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ABSTRACT 

 

Epithermal deposits are an important source of precious metals that form at shallow 

depth by subaerial hydrothermal systems. This study aimed to unravel the processes that 

result in the formation of high grades in these deposits through textural investigations on 

epithermal veins. 

High-grade vein ores in low-, intermediate-, and high-sulfidation epithermal deposits 

are typically hosted in specific colloform bands. The ore minerals form dendritic aggregates 

that are hosted by a matrix that originally consisted of opal-A showing a microspherical 

texture. The opal-A was originally gel-like and could be shaped by the hydraulic action of the 

hydrothermal fluids. The opal-A in the veins was deposited broadly contemporaneously with 

the ore minerals although textural evidence suggests that delicate dendrites could also have 

grown within the silica gel. Experimental investigations confirm that the growth of mineral 

dendrites in silica gels is possible at far-from-equilibrium conditions. The microspherical 

opal-A hosting the ore mineral dendrites is thermodynamically unstable and in most deposits 

investigated has matured and recrystallized to mosaic quartz characterized by highly irregular 

and interpenetrating grain boundaries. In most deposits, ore minerals are associated with this 

mosaic quartz and relic microspheres may or may not be preserved in the quartz matrix. The 

mosaic quartz present in mineralized colloform bands is texturally distinct from quartz 

occurring in barren bands in epithermal veins, which includes comb quartz and quartz 

pseudomorphs formed after bladed calcite. 

It is proposed here that ore mineral formation and deposition of opal-A within the veins 

occurred as a result of metal and silica supersaturation achieved during short-lived events of 

vigorous boiling of flashing that may have been triggered by seismic events. Ore deposition 

occurred in the area of two-phase liquid and vapor flow whereby the degree of vapor 

production varied along the vein and over time. In contrast, barren bands in epithermal veins 

formed during periods of gentle boiling or nonboiling. The observation that flashing is the 

principal mechanism resulting in high-grade ore formation in the epithermal environment has 

significant implications to exploration as it predicts that the boiling zone and mineralization 

can occur at variable depths below the paleowater table.
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CHAPTER 1 

INTRODUCTION 

 

1.1  Epithermal Ore Deposits 

Epithermal ore deposits are a major source of gold (~13% of global gold endowment), 

silver, as well as copper, lead, zinc, mercury, and antimony (Singer, 1995; Frimmel, 2008; 

Lipson, 2014). Epithermal deposits range from 0.01 to 100 Mt in sizes and have highly 

variable ore grades (John et al., 2018). So-called bonanza-type deposits, contain at least 1 Mt 

at ore containing at least 30 g/t gold equivalent (Sillitoe and Hedenquist, 2003). Epithermal 

ores include open-space filling veins as well as breccia and stockworks. Many epithermal 

deposits are also characterized by disseminated or replacement ores. The ore mineralogy is 

complex and includes native gold and silver, precious-metal-bearing phases, and base-metal 

sulfide minerals. In many epithermal deposits, quartz, calcite, K-feldspar, rhodochrosite, 

barite, fine-grained white mica, mixed-layered clay minerals, and smectite are the most 

common gangue minerals, whereas alunite, diaspore, kaolinite, and pyrophyllite are dominant 

in others (Buchanan, 1981; Heald et al., 1987; Vikre, 1985; White et al., 1995). Epithermal 

deposits range from Archean to Holocene in age (Noble et al., 1988; White et al., 1989; 

Sherlock et al., 1995; White and Hedenquist, 1995; John, 2001; Leavitt et al., 2004; Simmons 

et al., 2005; Harris et al., 2009). 

By definition, epithermal deposits represent a group of hydrothermal ore deposits that 

have formed at shallow depths below the surface. Most workers limit the epithermal 

environment to the upper 1.5 km of the crust where hydrothermal liquids can reach maximum 

temperatures of up to ~320°C at hydrostatic pressure conditions (Lindgren, 1915, 1922, 1933; 

Hedenquist and Lowenstern, 1994; Sillitoe and Hedenquist, 2003). Epithermal deposits are 

formed in spatial and temporal association with deeper-seated magmatic activity and are 

typically hosted by volcanic rocks in continental margin arcs, island arcs, and back-arcs 

(Hayba et al., 1985; Izawa et al., 1990; Jannas et al., 1990; Richards and Kerrich, 1993; Nash 

and Trudel, 1996; Sillitoe, 2002; Sillitoe and Hedenquist, 2003). Magmas play an important 

role in the formation of epithermal deposits and either represent the heat source of the 

hydrothermal system forming these deposits or directly contribute metals to the hydrothermal 

liquids forming these deposits (Mitchell and Garson, 1981; White and Hedenquist, 1990; 

Giggenbach, 1992). 
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1.2 Types of Epithermal Deposits  

Based on differences in ore mineral assemblages, associated hydrothermal alteration, 

and sulfidation states of their sulfide mineral assemblages, epithermal ore deposits have been 

divided into three distinct types, namely high-sulfidation, intermediate-sulfidation, and low-

sulfidation epithermal deposits (Lindgren, 1933; Barton and Skinner, 1979; Heald et al., 

1987; White and Hedenquist, 1990, 1995; Hedenquist et al., 2000; Einaudi et al., 2003; John 

et al., 2018). In addition, alkalic-type epithermal deposits have been considered to form a 

distinct type of epithermal deposits (Richards and Kerrich, 1993; Richards, 1995; Jensen and 

Barton, 2000) but are not further considered in this thesis. The different types of epithermal 

deposits are located in deviating tectonic settings and appear to have different genetic 

relationships to deep-seated magmas (Hedenquist and Lowenstern, 1994; Sillitoe and 

Hedenquist, 2003). 

Low-sulfidation epithermal deposits are formed from hydrothermal liquids that are 

rock-buffered (Hedenquist and Lowenstern, 1994; Sillitoe and Hedenquist, 2003). The vein-

forming hydrothermal liquids are dilute (<3‒4 wt.% NaCl; Bodnar et al., 2014) and 

dominated by meteoric waters. The liquids contain low amounts of CO2 and traces of H2S 

(Henley, 1984; Hedenquist et al., 2000; Bodnar et al., 2014). Low-sulfidation epithermal 

deposits typically occur in association with calc-alkaline, andesite-rhyolite, tholeiitic, and 

bimodal basalt-rhyolite volcanisms related to extensional tectonic settings in suprasubduction 

environments (Lindgren, 1933; John et al., 1999; John, 2001; Sillitoe and Hedenquist, 2003). 

The host rocks consist of lava flows, pyroclastic rocks, and volcaniclastic deposits (Sillitoe, 

1993; Vikre, 1985; Hedenquist et al., 2000). The ore zones include hydrothermal veins or 

veinlets, hydrothermal breccias, stockworks, and disseminated bodies (White and 

Hedenquist, 1990; Sillitoe, 1993). Paleosurfaces are commonly marked by the presence of 

silica sinters (Vikre, 1987; White et al., 1989; Hedenquist et al., 2000; Sillitoe, 2015). Low-

sulfidation epithermal deposits are primarily host to gold and silver in association with zinc, 

lead, copper, arsenic, antimony, and mercury (Vikre, 1987; Saunders, 1990, 1994; White et 

al., 1995; Simmons et al., 2005). The deposits typically contain <5 vol% sulfide minerals, 

including arsenopyrite, chalcopyrite, cinnabar, galena, marcasite, pyrite, pyrrhotite, 

sphalerite, and stibnite (Lindgren, 1933; Vikre, 1985, 1987; John et al., 1999; Hedenquist et 

al., 2000; Einaudi et al., 2003). The sulfide mineral assemblage suggests that sulfide 

formation occurred from hydrothermal liquids having a relatively low sulfidation state 

(Einaudi et al., 2003). Common gangue minerals include quartz, chalcedonic quartz, adularia, 
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and calcite (Lindgren, 1933; Hedenquist and Lowenstern, 1994; Dong et al., 1995; White and 

Hedenquist, 1995; Hedenquist et al., 2000; Simmons et al., 2005). 

Intermediate-sulfidation epithermal deposits share many characteristics with low-

sulfidation epithermal deposits although both types do not typically occur in spatial 

association with each other. However, these deposits are formed from hydrothermal liquids 

that commonly have higher salinities (typically >3‒4 wt%; Bodnar et al., 2014; Wang et al., 

2019). Isotopic data suggest that the ore-forming hydrothermal liquids represent mixtures of 

magmatic and meteoric waters (Vikre, 1989; Echavarria et al., 2006; Manning and Hofstra, 

2017). The deposits are hosted by volcanic rocks in subduction-related arc settings or post-

collisional orogenic belts and commonly occur distal to porphyritic intrusions (Sillitoe and 

Hedenquist, 2003; Wang et al., 2019). The ore zones in these deposits also typically comprise 

hydrothermal veins, stockworks, and breccia zones (Gemmell et al., 1988; Claveria, 2001; 

Echavarria et al., 2006; Camprubí and Albinson, 2007; Wang et al., 2019). Silica sinters 

occur at surface in at least some intermediate-sulfidation deposit (Leary et al., 2016). The 

deposits commonly contain a higher abundance of sulfide minerals (5‒30 vol.%; Sillitoe, 

2015), with pyrite, chalcopyrite, sphalerite, galena, and tetrahedrite/tennantite being the most 

common phases (Kamilli and Ohmoto, 1977; Gemmell et al., 1988; Claveria, 2001; Einaudi 

et al., 2003; Camprubí and Albinson, 2007; Leary et al., 2016; Wang et al., 2019). Einaudi et 

al. (2003) showed that the sulfide mineral assemblages in these deposits formed from 

hydrothermal liquids that have a sulfidation state intermediate between those forming low- 

and high-sulfidation epithermal deposits. Similar to low-sulfidation epithermal deposits, 

quartz is the most abundant gangue mineral commonly forming colloform banding in 

crustiform veins. Other common minerals include adularia and fluorite. Many intermediate-

sulfidation epithermal deposits are characterized by abundant Mn-carbonate minerals 

including rhodochrosite and manganocalcite. In some cases, Mn-silicate minerals occur 

(Barton et al., 1977; Tan, 1991; Foley et al., 1993; Echavarria et al., 2006; Leary et al., 2016; 

Wang et al., 2019). 

High-sulfidation epithermal deposits are located in volcanic arcs and occur in 

association with andesitic to dacitic volcanic edifices, including stratovolcanoes, dome 

complexes, and any associated maar volcanoes and associated diatremes (Sillitoe and 

Bonham 1984; John et al., 2018). High-sulfidation epithermal deposits commonly occur in 

association with porphyry copper deposits (Hedenquist et al., 1998; Longo et al., 2010). 

High-sulfidation and intermediate-sulfidation epithermal deposits can be transitional to each 

other. The formation of high-sulfidation epithermal deposits appears to typically involve two 
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distinct stages of hydrothermal fluid flow (Stoffregen, 1987; Holley et al., 2017). Early-stage 

alteration occurs as a result of magmatic vapor streaming through the host rocks. 

Condensation of the magmatic vapor into ambient groundwater generates highly acidic 

surface waters that form extensive zones of vuggy quartz and surrounding zones of alteration 

containing acid-stable minerals (Stoffregen, 1987; Rye et al., 1992; Hedenquist and Taran, 

2013). Over time, high-sulfidation epithermal systems transition from vapor-dominated to 

liquid-dominated magmatic-hydrothermal fluid flow conditions, presumably as the magma 

sourcing the fluids cools downwards and crystallizes, which is coupled with a deepening 

levels of magmatic fluid exsolution (Hedenquist et al., 1998; Pudack et al., 2009; Holley et 

al., 2017). Hypogene sulfide mineral deposition primarily occurs from the late hydrothermal 

liquids that are moderately saline (Arribas, 1995; Holley et al., 2017). The ores in high-

sulfidation epithermal deposits are commonly confined to replacement bodies and 

hydrothermal breccias developed within the previously altered rocks. Sulfide mineral 

abundance can be high (10–80 vol.%; Sillitoe, 2015). Pyrite, enargite, luzonite, and 

famatinite are the dominant sulfide minerals. Common ore minerals include tennantite-

tetrahedrite, covellite, gold, marcasite, chalcopyrite, sphalerite, and galena. Bornite, 

cassiterite, cinnabar, molybdenite, orpiment, realgar, stibnite, and wolframite also occur 

(Jannas et al., 1990; Arribas et al., 1995; Wang et al., 1999; Einaudi et al., 2003; Chouinard et 

al., 2005; Longo et al., 2010; John et al., 2018). The hydrothermal liquids forming the 

hypogene ore zones are typified by a high sulfidation state (Einaudi et al., 2003). Fine-

grained quartz is the dominant gangue mineral in high-sulfidation epithermal deposits and 

elevated precious metal grades commonly occur in zones of silicification (Stoffregen, 1987; 

Arribas et al., 1995; Hedenquist et al., 2000; Holley et al., 2017). Quartz veins or chalcedonic 

veins have been documented to occur in some high-sulfidation epithermal deposits (Jannas et 

al., 1990; Arribas et al., 1995; Pudack et al., 2009). Other gangue minerals include barite, 

kaolinite, alunite, pyrophyllite, and diaspore (Arribas, 1995; John et al., 2018).  

 

1.3  Fluid Evolution in the Near-Surface Environment  

Ore and gangue mineral deposition in epithermal deposits occurs as a result of the 

evolution of the hydrothermal liquids in the near-surface environment. Common processes 

occurring during the ascent of the hydrothermal liquids include cooling, boiling, or flashing 

(Lindgren, 1933; Buchanan, 1981; Roedder, 1984; Saunders, 1994; Simmons and 

Christensen, 1994; Hedenquist et al., 2000). Figure 1.1 shows the phase diagram of the H2O-
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NaCl system. Different possible pathways of evolution of hydrothermal liquids in the 

epithermal environment are shown. 

 

1.3.1 Cooling 

The hydrothermal liquids forming epithermal deposits can cool during their ascent 

without undergoing a phase change (Fig. 1.1, path A). In many deposits, cooling may be 

minimal during rapid upflow of the liquids in the central upflow zones. However, mixing of 

the hydrothermal liquids with cool surface waters can occur, particularly in the periphery of 

the upflow (Izawa et al., 1990). Cooling of the hydrothermal liquids results in a decrease in 

solubility of many metals causing precipitation of ore minerals and potentially self-sealing of 

the flow paths (Facca and Tonani, 1967; Vikre, 1985; Keith and Muffler, 1987; Chigira and 

Watanabe, 1994). Elements such as antimony, arsenic, mercury, and selenium show a strong 

temperature control on solubility (Krupp, 1988; Spycher and Reed, 1989; Reyes et al., 2002). 

Experimental and mineralogical studies (Wagner and Cook, 2000; Shimizu, 2018) suggested 

that, for instance, stibnite precipitation in the epithermal environment is caused by cooling of 

the hydrothermal liquids. Temperature is also an important control on the deposition of 

quartz, chalcedonic quartz, and noncrystalline silica (Fournier, 1985). 

 

1.3.2 Boiling 

Boiling of the hydrothermal liquids results in the generation of coexisting liquid and 

vapor. Boiling is a common process in upflow zones of modern geothermal systems and 

likely occurred in many epithermal deposits (Drummond and Ohmoto, 1985; Hedenquist and 

Lowenstern, 1994; Moncada et al., 2012). Abundant evidence for boiling conditions during 

mineral formation in epithermal deposits is provided by the presence of fluid inclusion 

assemblages containing vapor-rich and liquid-rich fluid inclusions in hydrothermal minerals 

and the occurrence of certain mineral textures (Roedder, 1984; Bodnar et al., 1985; Simmons 

and Christenson, 1994; Roedder and Bodnar, 1997; Albinson et al., 2001; Moncada et al., 

2012). Previous workers have emphasized that boiling may be the most effective mechanism 

for metal deposition in a majority of epithermal deposits (Barton et al., 1977; Giles and 

Nelson, 1982; Drummond and Ohmoto, 1985; Saunders, 1990, 1994; Saunders and Schoenly, 

1995; Shimizu, 2014). 

Boiling commonly occurs in the upflow zones of hydrothermal liquids within hundreds 

of meters of the surface. Vapor is produced as the rising hydrothermal liquids intersect the 

boiling-point-to-depth curve (Fig. 1.1, path B; Henley, 1984; Hedenquist and Henley, 1985; 
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Fournier, 1987; Driesner and Heinrich, 2007). Under open-system conditions, the vapor 

physically separates and rises more rapidly through the overlying liquid column forcing the 

remaining liquid to remain on the boiling-point-to-depth-curve. The liquid cools as a result of 

boiling (Fournier, 1989; Moncada et al., 2012).  

