8 95.10 

0.17  SV-DDH8-2 DDH-8 95.15 

SV-DDH8-3 DDH-8 94.50 

SV-DDH8-4 DDH-8 93.50 - 

SV-DDH8-5 DDH-8 93.00 - 

SV-DDH8-6 DDH-8 92.00 - 

SV-DDH8-7 DDH-8 71.50 - 

SV-DDH8-8 DDH-8 62.90 - 

SV-DDH8-9 DDH-8 30.00 
0.86  

SV-DDH8-10 DDH-8 29.90 

SV-DDH8-11 DDH-8 28.00 - 

SV-DDH8-12 DDH-8 19.00 - 

SV-DDH8-13 DDH-8 199.50 - 

SV-DDH8-14 DDH-8 200.00 0.09  

SV-DDH8-15 DDH-8 213.00 
0.26  

SV-DDH8-16 DDH-8 213.50 

SV-DDH8-17 DDH-8 217.00 
0.28  

SV-DDH8-18 DDH-8 217.00 

SV-DDH8-19 DDH-8 217.00 0.42  

SV-DDH8-20 DDH-8 217.80 
0.25  

SV-DDH8-22 DDH-8 218.00 

SV-DDH8-23 DDH-8 218.10 
0.12  

SV-DDH8-24 DDH-8 218.30 

SV-DDH8-25 DDH-8 219.00 
0.40  

SV-DDH8-26 DDH-8 220.00 

SV-CH82-293-27 CH-82-293 238.50 0.10  

SV-CH82-293-28 CH-82-293 244.00 0.21  

SV-CH82-293-29 CH-82-293 242.80 0.13  

SV-CH82-266-30 CH-82-266 85.00 - 

SV-CH82-266-31 CH-82-266 85.00 0.08  

SV-CH82-266-32A CH-82-266 85.00 - 

SV-CH82-266-32B CH-82-266 85.00 - 

SV-CH82-266-33 CH-82-266 198.00 0.06  

SV-CH82-266-34 CH-82-266 200.00 - 

SV-CH82-266-35 CH-82-266 202.00 0.10  

SV-CH82-266-36 CH-82-266 205.00 1.48  

SV-CH82-266-37 CH-82-266 205.50 - 

SV-CH82-266-38 CH-82-266 206.00 
0.47  

SV-CH82-266-39 CH-82-266 206.50 

SV-CH82-266-40 CH-82-266 207.00 0.18  

SV-CH82-266-41 CH-82-266 211.00 1.12  

SV-CH82-266-42 CH-82-266 213.00 1.33  

SV-CH82-266-43 CH-82-266 215.00 - 

SV-CH82-266-44 CH-82-266 219.00 - 

SV-CH82-266-45 CH-82-266 455.00 0.93  

SV-CH82-266-46 CH-82-266 456.00 3.88  

SV-CH82-266-47 CH-82-266 457.00 4.00  

SV-CH82-266-48 CH-82-266 458.00 - 

SV-CH82-266-49 CH-82-266 712.00 3.69  

DMNH#10988 
  

- 

DMNH#19441 
  

- 

DMNH#11379     0.79  
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groundmass (Figure 4.2). 

 

4.5.2. Fine-grained groundmass quartz 

Petrographic inspection of the vuggy quartz samples shows that the groundmass 

surrounding the well-preserved quartz phenocrysts and the leached-out sanidine and plagioclase 

phenocrysts is composed of fine-grained (<10 µm) quartz that is composed of interlocking 

anhedral grains. The fine-grained groundmass quartz exhibits a patchy texture with long-lived 

bright pink or blue CL colors (Figure 4.2B, D). 

The fine-grained groundmass quartz forms anhedral grains that have a distinctly cloudy 

appearance under the microscope. This cloudy appearance is caused by the presence of a high 

abundance of tiny brown rutile mineral inclusions and secondary vapor-rich fluid inclusions. The 

inclusions are typically very small (~ 1 µm) and have rounded shapes although some larger (up 

to 10 µm) and irregular shaped vapor-rich inclusions are also present. 

The fine-grained groundmass quartz contains disseminated anhedral to subhedral pyrite 

grains, referred to as Py1 in this contribution (Figure 4.2E, F). The Py1 pyrite forms up to ~10 % 

of the ore samples. The grains of Py1 pyrite are typically <10 µm although aggregates can range 

up to 200 µm in diameter. Trace element analysis of Py1 pyrite by LA-ICP-MS showed that the 

pyrite contains up to 10.4 ppm Ag, 2.59 ppm Au, and 663 ppm Cu (Figure 4.3; Appendix C).  

 

4.5.3. Enargite 

Vugs within the ore samples contain euhedral enargite crystals, suggesting that enargite 

formation postdated the intense alteration of the quartz latite and the formation of feldspar casts. 

The bases of the euhedral enargite crystals are in contact with the fine-grained groundmass  
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Figure 4.2. Textural characteristics of quartz phenocrysts and fine-grained groundmass quartz. A. 

Partially resorbed quartz phenocryst crosscut by secondary trails of vapor-rich inclusions. Plain 

polarized light. Sample SV-DDH8-18. B. Optical CL image of the same area of view. The quartz 

phenocryst shows a dark blue CL emission and the secondary trails of vapor-rich inclusions and 

micro-fractures are delineated by a bright pink CL color, which is also the CL of the surrounding 

groundmass. C. Quartz phenocryst with a cloudy appearance caused by the abundant presence of 

secondary vapor-rich inclusion trails. The phenocryst is difficult to distinguish from the 

surrounding groundmass. Plain polarized light. Sample SV-DDH8-1. D. Optical CL image of the 

same area of view. The quartz phenocryst can be easily recognized based on the dark blue CL 

emission. E. Anhedral to subhedral pyrite grains disseminated in the fine-grained groundmass 

quartz (Py1). Plain polarized light. Sample SV-CH82-293-27. F. Reflected light image of the 

same area of view in E. 
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Figure 4.3. Histograms of Au concentration in the two pyrite generations occurring at 

Summitville. Composition of pyrite was determined by LA-ICP-MS. Pyrite Py1 formed during 

the alteration of the quartz latite and disseminated grains of this pyrite generation are present 

throughout the fine-grained groundmass. Pyrite Py2 is present in the vugs and formed after 

precipitation of the euhedral quartz lining the vugs. 
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Figure 4.4. Textural characteristics of enargite. A. Plain polarized light image of enargite located 

within an earlier formed vug. B. Optical CL image of the same area of view. The base of the 

euhedral enargite crystal is in contact with the fine-grained groundmass quartz, which is 

characterized by the bright pink CL emission. C. Infrared light image of secondary fluid 

inclusions hosted in enargite on a healed microfracture. The rectangular secondary inclusions are 

on a secondary plane. D. Infrared light image of a primary fluid inclusion hosted in enargite. 

Rare primary inclusions are elongate parallel to crystal faces and distributed in 3D arrays. 

Sample DMNH10988-5. 
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quartz (Figure 4.4). Euhedral enargite has a characteristic rod shape and ranges from 100 

micrometers to 3 millimeters in size. The enargite has a well-developed cleavage and a silvery  

metallic appearance under reflected light. The euhedral enargite crystals are transparent under 

infrared light, allowing identification of their fluid inclusion inventory. Most fluid inclusions 

contained in the enargite are secondary in origin, occurring on planes that cut across the enargite 

(Figure 4.4C). Enargite at Summitville contains rare primary liquid-rich fluid inclusions. These 

inclusions occur randomly distributed in 3D arrays, with elongate, rectangular shapes oriented 

parallel to the crystal faces (Figure 4.4D). Assemblages of primary inclusions show consistent 

liquid to vapor ratios. 

Microthermometric investigations were conducted on primary and secondary inclusions 

in enargite. Primary inclusions were only recognized in one out of nine enargite samples 

investigated. A total of twenty thick sections were obtained from this sample to find primary 

inclusions large enough for microthermometric investigations, but only five suitable primary 

inclusion assemblages could be identified. At the full infrared light source (100%), primary 

inclusions showed homogenization temperatures of 245 to 270°C and salinities of 9.2 to 15.7 

wt% NaCl equiv. At the lowest light intensity setting (25%), homogenization temperatures 

ranged from 255 to 280°C and salinities of 7.8 to 9.9 wt% NaCl equiv. (Table 4.2). The largest 

difference between both light settings observed for a primary inclusion assemblage amounted to 

10°C for the homogenization temperature and 5°C for the temperature of the last ice melting. 

Homogenization of the liquid-rich inclusions occurred through disappearance of the vapor 

bubble. 

Secondary inclusions suitable for microthermometric analysis were identified in six 

samples (Table 4.2). During the heating experiments, the homogenization of all liquid-rich 
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secondary fluid inclusion assemblages also occurred through disappearance of the vapor phase. 

When the full light intensity (100%) was used, microthermometry on the secondary inclusions 

resulted in homogenization temperatures of 200 to 271°C and yielded salinities of 5.7 to 11.7 

wt% NaCl equiv. At the low light intensity setting (25%), homogenization temperatures of 205 

to 274°C and salinities of 4.9 to 7.9 wt% NaCl equiv. were observed (Table 4.2). The observed 

differences on individual inclusions were similar to those noted for primary inclusions as 

described above. 

 

4.5.4. Euhedral quartz 

Small euhedral quartz crystals are common in ore samples, forming a lining of vugs 

(Figure 4.5) or occurring along fractures crosscutting the fine-grained groundmass quartz. The 

formation of the euhedral quartz crystals postdated the enargite as some of the large enargite 

crystals are locally overgrown by the euhedral quartz (Figure 4.5B). The euhedral quartz crystals 

are characterized by their clear appearance and are usually devoid of mineral and fluid inclusions. 

The crystals range from <10 to over 100 µm in size. Some of the euhedral quartz crystals show 

oscillatory zoning under transmitted light. 

The euhedral quartz is characterized by a long-lived black, dark purple, and yellow 

optical CL colors (Figure 4.5C). The black CL colored quartz commonly forms the core of 

quartz crystals, whereas the dark purple CL colored quartz typically forms growth bands that 

surround the black CL quartz. In several quartz crystals, the black and dark purple CL colored 

quartz occurs as oscillatory growth bands. The yellow CL colored quartz is far less abundant 

than the other CL colored quartz. Where present, it occurs as the latest phase of the euhedral 

quartz rimming the dark purple quartz or filling the boundary between the black and dark purple  
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Table 4.2 Summary of microthermometry on fluid inclusions hosted in enargite. Where possible, homogenization temperatures and 

temperatures of final ice melting were measured at different light intensities to test for analytical artifacts potentially resulting from 

heating of the inclusions during the experiments (cf. Moritz, 2006).  

Sample number 
Number of 

inclusions 
Type 

Light 

intensity 
Th (°C) Tm (°C) 

Salinity 

(NaCl% 

equiv.) 

Corrected 

Th* 

(°C) 

Corrected 

Tm* 

(°C) 

Corrected 

Salinity  

(NaCl% 

equiv.) 

DMNH10988 1 
Primary 

inclusion 
25% - - - - - - 

   

  
 100% - - -10.7  -10.6  14.7  14.6  

   

DMNH10988-5 1 
Primary 

inclusion 
25% - - - - - - 

   

  
 100% - - -11.7  -11.6  15.7  15.6  

   

DMNH10988-6 1 
Primary 

inclusion 
25% 255  260  -5.5  -5.0  8.5  7.9  260.8  -4.9  7.7  

  
 100% 245  250  -6.5  -6.0  9.9  9.2  

   

DMNH10988-7 1 
Primary 

inclusion 
25% 275  280  -6.5  -6.0  9.9  9.2  280.8  -4.6  7.3  

  
 100% 265  270  -11.5  -11.0  15.5  15.0  

   

DMNH10988-17 1 
Primary 

inclusion 
25% - - -6.0  -5.5  9.2  8.5  

 
-4.8  7.5  

  
 100% - - -9.0  -8.5  12.8  12.3  

   

DMNH10988-1 1 
Secondary 

inclusion 
25% 260  265  -4.5  -4.0  7.2  6.4  265.8  -3.4  5.6  

  
 100% 250  255  -7.0  -6.5  10.5  9.9  

   

DMNH10988-2 1 
Secondary 

inclusion 
25% 205  210  -4.0  -3.5  6.4  5.7  209.2  -2.4  4.0  

  
 100% 200  205  -8.0  -7.5  11.7  11.1  

   

DMNH10988-9 1 
Secondary 

inclusion 
25% - - -4.5  -4.0  7.2  6.4  

   

  
 100% - - - - - - 

   

DMNH10988-10 2 
Secondary 

inclusions 
25% 265  270  -4.0  -3.0  6.4  5.0  268.3  -3.3  5.4  

  
 100% 260  270  -5.0  -3.5  7.9  5.7  

   

DMNH10988-12 1 
Secondary 

inclusion 
25% - - -5.0  -4.5  7.9  7.2  

 
-4.8  7.5  

  
 100% - - -5.0  -4.5  7.9  7.2  

   

DMNH10988-19 1 
Secondary 

inclusion 
25% 271  274  -4.5  -4.0  7.2  6.4  273.5  -4.1  6.6  

     100% 268  271  -5.0  -4.5  7.9  7.2        

*Calculated temperature values when zero light intensity is extrapolated. 
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Figure 4.5. Textural characteristics of euhedral quartz. A. Plain polarized light image of euhedral 

quartz crystals forming a lining in a vug. Sample SV-DD8-36. B. Backscattered electron image 

of euhedral quartz crystals overgrowing enargite. Sample SV-CH82-266-44. C. Optical CL 

image of euhedral quartz crystals. The quartz crystals emit black, dark purple, and yellow CL. 