During boiling, hydrothermal liquids change compositionally (Shettel, 1974; Holland 

and Malinin, 1979; Henley, 1984; Drummond and Ohmoto, 1985). Most notably, loss of H2S 

into the vapor phase during boiling destabilizes the aqueous gold bisulfide complex and 

causes precipitation of gold (Buchanan, 1981; Seward, 1982, 1989; Brown, 1986; Albinson et 

al., 2001; Stefánsson and Seward, 2004). As a result of boiling, gold may also form colloids 

that can stay in suspension and can then be physically transported by the liquids during the 

further ascent towards the surface. When deposited, the colloidal gold may contribute to 

high-grade gold enrichment in epithermal veins (Brown, 1986; Saunders, 1990, 1994; 

Saunders and Schoenly, 1995; Marinova et al., 2014). 

In addition to H2S, boiling also results in loss of CO2 from the hydrothermal liquid. In 

low-sulfidation epithermal systems, this process decreases dissolved CO2 in the solution 

causing a decrease in the solubility of calcite in the liquid. The hydrothermal liquid becomes 

saturated with respect to calcite and bladed calcite forms within the zone of two-phase flow 

(Ellis, 1959; Henley, 1984; Fournier, 1989; Simmons and Christensen, 1994; Hedenquist et 

al., 2000). As calcite shows a retrograde solubility, it will get dissolved during cooling of the 

hydrothermal system at the waning stages of the hydrothermal activity. 

In low-sulfidation epithermal environments, deposition of adularia occurs as a result of 

the loss of acid-generating volatile species into the vapor phase during boiling (Drummond 

and Ohmoto, 1985). The change in acidity stabilizes adularia over illite. Cooling of the 

hydrothermal liquid accompanying boiling increases the aqueous silica activity, which also 

favors adularia precipitation (Drummond and Ohmoto, 1985). The occurrence of adularia in 

low-sulfidation epithermal veins is, therefore, widely regarded to be indicative for boiling, 

with the adularia exhibiting rhombic to acicular crystal habits (Browne and Ellis, 1970; Dong 

and Morrison, 1995). 

Previous studies (Drummond and Ohmoto, 1985; Fournier, 1989; Simmons and 

Browne, 2000) suggest that vapor loss during boiling also promotes silica deposition. The 

loss of water vapor during boiling combined with cooling induces silica supersaturation in the 

remaining liquid with respect to quartz or noncrystalline silica. This leads to deposition of 

quartz or noncrystalline silica in epithermal veins, at least in low- and intermediate-

sulfidation deposits. Silica scaling is a common phenomenon in geothermal power plants 



7 

representing modern analogues to low-sulfidation epithermal deposits and typically occurs in 

areas characterized by two-phase flow (Rothbaum et al., 1979; Brown, 2011; Meier et al., 

2014; Zarrouk et al., 2014; van den Heuvel et al., 2018). 

 

1.3.3 Flashing 

During boiling, the amount of vapor produced can vary, ranging from gentle boiling to 

extreme, vigorous boiling, referred to as flashing (Moncada et al., 2012). Flashing is mainly 

caused by a transient fluid pressure drop due to seismic activity or dike-induced faulting and 

is accompanied by the propagation of vaporstatic pressure conditions down a fracture or fault 

(Fig. 1.1, path C; Sibson, 1987; Rowland and Simmons, 2012; Sanchez-Alfaro et al., 2016). 

During flashing, a large amount of the hydrothermal liquid is converted into vapor although 

conditions of two-phase flow exist (Saunders, 1990, 1994; Dong et al., 1995; Moncada et al., 

2012; Weatherley and Henley, 2013; Shimizu, 2014; Saunders et al., 2020). The percent of 

vapor produced is high when compared to phase separation occurring through gentle boiling. 

Metal precipitation occurring as a result of flashing has been documented in geothermal 

systems where a sharp drop in pressure is induced at the orifice plate (throttle point) 

downstream of the well head. High metal grades in sulfide mineral precipitates formed at the 

orifice plate have been documented, for instance, at the Ohaaki and Kawerau geothermal 

fields in New Zealand (Brown, 1986) or at Reykjanes in Iceland (Hardardottir et al., 2010). 

In natural geothermal systems, flashing of large amounts of hydrothermal liquids in 

response to rapid decompression results in hydrothermal eruptions (Hedenquist and Henley, 

1985; Nelson and Giles, 1985; White et al., 1988; Fournier et al., 1991; Christenson and 

Hayba, 1995; Browne and Lawless, 2001). During vaporization, the hydrothermal liquid is 

flashed to a large amount of low-density steam. Volume expansion results in brecciation of 

the wall rocks, vertical transport of rock fragments, and the formation of hydrothermal 

eruption craters on surface (Muffler et al., 1971; Hedenquist and Henley, 1985; Browne and 

Lawless, 2001). 

Flashing in many respects may be similar to high-level boiling described by Sibson 

(1987). This author introduced the concept that flashing events can be induced by extension 

of fractures during seismic events. Sanchez-Alfaro et al. (2016) suggested that seismically 

induced flashing represents an effective mechanism for high-grade gold deposition and is 

likely more effective than gentle boiling. These authors speculated that flashing processes 

might be the most effective mechanism to produce high-grade epithermal deposits but did not 

provide supporting textural evidence.  
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Figure 1.1 Phase diagram of the H2O-NaCl system for 5 wt.% NaCl (from Driesner and 

Heinrich, 2007). The diagram schematically shows three different pathways of evolution of 

ascending hydrothermal liquids, namely cooling (path A), boiling (path B), and flashing (path 

C). H=halite; L=liquid; V=vapor 

 

 

1.4 Quartz Textures of Epithermal Veins 

In many epithermal deposits, high-grade ores commonly occur in open-space quartz 

veins and in breccia that are cemented by quartz. Quartz veins are very abundant in low-

sulfidation and intermediate-sulfidation epithermal deposit but are less common in high-

sulfidation epithermal deposits, although prominent examples exist (Jannas et al., 1990). The 

textural characteristics of quartz in epithermal veins have been studied for decades as they 

can be directly related to the mechanisms of vein formation and the processes of ore 

deposition (Adams, 1920; Sander and Black, 1988; Dowling and Morrison, 1989; Saunders, 

1994; Dong et al., 1995; Rimstidt, 1997; Shimizu et al., 1998; Okamoto et al., 2010; 

Moncada et al., 2012; Marinova et al., 2014; Shimizu, 2014). 

The study by Adams (1920) represents one of the first systematic investigations of the 

textures of hydrothermal quartz. This author proposed that the textures of vein quartz can be 
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related to the crystallization of quartz from a precursor gel, the growth of quartz in open 

space, or quartz replacement and recrystallization. The study by Dong et al. (1995) focused 

on the quartz textures of epithermal veins from Queensland in Australia. These authors 

demonstrated that quartz textures can be primary, reflect recrystallization processes, or can be 

explained by replacement of a precursor phase. Moncada et al. (2012) showed that quartz 

textures in epithermal veins from the Mexican precious-metal deposits allow conclusions on 

whether the hydrothermal liquids were boiling at the time of quartz deposition or not. 

 

1.4.1  Primary Textures 

Quartz or noncrystalline silica that is directly crystallized or deposited from the 

hydrothermal liquids shows primary textures. A range of different primary textures have been 

identified that appear to be linked to different processes changing silica solubility in the 

hydrothermal liquids, namely cooling, mixing, the interaction of the liquids with the wall-

rocks, or boiling and flashing (Buchanan, 1981; Dong et al., 1995; Marinova, 2014). Primary 

quartz commonly exhibits crustiform, colloform, comb, and zonal textures.  

Crustiform veins consist of discrete layers of quartz or noncrystalline silica that are up 

to several millimeters in widths and can be recognized in hand specimens (Adams, 1920; 

Lindgren, 1933; Dong et al., 1995). To form crustiform banding, the hydrothermal liquids 

experienced repeated physiochemical changes resulting in the precipitation of successive 

layers of ore and gangue minerals. The processes formed this texture may be directly related 

to cooling or episodic boiling and flashing (Buchanan, 1981; Dong et al., 1995; Moncada et 

al., 2012). 

Colloform textures are characterized by asymmetric, subspherical to botryoidal 

surfaces. Colloform bands may have formed by coagulation of colloidal silica from silica-

supersaturated hydrothermal liquids (Wherry, 1914; Rogers, 1917; Roedder, 1984; Bodnar et 

al., 1985; Fournier, 1985). Under hydrothermal conditions, the noncrystalline silica deposited 

that way is unstable and will have transformed to quartz through recrystallization (Saunders, 

1990, 1994; Saunders et al., 2013; Marinova et al., 2014; Taksavasu et al., 2018). Colloform 

quartz has previously interpreted to have formed by flashing of the hydrothermal liquids and 

commonly appears to be host to ore (Dong et al., 1995; Henley and Hughes, 2000; Moncada 

et al., 2012). However, Zeeck et al. (2021) showed that not all colloform bands are 

mineralized and that barren bands are commonly composed of chalcedonic quartz. Barren 

colloform banded bands can also exhibit moss-like textures consisting of groups of spherical 
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shaped aggregates. The spheres exhibit concentric internal structures (Dong et al., 1995; 

Moncada et al., 2012). 

Comb textures consist of groups of clear prismatic to elongate, euhedral to subhedral 

quartz crystals, which have one side attached to vein wall whereas the other side shows 

crystal faces pointing into open space. The comb quartz is variable in size and aligns 

perpendicular to the vein wall. Zonal quartz is not unlike comb quartz but characterized by 

multiple growth zones. The growth zones are marked by the occurrence of trapped primary 

fluid inclusions. Moncada et al. (2012) and Shimizu (2014) suggested that comb and zonal 

quartz form as a result of slow quartz crystallization during periods of non-boiling or perhaps 

gentle boiling. 

 

1.4.2 Recrystallization Textures 

In general, quartz appears to be the most stable silica phase in hydrothermal systems, 

and it may commonly form through recrystallization of a noncrystalline precursor phase 

(Adams, 1920; Lovering, 1972; Saunders, 1990, 1994; Okamoto et al., 2010; Marinova et al., 

2014). Lovering (1972) and Sander and Black (1988) suggested that recrystallization of 

noncrystalline silica to cryptocrystalline chalcedonic quartz or to microcrystalline quartz is 

common in epithermal veins. Experimental studies by Ernst and Calvert (1969) showed that 

transformation of noncrystalline silica to quartz can indeed occur under hydrothermal 

conditions. Quartz formed by recrystallization processes commonly exhibits mosaic textures 

or forms euhedral crystals with plumose and flamboyant extinction patterns (Adams, 1920; 

Lovering, 1972; Saunders, 1990; Dong et al., 1995). 

Quartz showing a mosaic texture (Dong et al., 1995), or sometimes referred to as 

jigsaw-like texture (Lovering, 1972), consists of anhedral microcrystalline to crystalline 

quartz showing irregular, interpenetrating grain boundaries. The mosaic quartz commonly 

occurs within crustiform layers and colloform bands or forms the matrix of hydrothermal 

breccias. The mosaic texture of the quartz can only be observed under crossed-polarized light 

(Lovering, 1972; Saunders, 1990; Dong et al., 1995). This texture appears to from through 

recrystallization of noncrystalline silica at temperatures >180°C (Fournier, 1985; Saunders, 

1994; Dong et al., 1995; Camprubí and Albinson, 2007). The mosaic texture is the most 

common texture associated with ore minerals in a majority of epithermal deposits such as 

Sleeper (Saunders, 1994), Buckskin National (Vikre, 2007), Koryu (Shimizu et al., 1998), 

McLaughlin (Sherlock and Lehrman, 1995), and Mexican deposits (Camprubí and Albinson, 
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2007). However, Zeeck et al. (2021) showed that mosaic quartz can also form through 

recrystallization of barren bands of chalcedonic quartz. 

Plumose texture (Sander and Black, 1988) or feathery texture (Adams, 1920) refers to 

fine-grained quartz formed on top of coarse-grained euhedral host quartz that can be 

distinguished based on differences in extinction positions. The plumose quartz frequently 

forms the outer rims of comb quartz and may have formed by recrystallization of fine-grained 

or noncrystalline precursor (Adams, 1920; Dong et al., 1995). Flamboyant textures have also 

been documented in recrystallized quartz (Adams, 1920; Sander and Black, 1988; Dong et 

al., 1995). This texture shows a radial and fibrous internal structure and shows variable 

extinction angles. Plumose and flamboyant textures are best observed under crossed-

polarized light and typically occur in barren bands in epithermal vein samples. 

 

1.4.3 Replacement Textures 

Replacement textures are formed through replacement of a precursor mineral such as 

calcite by quartz. In low-sulfidation epithermal deposits, microcrystalline quartz replacing 

bladed calcite forms the most common replacement texture. The bladed calcite is originally 

precipitated during boiling of the hydrothermal liquids as described above (Ellis, 1959; 

Shettel, 1974; Holland and Malinin, 1979; Fournier, 1985, 1989; Simmons and Christensen, 

1994; Etoh et al., 2002). The morphology of dissolved calcite is preserved and fully replaced 

by quartz forming pseudoblades (Adams, 1920; Dong et al., 1995; Shimizu et al., 1998; 

Moncada et al., 2012). The replacement texture is indicative of boiling to allow calcite 

precipitation and subsequent cooling to allow replacement of the calcite by quartz (Simmons 

and Christensen, 1994; Etoh et al., 2002; Simmons et al., 2005). Previous workers suggested 

that bladed calcite and pseudobladed quartz occur near zones of high-grade gold (Lindgren, 

1933; Simmons and Browne, 1990; Simmons and Christensen, 1994; Simon et al., 1999). 

Pseudobladed quartz formed by calcite replacement exhibits shapes similar to the 

bladed calcite precursor and consists of subparallel to parallel quartz seams. Each seam 

contains anhedral to subhedral quartz grains that are blocky or form a mosaic texture. The 

quartz pseudoblades can form a lattice, are parallel to each other, or occur as acicular 

aggregates (Adams, 1920; Dong et al., 1995; Etoh et al., 2002; Moncada et al., 2012). Lattice 

pseudobladed quartz is characterized by a network of intersecting pseudobladed quartz seams 

with polyhedral cavities, which are filled by comb quartz. Parallel arrangements of the 

pseudoblades resemble lamellar quartz (Adams, 1920). Acicular patterns show fibrous-radial 

arrangements of the pseudoblades.  
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1.5 Objectives and Significance of This Study 

This study focuses on the textural characteristics of high-grade epithermal veins, with a 

particular emphasis on representative low- and intermediate-sulfidation epithermal precious- 

and base-metal ore deposits (Table 1.1). The textural characteristics of the vein quartz were 

investigated using conventional optical microscopy. Emphasis was placed on constraining the 

microtextural relationships between the vein quartz and the ore minerals in an attempt to shed 

new light on the processes of ore formation. In addition to optical microscopy, scanning 

electron microscopy, micro-X-ray fluorescence spectrometry, and fluid inclusion petrography 

was conducted. 

In all deposits investigated, the ore minerals primarily occur as dendrites or dendritic-

to-granular aggregates within layers of originally noncrystalline silica deposited as 

microspheres formed by homogeneous nucleation in fast-flowing hydrothermal liquids. 

Except for some of the youngest deposits studied, the noncrystalline silica is recrystallized to 

mosaic quartz. The microtextural observations of this study are consistent with a model that 

assumes that rapid silica supersaturation resulting in the deposition of the noncrystalline 

silica and the growth of the ore mineral dendrites occurred as a result of fluid flashing. The 

textural investigations show that precious metal enrichment in vein samples does not 

correlate with vein textures interpreted to have formed as a the result of gentle boiling, 

implying that this process may not be responsible for high-grade precious metal enrichment 

in epithermal deposits. The conclusion of the research that fluid flashing is a common process 

in shallow hydrothermal systems and the principal mechanism causing the formation of high 

ore-grades is important not only from the perspective of understanding the ore-forming 

processes but also the design of exploration strategies for these economically important 

precious metal deposits.  

 

1.6 Thesis Organization 

This thesis is composed of six chapters and an appendix. Chapter 1 provides an 

introduction and summary of previous research. It is followed by four chapters that represent 

manuscripts that have been prepared as publications that have been or will be submitted to 

peer-reviewed science journals. 

Chapter 2 of this thesis focuses on the textural characteristics of noncrystalline silica in 

the modern geothermal sinters and comparison to vein textures in a high-grade low-

sulfidation epithermal deposit. The paper published in the journal Minerals presents evidence 

that colloform bands in the crustiform vein samples were originally composed of silica 
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microspheres. Microspheres of opal-A in the silica sinter are texturally identical to relic 

microspheres in the vein material. This implies that the quartz in the veins was formed as a 

recrystallization product of a noncrystalline precursor phase. The original research presented 

in this chapter was conducted by the author of the thesis. The manuscript was also written by 

the author of the thesis, with revisions from the co-authors. 

Chapter 3 describes the textural relationships between small gold dendrites and 

microspherical silica in opaline veins from the McLaughlin low-sulfidation epithermal 

deposit in California. The textural relationships show that the dendrites must have grown 

within the microspherical matrix that was presumably gel-like at the time of dendrite growth. 

A series of laboratory experiments were conducted to demonstrate that ore mineral dendrite 

growth is indeed possible in silica gels. 

Chapter 4 of the thesis compares the microtextural characteristics of high-grade 

colloform-banded epithermal quartz veins from the representative low-sulfidation epithermal 

ore deposits with those observed in intermediate- and high-sulfidation epithermal veins. The 

manuscript shows that similar dendritic ore mineral textures can be observed in the different 

epithermal deposit types and that microspherical silica and mosaic quartz formed through 

recrystallization hosts the ore mineral dendrites in the different deposits. The study implies 

that there is a common process that results in the formation of ore mineral dendrites and the 

accumulation of noncrystalline silica in veins in the shallow hydrothermal environment, 

irrespective of the exact chemical nature of the ore-forming hydrothermal liquids. It is 

proposed that ore mineral formation and silica deposition are related to flashing of the 

hydrothermal liquids. 

Chapter 5 reviews the microtextural characteristics of quartz in barren and mineralized 

samples from the Permo-Triassic Chatree intermediate-sulfidation epithermal deposit in 

Thailand. The quartz textures of the comparably old and metamorphically overprinted 

Chatree deposit are compared to the textures observed in younger epithermal deposits that 

have not been subject to a metamorphic overprint. It is shown that similar textural 

relationships, including ore mineral dendrites, can be recognized at Chatree despite extensive 

recrystallization. The textures observed are consistent with a model that assumes that flashing 

was an important process involved in the formation of this epithermal deposit. 

The final chapter of this thesis, Chapter 6, provides a brief summary of key findings. In 

addition, suggestions for future work on epithermal deposits are made. 
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As an appendix to the thesis, a manuscript is presented that has been recently submitted 

to Mineralium Deposita. The manuscript describes the textural characteristics of ore mineral 

dendrites in low-sulfidation epithermal veins and the surrounding silica matrix. The ore 

mineral dendrites are hosted by colloform bands that that originally consisted of 

noncrystalline silica microspheres. In two of the deposits studied, these microspheres are still 

isotropic in some of the colloform bands whereas mosaic quartz formed through 

recrystallization is the principal host to ore dendrites in the other deposits. It is proposed that 

the opal-A that originally formed the silica microspheres deposited as a result of rapid silica 

supersaturation caused by flashing of the hydrothermal liquids. The author of the thesis 

contributed to the design of the study, the petrographic study, and the manuscript writing; and 

is a co-author of the manuscript. Most notably, all the HF experiments and the subsequent 

imaging of the edged dendrites were conducted by the author of this thesis. 
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Table 1.1 Characteristics of the deposits studied in this thesis. 

 

Deposit  Age Ore mineralogy Grade and tonnage Gangue mineralogy 

Low-sulfidation epithermal deposits    

Buckskin-National, Nevada Miocene Apy, El, Gn, Miar, Nau, Po, Pyrg, Sp, 

Stbn, Tet 

34,000 t @ 20 g/t Au, 250 g/t Ag Adl, Chc, Ill, Ms, Qz 

Fire Creek, Nevada Miocene Apy, El, Nau, Stbn 0.93 Mt at 18.43 g/t Au, 16.4 g/t Ag Adl, Cc, Ill, Qz 

Hishikari, Japan Pleistocene Au, Ccp, El, Mrc, Py, Sp, Stbn, Tet 5.2 Mt at 55 g/t Au Adl, Cc, Chl, Sm, Qz 

McLaughlin, California Pleistocene Au, Cin, Ccp, El, Fre, Gn, Miar, Py, 

Pyrg, Sp, Stbn 

33.9 Mt at 3.42 g/t Au, 1.6 g/t Ag Adl, Chc, Qz 

Sleeper, Nevada Miocene Aca, El, Miar, Mrc, Nau 344.7 Mt at 0.46 g/t Au, 3.01 g/t Ag Adl, Brt, Cc, Qz 

Intermediate-sulfidation epithermal deposits    

Arista, Mexico Miocene Ccp, El, Gn, Sp 1.64 Mt at 2.41 g/t Au, 162 g/t Ag Adl, Cc, Qz 

Chatree, Thailand Permo-Triassic Aca, Ccp, Gn, Mrc, Nau, Py, Sp 127.6 t at 1.6 g/t Au, 13 g/t Ag Adl, Cc, Chl, Qz 

Creede, Colorado Oligocene Aca, Ccp, El, Gn, Hm, Mrc, Py, Sp, Tet, 

Ten 

3.8 Mt at 1.3 g/t Au, 682 g/t Ag Adl, Cc, Chc, Chl, Rds, Qz 

High-sulfidation epithermal deposits    

El Indio, Chile Miocene Aca, Au, El, En, Gn, Hm, Mrc, Py, Sp 23.2 Mt at 6.6 g/t Au, 50 g/t Ag Alu, Kln, Qz 

Goldfield, Nevada Miocene Au, Bis, Ccp, En, Fm, Gn, Py, Sp, Tel, 

Ten, Tet 

7.84 Mt at 16.74 g/t Au, 5.79 g/t Ag, 0.5% Cu Alu, Brt, Chl, Dck, Kln, Qz 

 

Mineral abbreviations: Adl=adularia, Aca=acanthite; Agu=aguilarite; Alu=Alunite; Apy=arsenopyrite; Au=native gold; Bis=Bismuthinite; Bn=bornite; Brt=barite; Cal=calcite; Chc=chalcedonic 
quartz; Chl=chlorite; Cin=cinnabar; Ccp=chalcopyrite; Dck=dickite; El=electrum; En=enargite; Fm=famatinite; Fre=freibergite; Hm=hematite; Gn=galena; Goe=goethite; Ill=illite; 
Kln=kaolinite; Mrc=marcasite; Miar=miargyrite; Nau=naumannite; Po=pyrrhotite; Py=pyrite; Pyrg=pyrargyrite; Qz=quartz; Rds=rhodochrosite; Sm=smectite; Sp=sphalerite; Stbn=stibnite; 
Tel=tellurides; Ten=tennantite; and Tet=tetrahedrite
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CHAPTER 2 

TEXTURAL CHARACTERISTICS OF NONCRYSTALLINE SILICA 

IN SINTERS AND QUARTZ VEINS: IMPLICATIONS FOR THE FORMATION 

OF BONANZA VEINS IN LOW-SULFIDATION EPITHERMAL DEPOSITS 

Reproduced with permission from Minerals 2018, published by MDPI. 

Tadsuda Taksavasu 1, Thomas Monecke 1, and T. James Reynolds 1,2  

 

Abstract 

Modern silica sinters forming at the Wairakei geothermal field in New Zealand are 

composed of non-crystalline opal-A that deposited rapidly from cooling geothermal liquids 

flashed to atmosphere. The sinter comprises laminae of highly porous and friable white silica 

showing palisade textures that are caused by erect silicified filamentous microbes encased by 

chains of fused silica microspheres. The laminae showing palisade textures alternate with 

non-porous and smooth silica laminae that are vitreous and translucent in hand-specimen. 

Microscopically, these laminae are characterized by a dense packing of fused silica 

microspheres. Microscopic inspection of bonanza quartz vein samples from the Buckskin 

National low-sulfidation epithermal precious metal deposit in Nevada showed that colloform 

bands in these veins exhibit relic microsphere textures similar to those observed in the 

modern silica sinters from New Zealand. The textural similarity suggests that the colloform 

bands were originally composed of non-crystalline opal-A that subsequently recrystallized to 

quartz. The colloform bands contain dendrites of electrum and naumannite that must have 

grown in a yielding matrix of silica microspheres deposited at the same time as the ore 

minerals, implying that the non-crystalline silica exhibited a gel-like behavior. Quartz bands 

having other textural characteristics in the crustiform veins lack ore minerals. This suggests 

that ore deposition and the formation of the colloform bands originally composed of 

compacted microspheres of non-crystalline silica are genetically linked and that ore 

deposition within the bonanza veins was only episodic. Supersaturation of silica and precious 

metals leading to the formation of the colloform bands may have occurred in response to 

transient flashing of the hydrothermal liquids. Flashing of geothermal liquids may thus 
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represent a key mechanism in the formation of bonanza precious metal grades in low-

sulfidation epithermal deposits. 

 

2.1 Introduction 

Low-sulfidation epithermal deposits represent an important source of gold and silver. 

The deposits form in the shallow subsurface (<1.5 km) is association with subaerial 

geothermal systems. Ore formation takes place from near-neutral chloride waters at 

temperatures below ~300°C (Lindgren, 1933; Buchanan, 1981; Bodnar et al., 1985; White 

and Hedenquist, 1995; Cooke and Simmons, 2000; Simmons et al., 2005). The high-grade 

ores of many low-sulfidation epithermal deposits are contained in quartz veins that developed 

along subvertical faults (Hedenquist et al., 2000; Simmons et al., 2005; Rowland and 

Simmons, 2012). It is now well established that there is a close association between fluid 

immiscibility and mineral deposition in the epithermal environment (Buchanan, 1981; 

Bodnar et al., 1985; Brown, 1986; Clark and Williams-Jones, 1990; Simmons and 

Christenson, 1994; Simmons and Brown, 2000; Albinson et al., 2001; Moncada et al., 2012). 

The quartz veins in low-sulfidation epithermal deposits exhibit a wide range of textural 

characteristics (Bobis, 1994; Dong et al., 1995; Moncada et al., 2012; Shimizu, 2014). 

Previous workers (Sander and Black, 1988; Saunders, 1990, 1994; Dong et al., 1995) 

proposed that some of the quartz textures encountered in epithermal veins are of secondary 

origin and formed as a result of recrystallization of a non-crystalline silica precursor phase. In 

particular, colloform quartz, which is characterized by the presence of continuous bands that 

are rounded or botryoidal, is invoked to represent a recrystallization texture. Saunders (1990, 

1994) showed that gold in low-sulfidation epithermal quartz veins from the Sleeper deposit in 

Nevada forms dendrites intergrown with fine-grained colloform quartz. He proposed that the 

gold and silica were originally precipitated as colloidal particles in the deeper part of the 

system and then mechanically transported upward by the ore-forming hydrothermal fluids. 

The presence of sedimentary structures suggests that the silica originally deposited in the vein 

was soft and gel-like. Transformation to microcrystalline quartz may have occurred under 

hydrothermal conditions immediately after deposition, as suggested by experimental studies 

(Ernst and Calvert, 1969; Mitzutani, 1970; Bettermann and Liebau, 1975; Oehler, 1976). 

This study describes the textural characteristics of modern silica sinter formed at the 

Wairakei geothermal field in New Zealand using a combination of optical microscopy and 

scanning electron microscopy. It is shown that the non-crystalline silica sinter is composed of 

high-porosity opal-A laminae formed by filamentous microbes and alternating low-porosity 
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laminae of densely packed and merged opal-A microspheres. The textural characteristics of 

the low-porosity laminae in the silica sinter are strikingly similar to those of colloform quartz 

bands in bonanza ore veins from the Buckskin National low-sulfidation epithermal gold-

silver deposit in Nevada. Both silica deposits are composed of silica microspheres and show a 

similar distribution of micropores between densely packed spheres. The textural observations 

of the present study lend support to the hypothesis that colloform quartz in low-sulfidation 

epithermal veins can indeed form through recrystallization of microspheres of a non-

crystalline silica precursor deposited during fluid immiscibility. 

 

2.2 Modern Silica Sinter from the Wairakei Geothermal Field in New Zealand 

2.2.1 Geological Background 

The Wairakei geothermal field is located 8 km north of Taupo in the Taupo Volcanic 

Zone of North Island, New Zealand (Fig. 2.1a). Exploration drilling for geothermal power 

development at Wairakei commenced in 1949, with development culminating in the 

commissioning of the Wairakei power plant in 1958, which at the time was only the second 

commercial geothermal operation in the world and the first to exploit a wet geothermal 

resource. Historically, Wairakei has been exploited in four production areas (Fig. 2.1b), with 

today’s installed capacity reaching in excess of ~350 MWe. A total of 54 production wells 

generate hydrothermal fluids at temperatures of up to ~260 °C. About half of the separated 

water is reinjected. To the southeast, Wairakei connects to the adjacent Tauhara geothermal 

field, which is currently exploited by a binary power station having an additional capacity of 

28 MWe. 

The Wairakei geothermal field is located over a broad, deep depression in Jurassic 

basement graywacke (Mortimer, 1994) that is filled by Quaternary volcanic and sedimentary 

rocks (Rogan, 1982). The regional basement structure (Rowland and Sibson, 2001) and 

basement drilling in other geothermal fields located to the northeast (Rae et al., 2007) suggest 

the presence of a northeast-striking, westward-deepening basement graben beneath Wairakei 

(Bignall et al., 2010). Active extension in the Taupo Volcanic Zone (2–8 mm/year) and 

related fault activation may be critical in maintaining fluid pathways in the basement and the 

overlying volcanic and sedimentary rocks (Darby et al., 2000; Villamor and Berryman, 2001; 

Acocella et al., 2003; Rowland and Sibson, 2004). 

The Jurassic greywacke basement at Wairakei is overlain by the Tahorakuri Formation, 

which is composed of thick (>650 m) pumiceous lithic tuff with intercalated partially welded 

ignimbrite (Fig. 2.1c). These deposits are overlain by the ~0.32–0.34-Ma-old, crystal-rich, 
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moderately welded Wairakei Ignimbrite (Houghton et al., 1995; Rosenberg et al., 2009; 

Bignall et al., 2010). The Wairakei Ignimbrite is of variable thickness, with one deep well 

encountering a thickness of ~1000 m (Fig. 2.1c). The overlying Waiora Formation contains 

the main production aquifers of the Wairakei geothermal field. It has a minimum thickness of 

400 m but reaches up to 2100 m in thickness. The volcanic and sedimentary deposits of the 

Waiora Formation are host to several large rhyolite units which have high fracture 

permeability in their brecciated margins (Fig. 2.1c). The top of the Quaternary volcanic and 

sedimentary succession at Wairakei consists of the Huka Falls Formation and superficial 

deposits (Fig. 2.1 c). The Huka Falls formation comprises up to 300-m-thick lacustrine 

sediments and water-deposited tuffs that were accumulated in a long-lived shallow lake 

stretching northeastward for over 50 km from modern Lake Taupo. Superficial deposits 

include young pyroclastic fall and flows as well as their sedimentary and pedogenetic 

derivatives (Rosenberg et al., 2009; Bignall et al., 2010). 

Hydrothermal alteration of the volcanic and sedimentary succession at Wairakei in 

general increases in rank and intensity with increasing depth (Rosenberg et al., 2009). 

Argillic alteration characterized by the presence of smectite and minor illite/smectite is found 

in near-surface units. The presence of smectite indicates alteration temperatures <140 °C 

(Browne and Ellis, 1970). Propylitic alteration is the predominant alteration style below the 

argillic cap. Epidote occurs in small veins but is more common as a pervasive replacement of 

primary feldspars and other phenocrysts. The presence of wairakite in the propylitic-altered 

rocks indicates alteration temperatures of above 210 °C (Browne and Ellis, 1970; Steiner, 

1977). The highest rank alteration assemblage recognized at Wairakei includes wairakite, 

epidote, and prehnite, indicating that alteration occurred at temperatures above 240–280 °C 

(Rosenberg et al., 2009). 