The black and dark purple CL colored quartz occurs in oscillatory growth zones. The yellow CL 

colored quartz occurs as the latest phase of the euhedral crystals rimming the dark purple quartz. 

Sample SV-CH82-266-49. D. Primary fluid inclusion assemblage of liquid-rich inclusions and 

co-existing vapor-rich inclusions forming a boiling assemblage. SV-CH82-266-49. E. Plain 

polarized light image of an euhedral quartz crystal. Homogenization temperatures of fluid 

inclusions show a cooling trend from the core to rim. SV-CH82-266-49. F. Optical CL image of 

the same area of view. The euhedral quartz crystal is cored by a quartz phenocryst fragment that 

shows a dark blue CL color. 
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colored euhedral quartz grains. Some euhedral quartz crystals are cored by fragments of the 

quartz phenocrysts that are identified as the dark blue CL color. This texture is easily discernible  

by optical CL microscopy, but difficult to identify under the optical microscope (Figure 4.5E, F). 

Rare primary liquid-rich fluid inclusions occur in some crystals and are aligned along growth 

bands. Extensive fluid inclusion petrography showed that the euhedral quartz only contains 

liquid-rich primary fluid inclusions. No halite-bearing hypersaline inclusions were observed. 

Only in one sample, liquid-rich fluid inclusions were observed to coexist with vapor-rich 

inclusions within a single fluid inclusion assemblage (Fig 4.5D), suggesting the occurrence of 

boiling during crystal growth. However, no other vapor-rich inclusions were identified in this 

study. 

Microthermometry was performed on primary inclusions hosted by the euhedral quartz. 

Homogenization of the liquid-rich inclusions occurred through disappearance of the vapor 

bubble at temperatures of 195 to 245°C. Observed salinities ranged from 0.8 to 3.4 wt% NaCl. 

The liquid-rich inclusions coexisting with vapor-forming a boiling assemblage yielded a 

temperature of homogenization of 230 to 240°C and a salinity of 2.5 to 3.4 wt% NaCl equiv., 

which corresponds to a pressure of entrapment of 30.0 bar (Table 4.3). Microthermometric data 

on one euhedral quartz crystal suggests a cooling trend from the core of the crystal towards its 

rim (Figure 4.5E). 

 

4.5.5. Pyrite 

Within vugs, the euhedral quartz is commonly overgrown by pyrite aggregates. The 

pyrite is characterized by subhedral shapes and sometimes cuts across the growth zoning of the 

euhedral quartz (Figure 4.6). Locally the pyrite shows distinct bandings in reflected light as well  
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Table 4.3 Microthermometric data obtained on fluid inclusions hosted in the euhedral quartz.  

Sample number Type CL color 
Number of 

inclusions 
Th (°C) Tm (°C) 

Salinity (wt% NaCl 

equiv.) 
Notes 

SV-DDH8-9 
Primary 

FIA 
black 2 220  235  -1.5  -1.0  2.57  1.74  

 

SV-CH82-266-43 
Primary 

FIA 
dark purple 3 205  220  -0.8  -0.5  1.40  0.88  

 

CH82-266-49 
Primary 

FIA 
black 12 240  245  -1.4  -1.2  2.41  2.07  

 

 

Primary 

FIA 
dark purple 2 210  220  -0.7  -0.6  1.22  1.05  

 

 

Primary 

FIA 
black 3 235  240  - - - - 

 

 

Primary 

FIA 
n.a. 3 215  225  - - - - 

 

 

Primary 

FIA 
dark purple 5 195  210  - - - - 

 

 

Primary 

FIA 
black 2 230  240  -2.0  -1.5  3.39  2.57  Boiling assemblage (30.0 bar). 
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as in BSE images (Figure 4.6C, D). This pyrite is referred to as Py2 in the present contribution. 

Intergrown enargite and luzonite crystals, which are paragenetically different from the earlier 

enargite, clearly crosscut the banding of the pyrite, which indicates that enargite and luzonite are 

paragenetically later than the Py2 pyrite. 

LA-ICP-MS analyses revealed that the Py2 pyrite contains up to 74.3 ppm Au, 1140 ppm 

Ag, and 10.0 wt% Cu (Appendix C). The highest gold concentrations were observed in the 

outermost growth bands of the pyrite (Figure 4.6C). High Cu concentrations in pyrite correspond 

to bright zones in BSE images. Arsenic concentrations are inversely correlated with the Cu 

concentrations (Figure 4.6E, F). 

 

4.5.6. Enargite and luzonite 

Enargite and luzonite occur as small aggregates in the vugs. Under reflected light, 

luzonite is identified by its pinkish color, while enargite has a metallic silver color (Figure 4.7). 

They are typically intergrown and locally crosscut the bandings of the Py2 pyrite, which 

indicates that enargite and luzonite are paragenetically later than the earlier enargite. Deposition 

of enargite and luzonite postdated the formation of gold-bearing pyrite. Both enargite and 

luzonite are not transparent under infrared light, which differs from the earlier enargite. 

Acicular-shaped covellite is locally present in the vugs. The acicular crystals are rooted on 

euhedral quartz crystals and paragenetically later than the euhedral quartz. The covellite appears 

to be paragenetically equivalent with the enargite and luzonite, however no definitive textural 

relationship between covellite and enargite-luzonite was observed in this study. Since enargite 

and luzonite have different crystal structures, with luzonite being tetragonal and enargite being 

orthorhombic, both minerals can be readily distinguished by EBSD even where ubiquity exists in  
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Figure 4.6. Textural characteristics of Py2 pyrite. A. Plain polarized image of Py2 pyrite 

crosscutting growth zonings of euhedral quartz. B. Backscattered electron image of Py2 pyrite 

aggregates that show distinct chemical zonings. Circles with gold contents represent LA-ICP-MS 

spot analyses. Gold is concentrated around the rim of the Py2 pyrite. The Py2 pyrite aggregates 

are crosscut by intergrown enargite and luzonite crystals. C. Copper concentration map of the 

same area of view. The bright bands in the backscatter electron image correspond to high copper 

concentration. D. Arsenic concentration map of the same area of view. The bright bands in the 

backscatter electron image correspond to low arsenic concentration.  
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Figure 4.7. Textural characteristics of intergrown enargite and luzonite. A. Reflected light image 

of intergrown enargite and luzonite. B. Backscattered electron image of the box shown in image 

A. Intergrown enargite and luzonite are almost of the same phase contrast, suggesting minimal 

compositional differences. C. EBSD map of the same area of view. Luzonite is shown in color. D. 

EBSD map of the same area of view. Enargite is shown in color. 
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Figure 4.8. Textural characteristics of paragenetically late barite and native gold. A. Picture of 

the examined hand specimen. B. Backscattered electron image of barite and native gold. Barite is 

coated by thin layered chalcedonic silica. Barite and layers of the chalcedonic silica are crosscut 

by rounded and irregular shaped native gold grains. 

 

reflected light microscopy. The intergrowth textures of both minerals are well observed by the 

EBSD mapping (Figure 4.7C, D). 

 

4.5.7. Barite - native gold 

Previous investigations at Summitville suggest that barite and native gold are late in the 

paragenesis (Bethke et al., 2005). In this study, quartz specimens with abundant visible gold 

representing this late mineralization stage were investigated to characterize this  late 

mineralization stage. 

The sample investigated contains vuggy quartz. Euhedral quartz forms lining of vugs and 

is overgrown by barite. The barite crystals are subhedral and surround the euhedral quartz 

crystals. The barite is coated by a thin (<10 µm) layer of chalcedonic silica (Figure 4.8). The 

barite and chalcedonic silica are crosscut by rounded and irregular shaped native gold grains. 

The gold grains are not coated by the chalcedonic silica, indicating that the formation of 

chalcedonic silica preceded the native gold formation. The native gold grains range in size from 
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20 to 200 µm. Minor jarosite, alunite, and hematite occur in open space of the vuggy quartz. 

Native gold grains that are <5 µm in size occur intimately associated with these minerals. 

 

4.6. Discussions 

Based on observations made in this study, the sequence of alteration and mineralization 

events at Summitville can be reconstructed. A genetic model is presented that describes the 

observations of the present study.  

 

4.6.1. Acid alteration 

The petrographic evidence suggests that alteration of the quartz latite, which is the host to 

ore at Summitville, occurred early in the evolution of the hydrothermal system. As described by 

Gray and Coolbaugh (1994), the alteration halo surrounding the ore zones shows well-developed 

mineralogical gradients. The ore is hosted within zones of vuggy quartz that were studied as part 

of the present study. These zones of intense hydrothermal alteration are surrounded by 

quartz-alunite, quartz-kaolinite, argillic, and propylitic zones. 

Previous research at Summitville has suggested that the intense hydrothermal alteration 

was caused by highly acidic sulfate-chloride waters that formed through condensation of 

magmatic vapors into local groundwater (Stoffregen, 1987; Rye et al., 1992), which is a process 

widely occurring on modern arc volcanoes (Giggenbach et al., 1990; Hedenquist et al., 1994). 

During intense acid leaching, most chemical components present in the quartz latite were 

removed, except for silica as quartz solubility in strongly acidic surface waters is low (Fournier, 

1985). The fine-grained groundmass quartz observed in the altered ore samples likely represents 

a recrystallized siliceous residue. The small grain size and interlocking textures are suggestive of 
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recrystallization processes.  

The fine-grained quartz encapsulates abundant rutile inclusions, suggesting that acid 

leaching did not result in the removal of titanium. The small rutile crystals are interpreted to 

contain Ti originally contained in ferromagnesian minerals and volcanic glass. Recrystallization 

of siliceous residue to form fine-grained groundmass quartz and the formation of rutile 

inclusions may already have occurred early in the evolution of the hydrothermal system as the 

small groundmass quartz grains are crosscut by secondary vapor-rich fluid inclusions recording 

vapor streaming. Similar vapor-rich secondary fluid inclusions have not been observed in any of 

the minerals formed later in the paragenetic sequence. 

The fine-grained groundmass quartz contains disseminated anhedral to subhedral Py1 

pyrite. The pyrite is distributed throughout the intensely altered quartz latite host rock and 

distinct from Py2 pyrite that texturally postdates the euhedral quartz and occurs in vugs and 

along fractures. Based on the textural relationships, Py1 pyrite is interpreted to have formed at 

the same timing as the surrounding fine-grained groundmass quartz during the intense acidic 

alteration. The pyrite may have formed as a result of the dissociation of magmatic SO2 during 

condensation of magmatic vapor into groundwater, which is known to result in the formation of 

coexisting sulfide and sulfates (Arribas, 1995). The pyrite Py1 formed this way contains low 

concentrations of gold.  

Alunite replacing plagioclase in the vuggy quartz samples also formed as a result of the 

condensation of magmatic water into the local groundwater. Sulfur isotopic studies by Rye et al. 

(1992) demonstrates that the alunite has high δ
34

S values, suggesting that it formed during the 

attack of the host rocks by H2SO4 derived from the disproportionation of magmatic SO2.  
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4.6.2. Enargite mineralization 

The textural relationships observed as part of the present study confirm that 

mineralization at Summitville followed the intense alteration of the quartz latite host rocks, as 

proposed by earlier workers (Patton, 1917; Steven and Ratté, 1960; Perkins and Nieman, 1982; 

Stoffregen, 1987; Gray and Coolbaugh, 1994; Bethke et al., 2005) based on the observation that 

enargite and pyrite occur in the vugs that have formed as a result of intense acidic alteration and 

the leaching of sanidine and plagioclase phenocrysts. 

The fluid inclusion inventory in enargite further highlights that a significant change in the 

nature of the hydrothermal system must have occurred at the transition from the alteration to the 

mineralization stage. The intense alteration of the host rock occurred from acidic sulfate-chloride 

waters formed through condensation of magmatic vapor into groundwater. Myriads of vapor 

inclusions in phenocrysts and the groundmass quartz formed during vapor streaming. In contrast, 

primary inclusions in enargite contain only liquid-rich fluid inclusions. Although the studied 

enargite only cover a small portion of the deposit,  the limited observation suggests that this 

enargite formed from a liquid-phase hydrothermal fluid. Secondary inclusions hosted by the 

enargite also contain only liquid-rich inclusions, suggesting that vapor streaming did not occur 

after enargite precipitation. 

In addition to fluid inclusion petrography, careful microthermometric investigations were 

carried out on the enargite from Summitville to provide additional constraints on the conditions 

at which mineralization occurred. In the preset study, the reliability of the IR microthermometric 

technique was initially tested as Moritz (2006) reported that the high intensity of the IR light 

source used in IR microscopy can resulted in an underestimation of the true homogenization 

temperature and an underestimation of the temperature of last ice melting, resulting in an 



146 

overestimation of the salinity value of fluid inclusions hosted in enargite. To ensure the accuracy, 

all microthermometric measurements conducted on enargite as part of the present study used two 

different light intensity settings (Table 4.2). The discrepancies detected in Th and Tm values 

between the two different light source intensities were found to be sample specific. However, an 

increase in light intensity always resulted in lower Th and Tm values. 

To eliminate this analytical artifact caused by the light source intensity, it was assumed here that 

a linear relationship exists between the measured Th and Tm values and the light intensity setting, 

as proposed by Moritz (2006). Based on this assumption, the true Th and Tm values at a zero 

light source intensity can be determined through extrapolation (Figure 4.9). Following this 

method, the calculated values of homogenization temperatures measured on primary fluid 

inclusions varied from 260 to 280°C. Calculated salinities ranged from 7.3 % to 7.7 % NaCl 

equiv. (Table 4.2). 

In addition to the observations suggesting that enargite at Summitville was precipitated 

from a liquid-phase hydrothermal fluid, it is important to note that the redox of the hydrothermal 

system changed from the alteration to the mineralization stage. While early acidic fluids resulting 

in the formation of acidic leaching were strongly oxidized with respect to the wall rocks (cf. 

Giggenbach et al., 1990), the mineralizing liquid-phase hydrothermal fluids were comparably 

reduced, allowing the deposition of the sulfide mineral enargite. 

 

4.6.3. Precipitation of euhedral quartz 

At Summitville, the formation of enargite was followed by deposition of euhedral quartz 

grains in vugs and along fractures. The precipitation of euhedral quartz indicates that the shift 

from the alteration to the mineralization stage at Summitville was accompanied by a change in  
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Figure 4.9. Comparison of homogenization temperature and final ice-melting temperature values 

of sample DMNH10988-6 measured at 25% and 100% source light intensities to eliminate the 

analytical artifact reported by Moritz (2006). The true homogenization temperature and final 

ice-melting temperature values are given as the intercept values (i.e. zero light source intensity) 

of the line connecting the temperatures measured with the two different light intensities 

assuming a linear correlation between the measured temperatures and light intensities exists as 

reported by Moritz (2006). This calculation was conducted on all measured homogenization 

temperatures and final ice-melting temperatures on enargite, and only the calculated values are 

reported as the true temperature values in this study. 

 

acidity. The euhedral quartz present in vuggy silica samples could not have formed under the 

acidic conditions of the alteration stage as quartz precipitation requires silica polymerization that 

is inhibited in acidic fluids (Fournier, 1985). 

Although fluid inclusion data obtained on quartz is limited, the euhedral quartz at 

Summitville was only observed to contain liquid-rich primary fluid inclusions. Fluid inclusion 

microthermometry performed on eight primary FIAs contained in the euhedral quartz suggests 

that these euhedral quartz crystals were precipitated between 250 and 190°C. As quartz solubility 

in this temperature range decreases with temperature (Fournier, 1985), the quartz precipitation 

was probably caused by cooling of the hydrothermal fluid. This is consistent with the 

observations that primary fluid inclusion assemblages in the core of a quartz crystal homogenize 

at higher temperatures than at the rim. Mixing of a liquid-phase hydrothermal fluid with ambient  
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Figure 4.10. Homogenization temperature versus salinity diagram of fluid inclusions of enargite 

and euhedral quartz. The homogenization temperatures and salinity values for enargite are the 

calculated values as interpolated in Figure 4.9. 

 

surface waters may explain the observed decrease in temperature. Such a process would be 

consistent with the apparent correlation between the temperature of homogenization and the 

salinity of the fluid inclusions (Figure 4.10). Assuming that this trend is not an artifact caused by 

the limited amount of data available,  it may be suggestive of a mixing of the hydrothermal 

fluid with water having a zero salinity at a temperature of approximately 200°C. This may 

suggest that the hydrothermal fluid mixed with a near surface water that was already heated, 

possibly by a processes of steam-heating. 

Most primary fluid inclusions in the euhedral quartz from Summitville are liquid-rich and 

do not occur together with vapor-rich fluid inclusions. Only in one case, coexistence of both 

fluid inclusion types was observed, suggesting that the hydrothermal fluids were boiling during 

fluid ascent. Fluid inclusion microthermometry showed that boiling occurred at a temperature of 
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235°C and a pressure of 30 bar, suggesting a hydrostatic pressure condition corresponding to a 

paleodepth of 290 m. A silica sinter containing plant fragments was reported southwest of the 

deposit and this paleodepth estimate is consistent with geological evidence from Summitville 

(Enders and Coolbaugh, 1987). The paleodepth estimate matches the fact that the sample was 

taken at a depth of 217 m depth along drill hole CH82-266, taking into account that 

mineralization was followed by erosion. 

 

4.6.4. Precious metal deposition 

The precipitation of euhedral quartz was followed by the deposition of pyrite and the 

subsequent formation of intergrown enargite and luzonite. Although the exact conditions of 

sulfide formation are not known because the sulfide minerals are not transparent under IR light, 

preventing IR fluid inclusion microscopy, the  presence of primary liquid-rich fluid inclusions 

in the previously formed euhedral quartz suggests that  this stage of mineralization also formed 

from a liquid-phase hydrothermal fluid. As the euhedral quartz is not crosscut by secondary 

inclusions indicative of a high-temperature overprint, sulfide precipitation must have taken place 

at a temperature of <200°C. 

Microanalytical research performed as part of the present study suggests that the late Py2 

pyrite contains a high abundance of precious metals. Spot analysis by LA-ICP-MS yielded 

concentrations of up to 74.3 ppm Au and 1140 ppm Ag. The pyrite is characterized by 

pronounced compositional zoning and contains maximum concentrations of 10 wt% Cu and 

2280 ppm As. Texturally similar pyrite has been reported to occur at other high-sulfidation 

epithermal deposits, including Bawone and Binebase in Indonesia (King et al., 2014), El Indio 

and Pascua Lama in Chile (Chouinard et al., 2005; Tanner et al., 2016), and Pubelo Viejo in the 
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Dominican Republic (Deditius et al., 2009). The pyrite in these deposits is also paragenetically 

late, postdating earlier enargite (Tanner et al., 2016). 

At Summitville, no free gold was observed in ore samples containing a whole-rock Au 

content of up to 4 ppm. However, these samples contained abundant gold-bearing Py2 pyrite, 

which may suggest that significant proportion of the total gold at Summitville, and perhaps other 

high-sulfidation epithermal deposits that have not undergone later processes of sulfide oxidation, 

may be contained in paragenetically late pyrite. Formation of late pyrite at <200°C without the 

presence of coexisting sulfate suggests that the liquid-phase hydrothermal fluids were reduced in 

character. 

As described by Stoffregen (1987), a late barite+gold+jarosite+goethite assemblage is 

present at Summitville. The occurrence of this assemblage is restricted to the upper 60 m of the 

deposit and suggestive of a highly oxidizing environment. Observations by Cunningham (1985) 

and isotopic data by Bethke et al. (2005) suggest that this late assemblage is not a product of 

sulfide oxidation during weathering, but represents mixing of the hydrothermal fluids responsible 

for the main Cu and Au mineralization with meteoric waters or steam-heated waters marking the 

final evolution of the hydrothermal system. 

The present study examined textural settings of this assemblage and revealed that the 

native gold texturally postdates the barite and layered chalcedonic silica, both of which are 

known to form at relatively low temperatures (<180°C: (Arribas et al., 1995). This result 

supports the previous conclusion that mixing between the hydrothermal fluids responsible for the 

main Cu and Au mineralization and steam-heated waters may have resulted in late stage gold 

precipitation near the paleosurface. Late barite has been reported from several high-sulfidation 

epithermal deposits (Rodalquilar, Spain: Arribas et al., 1995; Furtei, Italy: Ruggieri et al., 1996; 
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Chinkuashih, Taiwan: Wang et al, 1999; Pascua, Argentina: Chouinard et al., 2005; Pierina, 

Peru: Fifarek and Rye, 2005; Matabe, Indonesia: Sutopo, 2013), suggesting that near-surface 

mixing of the mineralizing fluids with steam-heated water is a common process in 

high-sulfidation epithermal deposits, which could result in high-grade gold mineralization as 

observed at Summitville.  

 

4.6.5. Supergene processes 

Based on detailed mapping of pit walls, Gray and Coolbaugh (1994) recognized 

pervasive supergene oxidation up to 100 m below the paleosurface. In the oxidized zone, 

covellite, scorodite, hematite, chalcocite, and digenite are present replacing hypogene enargite 

and covellite. In this study, covellite is recognized in the vugs and appears to be paragenetically 

equivalent to enargite-luzonite. Due to lack of unequivocal textural evidence, it is not clear 

whether the covellite is hypogene or supergene origin. However, the acicular covellite crystals 

are rooted on the euhedral quartz, thereby it is paragenetically later than the euhedral quartz. 

Stoffregen (1986) reported that native gold grains in oxidized ores are finer-grained 

compared with unoxidized ores. The fine (<5 µm) native gold intimately associated with minor 

jarosite, alunite, and hematite in the gold boulder specimens is consistent with the morphology of 

native gold in supergene ores. 

 

4.6.6. Implications for vapor transport models 

A number of recent studies on high-sulfidation epithermal deposits have emphasized the 

importance of Cu and Au transport by magmatic vapors (Archibald et al., 2001, 2002; Zezin et 

al., 2011; Hurtig and Williams-Jones, 2014, 2015; Williams-Jones and Migdisov, 2014). 
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A model for high-temperature (>600°C) metal deposition at Summitville was originally 

proposed by Mavrogenes et al. (2010). These authors envisaged enargite precipitation to have 

occurred from a sulfosalt melt that condensed from a magmatic vapor. Evidence presented 

included the occurrence of symplectic sulfosalt-chalcopyrite textures resembling quenched melts 

and the presence of vapor-rich fluid inclusions in euhedral quartz texturally associated with the 

enargite. The research conducted as part of the present study could not verify these observations. 

Enargite at Summitville contains primary fluid inclusions that point to a deposition from a 

liquid-phase hydrothermal fluid at temperatures as high as 280°C. Symplectic intergrowth 

textures have not been observed in BSE imaging of enargite investigated in the present study 

suggesting that these textures are not common at Summitville. The petrographic investigations of 

the present study show that euhedral quartz present at Summitville formed after the formation of 

enargite that is IR transparent, but prior to intergrown enargite and luzonite that are not IR 

transparent. Primary fluid inclusion assemblages in the quartz clearly suggest that quartz 

precipitation occurred from a liquid-phase hydrothermal fluid at temperatures <250°C. 

Vapor-rich primary fluid inclusions are not present, except in very rare cases where they coexist 

with liquid-rich inclusions, forming boiling assemblages. However, fluid inclusions with variable 

liquid to vapor ratios are present, but these have formed through necking and are not suitable for 

microthermometric investigations. 

In a subsequent publication, Tanner et al. (2013) performed microanalytical work on 

quartz separated from ore samples from Summitville. These authors noted that enargite is 

intergrown with euhedral quartz that shows a dark CL emission. The euhedral quartz was found 

to show compositional zoning defined by variations in the Al and K content. Elevated Ti 

concentrations were noted in some of the euhedral quartz analyzed. The application of the Ti 
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geothermometers (Tanner et al., 2013) indicated minimum formation temperatures of 325 to 

432°C. In the light of the results of the careful microthermometric investigations performed as 

part of the present study, the Ti geothermometer appears to significantly overestimate the 

temperature of quartz formation. It appears possible that equilibrium conditions necessary for the 

application of the Ti geothermometer are not met or, alternatively, that not all of the measured Ti 

is in structurally incorporated in the quartz. 

 

4.6.7. Evolution of the hydrothermal system 

The evolution of the Summitville magmatic-hydrothermal system can be best explained 

by the model proposed by Hedenquist et al. (1998) for the Far Southeast porphyry deposit and 

the superadjacent Lepanto high-sulfidation epithermal deposit in the Mankayan district, 

Philipines. Not unlike Summitville, Ar/Ar dating of  hydrothermal biotite and alunite  by 

Hedenquist et al. (1998) showedthat potassic alteration of the Far Southeast porphyry deposit 

occurred approximately contemporaneously to advanced argillic alteration at the Lepanto 

high-sulfidation deposit. Based on fluid inclusion evidence, these authors showed that potassic 

alteration is caused by hypersaline liquids formed through condensation within the deposit. 