 

2.2.2 Silica Deposits 

At the Wairakei geothermal field, silica sinter is formed at a high-temperature (~99 °C) 

outlet sourced from flash plant 14 and feeds the bathing pool known as Honeymoon Pool. At 

the outlet, the geothermal liquid is flashed to atmosphere and ponds in a steel-lined concrete 

pool, referred to as a weirbox, that drains into a small channel. The silica sinter forms several 

centimeters thick crusts at the bottom and walls of the pool and around the inlet pipe (Fig. 

2.2a). Within the channel, tens of centimeters thick silica deposits have formed (Fig. 2.2b). 

The channel is cleaned out on a regular basis to maintain downhill flow. Representative 

sampling of the silica sinter formed in the steel-lined concrete pool was conducted in 2017. 



 31 

Macroscopically, the sampled silica sinter is layered and consists of alternating laminae 

of 3–12-mm-thick highly porous and friable white silica showing palisade textures and 1–2-

mm laminae of nonporous, smooth silica that is slightly gray, vitreous, and translucent. The 

white silica laminae with palisade textures locally show patchy overprints where the silica is 

vitreous in hand specimen. The alternating laminae having different textures are wavy on the 

hand specimen scale and are laterally continuous over tens of centimeters (Fig. 2.2c). 

 

 

 

 
Figure 2.1 Wairakei geothermal field in New Zealand. (a) Map of North Island, New 
Zealand. The locations of the Taupo Volcanic Zone and the Wairakei geothermal field are 
highlighted. (b) Map of electrical resistivity (in !m) in the Wairakei geothermal field 
(modified from Hunt, 2009). (c) Geological interpretation of structural elements at the 
Wairakei geothermal field based on well stratigraphy and seismic reflection data (modified 
from Rosenberg et al., 2009). The location of the section is given in B. No vertical 
exaggeration. Ta = Tahorakuri Formation; Wk = Wairakei Ignimbrite; Wa = Waiora 
Formation; HFF = Huka Falls Formation; S = Surficial deposits; mRL = meters above sea 
level.  
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Figure 2.2 Photographs of silica sinters formed at the Wairakei power plant, New Zealand. 
(a) High-temperature (~99 °C) outlet at flash plant 14. The geothermal liquid is flashed to 
atmosphere and ponds in a steel-lined concrete pool. (b) Drainage channel that is partially 
filled with silica sinter formed from the cooling geothermal liquid. (c) Hand specimen of 
silica sinter showing alternating laminae of highly porous and friable white silica with 
palisade textures (Pa) and nonporous, smooth silica laminae that are gray, vitreous, and 
translucent (Vi). 
 

2.2.3 X-Ray Diffraction Analysis 

The sampled silica sinter was cut to be able to better trace the alternating bands of 

white and gray silica. Using a dentist drill, both types of bands were sampled. The obtained 

material was powdered and then analyzed by X-ray diffraction analysis at the Colorado 

School of Mines. Step-scan XRD data (15–50°2θ, 0.02°2θ step width, 1.0°2θ/min) of the 

powdered material were obtained using a Scintag XDS-2000 theta/theta diffractometer with a 

2.2-kW sealed copper radiation source. An accelerating voltage of 40 kV was used, with a 

filament current of 40 mA and 0.5 and 0.3 mm of receiving slits. 

The XRD patterns of both sinter bands are typified by broad diffraction bands. The 

highly porous and friable white silica showing palisade textures gave a diffraction band 

centered on 22.8°2θ (3.90 Å) with a full-width-at-half-maximum value of 4.7 Δ°2θ (0.80 Δd 

Å). The nonporous, smooth silica shows a diffraction band centered on 21.7°2θ (4.01 Å) with 

a full-width-at-half-maximum of 5.8 Δ°2θ (1.10 Δd Å). The diffraction experiments indicate 

that both types of laminae are composed of opal-A.  



 33 

2.2.4 Water Content  

The water content of the silica sinter from the Wairakei power plant was determined by 

gravimetry. A powdered aliquot of the silica sinter was dried at 105 °C overnight. The 

sample experienced a weight loss of 2.46 wt. %, which is interpreted to represent water 

absorbed by the noncrystalline material. Following further heating at 950 °C for 12 hours, the 

sample experienced an additional weight loss of 5.64 wt. %. 

 

2.2.5 Textural Characteristics 

In thin section, the silica sinter is composed of variably compacted silica laminae. The 

highly porous and friable white silica laminae showing palisade textures are composed of 

erect, silicified filamentous microbes that range from 10 to over 300 µm in length and are 2‒5 

µm in diameter. Complex arrays of subparallel to slightly radiating, connected, and twisted 

filaments define the palisade texture visible in hand specimen (Fig. 2.3a). Arrays of oriented 

filaments are connected by randomly oriented filaments forming a spider’s web-like texture 

that exhibit incomplete framework patterns (Fig. 2.3b). Cauliflower-like patterns are locally 

present. Individual filaments of the filamentous microbes are composed of heavily included, 

cloudy cores that are surrounded by a shell of fused microspheres of opal-A. The filaments 

are locally overgrown or cemented by globular aggregates composed of 20–50 individual 

silica spheres. These spheres are approximately 1–2.5 µm in diameter, with some being <1 

µm in size. 

The nonporous, smooth silica laminae that are gray, vitreous, and translucent in hand 

specimen are compositionally similar to the highly porous and friable silica laminae. 

However, the silicified filamentous microbes are densely packed and cemented together by 

globular aggregates of opal-A microspheres (Fig. 2.3c). Dense vitreous silica layers are 

present that are composed of closely packed and fused silica spheres. In the vitreous silica 

layers, only faint outlines of the former opal-A microspheres can be recognized as the void 

space between the microspheres appears dark in plane-polarized light (Fig. 2.3d). The 

compacted silica laminae contain small plant fragments and abundant Pinus pollen. The 

bisaccate pollen grains measure about 80–90 µm, with the pollen grain body measuring 

approximately 50–60 µm. The Pinus pollen most likely derived from the pine plantations 

(Pinus radiata) surrounding the sampling site at the Wairakei geothermal power plant. The 

pollen grains are overgrown and cemented by aggregates of microspherical opal-A. 
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Figure 2.3 Transmitted light photomicrographs of silica sinter textures from the Wairakei 
geothermal power plant, New Zealand. (a) Palisade texture comprised of arrays of parallel 
silicified filamentous microbes. (b) Spider’s web-like texture comprised of arrays of parallel 
silicified filamentous microbes. (c) Low-magnification image showing areas of compacted 
and noncompacted global aggregates composed of opal-A. (d) High-magnification image of 
compacted microspheres and globular aggregates. The outlines of the microspheres are 
highlighted in some cases by void space that appears dark. 

 

Small pieces of the silica sinter were mounted on aluminum stubs and carbon coated for 

scanning electron microscopy. Imaging of small-scale textural relationships was conducted 

using a TESCAN MIRA3 LMH Schottky field-emission scanning electron microscope in 

secondary electron mode (FE-SEM) at the Colorado School of Mines. A working distance of 

12 mm and an acceleration voltage of 15.0 kV were used. 

Scanning electron microscopy showed that the silicified filamentous microbes are 

composed of chains of fused silica microspheres. The chains can be subparallel or form 

spider’s web structures as observed in thin section (Fig. 2.4a,b). The filaments are overgrown 

by individual microspheres or globular groups of microspheres (Fig. 2.4a). High-resolution 

imaging showed that the spheres in these globular aggregates are connected by small 

connection pads that consist of silica nanospheres (Fig. 2.4c). These connection pads are 
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visible where a microsphere has separated from the globular aggregate. In areas of low 

porosity, massive zones of silica occur that consist of fused microspheres. Locally present 

void space defines the outline of fused microspheres in these areas (Fig. 2.4d). 

 

 

 

 
Figure 2.4 Scanning electron images of silica sinter from the Wairakei geothermal power 
plant, New Zealand. (a) Complex arrays of silicified filamentous microbes consisting of 
subparallel filaments. The silicified filamentous microbes are overgrown by globular 
aggregates consisting of a large number of individual silica spheres. (b) Spider’s web-like 
structure consisting of silicified filamentous microbes. (c) Cluster of silica microspheres. 
Individual spheres are connected by pads consisting of small silica microspheres. (d) Fused 
silica microspheres. Note the shape of the voids between the fused silica microspheres. 
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2.3 Epithermal Veins from the Buckskin-National Deposit in Nevada 

2.3.1 Geological Background 

The Buckskin National deposit is located at the National district of Humboldt County, 

Nevada (Lindgren, 1915; Vikre, 1985, 1987, 2007). The deposit was mined intermittently from 

1906 to 1941, yielding 24,000 ounces of gold and 300,000 ounces of silver from 34,000 tons 

of ores. The mine was developed on a bonanza-type, low-sulfidation epithermal vein referred 

to as the Bell vein (Vikre, 1985). 

Located on the eastern slope of Buckskin Mountain, the Buckskin National deposit is 

hosted by ~700-m-thick succession of Early Miocene (16.57 ± 0.03 to 16.11 ± 0.03 Ma; [42]) 

massive rhyolite and associated volcaniclastic facies (Fig. 2.5). The top of Buckskin 

Mountain is capped by a 30-m-thick carapace of finely laminated silica sinter and silicified 

epiclastic deposits. The reddish to gray-black silica sinter cropping out in an area that is 420 × 

230 m in size contains high Hg concentrations (Roberts, 1940; Vikre, 2007). The silicified 

epiclastic deposits are stratified and are moderately to well-sorted. Individual beds range from 

several millimeters to centimeters in thickness. Bedding in the epiclastic rocks dips 15–20° to 

the northeast (Vikre, 2007). 

The silica sinter cropping out on Buckskin Mountain represents the surface expression 

of the hydrothermal system that formed the low-sulfidation epithermal deposit. The Bell vein 

strikes N-S and dips 75° to the west. The vein has an average thickness of 1.8 m. Mining of 

the Bell vein has occurred over a strike length of 1.3 km (Vikre, 1985). Based on drilling, the 

vein is known to extend to a depth of at least ~790 m below the paleosurface (Vikre, 2007). 

The Bell vein consists primarily of quartz with adularia being the second most abundant 

gangue mineral. 40Ar/39Ar dating of adularia yielded an age of 16.06 ± 0.03 Ma (Vikre, 

2007). Bladed calcite replaced by quartz is locally present. The main ore minerals include 

electrum, acanthite, miargyrite, pyrargyrite, aguilarite, clausthalite, naumannite, arsenopyrite, 

galena, pyrite, marcasite, sphalerite, and tetrahedrite. Stibnite is present in the vein within 

~150 m below the paleosurface (Vikre, 1985, 2007). Fluid inclusion studies showed that most 

of the gold and silver in the Bell vein was precipitated at 200–250 °C (Vikre, 1985, 2007). 

Gangue mineral textures suggest that the hydrothermal liquids experienced phase separation 

during vein formation (Vikre, 1985, 2007). 
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Figure 2.5 Geological map of the National district, Nevada (modified from Vikre, 1985). The 
location of the Buckskin National deposit is highlighted. 
 

 

2.3.2 Bonanza-Type Quartz Veins  

Vein textures were studied in 40 samples archived at the Colorado School of Mines as 

well as new samples collected from the waste dumps of the former Buckskin National mine 

in 2016. The vein samples are symmetrically or asymmetrically banded in hand specimen. 

Most bands are crustiform, consisting of alternating layers of quartz showing subtle 

differences in textures, colors, and grain sizes as described below. The layers are colorless, 

milky, or yellowish-cream to grayish-black in color and 1–5 mm in thickness (Fig. 2.6). In 

addition to the crustiform bands, bands of massive gray quartz or euhedral quartz crystals 

occur in some samples. The centers of the veins are sutured or vuggy. 
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Figure 2.6 Photographs of crustiform quartz veins from the Buckskin National deposit in 
Nevada. The samples are characterized by the presence of colloform quartz layers that have 
spherical, botryoidal, reniform, or mammillary surfaces. Note that ore minerals only occur in 
some of the colloform bands whereas layers showing other quartz types are barren. Gq = dark 
gray quartz that hosts abundant ore minerals; Pq = pink quartz containing abundant adularia that 
is largely replaced by muscovite; Qcf = colloform quartz; Qcf−m = colloform-mosaic quartz; 
Qfb−m = quartz showing fibrous or mosaic microtextures. 
 

 

2.3.3 X-Ray Diffraction Analysis 

Using a dentist drill, one of the colloform bands in a bonanza-type quartz vein from the 

Buckskin National deposit was sampled. The obtained material was powdered using a mortar 

and pestle and used for X-ray diffraction analysis. Step-scan XRD data (5–60°2θ, 0.02°2θ 

step width, 1.0°2θ/min) were obtained using a Scintag XDS-2000 theta/theta diffractometer 

with a 2.2-kW sealed copper radiation source. An accelerating voltage of 40 kV was used, 

with a filament current of 40 mA and 0.5 and 0.3 mm of receiving slits. Peak-matching 

revealed that the colloform band is entirely composed of quartz. In addition to quartz, the 

sample contained small amounts of K-feldspar and muscovite. 
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2.3.4 Quartz Textures 

Petrographic inspection on thin sections using an Olympus BX51 microscope showed 

that individual layers in the crustiform bands of the bonanza vein samples exhibit a wide 

range of textural characteristics. Following Dong et al. (1995), the observed quartz textures 

can be classified as being primary growth textures, recrystallization textures, and replacement 

textures. 

Colloform quartz represents the most common primary growth texture. Colloform 

bands are most commonly asymmetrical with their spherical, botryoidal, reniform, or 

mammillary surfaces pointing towards the center of the veins. The layers are laterally 

continuous and typically 1–5 mm in thickness. Within the colloform bands, the quartz 

typically appears murky or cloudy and locally is almost opaque in thin section (Fig. 2.7a). 

Optical microscopy at high magnification shows that the dark appearance of the quartz is 

related to the presence of myriads of micropores (Fig. 2.7b). Under crossed-polarized light, 

the fine-grained colloform quartz shows a mosaic texture consisting of anhedral quartz grains 

having irregular and interpenetrating grain boundaries (Fig. 2.7c). Microscopy on ultra-thin 

(15 µm) sections shows that the dark quartz with the micropores is composed of globular 

aggregates that are 20–30 µm in size (Fig. 2.7b,d). These globular aggregates are composed 

of fused microspheres that are 1–3 µm in size. The micropores between these microspheres 

and between the globular aggregates have sichel-like shapes or are irregular and 

interconnected with concave boundaries. 

In addition to the colloform quartz, chalcedonic quartz occurs in the vein samples. The 

chalcedonic quartz forms spherical, botryoidal, reniform, or mammillary layers that are 

texturally not unlike the colloform quartz composed of compacted microspheres. However, 

chalcedonic quartz is composed of radiating and sheaf-like bundles of microfibers. The 

chalcedonic layers show a fibrous extinction in crossed-polarized light. Based on the 

observed interference color, the chalcedony fibers are both length-fast and length-slow. The 

chalcedonic quartz is transparent in thin section and lacks the abundant micropores that are 

characteristic of the colloform quartz layers. 

Moss and comb quartz represent other common primary growth texture present in the 

veins from the Buckskin National deposit. The moss quartz consists of groups of spheres that 

are 0.1–1 mm in size. The moss-like aggregates include radiating and concentric patterns of 

fine-grained quartz. The moss-like quartz is commonly coated by multiple thin colloform 

quartz layers. Comb quartz is composed of 0.5–1 mm large euhedral crystals. The quartz 

crystals form parallel or subparallel clusters and can exhibit radial patterns. Near the center of 
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the veins, the euhedral quartz crystals can project into open space. Layers of comb quartz are 

commonly overgrown by colloform quartz layers. 

The crustiform bands in the vein samples from the Buckskin National deposit contain a 

range of textures interpreted to be related to the recrystallization or replacement of primary 

textures. All samples collected contain mosaic quartz, which consists of anhedral grains that 

have irregular and sutured grain boundaries. The texture can be best identified in crossed-

polarized light. The anhedral grains are 0.01–0.1 mm in size. Sericite and kaolinite locally are 

present along the grain boundaries. Mosaic quartz overprints primary growth textures, 

including colloform and moss quartz which can be recognized in plane-polarized light despite 

the recrystallization. Other recrystallization textures identified include feathery and 

flamboyant quartz. In addition, replacement textures recognized in the quartz veins from the 

Buckskin National deposit include lattice-bladed, ghost-bladed, parallel-bladed, and pseudo-

acicular textures. These textures are interpreted to have formed through complete 

replacement of calcite by quartz. 