Hedenquist et al. (1998) proposed that the coexisting low-salinity vapor produced as a result of 

condensation escaped due to its high bouyancy, forming fumaroles at surface. Condensation of 

magmatic vapors produced this way resulted in the formation of acidic sulfate-chlorite waters 

that generate the acid-style alteration in the volcanic environment.  

Textural and geochronological evidence showed that mineralization at Far Southeast 

formed after the formation of the potassic alteration. Fluid inclusion data showed that quartz 

formed in close association with the mineralization is host to primary liquid-phase fluid 
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inclusions. The same hydrothermal liquid that is assumed to have formed the porphyry Cu 

mineralization at depth appears to have risen into the epithermal environment, causing 

high-sulfidation epithermal deposit formation within the previously formed lithocap (Hedenquist 

et al., 1998; Heinrich, 2005). Secondary fluid inclusions in enargite sampled from the Lepanto 

high-sulfidation deposit suggest that the salinity of the hydrothermal fluids ranged from 0.2 to 

4.5 wt% NaCl equiv. (Mancano and Campbell, 1995). Based on these observations, it was 

concluded that hydrothermal fluids forming Cu mineralization in the Far Southeast porphyry 

deposit were also responsible for Cu mineralization in the overlying Lepanto high sulfidation 

deposit (Hedenquist et al., 1998). 

At Summitville, the textual and microthermometric observations made in this study are 

consistent with this model. Two-phase immiscibility occurred when the fluids expelled from a 

deeply emplaced magma chamber intersected the two-phase boundary or the magma chamber 

was emplaced at a relatively shallow level in the liquid-vapor co-existence field of the H2O-NaCl 

system (cf. Driesner and Heinrich, 2007). Two deep drill holes were collared by ASARCO in the 

mid-1970s and intersected a quartz monzonite porphyry that was overprinted by  pervasive 

phyllic alteration at depth below 400 m from point in the open pit (Enders and Coolbaugh, 1987; 

Bethke et al., 2005). Getahun (1994) conducted K-Ar dating on the sericite of the phyllic 

alteration collected at 900 m depth and demonstrated that the formational age of the sericite 

overlapped with that of the surficial hypogene alunite, suggesting that both alteration styles 

formed as part of a single, evolving magmatic-hydrothermal system. .  

The petrographic investigations of the present study showed that relict quartz phenocrysts 

and fine-grained groundmass quartz in vuggy quartz samples are crosscut by abundant trails of 

secondary vapor-rich inclusions. The buoyant volatile-rich vapor phase fluids escaping from 
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depth towards the surface formed the vuggy texture through condensation into meteoric water 

and highly acid leaching on the feldspar phenocrysts preparing porous and inert silicified wall 

rock as the hydrothermal fluid conduits for the later Cu and Au mineralization. The low-grade 

Au mineralization in the Py1 pyrite distributed throughout the residual quartz may reflect the fact 

that the the magmatic vapor phase transported small amounts of gold. However, the Py1 pyrite is 

not the main host of gold at Summitville. 

The evidence presented suggests that the alteration stage at Summitville was followed by 

a major change in the nature of the magmatic-hydrothermal system. Mineralization occurred 

from a liquid-phase hydrothermal fluid. Numerical modeling and fluid inclusion studies on deep 

quartz veins of porphyry deposits (Cline and Bodnar, 1991; El Teniente, Chile: Klemm et al., 

2007; Butte, Montana: Rusk et al., 2008; Bingham Canyon, Utah: Landtwing et al., 2010) have 

shown that salinity of single-phase magmatic fluids expelled from porphyry-type  magmas  

typically range from 5 to 12 wt% NaCl equiv. The limited number of salinity data measured in 

primary fluid inclusions hosted by enargite from Summitville (i.e., 7.5 wt% NaCl equiv.) is 

within this salinity range, suggesting that mineralization occurred from a single-phase 

magmatic-hydrothermal fluid. This magmatic-hydrothermal fluid formed during the late stage of 

the evolution of the magma chamber at depth. Downward cooling of the magma chamber 

resulted in an increase in the pressure conditions at which the magmatic-hydrothermal fluids are 

released from the magma, which prevents the fluids to intersect the two-phase boundary of the 

H2O-NaCl system. As shown at the Santa Rita porphyry copper deposit, New Mexico (Chapter 

2) and the Refugio gold porphyry deposit, Chile (Chapter 3), the fluid that was responsible for 

the Cu and Au mineralization at depth may have evolved along the critical isochore and 

deposited the enargite at temperatures as high as 280°C in the epithermal environment. During 
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continued cooling and mixing with near-surface waters, euhedral quartz was formed at 

temperatures of <250°C, followed by gold-bearing pyrite and enargite-luzonite at even lower 

temperatures. During the late stage of the hydrothermal activity, mixing with meteoric or 

steam-heated waters resulted in oxidation of the hydrothermal fluids and the formation of 

high-grade ore shoots of the gold-barite assemblage in upper parts of the deposit. 

 

4.7. Conclusions 

The present study demonstrates that early intense hydrothermal alteration at the 

Summitville high-sulfidation epithermal deposit was caused by highly acidic sulfate-chloride 

waters that formed through condensation of magmatic vapors into local groundwater. The 

intense acid hydrothermal alteration of feldspar phenocrysts of the quartz latite host rock resulted 

in formation of vuggy quartz zones. This early phase of intense alteration was followed by a later 

stage of Cu and Au mineralization. The change from the alteration to the mineralization stage 

was accompanied by a change in the nature of the hydrothermal system from an early 

vapor-dominated fluid flow to later upflow of moderately saline and comparably reduced 

liquid-dominated fluids. The mineralization stage initially resulted in the formation of enargite in 

the earlier formed vugs. The enargite mineralization was followed by deposition of euhedral 

quartz crystals. Pyrite and intergrown enargite and luzonite followed the euhedral quartz 

deposition. The pyrite contains high precious metal contents suggesting that a significant 

proportion of the gold is contained in pyrite. A stage of barite and gold precipitation developed 

in the upper tens of meters of the deposit in response to low-temperature mixing of the 

hydrothermal fluids with steam-heated waters. 

The detailed study of petrographic and mineralogical characteristics of vuggy textured 
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ore samples indicates that the early alteration stage was caused by condensation of a vapor-phase 

fluid into ambient meteoric waters in the shallow subsurface. As the quartz monzonite stock 

underneath the deposit cooled inward, the fluids unmixing from the magma ascended towards the 

surface without intersecting the two-phase boundary. The liquid-phase fluid that was responsible 

for the weak porphyry style mineralization and alteration underneath the Summitville deposit 

may have ascended towards the subsurface and deposited the enargite at temperatures of 260 to 

280°C, the euhedral quartz at temperatures < 250°C, the gold-bearing pyrite, and 

enargite-luzonite at <200°C. Changes in salinity can be explained by mixing with ambient 

surface waters or steam-heated waters.  
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CHAPTER 5 

 

CONCLUSIONS 

 

To determine the nature of the mineralizing fluids and the conditions of ore formation in 

the porphyry and epithermal environments, this study examined paragenetic relationships of ore 

samples from three different deposits formed at different depths. A combination of 

microanalytical techniques, including optical microscopy, fluid inclusion petrography, optical 

cathodoluminescence microscopy, scanning electron microscopy, automated mineralogy, 

electron microprobe analysis, and laser ablation-inductively coupled plasma mass spectrometry 

were used. The present chapter summarizes the main findings of this study. In addition, 

recommendations for future work are presented. 

 

5.1. Research Findings 

In the following section, the key findings of the research are summarized: 

1. The Santa Rita porphyry deposit was examined as an example of a typical porphyry copper 

deposit representing an intermediate-depth magmatic-hydrothermal system. Through careful 

examination of the paragenesis and identification of different quartz generations in the 

stockwork veins, the fluid evolution could be reconstructed. Copper mineralization took 

place after potassic alteration from intermediate density or critical to near critical density 

fluids. Chalcopyrite formation occurred at ca. 400°C through cooling of critical fluids under 

hydrostatic pressures. The mineralization occurred under conditions of retrograde quartz 
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solubility, explaining the fact that the mineralization at Santa Rita is primarily hosted by 

chalcopyrite-pyrite veins that largely lack quartz as a gangue mineral. 

 

2. The research at Santa Rita highlights that the evolution of the hydrothermal fluids in 

porphyry systems is directly tied to the evolution of the deep magma chamber. At Santa Rita, 

the earliest fluids formed in the two-phase field of the H2O-NaCl system. The formation of 

early barren quartz veins and associated potassic alteration took place under these two-phase 

conditions. As the magma chamber cooled and retracted to depth, exsolved hydrothermal 

fluids were no longer able to intersect their solvus during fluid cooling and decompression. 

These fluids evolved along through the single-phase field of the H2O-NaCl system. The late 

hydrothermal fluids follow a trajectory parallel to the critical isochore in the H2O-NaCl 

system, allowing them to essentially maintain density.  

 

3. The study at Santa Rita highlighted that textural relationships in porphyry veins are complex 

and that distinction of different quartz generations needs to be based on a combination of 

analytical techniques. In the present study, successful distinction of quartz generations was 

based on a combination of fluid inclusion petrography, optical cathodoluminescence 

microscopy, and electron microprobe analysis. 

 

4. The vein paragenesis at the Refugio porphyry gold deposit in the Maricunga belt of Chile 

was studied to better understand how gold mineralization occurs in shallow porphyry systems 

at the transition to the epithermal environment. Banded quartz veins at Refugio show optical 

cathodoluminescence properties similar to early formed veins in porphyry deposits and are 
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interpreted to have formed from vapor-phase hydrothermal fluids at vaporstatic conditions 

during episodes of flashing. The banded quartz in the veins formed through recrystallization 

from silica gel initially deposited from the vapor–phase at high temperatures. Textural 

evidence, however, shows that gold mineralization is not paragenetically associated with the 

banded quartz, but was formed during a subsequent hydrothermal overprint.  

 

5. Hypogene gold mineralization at Refugio is paragenetically late. At Verde, the hypogene 

gold mineralization consist of up to 25 micron-sized native gold grains and gold contained in 

pyrite associated with epidote and chlorite. At Pancho, the gold mineralization is related to 

native gold grains associated with chalcopyrite and pyrite and gold contained within 

chalcopyrite. Careful fluid inclusion studies at Refugio showed that paragenetically late 

quartz associated with epidote and chlorite contain critical-type fluid inclusions. Rare fluid 

inclusions identified in the late quartz that could be studied microthermometrically 

homogenized at ~440°C with a near-critical behavior and had a salinity of ~13 wt% NaCl 

equiv. It is proposed that the entrapped near-critical fluids were responsible for hypogene 

gold mineralization at Refugio. 

 

6. Study of ore samples from the Summitville high-sulfidation epithermal deposit in Colorado 

revealed the presence of an early alteration stage resulting in the formation of vuggy quartz. 

Myriads of vapor-rich inclusions in the early residual quartz suggest that intense alteration of 

the host rocks occurred as a result of condensation of a vapor-phase fluid into shallow waters. 

The vapor-phase fluid is thought to have been generated through fluid immiscibility in the 

porphyry envrionemnt at depth. Due to the higher density and lower buoyancy, the 
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hypersaline liquid produced by this process was not able to rise into the epithermal 

environment. It probably produced the potassic alteration of the Summitville porphyry 

 

7. Alteration at Summitville was postdated by the mineralization stage. The vuggy quartz at 

Summitville hosts enargite, euhedral quartz, auriferous pyrite, luzonite-enargite, and 

high-grade barite-native gold. In contrast to the alteration stage, mineralization occurred from 

a liquid-phase hydrothermal fluid. Primaryfluid inclusions hosted in the enargite homogenize 

by vapor disappearance at temperatures at ~270°C and have salinities ~7.5 wt% NaCl equiv. 

Euhedral quartz overgrowing the enargite hosts primary liquid-rich inclusions that 

homogenize at 195-245°C and have salinities of 0.8- 3.4 wt% NaCl equiv. The liquid-phase 

hydrothermal fluid responsible for the mineralization stage is though to have originated from 

a near-critical or critical single-phase hydrothermal fluids formed in the porphyry 

environment.  

 

8. For the first time, the present study gives significant evidence for the role of critical fluids in 

the formation for ore in the porphyry copper environment, as well as the related epithermal 

environment. These results are consistent with the fact that critical fluids have a special 

ability to transfer mass and energy. 

 

5.2 Recommendations for Future Work 

Based on the results of the present research, a number of avenues for future research are 

proposed: 
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1. The present study puts forward a new model for fluid evolution from the porphyry to the 

epithermal environment that emphasizes the role of critical or near-critical hydrothermal 

fluids in deposit formation. To further test this model, it is recommended to conduct 

additional case studies on other geologically well-known deposits, including the El Salvador 

porphyry deposit in Chile, the Far Southeast porphyry deposit in the Philippines, and the 

Yerington porphyry deposit in Nevada. These case studies should make use of the same 

combination of microanalytical techniques employed in the present study. 

 

2. At present, phase relationships in the H2O-NaCl-CO2 system are only poorly constrained. 

Major advances in the understanding of stockwork vein formation in porphyry deposit could 

be made if the influence of CO2 on quartz solubility would be better understood. 

 

3. Future thermodynamic and experimental studies on copper and gold transport in 

near-critical intermediate-density fluids are needed to better understand mineralization 

processes in the porphyry and epithermal environments and to explain observed paragenetic 

relationships. Future work could focus on the role of a wide range of parameters on the 

solubility of these metals, including pressure, temperature, and sulfidation state. 

 

4. At present, little is known on how near-critical intermediate-density fluids unmix from 

magmas and how metals partition between the melt and fluid. Future research could focus 

on the melt-fluid transition in porphyry systems through the study of melt inclusions. As 

part of the present study, melt inclusions were also identified in the banded veins at Refugio, 
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providing evidence for coexistence of melt and vapor at high temperatures. The importance 

of these high-temperature processes on ore formation is currently not understood. 
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APPENDIX A 

SANTA RITA MICROPROBE DATA 

Table A.1 Mircroprobe data 

Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Barren vitreous Qz vein RSR6 1 dark purple 94 0 47 QA 

 
RSR6 1 dark purple 114 0 40 QA 

 
RSR6 1 dark purple 112 0 35 QA 

 
RSR6 1 dark blue 609 164 184 QA 

 
RSR6 1 dark purple-dark blue 117 0 18 QA 

 
RSR6 1 dark blue 128 0 55 QA 

 
RSR6 1 dark blue 264 55 76 QA 

 
RSR6 1 dark blue 211 25 76 QA 

 
RSR6 1 dark blue 282 42 90 QA 

 
RSR6 1 dark purple-dark blue 172 31 40 QA 

 
RSR6 1 dark purple-dark blue 235 0 66 QA 

 
RSR6 1 dark purple 100 0 51 QA 

 
RSR6 1 dark purple 438 92 51 QA 

 
RSR6 1 dark purple-dark blue 178 50 83 QA 

 
RSR6 1 dark blue 413 71 199 QA 

 
RSR6 1 dark purple-dark blue 345 73 187 QA 

 
RSR6 1 dark purple 173 59 82 QA 

 
RSR6 1 dark purple-dark blue 330 120 89 QA 

 
RSR6 1 dark purple 128 67 61 QA 

 
RSR6 1 dark purple 126 0 57 QA 

 
RSR6 1 dark purple 106 0 49 QA 

 
RSR6 1 dark purple 113 0 55 QA 

 
RSR6 1 dark purple 90 0 41 QA 

 
RSR6 1 dark purple 288 45 67 QA 

 
RSR6 1 dark purple 109 92 94 QA 

 
RSR12 2 - 302 74 57 QA 

 
RSR12 2 - 213 33 35 QA 

 
RSR12 2 - 120 0 38 QA 

 
RSR12 2 - 102 0 29 QA 

 
RSR12 2 - 101 0 30 QA 

 
RSR12 2 - 96 0 28 QA 

 
RSR12 2 - 118 793 76 QA 

 
RSR12 2 - 102 0 91 QA 

 
RSR12 2 - 107 0 23 QA 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Barren vitreous Qz vein RSR12 2 - 99 0 28 QA 

 
RSR12 2 - 98 0 24 QA 

 
RSR12 2 - 103 0 25 QA 

 
RSR12 2 - 87 0 22 QA 

 
RSR12 2 - 97 0 33 QA 

 
RSR12 2 - 115 59 56 QA 

 
RSR12 3 dark blue 563 506 58 QA 

 
RSR12 3 dark blue 111 59 21 QA 

 
RSR12 3 dark blue 110 28 31 QA 

 
RSR12 3 dark blue 111 0 44 QA 

 
RSR12 3 dark blue 242 41 72 QA 

 
RSR12 3 dark blue 1309 420 121 QA 

 
RSR12 3 dark purple 95 0 32 QA 

 
RSR12 3 dark purple 73 0 0 QA 

 
RSR12 3 dark purple 75 0 21 QA 

 
RSR12 3 dark purple 50 0 0 QA 

Ore-bearing vein RSR5-2a 4 dark purple 27 <15 <13 QBL 

 
RSR5-2a 4 dark purple 23 <15 <13 QBL 

 
RSR5-2a 4 dark purple 39 <15 <13 QBL 

 
RSR5-2a 4 - 490 <15 <13 QBE? 

 
RSR5-2a 4 - 1356 70 38 QBE? 

 
RSR5-2a 4 - 2427 151 54 QBE? 

 
RSR5-2a 4 - 1705 161 37 QBE? 

 
RSR5-2a 4 - 3105 138 42 QBE? 

 
RSR5-2a 4 - 960 120 23 QBE? 

 
RSR5-2a 4 - 2143 789 46 QBE? 

 
RSR5-2a 4 - 3414 251 57 QBE? 

 
RSR5-2a 4 - 3366 999 51 QBE? 

 
RSR5-2a 4 - 3390 195 49 QBE? 

 
RSR5-2a 4 - 1591 192 30 QBE? 

 
RSR5-2a 4 - 3410 326 52 QBE? 

 
RSR5-2a 4 - 762 51 <13 QBE? 

 
RSR5-2a 4 dark purple 138 <15 <13 QBL 

 
RSR5-2a 4 dark purple 201 <15 <13 QBL 

 
RSR5-2a 5 dark purple 173 <15 <13 QBL 

 
RSR5-2a 5 dark purple 33 <15 <13 QBL 

 
RSR5-2a 5 dark purple 27 <15 <13 QBL 

 
RSR5-2a 5 dark purple 31 <15 <13 QBL 

 
RSR5-2a 5 dark purple 54 <15 <13 QBL 

 
RSR5-2a 5 dark purple 97 <15 <13 QBL 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Ore-bearing vein RSR5-2a 5 purple 182 <15 <13 QBM 

 RSR5-2a 5 purple 103 <15 <13 QBM 

 
RSR5-2a 5 purple 132 <15 <13 QBM 

 
RSR5-2a 5 purple 194 37 24 QBM 

 
RSR5-2a 5 purple 183 40 <13 QBM 

 
RSR5-2a 5 purple 159 56 <13 QBM 

 
RSR5-2a 5 purple 300 <15 <13 QBM 

 
RSR5-2a 5 purple 294 <15 <13 QBM 

 
RSR5-2a 5 purple 239 <15 <13 QBM 

 
RSR5-2a 5 purple 285 618 <13 QBM 

 
RSR5-2a 5 purple 390 46 <13 QBM 

 
RSR5-2a 5 - 1504 216 49 QBE? 

 
RSR5-2a 5 - 1268 96 86 QBE? 

 
RSR15a 6 purple 516 81 23 QBM 

 
RSR15a 6 bright red 482 97 39 QBE 

 
RSR15a 6 bright red 649 54 41 QBE 

 
RSR15a 6 bright red 425 <15 30 QBE 

 
RSR15a 6 purple 63 <15 <13 QBM 

 
RSR15a 6 purple 73 <15 <13 QBM 

 
RSR15a 6 purple 80 <15 <13 QBM 

 
RSR15a 6 - 126 <15 <13 QBM 

 
RSR15a 6 - 94 <15 <13 QBM 

 
RSR15a 7 purple 73 <15 14 QBM 

 
RSR15a 7 purple 81 <15 <13 QBM 

 
RSR15a 7 purple 247 33 29 QBM 

 
RSR15a 7 purple 93 <15 25 QBM 

 
RSR15a 7 purple 97 <15 17 QBM 

 
RSR15a 7 dark purple 98 <15 <13 QBL 

 
RSR15a 7 dark purple 100 <15 <13 QBL 

 
RSR15a 7 dark purple 134 <15 <13 QBL 

 
RSR15a 7 dark purple 27 <15 <13 QBL 

 
RSR15a 7 dark purple 81 <15 <13 QBL 

 
RSR15a 8 purple 177 <15 19 QBM 

 
RSR15a 8 purple 208 80 29 QBM 

 
RSR15a 8 purple 142 <15 16 QBM 

 
RSR15a 8 purple 79 <15 <13 QBM 

 
RSR15a 8 bright red 704 73 57 QBE 

 
RSR15a 8 bright red 598 64 29 QBE 

 
RSR15a 8 bright red 512 71 43 QBE 

 
RSR15a 8 purple 88 <15 <13 QBM 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Ore-bearing vein RSR15a 8 purple 71 <15 14 QBM 

 RSR15a 8 purple 75 <15 <13 QBM 

 RSR15a 8 purple 63 <15 <13 QBL 

 
RSR15a 8 dark purple 366 <15 <13 QBL 

 
RSR15a 8 dark purple 66 <15 <13 QBL 

 
RSR15a 8 dark purple 108 <15 <13 QBL 

 
RSR15a 8 dark purple 110 <15 <13 QBL 

 
RSR15a 9 purple 103 <15 21 QBM 

 
RSR15a 9 purple 117 <15 21 QBM 

 
RSR15a 9 purple 203 <15 <13 QBM 

 
RSR15a 9 purple 116 <15 <13 QBM 

 
RSR15a 9 purple 270 <15 21 QBM 

 
RSR15a 9 bright red 364 <15 32 QBE 

 
RSR15a 9 purple 67 <15 <13 QBM 

 
RSR15a 9 dark purple 61 <15 <13 QBL 

 
RSR15a 9 dark purple 66 <15 <13 QBL 

 
RSR15a 9 dark purple 39 <15 <13 QBL 

 
RSR15a 10 purple 65 <15 <13 QBM 

 
RSR15a 10 purple 67 <15 17 QBM 

 
RSR15a 10 purple 72 <15 <13 QBM 

 
RSR15a 10 purple 63 <15 <13 QBM 

 
RSR15a 10 dark purple 61 <15 <13 QBL 

 
RSR15a 10 dark purple 162 <15 <13 QBL 

 
RSR15a 10 dark purple 133 <15 16 QBL 

 
RSR15a 10 dark purple 236 <15 <13 QBL 

 
RSR15a 11 - 250 <15 <13 QBM? 

 
RSR15a 11 - 142 <15 <13 QBM? 

 
RSR15a 11 - 115 <15 <13 QBM? 

 
RSR15a 11 - 167 <15 <13 QBM? 

 
RSR15a 11 - 99 <15 <13 QBL 

 
RSR15a 11 - 59 <15 <13 QBL 

Qz-pyrite vein RSR6a 12 dull red and purple 205 <15 <13 QD 

 
RSR6a 12 dull red and purple 128 <15 <13 QD 

 
RSR6a 12 dull red and purple 85 <15 <13 QD 

 
RSR6a 12 dull red and purple 177 <15 <13 QD 

 
RSR6a 12 dull red and purple 422 <15 <13 QD 

 
RSR6a 12 dull red and purple 254 <15 <13 QD 

 
RSR6a 12 dull red and purple 316 <15 <13 QD 

 
RSR6a 12 dull red and purple 197 <15 <13 QD 

 
RSR6a 12 dull red and purple 256 <15 <13 QD 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Qz-pyrite vein RSR6a 12 dull red and purple 255 <15 <13 QD 