Precious metal minerals in the vein samples at the Buckskin National deposit primarily 

occur within the colloform bands. Most abundant are naumannite dendrites that point toward 

the center of the veins. Electrum is less abundant and typically occurs as inclusions in 

naumannite. Pyrargyrite locally forms part of the naumannite dendrites (Saunders et al., 

2008; Saunders et al., 2010; Saunders, 2012). 

 

2.4 Discussion 

2.4.1 Formation and Recrystallization of Noncrystalline Silica in Modern Sinter 

Deposits 

The sinter studied from the Wairakei geothermal power plant in New Zealand 

represents a young and highly immature silica deposit that is entirely composed of opal-A. 

Opal-A represents a noncrystalline hydrated silica phase. Opal-A is noncrystalline as it lacks 

long-range order (Smith, 1998). Water is present as absorbed water or forms internal or 

surface silanol groups (Smith, 1998; Jones and Renaut, 2004; Day and Jones, 2008). 

Young silica sinters from geothermal areas worldwide consist primarily of opal-A and 

have similar textural characteristics to those observed in the samples investigated here (Jones 

et al., 1997; Herdianita et al., 2000; Campbell et al., 2002; Guidry and Chafetz, 2003; Lynne 

and Campbell, 2004; Rodgers et al., 2004; Fernandez-Turiel et al., 2005). Smith et al. (2003) 

studied silica deposits sampled from the discharge drain of the Wairakei geothermal power 

station and the silica sinter terrace of the Orakei Korako geothermal field in New Zealand. 
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Opal-A textures observed included densely packed silica filaments, tangled chains of 

coalesced spheres forming closely packed mats of silica filaments, and twisted, helical 

strands of silica. Similar to the present study, opal-A from the Geysir geothermal area in 

Iceland occurs as featureless low-porosity opal-A laminae that alternate with high-porosity 

laminae composed of vertical or near-vertical silicified filamentous microbes (Jones and 

Renaut, 2007). The low-porosity laminae were formed of polymerized opal-A microspheres, with 

porosity being controlled by sphere packing and the amount of opal-A cement. Filamentous 

microbes were found to have outer mammillary surfaces that are smooth and featureless (Jones 

and Renaut, 2007). 

 

 

 
Figure 2.7 Transmitted-light photomicrographs of colloform banding in bonanza-type quartz 
veins from the Buckskin National deposit, Nevada. (a) Low-magnification image showing a 
colloform quartz layer. (b) Low-magnification image of a colloform quartz layer consisting 
globular aggregates. Picture was taken on an ultra-thin section. (c) Same low-magnification 
image in crossed-polarized light. The quartz shows a mosaic texture. (d) High-magnification 
image of globular aggregates consisting of fused microspheres. The large number of 
micropores located between the microspheres gives the quartz a dark appearance. 
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Previous studies on silica sinters have shown that the thermodynamically unstable opal-

A matures and transforms over time, forming thermodynamically more stable paracrystalline 

(Smith, 1998) opal-CT, then opal-C, and ultimately blocky, microcrystalline quartz 

(Herdianita et al., 2000; Campbell et al., 2001; Rodgers and Cressey, 2001; Rodgers and 

Hampton, 2003; Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne et al., 2005; Lynne 

et al., 2007). In the case of the Taupo Volcanic Zone in New Zealand, microcrystalline quartz 

becomes a common phase in silica sinters older than ~20,000 years (Herdianita et al., 2000). 

Temperature, groundwater interaction, water chemistry, and other environmental factors 

represent important variables controlling the maturation time of silica sinters (Lynne et al., 2006; 

Jones and Renaut, 2007). 

The transformation from opal-A to opal-CT is typically accompanied by textural 

changes (Herdianita et al., 2000; Campbell et al., 2001; Lynne and Campbell, 2004; Rodgers 

et al., 2004; Jones and Renaut, 2007), although the mineralogical changes may outpace 

textural maturation (Lynne et al., 2007; Liesegang et al., 2018). Opal-CT commonly forms 

lepispheres that are similar in size to the opal-A microspheres (Herdianita et al., 2000; 

Campbell et al., 2001; Lynne and Campbell, 2004; Rodgers et al., 2004; Fernandez-Turiel et 

al., 2005; Jones and Renaut, 2007). For instance, opal-CT at the Geysir geothermal area in 

Iceland forms <1-µm lepispheres that are composed of arrays of loosely packed intersecting 

thin plates or clusters of tightly packed plates. The plates commonly have hexagonal shapes. 

In addition to lepispheres, opal-CT can also form complex three-dimensional spindle and 

barrel frameworks (Jones and Renaut, 2007). The transition from opal-A to opal-CT most 

likely occurs through a dissolution-reprecipitation process (Lynne et al., 2005; Jones and 

Renaut, 2007; Lynne et al., 2007). 

Continued maturation to opal-C and quartz is commonly associated with another major 

change in microtextures (Herdianita et al., 2000; Campbell et al., 2001; Rodgers et al., 2004; 

Lynne et al., 2005). At the Roosevelt Hot Springs in Utah, this transition involved a 

reorganization from blades into elongate, randomly oriented nanorods or blocky aggregates. 

Diagenetic quartz forms small euhedral crystals oriented parallel to the sinter surface (Lynne 

et al., 2005). In addition to opal-C and quartz, moganite can occur in mature sinters (Rodgers 

and Cressey, 2001). 

The textural characteristics of opal-CT and opal-C have not been observed in the silica 

sinter samples investigated from the Wairakei geothermal power plant, confirming that 

textural maturation of the young deposits has not yet commenced. Smith et al. (2003) also 

showed that silica deposits of up to 2 years in age sampled at the discharge drain of the Wairakei 
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power plant still consist of opal-A, although aging could be demonstrated based on the width of 

the opal-A band measured in XRD patterns. 

 

2.4.2 Preservation of Textural Features in Fossil Silica Sinters 

Despite textural changes associated with the transition from thermodynamically 

unstable opal-A to thermodynamically stable quartz with time, fossil sinters preserve a wide 

range of textural characteristics. Fossil sinters have been recognized throughout geological 

time, with the oldest being Archean in age (Djokic et al., 2017). 

Devonian sinter deposits in Aberdeenshire in Scotland (Trewin, 1993) showing 

massive, vuggy, laminated, lenticular, nodular, and brecciated textures contain abundant 

silicified plant material. Devonian–Carboniferous sinters of the Drummond Basin in 

Australia exhibit a wide range of microfacies ranging from high-temperature apparently 

abiotic geyserites through various forms of stromatolitic sinters to ambient temperature marsh 

deposits. The sinters contain well-preserved microfossils including cyanobacterial sheaths 

(White et al., 1989; Walter et al., 1996). A detailed study on Jurassic sinters in the Deseado 

Massif of Argentina showed that these deposits contain small-scale stromatolitic columnar 

structures, molds of stems and roots of plants, and desiccation cracks (Guido et al., 2002). 

Upper Miocene to Pliocene Waitaia sinter on the east Coromandel Peninsula is the 

oldest known sinter deposit in New Zealand. The sinter exhibits plant-rich and plant-poor 

facies as well as detrital-rich vitreous and detrital-rich brecciated facies. In places, the silica 

sinter is interbedded with swamp deposits. Snails trapped in the sinter have become silicified 

(Rodgers et al., 2004). The lower to mid-Pliocene Whenuaroa sinter of the Puhipuhi 

geothermal field in Northland, New Zealand exhibits stromatolitic facies including columnar 

structures and palisade mats. Quartz and moganite occur as microspheres that represent 

pseudomorphs of a noncrystalline precursor phase (Rodgers and Hampton, 2003; Rodgers et 

al., 2004). 

Preservation of delicate macroscopic and microscopic textures in fossil sinters enables 

their identification in ancient volcanic successions. Information on the presence and location 

of fossil sinters is used in mineral exploration to locate low-sulfidation epithermal vein 

deposits and to constrain the location of the paleowater table at the time of mineralization 

(Hedenquist et al., 2000; Sillitoe, 2015). The presence of relic microspherical textures proves 

that these deposits formed by processes analogous to modern sinters associated with active 

geothermal systems, which originally involved the precipitation of opal-A that subsequently 

recrystallized to quartz through intermediate, metastable silica phases such as opal-CT. 
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2.4.3 Formation and Recrystallization of Noncrystalline Silica in Epithermal Veins 

This study shows that some colloform quartz bands in the vein samples from the 

Buckskin National deposit in Nevada are composed of mosaic quartz that locally preserves 

densely packed microspheres texturally resembling those observed in the sinter samples from 

the Wairakei geothermal power plant in New Zealand. Based on the textural similarity, these 

microspheres are interpreted to have been originally composed of a noncrystalline silica 

phase. 

This interpretation is consistent with previous works focusing on the ore mineralogy of 

deposits in the same district. Lindgren (1915) described the occurrence of gold at the 

National deposit and noted that the gold forms elongated rod-like or club-like aggregates that 

are up to 3 mm in length. The gold aggregates commonly resemble dendrites. He suggested 

that the gold formed in a yielding medium, implying that the surrounding silica originally 

was gelatinous mass that slowly crystallized to a fine-grained quartz aggregate subsequent to 

gold deposition. Lindgren (1915) also pointed out that the dendritic nature of the gold must 

represent a primary growth texture and that the gold and the surrounding silica mass must 

have been deposited at the same time. Detailed petrographic investigations by Saunders et al. 

(2008), Saunders et al. (2010), and Saunders (2012) showed that naumannite in bonanza vein 

samples from the nearby Buckskin National deposit forms dendritic aggregates pointing 

towards the center of the veins. The naumannite dendrites probably formed by a similar 

process as the gold dendrites described by Lindgren (1915). 

The noncrystalline silica precursor to the colloform bands may have been similar in 

nature to gel-like silica deposits recovered after a hydrothermal eruption at Porkchop Geyser 

in Yellowstone (Fournier et al., 1991; Keith, 1992). Porkchop Geyser was the site of a small 

eruption in 1989. Ejected blocks were coated by a siliceous gel-like material that was up to 1-

cm thick and showed botryoidal textures. Within several days of the eruption, the gelatinous 

material hardened and became no longer pliable (Fournier et al., 1991; Keith, 1992). 

Although the colloform bands in the vein samples from Buckskin National may 

originally have been composed of noncrystalline opal-A, they today consist entirely of 

quartz, as confirmed by the XRD experiments. In the vein material investigated, areas 

showing densely packed microspheres can only locally be recognized through optical 

microscopy. Under crossed-polarized light, the microspheres are not isotropic, confirming 

that they are no longer composed of a noncrystalline silica phase. The silica in the vein 

samples from Buckskin National has fully matured. This maturation process may have 

involved the formation of intermediate, metastable silica phases such as opal-CT. 
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Investigations by Saunders (1990) showed that silica in colloform bands in bonanza-grade 

samples from the Sleeper deposit in Nevada are virtually isotropic and XRD investigations 

confirmed the presence of opal-CT. The silica in the vein material from this low-sulfidation 

epithermal deposit has not been fully transformed to quartz. The degree of maturation may 

perhaps be related to the evolution of the hydrothermal system following silica deposition. 

Laboratory studies show that transformation of opal-A to quartz under hydrothermal 

conditions may occur within days to months (Ernst and Calvert, 1969; Mitzutani, 1970; 

Bettermann and Liebau, 1975; Oehler, 1976). 

In the samples investigated, quartz formed through recrystallization of the 

noncrystalline precursor phase in the colloform bands is mostly characterized by a mosaic 

texture, which can be easily recognized under crossed-polarized light. This texture is 

characterized by highly irregular and interpenetrating grain boundaries. In chert, mosaic 

textures are known to develop as a result of recrystallization from a noncrystalline silica 

precursor (Lovering, 1972). A similar origin has been inferred for mosaic quartz in 

epithermal veins (Saunders, 1990; Saunders, 1994; Camprubí and Albinson, 2007; Moncada 

et al., 2012). 

 

2.4.4 Implications for Ore-Forming Processes 

The observation that colloform banding exhibiting relic microspheres in the veins at the 

Buckskin National was originally composed of compacted and merged sphere-like aggregates 

of a noncrystalline silica precursor phase is in agreement with previous observations by 

Saunders (1990, 1994) on bonanza-type vein material from the Sleeper deposit in Nevada. 

Based on careful textural observations, Saunders (1990, 1994) showed that mineralized 

colloform bands in this deposit formed from coagulated silica. In contrast to this colloform 

quartz, bands composed of other textural types of quartz are barren. Similarly, Sherlock and 

Lehrman (1995) demonstrated that colloform bands in crustiform veins from the McLaughlin 

deposit in California consist of compacted microspheres of quartz that formed through 

recrystallization of a noncrystalline silica precursor phase. The bands contain gold as 

dendrites or as particles that are concentrated in the interstitial space between the 

microspheres. At Guanajuato in Mexico, gold grades correlate with quartz vein textures, with 

the highest gold grades occurring in samples containing abundant colloform bands (Moncada 

et al., 2012). At the Koryu deposit in Japan, Shimizu (2014) also demonstrated that colloform 

bands are the main host to precious metal minerals. The evidence available from these 

deposits collectively suggests that the formation of colloform bands originally composed of 
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noncrystalline silica is directly related to the process of precious metal deposition in 

epithermal vein deposits. 

In hydrothermal systems, silica supersaturation with respect to quartz leading to the 

deposition of opal-A can be accomplished as a result of fluid immiscibility (Drummond and 

Ohmoto, 1985; Fournier, 1985). Fluid inclusion evidence from Buckskin National in Nevada 

(Vikre, 1985, 2007), Sleeper in Nevada (Saunders and Schoenly, 1995), McLaughlin in 

California (Sherlock and Lehrman, 1995; Sherlock et al., 1995), Guanajuato in Mexico 

(Buchanan, 1979; Moncada et al., 2012), and Koryu in Japan (Shimizu, 2014) is interpreted 

to indicate that phase separation of the hydrothermal liquids occurred during vein formation, 

even though the exact conditions of noncrystalline silica deposition cannot be ascertained due 

to the lack of primary fluid inclusions in the colloform bands composed of relic 

microspheres. Additional evidence for the occurrence of boiling at these deposits includes the 

presence of platy calcite which is replaced by quartz pseudomorphs (Simmons and 

Christensen, 1994). 

Moncada et al. (2012) suggested that two end-member types of fluid immiscibility can 

be distinguished in hydrothermal systems based on the “intensity” of vapor production. 

During “gentle” boiling, a small proportion of the hydrothermal liquid is converted to vapor 

as the ascending hydrothermal liquid intersects the liquid plus vapor coexistence boundary. 

The small amount of vapor produced this way rises slowly through the fracture network. The 

remaining liquid cools as a result of boiling and continues to rise in the presence of vapor. 

During “violent” boiling, referred to as flashing, vapor is produced due to near-instantaneous 

vaporization of a large amount of hydrothermal liquid. This process may occur in response to a 

seismic event or dike-induced faulting (Rowland and Simmons, 2012). Propagation of 

vaporstatic conditions in the fracture will cause any liquid present at depth or within the 

surrounding wall rock to flash to vapor (Henley and Hughes, 2000). Flashing may be associated 

with the formation of extensive zones of brecciation at depth. Hydrothermal eruption craters may 

develop at surface (Muffler et al., 1971; Hedenquist and Henley, 1985; Browne and Lawless, 

2001; Monecke et al., 2012). 

Flashing of the hydrothermal liquids would result in the near-instantaneous deposition 

of silica, as silica solubility in the vapor phase is significantly lower than in the liquid. The 

colloform bands composed of compacted silica microspheres may record such events of 

transient fluid flashing as extreme silica supersaturation with respect to quartz could be easily 

achieved by this process (Henley and Hughes, 2000). This conclusion is consistent with the 

observation that fluid inclusion evidence for gentle boiling can be recognized in a range of 



 47 

different textural types of quartz, many of which are not directly associated with ore minerals 

(Moncada et al., 2012). 

Deposition of noncrystalline silica in the veins may be concomitant with the formation 

of the precious metal minerals because flashing results in the preferential partitioning of H2S 

into the vapor phase, reducing the amount of H2S in solution in the coexisting liquid (Brown, 

1986). This process of metal deposition is observed in modern geothermal systems where 

sharp decreases in pressure occur such as on back-pressure plates in surface pipes of 

geothermal power plants (Brown, 1986). Sanchez-Alfaro et al. (2016) showed that flashing is 

a more effective mechanism of gold precipitation than gentle boiling. 