 RSR6a 12 dull red and purple 218 <15 <13 QD 

 RSR6a 12 dull red and purple 247 <15 <13 QD 

 RSR6a 12 dull red and purple 221 <15 <13 QD 

 
RSR6a 12 dull red and purple 219 <15 <13 QD 

 
RSR6a 12 dull red and purple 211 <15 <13 QD 

 
RSR6a 12 dull red and purple 105 <15 <13 QD 

 
RSR6a 12 dull red and purple 212 <15 <13 QD 

 
RSR6a 13 dull red and purple 360 <15 <13 QD 

 
RSR6a 13 dull red and purple 258 <15 <13 QD 

 
RSR6a 13 dull red and purple 156 <15 <13 QD 

 
RSR6a 13 dull red and purple 265 <15 <13 QD 

 
RSR6a 13 dull red and purple 104 <15 <13 QD 

 
RSR6a 13 dull red and purple 125 <15 <13 QD 

 
RSR6a 13 dull red and purple 125 <15 <13 QD 

 
RSR6a 13 dull red and purple 161 <15 <13 QD 

 
RSR6a 13 dull red and purple 92 <15 <13 QD 

 
RSR6a 13 dull red and purple 137 <15 <13 QD 

 
RSR6a 13 dull red and purple 94 <15 <13 QD 

 
RSR6a 14 dull red and purple 101 <15 <13 QD 

 
RSR6a 14 dull red and purple 256 <15 <13 QD 

 
RSR6a 14 dull red and purple 918 <15 <13 QD 

 
RSR6a 14 dull red and purple 716 <15 <13 QD 

 
RSR6a 14 dull red and purple 590 <15 <13 QD 

 
RSR6a 14 dull red and purple 422 <15 <13 QD 

 
RSR6a 14 dull red and purple 1068 <15 <13 QD 

 
RSR6a 14 dull red and purple 461 <15 <13 QD 

 
RSR6a 14 dull red and purple 223 <15 <13 QD 

 
RSR6a 14 dull red and purple 213 <15 <13 QD 

 
RSR6a 14 dull red and purple 191 <15 <13 QD 

 
RSR6a 14 dull red and purple 206 <15 <13 QD 

 
RSR6a 14 dull red and purple 700 <15 <13 QD 

 
RSR6a 14 dull red and purple 1042 <15 <13 QD 

 
RSR6a 14 dull red and purple 1186 <15 <13 QD 

 
RSR6a 14 dull red and purple 486 <15 <13 QD 

 
RSR6a 14 dull red and purple 1070 36 <13 QD 

 
RSR6a 14 dull red and purple 207 140 <13 QD 

Whim Hill Breccia RSR5-2b 15 dull purple 2586 <15 <13 QD 

 
RSR5-2b 15 dull red 551 <15 <13 QD 

 
RSR5-2b 15 dull red 414 <15 <13 QD 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Whim Hill Breccia RSR5-2b 15 dull red 257 <15 <13 QD 

 RSR5-2b 15 dull red 458 <15 <13 QD 

 RSR5-2b 15 dull red 461 <15 <13 QD 

 RSR5-2b 15 dull red 188 <15 <13 QD 

 RSR5-2b 15 dull red 41 <15 <13 QD 

 
RSR5-2b 15 dull red 40 <15 <13 QD 

 
RSR5-2b 15 dull purple 1292 <15 <13 QD 

 
RSR5-2b 15 dull red 259 <15 <13 QD 

 
RSR5-2b 15 dull red 311 <15 <13 QD 

 
RSR5-2b 15 dull red 24 <15 <13 QD 

 
RSR5-2b 15 dull red 306 <15 <13 QD 

 
RSR5-2b 15 dull purple 63 <15 <13 QD 

 
RSR5-2b 15 dull red-dull purple 67 <15 <13 QD 

 
RSR5-2b 15 dull red-dull purple 62 <15 <13 QD 

 
RSR5-2b 15 dull red 140 <15 <13 QBL 

 
RSR5-2b 15 dull red 115 <15 <13 QBL 

 
RSR5-2b 15 dull red 124 <15 <13 QBL 

 
RSR5-2b 15 dull red 97 <15 <13 QBL 

 
RSR5-2b 15 dull purple 96 <15 <13 QBL 

 
RSR5-2b 15 dull purple 135 <15 <13 QBL 

 
RSR5-2b 15 dull purple 96 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 138 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 143 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 120 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 221 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 173 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 95 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 92 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 113 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 107 <15 <13 QBL 

 
RSR5-2b 15 dull red 106 <15 <13 QBL 

 
RSR5-2b 15 dull red 100 <15 <13 QBL 

 
RSR5-2b 15 dull red 205 <15 <13 QBL 

 
RSR5-2b 15 dull red 97 <15 <13 QBL 

 
RSR5-2b 15 dull red 79 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 61 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 74 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 67 <15 <13 QBL 

 
RSR5-2b 15 dull red-dull purple 82 <15 14 QBL 

 
RSR5-2b 15 dull red-dull purple 50 <15 16 QBL 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Whim Hill Breccia RSR5-2b 15 dull red-dull purple 73 <15 <13 QBL 

 RSR5-2b 15 dull red-dull purple 130 <15 <13 QBL 

 RSR5-2b 15 dull red-dull purple 58 <15 <13 QBL 

 RSR5-2b 15 dull red-dull purple 104 <15 <13 QBL 

 RSR5-2b 15 dull red-dull purple 78 <15 <13 QBL 

 RSR5-2b 15 dull red-dull purple 76 <15 <13 QBL 

 
RSR5-2b 15 dull red 66 <15 <13 QBL 

 
RSR5-2b 15 dull red 69 <15 <13 QBL 

 
RSR5-2b 15 dull red 77 <15 <13 QBL 

 
RSR5-2b 15 dull purple 58 <15 <13 QBL 

 
RSR5-2b 15 dull purple 64 <15 <13 QBL 

 
RSR5-2b 15 dull purple 76 <15 <13 QBL 

 
RSR5-2b 15 dull red 93 <15 <13 QBL 

 
RSR5-2b 15 dull red 86 <15 <13 QBL 

 
RSR5-2b 15 dull red 124 <15 <13 QBL 

 
RSR5-2b 15 - 252 <15 <13 QBL? 

 
RSR5-2b 15 - 122 <15 <13 QBL? 

 
RSR5-2b 15 - 348 <15 <13 QBL? 

 
RSR5 16 dull purple 80 <15 <13 QBL? 

 
RSR5 16 dull red 95 <15 <13 QBL? 

 
RSR5 16 dull red 338 24 <13 QBL? 

 
RSR5 16 dull purple 341 <15 <13 QBL? 

 
RSR5 16 dull red 620 <15 <13 QBL? 

 
RSR5 16 dull red 709 48 <13 QBL? 

 
RSR5 16 dull red 393 <15 <13 QBL? 

 
RSR5 16 dull red 326 <15 <13 QBL? 

 
RSR5 16 dull red 671 <15 <13 QBL? 

 
RSR5 16 dull red 423 42 <13 QBL? 

 
RSR5 16 dull red 408 <15 <13 QBL? 

 
RSR5 16 dull red 270 <15 <13 QBL? 

 
RSR5 16 dull red 419 <15 <13 QBL? 

 
RSR5 16 dull red 318 36 <13 QBL? 

 
RSR5 16 dull red 427 <15 <13 QBL? 

 
RSR5 16 dull red 419 <15 <13 QBL? 

 
RSR5 16 dull red 259 185 <13 QBL? 

 
RSR5 16 dull purple 657 98 <13 QD 

 
RSR5 16 dull purple 438 31 <13 QD 

 
RSR5 16 dull purple 92 18 <13 QD 

 
RSR5 16 dull purple 310 <15 <13 QD 

 
RSR5 16 dull purple 359 <15 <13 QD 
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Table A.1 Continued. 
Vein type Sample # Traverse # CL Al (ppm) K (ppm) Ti (ppm) Quartz 

Whim Hill Breccia RSR5 16 dull purple 255 <15 <13 QD 

 RSR5 16 dull purple 59 <15 <13 QD 

 RSR5 16 dull purple 2194 308 <13 QD 

 RSR5-5 17 dull red-dull purple 1084 247 <13 QBL? 

 RSR5-5 17 dull red-dull purple 783 299 <13 QBL? 

 RSR5-5 17 dull red-dull purple 718 273 <13 QBL? 

 RSR5-5 17 dull red-dull purple 682 374 <13 QBL? 

 
RSR5-5 17 dull red-dull purple 675 630 <13 QBL? 

 
RSR5-5 17 dull red-dull purple 414 620 <13 QBL? 

 
RSR5-5 17 dull red 190 633 <13 QBL? 

 
RSR5-5 17 dull red 84 440 <13 QBL? 

 
RSR5-5 17 dull red 174 275 <13 QBL? 

 
RSR5-5 17 dull red 280 381 <13 QBL? 

 
RSR5-5 17 dull red 307 209 <13 QBL? 

 
RSR5-5 17 dull red 346 663 <13 QBL? 

 
RSR5-5 17 dull red 359 174 <13 QBL? 

 
RSR5-5 17 dull red 311 502 <13 QBL? 

 
RSR5-5 17 dull red 314 431 <13 QBL? 

 
RSR5-5 17 dull red 361 249 <13 QBL? 

 
RSR5-5 17 dull red 147 152 <13 QBL? 

 
RSR5-5 17 dull red 354 <15 <13 QBL? 

 
RSR5-5 17 dull red 250 255 <13 QD 

 
RSR5-5 17 dull red 576 278 <13 QD 

 
RSR5-5 17 dull red 842 57 <13 QD 

 
RSR5-5 17 dull red 325 80 <13 QD 

 
RSR5-5 17 dull red 270 44 <13 QD 

 
RSR5-5 17 dull red 88 30 47 QD 

 
RSR5-5 17 dull red 145 <15 <13 QD 
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APPENDIX B 

REFUGIO LA-ICP-MS DATA 

Table B.1 LA-ICP-MS data 

Sample ID 

	  	  

51V 

(ppm) 

55Mn 

(ppm) 

59Co 

(ppm) 

60Ni 

(ppm) 

63Cu 

(ppm) 

66Zn 

(ppm) 

75As 

(ppm) 

82Se 

(ppm) 

98Mo 

(ppm) 

107Ag 

(ppm) 

111Cd 

(ppm) 

118Sn 

(ppm) 

121Sb 

(ppm) 

128Te 

(ppm) 

197Au 

(ppm) 

202Hg 

(ppm) 

205Tl 

(ppm) 

208Pb 

(ppm) 

209Bi 

(ppm) 

Detection limit (ppm) 	  	  12.0  4.4  1.9  9.4  23.0  196.7  4.7  72.3  3.2  1.3  22.5  2.4  1.2  11.0  1.1  1.5  0.6  0.7  0.5  

DD25_84-86m Py 1  

 

8.8  116.1  73.0  93.1  

 

1928.6  

     

1.8  

 

22.5  1.8  

 

114.7  

 

 

Py 2  

 

6.5  1130.1  124.0  

 

200.8  8.6  

 

4.1  

        

2.3  

 

 

Py 3  

 

14.1  

 

21.6  271.8  

 

2290.3  

 

10.1  

 

29.7  

 

4.5  11.9  44.7  

  

252.9  

 

 

Py 4  

 

6.2  

 

52.8  

 

408.6  730.5  

 

3.9  1.8  

    

11.3  

  

156.1  

 

 

Py 5  

  

3.2  

   

220.1  

       

3.2  

  

5.6  

 

 

Py 6  

 

5.6  56.1  

   

44.7  

          

0.9  

 

 

Py 7  150.0  52.6  31.8  25.2  

 

310.2  1301.5  

       

17.1  

  

11.2  1.0  

 

Py 8  117.7  32.7  82.0  22.5  42.7  

 

7.2  

      

22.8  

   

3.5  

 

 

Py 9  

 

9.4  1.9  

 

35.0  

 

2459.3  137.5  3.2  

     

36.1  

 

0.8  239.0  

 

 

Py 10  

 

5.2  

 

38.0  33.6  

 

12.5  

          

2.7  

 

 

Py 11  

 

10.9  9.7  

 

65.8  

 

3058.8  98.9  

    

2.6  

 

35.1  

  

166.3  

 

 

Py 12  45.9  96.7  4.3  14.2  50.8  

 

668.1  

    

4.0  

 

22.4  

   

91.9  0.9  

 

Py 13  

 

15.7  536.0  38.4  130.8  330.9  1265.3  

       

1.4  

  

3.4  

 

 

Py 14  

 

29.7  40.6  11.4  103.2  

 

6506.8  

    

3.9  2.3  

 

51.6  

  

227.7  0.8  

 

Py 15  

 

28.7  40.8  

   

3190.9  

 

4.7  

 

46.5  4.4  2.8  

 

42.3  

 

0.7  271.8  

 

 

Py 16  

 

15.9  451.8  64.2  315.2  

 

3183.0  

     

1.3  

 

28.9  

 

1.3  125.0  

 

 

Py 17  

 

7.6  14.4  

 

94.1  

 

6157.6  

 

6.5  

  

2.7  

  

49.4  

  

91.4  

 

 

Py 18  

 

11.7  

    

12.3  

          

5.6  

 

 

Py 19  

 

8.6  166.8  92.4  61.4  

 

673.9  79.8  

         

83.0  

 

 

Py 20  

 

8.1  3.1  

 

57.4  

 

5077.9  

       

35.3  

  

149.1  

 V6-5NWC_342.4m Py 1  

 

8.4  652.0  32.6  

  

239.2  

            

 

Py 2  705.2  284.3  51.8  16.9  3716.1  913.7  9.0  

  

17.5  69.5  2.4  6.1  

 

1.5  3.3  

 

117.4  3.9  

 

Py 3  4797.6  192.4  24.4  

 

2628.6  754.6  14.4  

  

17.5  

  

6.8  

 

1.1  

  

195.2  6.8  

 

Py 4  

 

44.2  19.2  72.0  841.3  

              

 

Py 5  

 

10.9  31.5  

 

539.5  

 

15.2  

          

1.0  

 

 

Py 6  

 

17.1  34.7  

 

1526.1  

 

30.2  

   

41.0  

 

1.3  

 

1.4  

  

2.1  1.1  

 

Cpy 7  

 

43.4  6.3  

 

233614.6  1256.1  6.0  404.6  

 

12.9  

  

1.3  88.3  

    

2.4  

 

Cpy 8  

   

78.5  218135.8  

 

6.1  

 

46.0  

   

13.5  

 

5.4  

  

25.5  

 P8C_205.35m Py 1  

 

9.0  181.4  16.1  

               

 

Py 2  

 

8.3  11.0  18.5  

               

 

Py 3  

 

9.7  5.3  

                

 

Cpy 4  53.0  55.8  21.2  

 

194846.8  2354.6  

   

34.8  120.7  27.8  10.2  

 

12.4  

  

1117.8  7.8  

 

Cpy 5  

 

39.3  14.3  

 

269749.0  201.1  20.3  

 

18.6  39.7  70.7  32.2  8.2  85.9  10.7  

 

5.4  1471.9  2.9  

CAV-1_110.1m Py 1  

 

9.5  10.9  

                

 

Py 2  

 

8.7  263.8  52.3  

             

1.0  

 

 

Py 3  

 

8.9  41.7  26.1  

               

 

Py 4  

  

249.2  35.2  92.3  

              

 

Py 5  

 

8.3  28.7  20.8  

               

 

Py 6  

 

5.8  93.0  10.1  

             

3.1  0.6  
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Table B.1 Continued. 
 