 

2.4.5 Exploration Implications 

The textural observations on crustiform quartz vein samples from the Buckskin 

National deposit in Nevada suggest that the precious metal minerals are primarily contained 

in colloform bands containing relic silica microspheres. Delicate intergrowth between the ore 

minerals and the microspherical silica in these bands (Smith, 1998; Saunders et al., 2010; 

Saunders, 2012) strongly supports the hypothesis that deposition of both were caused by the 

same process and flashing of the hydrothermal fluids represents the most likely process 

allowing rapid co-deposition. Therefore, textural analysis on epithermal veins could be used 

to identify hydrothermal systems that underwent transient periods of fluid flashing. These 

systems are likely to be associated with veins having high gold grades, as fluid flashing 

represents the most efficient process of gold deposition in the epithermal environment 

(Brown, 1986; Sanchez-Alfaro et al., 2016). Conversely, hydrothermal systems in which 

fluid ascent is only accompanied by gentle boiling or cooling (Albinson et al., 2001; 

Camprubí and Albinson, 2007) are more likely to form lower-grade precious metal vein 

deposits. 

The conclusion that gold precipitation in bonanza-type low-sulfidation epithermal 

deposits is linked to fluid flashing also has implications for the depth at which economic ore 

zones can be expected to occur below the water table. In systems experiencing transient fluid 

flashing, the depth at which the first gentle boiling occurs does not represent the main control 

on the location of the ore zone (Cline et al., 1992; Simmons and Browne, 2000). The ore zone 

will occur at the depth at which fluid flashing has occurred causing gold supersaturation or, 

alternatively, at a shallower depth if colloidal precious metals are mechanically transported 

upward during the flashing event. This has significant implications for the design of drilling 

programs aimed at finding high-grade ore zones in low-sulfidation epithermal vein deposits. 
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2.5 Conclusion 

Textural comparison between silica sinters from the Wairakei geothermal power plant 

in New Zealand and bonanza vein samples from the Buckskin National deposit in Nevada 

revealed that the precipitation of noncrystalline silica in hydrothermal systems can occur over 

a range of temperatures and pressures. Precipitation in the low-temperature surface 

environment occurred in response to rapid cooling (<100 °C) of the hydrothermal liquid 

flashed to atmospheric pressure. Deposition of noncrystalline silica in hydrothermal veins took 

place as a result of rapid pressure changes causing near-instantaneous vaporization of a large 

amount of hydrothermal liquid at temperatures of 200–250 °C at several hundred meters below 

surface at subhydrostatic conditions (<15.5–40 bar). In both cases, rapid deposition inhibited 

quartz precipitation resulting in a high degree of silica supersaturation with respect to quartz 

in the hydrothermal fluids. 

The observation that mineralized bands in bonanza veins from the Buckskin National 

deposit in Nevada were originally composed of a noncrystalline silica precursor has 

significant implications for the understanding of ore-forming processes in the epithermal 

environment and the design of exploration strategies for low-sulfidation epithermal veins. 

The results of this study suggest that supersaturation of silica and precious metals only 

occurred episodically, as other texturally distinct quartz layers in the crustiform veins lack 

ore minerals. Transient flashing of the hydrothermal liquids, which may be seismically 

induced, represents a key mechanism in the formation of bonanza grades in the hydrothermal 

veins. Ores may form at the depth of flashing or closer to the water table, as colloidal 

precious metals may have been mechanically transported upward during flashing. 
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CHAPTER 3 

NATURAL GROWTH OF ORE MINERALS WITHIN SILICA GELS 

 

Abstract 

High-grade ores in low-sulfidation epithermal precious-metal deposits include banded 

quartz veins. Ore minerals occur at high concentrations within specific bands of these veins. 

The processes by which metal deposition and ore mineral growth takes place has been subject 

to debate for decades, especially as these deposits are known to form from dilute 

hydrothermal liquids that contain only trace amounts of metals. It is shown here that dendritic 

growth of ore minerals in epithermal veins at the McLaughlin deposit in California originally 

took place within bands of gel-like microspherical noncrystalline silica. The microspheres 

composing the gel provided a framework for the delicate ore minerals to form. The high 

permeability of the gel allowed the diffusion and advection of solutes from the hydrothermal 

liquids flowing across the top of the microspherical silica layers to the sites of crystal growth 

within the gel. Over time, the noncrystalline silica matured yielding distinct quartz and ore 

mineral textures that can be observed in epithermal deposits of diverse ages and geological 

settings. 

 

3.1 Introduction 

Mineral deposition in low-sulfidation epithermal precious metal deposits occurs in the 

shallow subsurface, typically within hundreds of meters below the water table, from 

hydrothermal liquids that have temperatures of up to 250°C. The ore-forming fluids are dilute 

aqueous solutions with low (<2 mol %) CO2 contents (Hedenquist et al., 2000; Simmons et 

al., 2005). The deposits include banded quartz veins, some of which have bonanza-type (>30 

grams per tonne Au) grades (Hedenquist et al., 2000; Sanematsu et al., 2006; Shimizu, 2014; 

Tharalson et al., 2019). Gold dendrites having fractal geometries within high-grade, banded 

quartz veins have been recognized for over a century (Lindgren, 1915) but their mechanism 

of formation has remained enigmatic (Saunders, 1990, 1994; Saunders and Schoenly, 1995; 

Sherlock and Lehrman, 1995; Saunders et al., 2020). 

One widely advocated model links the formation of bonanza-type gold veins in 

epithermal deposits to physical processes of metal enrichment rather than the chemical 

deposition of gold from the hydrothermal solutions (Saunders, 1990, 1994; Saunders and 

Schoenly, 1995). The model assumes that gold colloids are formed in the deeper parts of the 

hydrothermal system as a result of supersaturation, perhaps from boiling (Saunders, 1990). 
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Indeed, hydrothermal liquids sampled in the production wells of the Reykjanes geothermal 

field in Iceland have gold concentrations that exceed the maximum solubility of this element, 

supporting the concept of colloidal gold transport in geothermal systems (Hannington et al., 

2016). It is assumed that the gold colloids are then mechanically transported by the hydraulic 

action of the hydrothermal liquid and grow through physical aggregation during upflow of 

the hydrothermal liquids from the deep reservoir (Saunders, 1990; Saunders and Schoenly, 

1995). Ultimately, the nanoparticles are thought to deposit along the vein walls through 

density accumulation or scavenging from the liquid by charged surfaces on the interface 

between the vein and the hydrothermal liquid (Saunders, 1990). It is envisaged that upward 

growth of the dendrites at the tips of the dendrite branches exposed to the hydrothermal liquid 

(Saunders et al., 2020) occurs simultaneously with the deposition of noncrystalline silica 

along the vein walls, successively building up a silica layer that hosts large gold dendrites 

(Saunders, 1990; Saunders and Schoenly, 1995; Saunders et al., 2020). Noncrystalline silica, 

which commonly forms scales in geothermal power plants (Simmons and Browne, 2000; 

Reyes et al., 2002; Taksavasu et al., 2018), coprecipitating with the gold would hereby 

provide a framework for the growing gold dendrites and assists in the preservation of the 

delicate ore textures (Saunders, 1990; Saunders and Schoenly, 1995). 

A new hypothesis is put forward for how ore mineral dendrites could form in the 

epithermal environment. This hypothesis is based on textural evidence found in high-grade 

ores from the McLaughlin deposit in California, which represents a young (<2.2 Ma; 

Sherlock et al., 1995) and outstandingly well-preserved low-sulfidation epithermal deposit 

that has not been subjected to tectonic or metamorphic overprint. 

 

3.2 Geological Setting 

McLaughlin is located approximately 120 km north of San Francisco at the junction 

between Napa, Yolo, and Lake counties within the Coastal Range of California. 

Mineralization is located in the structural footwall of the Stony Creek fault separating the 

Middle Jurassic Coastal Range ophiolite in the southwest from Late Jurassic sedimentary 

rocks of the Great Valley sequence to the northeast (Sherlock et al., 1995; Tosdal et al., 

1995). The deposit was mined by open pit between 1983 and 1996 by Homestake Mining 

Company. It contained a total pre-mining mineral resource of 24.3 million tonnes of ore 

grading 4.49 grams per tonne gold (Tosdal et al., 1995). The main ore body was a pipe-like 

sheeted vein complex that developed within a dilatant zone between tholeiitic basalt and a 

mélange consisting of sedimentary rocks and serpentinite. The sheeted vein complex is a 
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zone, up to 100 m in width, that is composed of crosscutting veins which are centimeters to 

meters in width (Sherlock and Lehrman, 1995; Sherlock et al., 1995; Tosdal et al., 1995). 

 

3.3 Methods 

Detailed field work at McLaughlin included representative sampling of high-grade ores 

(Sherlock et al., 1995). Three opaline vein samples used for this study were taken from the 

1580 bench of the sheeted vein complex (ca. 130 m below the paleosurface). Three polished 

thin sections were obtained for petrographic interpretation using an Olympus BX53 optical 

microscope at the Colorado School of Mines. Semiquantitative chemical analyses of ore 

minerals were performed on a TESCAN MIRA3 LMH Schottky field emission-scanning 

electron microscope equipped with a single-crystal YAG backscatter electron detector and a 

Bruker XFlash 6|30 silicon drift detector for energy-dispersive X-ray spectroscopy at the 

Colorado School of Mines. The instrument was operated at 15 kV using a working distance 

of 10 mm. 

 

3.4 Textural Relationships 

Microscopic analysis shows that the opaline veins at McLaughlin are primarily 

composed of opal-AG (cf. Smith, 1998), which is isotropic under crossed-polarized light. The 

opaline material consists of tightly packed 1–5 µm sized microspheres. The microspheres are 

variably fused together and adjacent bands of microspherical silica show subtle differences in 

color and the packing density. Due to the spherical shapes of the microspheres, cavities 

between the microspheres have sickle-like shapes. Individual bands of opal-AG are of 

variable thicknesses, frequently exhibiting botryoidal and wavy surfaces (Fig. 3.1a). 

The opaline veins contain many bands of opal-AG that are host to ore minerals. The ore 

minerals occur as single crystals or polycrystalline aggregates within the microspherical silica 

matrix. Most notable are fibrous, skeletal, and dendritic aggregates of gold (millesimal 

fineness of 593‒790, n = 70). The gold dendrites form as up to 500 µm long aggregates, 

which are intergrown with sphalerite and minor pyrargyrite (Fig. 3.1a,b). Large dendritic 

gold aggregates are oriented approximately perpendicular to the microspherical bands, 

whereas smaller dendrites can be randomly oriented (Fig. 3.1a,b). Mineralized bands also 

contain delicate sphalerite dendrites, as well as euhedral to subhedral crystals of pyrargyrite 

that are up to up to 200 µm in size. In some cases, the opal-AG matrix surrounding the 

dendrites and some of the larger stubby pyrargyrite crystals is not uniform (Fig. 3.1b), 

possibly suggesting that the microspherical matrix was yielding during crystal growth and 
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pushed aside by the growing crystals. In addition to pyrargyrite, minor pyrite crystals ranging 

up to 100 µm are present, some of which contain galena inclusions. 

The opal-AG forming the opaline veins is variably recrystallized, exhibiting a range of 

recrystallization textures. This includes concentrically banded silica spheres having a 

heterogeneous turbid appearance (Fig. 3.1c). In plane-polarized light, the <50 µm sized silica 

spheres differ in color from the surrounding opal-AG matrix, and some may have matured to a 

degree where small doubly-terminated quartz crystals have nucleated in the cores. When near 

to one another, these evolve to complex quartz aggregates of doubly-terminated quartz 

crystals that are suspended in the microspherical matrix (Fig. 3.1c). In some locations, growth 

of the quartz crystals resulted in the formation of massive clear quartz (Fig. 3.1c). In crossed-

polarized light, these zones exhibit a mosaic texture in which quartz grains have irregular and 

interpenetrating grain boundaries and differ in orientations (Fig. 3.1d). Relic microspheres 

are common in the mosaic quartz and can be identified by high-magnification optical 

microscopy. In many cases, clear quartz aggregates and crystals formed through 

recrystallization of the opal-AG encapsulate ore mineral dendrites or small complexly shaped 

aggregates of ore minerals (Fig. 3.1c,d). 

 

3.5 Mechanism for Dendritic Growth 

The textural relationships at McLaughlin suggest that the ore mineral dendrites have 

grown within the layers of noncrystalline, microspherical silica, not solely at the interface 

between the silica host and hydrothermal liquid. The delicate dendrites occur throughout the 

opal-AG layers and not preferentially at the top of the bands. They are commonly oriented 

perpendicular to the bands and appear to have grown towards the top of the microspherical 

matrix that hosts them based on the shape of the dendrite branching. Although some of the 

larger ore mineral aggregates are oriented, many of the small dendrites are randomly 

oriented, arguing against a model that dendrite growth only took place along tips being 

exposed in the open part of the vein. The opal-AG provided a framework in which the delicate 

ore mineral aggregates grew. 

The high abundance of ore minerals in the mineralized opal-AG layers at McLaughlin 

can be explained only by metal addition following initial gel deposition. At 230°C and a 

salinity of 2.5 wt.% NaCl (Sherlock et al., 1995), hydrothermal liquids have a quartz 

solubility of 0.0463 mol (0.278 g) per liter at 27.6 bar (cf. Akinfiev and Diamond, 2009), 

which is the minimum pressure that a hydrothermal liquid can have at hydrostatic conditions 

at this temperature and salinity. At a content of 2 ppb Au (Simmons et al., 2016), one liter of 
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hydrothermal liquid contains 0.556 x 10-9 g Au. At a depositional rate of 100%, one liter of 

hydrothermal liquid would form 0.133 cm3 of opal-AG (specific gravity of 2.1 g/cm3) and a 

grain of gold that is 0.288 x 10-10 cm3 in size (specific gravity of 19.3 g/cm3). On the scale of 

Fig. 4.1b, this would mean that a cube of opal-AG having a dimension of 100 by 100 by 100 

µm would contain a gold grain that is 0.06 by 0.06 by 0.06 µm in size. The observed 

abundance of gold is much higher (Fig. 3.1b). Even if the gold content of the hydrothermal 

liquid would be ten times higher through colloidal gold transport (cf. Hannington et al., 

2016), the high concentration of gold cannot be explained by co-precipitation of silica and 

gold. 

It is proposed here that the ore minerals hosted within individual colloform bands of 

noncrystalline silica at McLaughlin formed by a mechanism of crystal growth analogous to 

the synthesis of crystals in silica gels under laboratory conditions (Brenner et al., 1966; Kotru 

et al., 1986; Oaki and Imai, 2003; Raj et al., 2008). In crystal synthesis, a silica gel is 

obtained through slight acidification of sodium metasilicate (water glass) following 

impregnation with one of the reactants. An overhead feed solution is added. Within days, 

downward diffusion of the feed solution causes the growth of millimeter to centimeter-sized 

crystals in the chemically inert silica gel matrix which provides a three-dimensional structure 

in which the crystals grow and are held in position of their formation. 

In a simple laboratory experiment, delicate silver iodide dendrites were synthesized at 

the Colorado School of Mines (Fig. 3.2). Analogous to this crystal growth experiment, bands 

rich in ore minerals at McLaughlin formed through deposition of a silica gel of opal-AG 

microspheres along the vein walls, followed by subsequently growth of ore mineral dendrites 

within the gel layer through diffusion or advection of solutes through the pore spaces 

between the microspheres from hydrothermal liquids flowing across the top of the gel. 

Depending on the degree of cementation, the silica layer may have exhibited plastic behavior 

during ore formation, explaining the presence of soft-sediment textures (Fig. 3.1a). 

 

3.6 Recrystallization 

Following growth of the ore mineral dendrites in the yielding gel matrix, the opal-AG 

must have started to mature and recrystallize. Investigations on silica deposits formed by hot 

springs (Herdianita et al., 2000; Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne et 

al., 2005) and silica scales in geothermal power plants (Reyes et al., 2002; Raymond et al., 

2005) confirm that opal-AG is highly unstable thermodynamically. Maturation typically 

involves the transformation of noncrystalline opal-AG into opal-CT, which in turn 
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recrystallizes into opal-C and then into quartz. Laboratory experiments have shown that the 

maturation of noncrystalline silica to quartz can occur within days to months under 

hydrothermal conditions (Bettermann and Liebau, 1975; Oehler, 1976). Textural 

reequilibration is heterogeneous in the opaline vein samples investigated, with some 

colloform bands still being isotropic in crossed-polarized light, whereas others are largely 

recrystallized. Complete textural reequilibration results in the formation of quartz mosaic 

textures, which is the most common quartz texture encountered in mineralized bands in 

epithermal deposits worldwide (Dong et al., 1995; Moncada et al., 2012). Maturation to 

quartz appears to be concentrated around ore mineral dendrites, resulting in encapsulated ore 

minerals within quartz crystals (Fig. 3.1c). 

 

3.7 Implications 

The textural observations made at the McLaughlin deposit suggest that ore mineral 

dendrites contained in low-sulfidation epithermal veins can form through growth in silica 

gels. This has significant implications to the understanding of how mineralization is formed 

in epithermal precious metal deposits. Initial deposition of the noncrystalline silica required 

the hydrothermal liquids to periodically reach extreme supersaturation with respect to quartz 

(Saunders, 1990; Simmons and Browne, 2000). In the epithermal environment, such high 

degrees of silica supersaturation are most likely achieved through vapor loss associated with 

faulting and catastrophic pressure drops. It is envisaged here that the initial rapid deposition 

of the microspherical opal-AG layers along the vein walls during such flashing events was 

followed by sustained periods of non-violent two-phase liquid plus vapor flow. Metal-laden 

hydrothermal liquids flowing through the open spaces of the veins provided the source of 

gold and other elements for diffusion or advection of elements through the pore space 

between the silica microspheres in a layer of gel, enabling growth of the delicate dendrites of 

ore minerals. Repetition of this process through time results in the development of banded 

epithermal veins having high precious metal grades such as those sampled at McLaughlin. 
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Figure 3.1 Microtextures in opaline veins from the McLaughlin deposit in California. (a) 
Gold and sphalerite dendrites within an opal-AG matrix. The opal-AG band hosting the 
dendrites has a wavy upper surface indicative of hydraulic shaping (arrow). The large opaque 
crystals are pyrargyrite. (b) Gold dendrite grown within an opal-AG matrix. The silica matrix 
surrounding the large pyrargyrite crystal appears to be slightly deformed (arrow). (c) 
Recrystallization textures developed in the silica matrix. 1: Concentrically banded silica 
spheres having a heterogeneous turbid appearance occur in the opal-AG matrix. 2: Doubly 
terminated quartz crystals are present within the cores of the concentric features. 3: Zones of 
completely recrystallized quartz are present. 4: Some of the gold and sphalerite dendrites as 
well as the pyrargyrite crystals are surrounded or encapsulated by quartz. (d) Image of the 
same field of view in crossed-polarized light showing that the microspherical matrix is 
isotropic. The mosaic texture is caused by intergrowth of anhedral quartz grains having 
interpenetrating grain boundaries. 
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Figure 3.2 Delicate AgI crystals grown in silica gel. The silica gel was prepared from 20 ml 
sodium metasilicate solution and 10 ml 1 N acetic acid. The gel was then mixed with 10 ml 3 
M AgNO3 and allowed to mature at room temperature for one week. After maturation, 10 ml 
3 M KI solution was poured over the top of the gel. Chemical reaction of AgNO3 and KI 
initially started at a slow rate to precipitate small white-to-colorless AgI crystals near the 
boundary between the gel and the KI solution. Over the next seven days, the reaction front 
migrated down in the beaker and the gel behind the reaction front became clear. The large 
AgI crystals in the image grew within the clear silica gel within that period of time. The 
experiment is based on Brenner et al. (1966) and Halberstadt (1967). 
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CHAPTER 4 

PRECIOUS- AND BASE-METAL ENRICHMENT IN SHALLOW HYDROTHERMAL 

SYSTEMS BY FLUID FLASHING 

 

Abstract 

High-grade gold ores in epithermal precious metal deposits include crustiform veins 

and breccias containing bands of ore minerals and intervening bands of essentially barren 

gangue. The processes that control the development of these banded textures in shallow 

subaerial hydrothermal systems have been subject to debate for decades, especially as several 

subtypes of epithermal deposits exist that form from fluids having deviating chemical 

characteristics in different volcanotectonic settings. Despite these geological differences, it is 

shown here that the ore minerals in crustiform veins of deposits worldwide occur as 

aggregates hosted by a matrix of originally microspherical noncrystalline silica. As a result of 

maturation and recrystallization, the thermodynamically unstable noncrystalline silica 

transformed into mosaic quartz that only rarely preserves relic microspheres. The colloform 

silica bands hosting the ore mineral dendrites are interpreted to have formed during short-

lived events of flash vaporization of the mineralizing hydrothermal liquids. These violent 

events of flashing are caused by a drop in fluid pressure within the shallow parts of the 

hydrothermal systems forming epithermal deposits and punctuated steady-state fluid flow 

during which gangue mineral deposition prevailed. Repeated flashing and deposition of ore 

minerals at far-from-equilibrium conditions causes the development of bonanza-type 

epithermal gold deposits. 

 

4.1 Introduction 

Throughout history, gold has been one of the most sought-after metals, with much of 

today’s economy being underpinned by the importance of gold as an investment asset. Each 

year, mining adds 2,500‒3,000 metric tons (t) to the global gold inventory, with about ~13% 

of global endowment of this metal being contained in epithermal gold deposits (Lipson, 

2014). These deposits form in association with subaerial volcanism within the shallow crust 

(normally <1 km below the water table), with the ore being precipitated from relatively low-

temperature (typically <300°C), low- to moderate-salinity (typically <10 wt. % NaCl equiv.) 

hydrothermal liquids (White and Hedenquist, 1995; Hedenquist et al., 2000; Simmons et al., 

2005; Bodnar et al., 2014). Based on deposit characteristics such as the sulfidation state of 
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the hypogene sulfide mineral associations (Einaudi et al., 2003) and volcanotectonic setting, 

three subtypes of epithermal deposits are distinguished (Sillitoe and Hedenquist, 2003).  

Epithermal deposits can be mined economically in bulk where disseminated gold 

occurs in large zones of altered host rocks or ores are composed of a high abundance of 

moderate-grade veins. However, high grades (>30 g/t Au equivalent) in many deposits occur 

in banded, so-called crustiform, quartz veins and related hydrothermal breccia, making them 

amenable to selective underground mining. A long-standing question relates to how such 

high-grade ores can be formed in the epithermal environment given the fact that gold 

solubility in hydrothermal liquids is extremely low (<0.1 to 25 µg/kg; Simmons et al., 2016), 

requiring the concentration and deposition of metals from an extremely large volume of 

liquid within veins of limited sizes. Previous research has established that the processes 

involved in deposit formation can be unraveled through petrographic investigations as a 

range of vein mineral textures exists that are diagnostic of the physical and chemical 

conditions at which they formed (Dong et al., 1995; Moncada et al., 2012; Shimizu, 2014).  

To better constrain the processes resulting in precious- and base-metal enrichment in 

bonanza-type epithermal veins, this study focused on the microtextural characteristics of 

crustiform veins from a series of well-known epithermal deposits that differ in the sulfidation 

state of the hypogene mineral associations and volcanotectonic setting. It is shown that the 

high-grade veins in these deposits have common textural characteristics that record mineral 

deposition at far-from-equilibrium conditions. Based on the textural evidence, it is 

hypothesized that high-grade ore deposition in shallow hydrothermal systems can be related 

to flash vaporization of the hydrothermal liquids. 

 

4.2 Materials and Methods 

Representative samples of high-grade epithermal veins were collected during field 

work at eight epithermal deposits (Table 4.1). Following thin section preparation, optical 

microscopy was conducted using an Olympus BX51 optical microscope. The ore mineralogy 

of the samples and the microtextural relationships were also studied using a TESCAN 

MIRA3 LMH Schottky field emission-scanning electron microscope at the Mineral and 

Materials Characterization Facility in the Department of Geology and Geological 

Engineering at Colorado School of Mines. The microscope was operated at an accelerating 

voltage of 20.0 kV using a working distance of 10 mm. Semiquantitative chemical analysis of 

the ore minerals was performed by energy-dispersive X-ray spectroscopy using a Bruker 

XFlash 6|30 silicon drift detector. 
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Table 4.1 Geological characteristics of epithermal deposits studied. 

 
Notes: 1 Tonnage and grade of Bell vein (Vikre, 2007), 2 Tonnage and grade from John et al. (2018), 3 Proven and probable reserves as of December 2020 (Gold Resources 

Corp. 2020).

Deposit Age  Tonnage (metric tons) and grade References 

Low-sulfidation epithermal deposits 
 

 

Buckskin-National, Nevada, USA Miocene 
(~16.1 Ma) 

34,100 t at 24 g/t Au, 305 g/t Ag1 Lindgren (1914), Vikre (1985, 1987, 2007) 

Hishikari, Kyushu, Japan Pleistocene 

(1.11‒0.73 Ma) 

7.4 Mt at 46.5 g/t Au2 Izawa (1990), Ibaraki and Suzuki (1993), Faure et al. 

(2002), Sanematsu et al. (2005) 

McLaughlin, California, USA Pleistocene 
(2.2‒0.75 Ma) 

33.9 Mt at 3.42 g/t Au and 1.6 g/t Ag2 Sherlock and Lehrman (1995), Sherlock et al. (1995); 
Tosdal et al., (1996) 

Sleeper, Nevada, USA Miocene 

(16‒14 Ma) 

344.7 Mt at 0.46 g/t Au and 3.01 g/t 

Ag2 

Saunders (1990, 1994), Conrad et al. (1993), Nash et 

al. (1995) 

Intermediate-sulfidation epithermal deposits 
 

Arista, Oaxaca, Mexico Miocene 

(17‒15 Ma) 

2.27 Mt at 2.16 g/t Au, 121 g/t Ag, 4.4 

wt. % Zn, 1.6 wt. % Pb, 0.4 wt. % Cu3 

Devlin (2016) 

Creede, Colorado, USA Oligocene 
(~25.1 Ma) 

3.84 Mt at 1.3 g/t Au, 682 g/t Ag, 4.1 
wt. % Pb, 1.3 wt. % Zn, and 0.06 wt. % 

Cu2 

Bethke et al. (1976), Plumlee (1994), Hayba (1997) 

High-sulfidation epithermal deposits 
 

El Indio, Chile Miocene 

(7.8‒6.2 Ma) 

23.2 Mt at 6.6 g/t Au, 50 g/t Ag, and 4.0 

wt. % Cu2 

Jannas et al. (1990) 

Goldfield, Nevada, USA Miocene 

(21‒20 Ma) 

7.84 Mt at 16.74 g/t Au, 5.79 g/t Ag, 0.5 

wt. % Cu2 

Ransome et al. (1909), Ashley (1974), Vikre (1989) 
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4.3 Results 

Epithermal veins and associated breccia studied in this contribution have crustiform 

textures that consist of bands having different mineralogical compositions, colors, or textures 

(Fig. 4.1). In the crustiform veins investigated mineralized bands alternate with barren bands. 

Mineralized bands commonly contain macroscopically identifiable dendritic structures or 

dendrite-like set displaying dark gray, dark brown, or black colors in siliceous matrix. Barren 

bands exhibit a range of textures, which includes subhedral to euhedral comb and zonal 

quartz or bladed calcite that is replaced by quartz.  

 

4.3.1 Low-Sulfidation Epithermal Veins 

Vein samples from the Buckskin-National deposit in Nevada show well-developed 

crustiform banding, with individual bands having variable colors. Ore microscopy shows that 

Ag-sulfoselenide minerals are present in gray to silver black bands that range up to several 

millimeters in thickness. The ore minerals form multi-branching dendritic aggregates (Fig. 

4.2a) that consist of electrum, Ag-sulfoselenides minerals, pyrargyrite, and minor 

chalcopyrite. The ore minerals are located in a microcrystalline quartz matrix showing a 

mosaic texture that is characterized by the presence of highly irregular and interpenetrating 

grain boundaries (Fig. 4.2b). At high-magnification, relic microspheres ranging from 1‒5 µm 

in size can be observed within the mosaic quartz (Fig. 4.2c).  

Delicate dark gray to silver black bands are present in crustiform veins from the 

Hishikari deposit in Japan. These dark bands host abundant ore minerals forming small 

dendrites. The dendrites are mostly composed of native gold (Fig. 4.3a). Ore bands are 

interlayered with barren quartz bands. Inspection under crossed-polarized light reveals that 

the ore-rich colloform layers consist of very fine-grained microcrystalline quartz showing 

mosaic textures, whereas barren bands show relative coarse-grained crystalline quartz with 

comb, mosaic, and moss-like microtextures (Fig. 4.3b). Relic microspheres are abundant in 

the quartz matrix ranging up to 2 µm in size (Fig. 4.3c). Adularia forming rhombic crystals is 

present in the mineralized bands. 

The McLaughlin veins are opaline in nature and contain abundant ore mineral dendrites 

in a brownish silica matrix. Abundant leaf- or spinifex-like dendrites of sphalerite and native 

gold occur in a noncrystalline silica matrix that is isotropic in crossed-polarized light (Fig. 

4.4a,b). Some of the larger dendrites have grown across the layering in the noncrystalline 

silica. Well-preserved silica microspheres are present in the silica matrix hosting the ore 
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minerals. The microspheres are 1‒2 µm in diameter (Fig. 4.4c). In some areas, the 

noncrystalline silica is recrystallized to quartz that shows a mosaic texture (Fig. 4.4d).  

 

 
 

Figure 4.1 Hand specimen photographs of representative high-grade colloform epithermal 

vein samples. (A) Colloform vein from the Buckskin-National deposit in Nevada. The 

dendritic ore minerals are hosted in gray quartz bands that are interlayered by white-to-

pinkish white barren quartz bands. (B) Colloform banding of a vein from the Hishikari 

deposit in Japan displaying delicate layering of ore and barren bands. (C) Opaline vein from 

the McLaughlin deposit in California. The ore minerals are located in dark brown layers. (D) 

Vein sample from the Sleeper deposit in Nevada showing colloform layers with large gold 

dendrites (arrow). (E) Vein sample at Arista exhibiting colloform bands that are gray to black 

and contain ore minerals (arrows). (F) Vein sample from Creede in Colorado exhibiting 

layers of alternating ore minerals and quartz. (G) High-grade vein sample from the El Indio 

deposit in Chile displaying mounds of dendritic native gold (arrows) in colloform quartz 

layers. (H) Breccia sample from Goldfield in Nevada that contains colloform quartz cement. 
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Figure 4.2 Photomicrographs of microtextures in an epithermal vein sample from the Buckskin-National deposit, Nevada. (a) Low-magnification 

image showing dendritic ore minerals (arrows). The dendrite is 1.6 mm in length and is roughly perpendicular to the vein wall. (b) 

Corresponding image in crossed-polarized light showing that the ore dendrite is hosted by microcrystalline quartz showing a mosaic texture. (c) 

High-magnification image of an individual branches of the ore dendrite that are hosted by quartz. Relic microspheres are present in the silica 

matrix (arrows).   
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Figure 4.3 Photomicrographs of microtextures in an epithermal vein sample from the Hishikari deposit, Japan. (a) Low-magnification image 

showing mounds of opaque ore dendrites (arrows) within colloform banded quartz. The dendrites are composed of native gold. (b) 

Corresponding image in crossed-polarized light showing that the host colloform quartz exhibits a mosaic texture. Barren bands are composed of 

comb quartz. (c) High-magnification image of and electrum grains hosted by a quartz matrix that also contains adularia. Relic microspheres are 

present (arrows). Adl = adularia; El = electrum; Qz = quartz.  
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Figure 4.4 Photomicrographs of microtextures in an epithermal vein sample from the 

McLaughlin deposit, California. (a) Low-magnification image showing leaf- or spinifex-like 

ore mineral aggregates. The aggregate ore minerals have grown perpendicular to the vein 

wall and hosted in the silica matrix. (b) High-magnification image of electrum dendrite. The 

tips of the dendrite crosscut banding in the silica host. The matrix is composed of silica 

microspheres (arrows). (c) High-magnification image showing a dendrite of electrum that is 

surrounded by a microspherical silica matrix. The matrix is isotropic. Some of the 

noncrystalline silica has recrystallized to quartz as can be seen in the lower left part of the 

image. (d) Corresponding image in crossed-polarized light showing that the quartz formed 

through recrystallization exhibits mosaic textures. El = electrum; Pyrg = pyrargyrite; Qz = 

quartz. 