Sample ID 

	  	  

51V 

(ppm) 

55Mn 

(ppm) 

59Co 

(ppm) 

60Ni 

(ppm) 

63Cu 

(ppm) 

66Zn 

(ppm) 

75As 

(ppm) 

82Se 

(ppm) 

98Mo 

(ppm) 

107Ag 

(ppm) 

111Cd 

(ppm) 

118Sn 

(ppm) 

121Sb 

(ppm) 

128Te 

(ppm) 

197Au 

(ppm) 

202Hg 

(ppm) 

205Tl 

(ppm) 

208Pb 

(ppm) 

209Bi 

(ppm) 

Detection limit (ppm)   12.0 4.4 1.9 9.4 23.0 196.7 4.7 72.3 3.2 1.3 22.5 2.4 1.2 11.0 1.1 1.5 0.6 0.7 0.5 

CAV-1_110.1m Py 7   9.3  117.3  27.7                 

 Py 8   10.2  12.9                  

 Py 9   7.2  3.5                  

 

Py 10  

 

7.5  

                 

 

Py 11  

  

13.2  

                CAV-2_203m Py 1  

 

11.6  5.7  

 

70.1 

              

 

Py 2  

 

10.2  63.7  18.8  33.0 

              DD25_122-130m Py 1  

 

5.6  165.8  19.3  

               

 

Py 2  

 

10.3  101.5  53.5  

  

8.4  

 

11.5  

        

2.1  

 

 

Py 3  

 

10.1  156.1  19.0  31.1 

              

 

Py 4  

 

7.4  28.5  18.6  

    

5.2  

        

0.8  

 

 

Py 5  

 

39.9  56.5  

 

61.8 523.0  9.8  122.4  12.5  

 

47.7  2.9  

 

16.3  

  

1.8  3.2  

 

 

Py 6  

 

56.1  138.7  31.0  49.4 

 

14.1  

          

46.4  7.3  

	  Py 7  	  13.3  40.5  	  

 

	  20.7  	  	  	  	  	  	  	  	  	  	  4.6  	  
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APPENDIX C 

SUMMITVILLE LA-ICP-MS DATA 

Table C.1 LA-ICP-MS data 

Sample 

ID  

Py 

type 

51V 

(ppm) 

55Mn 

(ppm) 

59Co 

(ppm) 

60Ni 

(ppm) 

63Cu 

(ppm) 

66Zn 

(ppm) 

75As 

(ppm) 

82Se 

(ppm) 

98Mo 

(ppm) 

107Ag 

(ppm) 

111Cd 

(ppm) 

118Sn 

(ppm) 

121Sb 

(ppm) 

128Te 

(ppm) 

197Au 

(ppm) 

202Hg 

(ppm) 

205Tl 

(ppm) 

208Pb 

(ppm) 

209Bi 

(ppm) 

Detection limit 67.25 29.30 11.15 66.99 343.51 191.44 7.27 97.10 13.57 4.15 11.72 206.25 6.93 65.40 0.72 4.72 1.10 20.30 0.96 

SV-CH82

-296-28 
1 Py1 

 
40.67  149.52  228.31  318.92  

 
8.45  

  
1.58  

    
0.71  

  
74.92  1.55  

 
2 Py1 

 
171.27  202.05  379.77  330.43  

    
9.11  

   
5.00  2.59  

  
70.70  12.69  

 
3 Py1 

 
85.90  253.82  431.64  557.76  

  
244.79  

 
3.88  

   
5.97  0.61  

 
0.59  28.84  1.27  

 
4 Py1 

 
14.73  10.78  19.59  65.75  

 
2282.81  

  
2.38  

  
17.55  

 
0.62  

  
490.07  

 

 
5 Py1 

 
37.42  242.46  342.32  207.21  

 
35.22  

  
7.29  

  
7.92  

   
0.76  201.50  

 

 
6 Py1 

 
8.71  69.96  94.98  104.84  

 
13.64  

  
6.87  

  
7.93  

  
1.01  1.28  123.71  

 

 
7 Py1 

 
14.63  101.06  49.49  

  
781.69  

 
7.54  4.05  

 
8.01  9.30  

 
1.81  

  
315.51  4.27  

 
8 Py1 

 
294.64  46.05  

 
382.19  

            
244.92  

 

 
9 Py1 

 
153.19  19.40  

 
663.21  

 
11.58  

  
1.81  

    
0.58  

 
0.57  130.55  

 

 
10 Py1 

 
15.08  27.59  27.92  155.40  

       
3.59  

    
24.52  1.26  

 
11 Py1 

 
27.99  99.63  91.86  313.75  

 
53.42  

  
3.95  

  
8.61  

 
1.42  

 
2.26  271.62  6.54  

SV-CH82

-293-27 
12 Py1 546.17  113.37  128.38  108.99  593.53  

 
26.43  

  
10.31  54.33  7.78  5.83  

 
0.99  

 
1.27  214.92  7.46  

 
13 Py1 

 
16.65  58.87  62.42  

  
13.94  

  
2.00  

       
34.44  0.54  

 
14 Py1 86.04  29.38  123.79  186.02  384.35  605.07  10.75  

  
7.27  

  
3.60  

 
0.78  

 
0.49  84.36  1.70  

 
15 Py1 14.92  15.16  97.91  154.19  269.75  

 
8.21  

 
5.06  9.43  

   
12.74  

   
120.45  2.20  

 
16 Py1 1150.22  200.71  172.54  155.90  586.17  1104.75  28.97  151.95  16.98  10.36  

  
11.42  

 
2.24  

 
0.85  434.90  14.40  

 
17 Py1 197.21  53.77  111.89  95.47  242.01  

 
6.09  

 
4.71  5.55  

  
3.43  

 
0.61  

  
54.15  2.47  

SV-CH82

-293-29 
18 Py1 

 
18.35  58.18  48.59  113.15  

 
59.27  

 
4.59  3.74  

    
1.04  

  
38.18  2.29  

 
19 Py1 52.01  22.89  119.42  85.78  257.36  

 
83.72  

  
6.84  

  
8.26  

 
0.99  

  
69.91  4.44  

 
20 Py1 

 
10.25  3.43  17.90  400.59  785.02  16.86  

     
2.11  

    
43.13  

 

 
21 Py1 

 
35.50  155.06  110.06  706.59  

 
16.38  

  
4.85  

  
2.54  

 
1.11  1.36  

 
101.17  5.05  

 
22 Py1 

 
690.58  15.98  50.34  389.79  

 
28.13  

  
3.43  

  
2.13  

 
0.35  

 
5.16  25.57  0.95  

 
23 Py1 

 
539.40  43.29  167.91  309.70  

 
75.20  

  
3.37  

      
3.32  50.06  

 

 
24 Py1 

 
1268.97  26.59  101.09  413.80  

 
66.63  

  
11.01  

    
0.96  

 
4.99  68.03  3.19  

SV-DDH

8-15 
25 Py2 

 
18.52  897.54  76.81  1249.37  524.66  20.37  

   
134.03  

  
7.89  0.97  

  
3.96  3.92  

 
26 Py2 

 
13.51  59.86  

   
13.90  

            

 
27 Py2 

 
25.88  

  
215.41  947.20  48.29  

     
2.15  18.75  1.74  

 
16.64  187.89  

 

 
28 Py2 

 
16.70  12.47  31.56  1911.54  531.84  38.26  

  
2.00  

   
9.44  1.49  

 
17.81  166.89  3.32  

 
29 Py2 

 
17.96  

  
2053.24  

 
8.57  

      
8.40  1.25  

   
12.51  

 
30 Py2 

 
45.54  

  
174.29  

 
40.53  

     
46.43  

 
0.71  

 
0.55  1.43  

 

 
31 Py2 

 
8.19  5.18  19.88  13802.49  

    
2.45  

    
7.68  

   
14.24  

 
32 Py2 

 
44.21  

  
286.32  1272.33  61.90  

 
68.14  8.71  

  
13.93  

 
3.11  1.46  41.74  10379.66  1.93  

 
33 Py2 

 
22.92  

  
1715.80  

 
129.37  

  
4.18  

  
7.00  5.98  

  
19.34  7448.47  

 

 
34 Py2 

 
35.81  

  
57.64  1741.05  375.17  

     
4.83  5.31  0.50  

 
10.79  1182.85  

 

 
35 Py2 

 
30.27  

  
85.76  575.61  74.07  

     
3.08  5.24  0.59  

 
6.55  504.70  

 

 
36 Py2 

 
73.24  

   
1130.11  163.01  

     
2.95  10.42  0.58  

 
8.64  291.90  0.80  

 37 Py2  65.57  81.58  164.40  2326.05   84.22   145.14       1.89    7.27  13.02  

 38 Py2  501.71  6.21  65.12   1049.72  47.29           0.62  20.63   
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Table C.1 Continued. 

Sample 

ID 
 

Py 

type 

51V 

(ppm) 

55Mn 

(ppm) 

59Co 

(ppm) 

60Ni 

(ppm) 

63Cu 

(ppm) 

66Zn 

(ppm) 

75As 

(ppm) 

82Se 

(ppm) 

98Mo 

(ppm) 

107Ag 

(ppm) 

111Cd 

(ppm) 

118Sn 

(ppm) 

121Sb 

(ppm) 

128Te 

(ppm) 

197Au 

(ppm) 

202Hg 

(ppm) 

205Tl 

(ppm) 

208Pb 

(ppm) 

209Bi 

(ppm) 

Detection limit 67.25 29.30 11.15 66.99 343.51 191.44 7.27 97.10 13.57 4.15 11.72 206.25 6.93 65.40 0.72 4.72 1.10 20.30 0.96 

SV-DDH

8-15 
39 Py2 

 
14.61  

  
6251.64  

        
8.81  0.82  

   
4.28  

 
40 Py2 

 
15.12  126.19  42.37  2793.38  

 
18.57  

     
1.89  

 
1.28  

  
2.75  4.31  

 
41 Py2 

 
17.35  

  
6418.89  

    
1.48  

    
1.75  

  
4.62  36.50  

SV-CH82
-266-33 

42 Py2 
 

29.03  25.90  52.79  613.62  
 

8.87  
 

29.75  26.07  
  

5.97  110.23  3.05  
 

219.78  325.79  9.15  

 
43 Py2 

 
22.60  42.53  58.55  1252.75  

 
31.85  

 
168.43  37.48  

  
5.86  68.82  11.34  

 
30.67  353.40  14.11  

 
44 Py2 

 
126.08  

 
35.17  253.52  

       
2.71  54.99  

  
23.12  2.17  2.53  

 
45 Py2 

 
25.85  5.95  237.10  492.47  

        
9.40  

  
9.15  8.07  

 

 
46 Py2 

 
198.09  7.86  34.05  45.88  

       
2.60  52.40  

  
22.33  

  

 
47 Py2 

 
31.39  

 
53.39  127.12  400.95  

  
3.83  

    
6.14  

  
6.44  1.15  

 

 
48 Py2 

 
30.85  29.13  90.11  336.56  

 
9.28  

    
11.43  6.16  6.10  

  
15.97  2.31  3.61  

 
49 Py2 

 
29.39  20.25  80.95  454.21  

 
8.45  

 
9.94  

  
16.99  7.57  

   
59.55  5.95  4.30  

 
50 Py2 

 
145.83  

 
41.92  1022.83  

       
2.33  

   
52.76  

 
0.99  

 
51 Py2 

 
26.71  30.33  168.59  737.10  

 
44.51  

 
24.66  

 
77.94  78.74  25.55  5.62  2.89  

 
33.34  14.72  14.49  

 
52 Py2 

 
22.22  20.89  252.18  400.69  

 
12.30  

 
6.95  

  
20.29  8.98  

 
0.56  

 
28.50  16.06  1.68  

SV-CH82

-266-49 
53 Py2 

  
73.64  

  
360.45  16.67  

        
6.06  

   

 
54 Py2 

 
59.45  67.26  

             
1.38  

  

 
55 Py2 

  
18.40  

 
86694.17  541.58  105.51  120.80  

 
237.36  

  
15.85  116.30  12.53  6.91  18.42  523.17  981.88  

 
56 Py2 

  
18.14  

 
51086.81  893.00  12.61  

  
143.35  15.34  

 
10.36  147.81  16.34  

 
28.93  689.55  242.45  

 
57 Py2 

 
54.87  

  
74631.63  242.74  8.10  

  
353.72  

  
7.91  

 
19.50  5.18  18.56  359.62  1200.26  

 
58 Py2 

   
97.70  14026.84  984.92  66.23  

  
197.90  54.55  550.84  116.80  273.01  9.05  8.75  16.10  980.57  172.53  

 
59 Py2 

    
4326.73  

  
270.37  

  
23.87  

  
122.30  

 
6.10  

  
18.22  

 
60 Py2 

    
100249.90  427.55  9.76  105.71  

 
350.51  

    
15.56  

 
17.77  165.09  1360.02  

 
61 Py2 

 
113.77  

  
925.60  1714.07  61.93  

  
195.27  

  
25.96  

 
74.31  

 
29.03  1221.08  11.03  

 
62 Py2 

    
58893.21  762.41  36.07  

  
482.74  

  
18.25  

 
21.72  

 
23.69  426.91  1266.20  

 
63 Py2 

 
92.96  

  
3688.04  1507.88  

   
173.26  

  
53.76  70.21  6.65  

 
22.63  1188.76  27.68  

 
64 Py2 

  
11.81  

 
4779.80  

 
34.64  172.48  

  
24.37  

   
0.80  

   
12.05  

 
65 Py2 

 
49.33  66.48  182.31  100358.54  399.67  49.21  124.37  

 
279.67  

   
115.47  13.63  10.85  23.94  430.19  918.86  

 
66 Py2 

 
62.09  

  
1273.57  1674.89  50.00  

  
136.62  

  
82.74  

 
11.38  10.06  28.39  1013.61  7.37  

 
67 Py2 

 
42.38  17.40  

 
98950.44  

 
7.27  243.32  

 
399.34  

   
66.91  14.50  10.05  5.19  234.35  1521.56  

 
68 Py2 94.99  101.42  

  
2718.13  548.16  15.61  

  
87.04  12.70  

 
75.57  

   
6.07  671.92  25.03  

 
69 Py2 

    
26788.08  826.55  220.38  109.40  

 
147.36  

  
30.64  86.62  21.92  

 
36.96  533.89  233.37  

 
70 Py2 

    
82568.32  

 
11.29  

  
417.79  

   
111.95  19.54  

 
13.02  207.98  1019.28  

 
71 Py2 

 
51.23  

  
2462.61  835.48  66.49  

  
525.20  11.97  

 
69.23  107.44  8.14  12.71  6.53  1405.33  40.06  

 
72 Py2 

 
56.33  

  
29935.26  411.42  124.69  

  
1135.90  

 
208.07  77.86  399.40  19.62  

 
17.32  873.81  596.52  

 
73 Py2 

  
79.95  

 
850.87  

 
21.43  

  
6.58  

  
24.43  

   
1.34  52.05  

 

 
74 Py2 

 
44.63  

  
2803.44  1277.19  47.60  

  
396.70  26.70  

 
73.83  

 
2.11  8.40  25.15  840.60  37.91  

 
75 Py2 

 
33.25  

  
30167.52  260.57  46.65  

  
381.33  23.81  

 
31.73  107.25  13.87  11.02  31.54  582.09  529.74  

 
76 Py2 

 
67.44  95.65  70.17  7421.23  841.18  61.59  

  
17.46  18.81  

 
7.72  151.17  0.89  

 
3.32  66.35  21.59  

 
77 Py2 

 
43.22  

  
78601.15  

   
14.59  410.75  18.08  

  
81.82  21.02  10.03  22.97  191.57  1651.57  

 
78 Py2 

 
70.17  

  
14814.04  1939.48  78.31  

  
159.60  17.46  

 
134.10  68.35  2.91  

 
38.21  1338.56  103.80  

 
79 Py2 

  
59.21  72.35  1293.73  355.81  26.39  

  
10.99  19.64  

 
12.73  

 
1.68  8.17  2.06  82.82  3.44  

 
80 Py2 

    
77417.93  

  
193.02  

 
529.90  37.57  

 
18.75  105.97  30.57  

 
24.17  409.59  1780.43  

 
81 Py2 

    
43676.40  1260.10  149.14  329.05  

 
392.43  24.46  

 
77.20  368.02  18.77  14.23  35.12  792.25  1134.99  

 
82 Py2 

    
81953.98  

  
217.68  

 
537.40  

    
28.03  12.46  13.87  227.12  1679.87  
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Table C.1 Continued. 

Sample 

ID 
 

Py 

type 

51V 

(ppm) 

55Mn 

(ppm) 

59Co 

(ppm) 

60Ni 

(ppm) 

63Cu 

(ppm) 

66Zn 

(ppm) 

75As 

(ppm) 

82Se 

(ppm) 

98Mo 

(ppm) 

107Ag 

(ppm) 

111Cd 

(ppm) 

118Sn 

(ppm) 

121Sb 

(ppm) 

128Te 

(ppm) 

197Au 

(ppm) 

202Hg 

(ppm) 

205Tl 

(ppm) 

208Pb 

(ppm) 

209Bi 

(ppm) 

Detection limit 67.25 29.30 11.15 66.99 343.51 191.44 7.27 97.10 13.57 4.15 11.72 206.25 6.93 65.40 0.72 4.72 1.10 20.30 0.96 

SV-CH82

-266-49 
83 Py2  34.36  13.55   24857.26  393.29  53.97   14.62  288.35    126.77  225.50  42.37   25.78  904.80  3.68  

 
84 Py2 

 
69.07  16.03  

 
59550.35  263.16  12.70  

  
420.16  

  
10.09  181.72  23.50  

 
32.39  315.67  1265.27  

 
85 Py2 

 
34.17  194.15  

 
1974.59  

  
133.05  

 
7.87  14.30  

       
3.22  

 
86 Py2 

 
48.73  

  
4833.75  2507.37  56.68  

  
127.17  

    
1.93  17.00  53.81  743.19  16.10  

 
87 Py2 

    
22569.12  1247.75  39.51  

 
17.87  611.50  24.46  

   
18.32  10.83  107.51  3310.80  149.01  

 
88 Py2 

  
26.18  144.25  22922.44  1829.81  56.31  

  
659.03  

  
33.57  

 
18.38  

 
109.11  3201.68  139.50  

 
89 Py2 202.15  621.27  494.94  141.16  4977.02  804.32  55.64  

  
27.89  

  
65.01  

    
276.37  10.83  

 
90 Py2 

  
37.24  102.75  30549.95  192.57  59.00  

  
693.02  

  
22.07  159.47  18.29  16.91  31.76  930.20  171.11  

 
91 Py2 

 
60.23  

  
3410.51  2166.27  160.24  196.05  

 
285.14  

  
20.24  

 
9.17  13.40  70.13  381.03  6.28  

 
92 Py2 

    
2187.74  1838.39  99.69  

  
69.44  

  
25.63  66.69  0.82  

 
58.60  86.66  1.04  

 
93 Py2 

 
14.20  

  
139.95  827.75  59.96  

  
31.77  

  
35.89  

 
1.22  

 
2.40  1944.63  3.16  

 
94 Py2 

 
13.17  8.04  

 
619.92  390.30  12.11  

  
15.31  

  
1.86  9.15  17.40  

 
3.45  4278.66  21.06  

 
95 Py2 

 
47.92  

 
44.03  5546.82  1317.36  135.60  

  
172.72  81.35  12.86  53.96  11.51  16.52  

 
17.82  1482.49  25.79  

 
96 Py2 

 
29.42  

  
30142.94  430.90  64.10  

  
216.65  

  
13.27  13.00  12.63  

 
32.94  3105.56  496.53  

 
97 Py2 

 
110.99  5.97  134.11  780.69  658.11  181.34  

 
5.74  516.36  

  
30.68  32.68  65.79  

 
14.31  1580.83  2.40  

 
98 Py2 

 
13.51  12.04  49.88  13713.90  2114.76  429.28  

  
200.07  

 
24.31  68.58  22.78  7.91  

 
34.30  721.49  383.02  

 
99 Py2 

 
19.98  

  
235.11  2127.66  177.51  

  
43.07  

 
14.31  20.84  

 
0.77  

 
10.12  572.10  2.93  

 
100 Py2 

 
36.20  

 
19.43  12830.28  1709.81  155.33  413.08  

 
191.11  

 
17.51  7.82  17.74  6.30  

 
22.14  1190.80  171.98  

 
101 Py2 

 
24.18  

  
832.89  1348.55  129.91  

  
34.89  

  
20.80  6.61  

  
6.40  943.36  10.82  

 
102 Py2 

 
13.14  9.29  27.64  30738.96  397.67  19.90  209.51  

 
46.22  

    
7.67  

 
0.96  81.58  81.93  

SV-CH82

-266-47 
103 

Py2 

 
729.29  59.24  

 
10214.09  393.96  157.72  

 
28.30  136.81  12.55  

 
81.35  440.77  2.47  

 
4.03  449.01  16.02  

 
104 Py2 

 
79.57  73.86  

 
7043.17  

 
34.57  

 
13.72  89.52  

  
24.89  

 
4.90  

 
4.55  823.91  39.93  

 
105 Py2 

 
54.09  22.78  

 
7471.05  314.80  38.71  

  
164.53  

  
13.06  

 
3.48  

 
7.67  1797.19  22.61  

 
106 Py2 

 
501.23  32.68  

 
8786.65  381.48  7.58  154.26  

 
359.53  

  
16.00  219.37  7.05  6.11  12.42  1395.19  36.85  

 
107 Py2 

 
30.08  58.35  

 
11840.19  219.13  20.90  

  
71.27  

    
3.60  

 
2.94  778.80  18.56  

 
108 Py2 

    
12823.87  

    
8.74  19.05  

   
4.13  

   
13.75  

 
109 Py2 68.69  

 
68.13  83.50  15922.04  252.37  

   
33.15  16.19  

 
21.67  158.03  4.45  

  
310.18  28.03  

 
110 Py2 

  
14.75  86.16  19396.86  305.78  11.81  

  
75.75  

  
16.00  

 
3.95  

 
4.23  887.26  39.11  

 
111 Py2 

 
50.39  24.41  96.04  11985.33  

 
77.78  

  
54.66  45.24  

 
9.87  

 
5.31  12.79  5.34  489.89  36.28  

SV-CH82
-266-46 

112 
Py2 

 
373.82  83.14  

 
10894.59  344.77  24.60  

  
133.71  14.29  

 
27.95  181.70  3.69  

 
8.98  549.32  71.97  

 
113 Py2 

 
81.05  39.44  

 
8701.57  619.90  64.92  

  
127.11  

  
20.38  

 
3.16  

 
9.83  899.68  76.58  

 
114 Py2 

 
255.12  62.96  

 
3671.29  657.56  23.81  

  
93.72  

  
25.63  

 
5.04  

 
4.00  365.48  98.61  

 
115 Py2 

  
51.89  

 
7597.53  

    
90.48  

  
29.02  193.80  6.26  

 
1.33  544.22  83.77  

 
116 Py2 

 
91.58  13.76  

 
3612.03  539.59  17.81  

  
50.22  

  
13.48  

 
1.87  

 
2.79  720.92  16.23  

 
117 Py2 

 
30.22  70.69  

 
7520.31  

 
44.27  

  
90.48  16.14  

 
11.09  102.65  5.50  

 
2.53  926.71  73.71  

 
118 Py2 

  
18.05  

 
4518.18  311.59  36.26  

  
59.61  

    
3.21  

 
2.83  867.83  28.15  

 
119 Py2 

 
191.56  68.99  

 
7619.67  

 
137.04  

  
95.57  

   
70.53  2.52  

 
2.65  473.51  31.83  

 
120 Py2 

 
280.03  16.84  

 
6096.60  

 
35.62  

  
60.74  

  
22.57  

   
2.96  484.14  24.29  

	  121 Py2 	  280.03  16.84  	  6096.60  	  35.62  	  	  60.74  	  	  22.57  	  	  	  2.96  484.14  24.29  
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