 

 

 

Veins from the Sleeper deposit are high grade and contain abundant electrum 

dendrites in colloform silica layers that are separated by barren bands (Fig. 4.5a). The 

mound-shaped electrum dendrites occur in noncrystalline silica that is isotropic or fine-

grained mosaic quartz (Fig. 4.5b). In some of the isotropic bands, 1‒2 µm large silica 

microspheres are present (Fig. 4.5c). that are commonly fused together. Some of the bands 

contain abundant adularia (Fig. 4.5c).
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Figure 4.5 Photomicrographs of microtextures in an epithermal vein sample from the Sleeper deposit, Nevada. (a) Low-magnification image 

showing colloform bands containing large mound-shaped electrum dendrites (arrows). The electrum dendrites are up to 0.6 mm in height. (b) 

Corresponding image in crossed-polarized light illustrating that the gold-rich colloform layers are made of microcrystalline mosaic quartz. (c) 

High-magnification image of an ore band containing silica microspheres (arrows) and rhombic-shaped adularia. The ore band is isotropic. Adl = 

adularia; El = electrum; Qz = quartz 
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4.3.2 Intermediate-Sulfidation Epithermal Veins 

Crustiform veins from the Arista deposit in Mexico are characterized by fine banding 

that vary in color from white to green, gray, and black. Ore minerals are found in the dark 

gray-black layers that are up to several millimeters thick. Dendritic-like aggregate sphalerite 

that are up to 5 mm in size can be recognized in some of the mineralized bands (Fig. 4.6a,b). 

Ore minerals such as chalcopyrite, galena, and sphalerite form distinct dendritic aggregates. 

The ore minerals are hosted in fine-grained (10‒50 µm) mosaic quartz forming distinct 

colloform layers. At high-magnification, relic microspheres ranging from 1‒5 µm in diameter 

are present in the ore-bearing colloform layers (Fig. 4.6c). The microspherical shapes are 

fused and tightly packed together forming 30-µm-sized globular aggregates. Small euhedral 

fluorite crystals occur throughout the quartz matrix. These mineralized bands alternate with 

barren bands that are composed of 50‒200-µm-large subhedral to euhedral comb quartz (Fig. 

4.6a,b). 

Gold-rich crustiform veins sampled in the northern part of the Creede district in 

Colorado at the North Amethyst deposit exhibit bands that range from white to gray, purple, 

green, or black in color. Ore minerals form complex dendritic aggregates within specific 

colloform layers (Fig. 4.7a). In addition to native gold, chalcopyrite and sphalerite dendrites 

occur. The ore occurs in colloform layers of fine-grained quartz that are present between 

barren layers of subhedral to euhedral comb and zonal quartz (Fig. 4.7a,b). Under crossed-

polarized light, the fine-grained (10‒20 µm) quartz shows a well-developed mosaic 

microtextures (Fig. 4.7b). Remnant microspheres are present in the quartz matrix that are 

~2.5 µm in diameter (Fig. 4.7c). 
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Figure 4.6 Photomicrographs of microtextures in an epithermal vein sample from the Arista deposit, Mexico. (a) Low-magnification image 

showing ore bands interlayered with barren bands. The ore bands consist of cloudy microcrystalline quartz (arrows). However, the barren bands 

are composed of relatively clear quartz. Chalcopyrite and sphalerite show a dendritic-to-aggregate morphology. (b) Corresponding image in 

crossed-polarized light showing that the ore minerals are hosted by fine-grained quartz exhibiting a mosaic texture. The barren bands show 

crystalline mosaic quartz having coarser grain sizes. (c) High-magnification image showing that the matrix to the ore minerals consists of cloudy 

quartz with locally preserved relic microspheres. Ccp = chalcopyrite; Qz = quartz; Sp = sphalerite.  
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Figure 4.7 Photomicrographs of microtextures in an epithermal vein sample from the North Amethyst deposit within the Creede district, 

Colorado. (a) Low-magnification image showing a colloform quartz layer containing ore minerals (arrows) that is draped over a layer of coarse-

grained zonal quartz. (b) Corresponding image in crossed-polarized light showing that the ore band is composed of fine-grained microcrystalline 

quartz. (c) High-magnification image showing the occurrence of remnant microspherical quartz (arrows) in the ore-rich colloform layers. Qz = 

quartz; Sp = sphalerite.
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4.3.3 High-Sulfidation Epithermal Veins 

Vein samples from El Indio in Chile are characterized by extremely high gold grades 

and contain dendrites of native gold and enargite that can be up to several centimeters in size. 

Bands containing the ore minerals are interlayered with barren, white or pale gray quartz 

bands. The ore minerals form complexly shaped aggregates and can be multi-branching or 

dendritic-skeletal (Fig. 4.8a-c). The ore minerals are set in a matrix of cloudy mosaic quartz 

(Fig. 4.8b), whereas barren bands are composed of coarse-grained comb quartz. Relic 

microspheres are present in the cloudy mosaic quartz and are ~3 µm in size (Fig. 4.8c).  

At Goldfield in Nevada, silicified ledges occur that are composed of dense, fine-

grained quartz, or exhibit a breccia texture consisting of angular-to-subangular rhyolite clasts 

that are cemented by fine-grained, locally banded quartz. Ore minerals occur in black-colored 

colloform quartz layers (Fig. 4.9a,b). Famatinite, bismuthinite, guanajuatite, and minor 

goldfieldite form dendritic-to-aggregate structures that are up to 2 mm in size (Fig. 4.9a). 

Under crossed-polarized light, the ore-rich colloform bands are composed of 10‒40-µm-sized 

microcrystalline quartz exhibiting a mosaic texture (Fig. 4.9b). In some cases, thin (<50 µm) 

colloform layers of mosaic quartz decorate layers of subhedral to euhedral comb quartz. At 

high-magnification, relic microspheres that are 2‒5 µm in size are present in cloudy mosaic 

quartz (Fig. 4.9c). 

 

4.3.4 Correlation Between Ore Mineral Distribution and Quartz Textures 

To quantify the relationship between the ore minerals and gangue mineral textures, 

detailed petrographic logs were prepared perpendicular to the <1 to 5-mm-thick banding 

using representative thin sections from the various epithermal deposits studied. The 

distribution of ore minerals was recorded along with the grain size of the quartz and its 

microtextural characteristics (Fig. 4.10).  

The petrographic logs prepared for the different deposits show that dendritic aggregates 

of the precious-metal minerals (native gold, acanthite, naumannite) as well as the base-metal 

minerals (chalcopyrite, sphalerite, enargite, famatinite) are almost exclusively hosted by 

colloform bands of mosaic quartz. In some of the bands, relic microspheres can be noted. 

However, not all layers of mosaic quartz contain ore minerals. Many of the barren bands of 

mosaic quartz are coarser grained than the adjacent mineralized mosaic quartz bands. In other 

barren bands, subhedral to euhedral comb and zonal quartz occurs. Other quartz textures 

encountered in barren bands include moss-like quartz and quartz exhibiting plumose-

flamboyant extinction in crossed-polarized light.  
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Figure 4.8 Photomicrographs of microtextures in an epithermal vein sample from the El Indio deposit, Chile. (a) Low-magnification image 

showing native gold present in a colloform silica layer. The native gold aggregates are hosted by cloudy quartz. (b) Corresponding image in 

crossed-polarized light showing that the native gold is hosted by microcrystalline mosaic quartz. Relatively coarser-grained quartz forms the 

barren bands. (c) High-magnification image showing gold in a relic microspherical quartz matrix. Au = native gold; Qz = quartz.
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Figure 4.9 Photomicrographs of microtextures in an epithermal vein sample from the Goldfield deposit, Nevada. (a) Low-magnification image 

showing dendritic-aggregate ore minerals (arrows) hosted by a colloform quartz layer. The colloform band is draped over a layer of clear comb 

quartz. (b) Corresponding image in crossed-polarized light showing that the silica matrix is composed of fine-grained mosaic quartz. (c) High-

magnification image of ore minerals located in a cloudy layer of mosaic quartz. Relic microspheres are present in the matrix (arrows). Bis = 

bismuthinite; Qz = quartz. 
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Figure 4.10 Petrographic logs across representative banded veins from different epithermal 

deposits. The logs illustrate the distribution of ore minerals and their association with the 

different quartz textures. 
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4.4 Discussion 

4.4.1 Ore Mineral Dendrites 

Textural observations show that the ore minerals in the epithermal vein deposits form 

dendrites that range in shape from multi-branching, wiry, or spinifex-like to more massive, 

blocky, and cauliflower-like aggregates. Prominent examples include large gold or electrum 

dendrites from the McLaughlin and Sleeper deposits, naumannite dendrites from Buckskin-

National, sphalerite dendrites from Arista and Creede as well as native gold and enargite 

dendrites from El Indio. In all epithermal vein samples, the ore minerals occur in discrete 

colloform silica bands. In many cases, these bands can be recognized macroscopically due to 

the size of the ore mineral dendrites. Dark gray to black bands containing abundant ore 

minerals such as Ag sulfoselenides occur at Buckskin-National, whereas sphalerite is 

abundant at Arista and Creede. Historically, these bands have been referred to as ginguro in 

reference to the Japanese word for silver black (Mukaiyama, 1950). In some samples, native 

gold is present in unassuming, light gray to white silica bands that have been referred to as 

gankin bands by Tharalson et al. (2019). 

Over the past decades, the occurrence of ore mineral dendrites has been noted by many 

previous workers in low-sulfidation epithermal veins (Lindgren, 1915; Vikre, 1985, 2007; 

Saunders, 1990, 1994, 2012; Sherlock and Lehrman, 1995; Marinova et al., 2014; Shimizu et 

al., 1998; Burke et al., 2017), whereas only some studies report on the occurrence of 

dendrites in intermediate-sulfidation epithermal deposits (Shimizu and Morishita, 2012; 

Leary et al., 2016; Slater et al., 2021). In high-sulfidation epithermal deposits these complex 

crystal aggregates appear to be rare, presumably because most deposits of this subtype are 

predominantly comprised of disseminated ores in large zones of siliceous alteration. 

However, native gold dendrites are present in high-grade ore zones at Chelopech in Bulgaria 

(Bonev et al., 2002) and have been identified at El Indio as part of this study suggesting that 

ore mineral dendrites can be present in all subtypes of epithermal deposits. Despite their 

frequent occurrence in epithermal veins, the processes resulting in the formation of ore 

mineral dendrites are currently not well understood.  

Previous workers suggested that dendrite formation, especially those composed of 

native gold, is a result of colloidal metal transport (Saunders, 1990, 1994; Sherlock and 

Lehrman, 1995). Saunders (1990) proposed that gold colloids form in the deep parts of the 

hydrothermal system due to vapor production from the hydrothermal liquids. The colloidal 

gold would then be transported upward by the hydrothermal liquids, with the colloids 

becoming bigger during transport through aggregation. Finally, deposition of the gold 
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nanoparticles occurs along the vein walls through density accumulation or scavenging of the 

gold by charged surfaces. In the model by Saunders (1990), upward growth of the gold 

dendrites takes place at the tips of the dendrite branches simultaneously to the deposition of 

silica, with the ore minerals and the silica collectively building up the ginguro or gankin 

bands along the vein walls. Based on computer modeling of the fractal geometry of gold 

dendrites, Saunders and Schoenly (1995) proposed that the shape of the gold dendrites is a 

result of diffusion limited aggregation of gold nanoparticles having sizes of 10‒100 nm. 

However, recent textural observations made at the McLaughlin deposit in California are 

consistent with micrometer-sized ore mineral dendrites having grown comparably deep 

within a previously deposited silica matrix and not at the interface between the vein and the 

hydrothermal liquid as proposed by Saunders (1990). The solvents required for dendrite 

growth were presumably supplied to the site of nucleation by diffusion through the permeable 

silica matrix (see Chapter 3). Irrespective of the relative timing of dendritic growth with 

respect to the silica host, dendrites in epithermal veins record crystal growth conditions at far-

from-equilibrium conditions where instability of the growing surfaces occurs in a diffusion 

field (Saito and Ueta, 1989; Oaki and Imai, 2003). 

In modern geothermal systems, sulfide mineral scaling primarily occurs as a result of 

vapor formation in the hydrothermal liquids (Brown, 1986; Clark and Williams-Jones, 1990; 

Christenson and Hayba, 1995; Reyes et al., 2002; Hardardóttir et al., 2010). Christenson and 

Hayba (1995) demonstrated that the degree of vaporization of hydrothermal liquids controls 

mineral solubility. Based on modeling of isothermal vapor loss at 230°C, these authors 

showed that sphalerite and pyrite precipitation in hydrothermal liquids commences with the 

onset of vapor production. Sphalerite is stable throughout the process of vaporization, 

whereas pyrite is replaced by chalcopyrite at only ~3 wt. % vapor loss. Chalcopyrite is in turn 

replaced by bornite and chalcocite at 47 wt. % and 70 wt. % vapor loss, respectively. Galena 

saturation is reached at 3 wt. % vapor loss, with galena precipitating throughout the process 

of vaporization. Christenson and Hayba (1995) proposed that Au precipitation commences at 

~6 wt. % vapor loss and continues to ~90 wt. % vapor loss. The study by Christenson and 

Hayba (1995) implies that ore mineral dendrite growth in epithermal veins occurred under 

conditions of two-phase liquid plus vapor with a significant portion of the liquid being 

vaporized.  
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4.4.2 Silica Matrix in Mineralized Bands 

The ore mineral dendrites in the epithermal deposits studied are hosted in a silica 

matrix. In gankin bands in vein samples from McLaughlin and Sleeper, the silica matrix is 

noncrystalline and isotropic in crossed-polarized light. The silica matrix shows a 

microspherical texture, with individual microspheres consisting of 1‒5 µm sized 

microspheres. The noncrystalline silica in these bands can be classified as opal-A (Smith, 

1998).  

Saunders (1990, 1994) suggested that the noncrystalline silica matrix hosting ore 

mineral dendrites in epithermal deposits must have originally been gel-like and soft at the 

time of deposition. Soft-sediment textures such as rippled surfaces caused by hydraulic 

shaping, or other textures formed by gravity-induced sagging, have been documented in 

crustiform veins from low-sulfidation epithermal deposits (Saunders, 1990, 1994; Saunders et 

al., 2008, 2011; Unger, 2008; Aseto, 2012; Shimizu, 2014). In the vein samples investigated 

the top surfaces of the ginguro and gankin bands are commonly wavy, which may reflect the 

originally gel-like nature of the silica bands. 

In modern geothermal systems, silica scaling is ubiquitous (Rothbaum et al., 1979; 

Brown, 2011; Meier et al., 2014; Zarrouk et al., 2014; Mroczek et al., 2017; van den Heuvel 

et al., 2018; Chambefort and Stefánsson, 2020), with opal-A being the principal silica phase 

(Reyes et al., 2002, Raymond et al., 2005; Brown, 2011). Deposition of silica scales in 

geothermal systems typically occurs in areas of two-phase liquid plus vapor flow as vapor 

generation causes silica supersaturation in hydrothermal liquids (Fournier, 1985; Brown, 

2011). During vapor generation, silica colloids are formed within the hydrothermal liquids 

through homogeneous nucleation (Brown, 2011; van den Heuvel et al., 2018). Following 

nucleation, the silica colloids grow in the supersaturated liquid and ultimately deposit as 

microspheres along the pipe walls (Brown, 2011). The rate of silica scaling in geothermal 

systems is controlled by a number of factors, including the pH, elemental composition, and 

ionic strength of the hydrothermal liquids as well as temperature and flow regime (Chan et 

al., 1989; Thomas and Gudmundsson, 1989; Yokoyama et al., 1989; Brown, 2011; Meier et 

al., 2014). Exceptionally fast silica scaling occurs where production fluids are decompressed 

to atmospheric pressure (Henley, 1983). Experimental studies confirm that large amounts of 

spherical nano- to micron-scale particles of noncrystalline silica form essentially 

instantaneously as via nucleation and aggregation during the evaporation of water droplets at 

hydrothermal conditions (Amagai et al., 2019). 
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4.4.3 Maturation and Recrystallization 

The thermodynamically unstable opal-A forming the matrix of the ginguro and gankin 

bands matures and recrystallizes over time. The opal-A initially transforms into opal-CT, 

which in turn is followed by recrystallization into opal-C and then into quartz (Campbell et 

al., 2001; 2002; Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne et al., 2005, 2007; 

Jones, 2021). Investigations on modern silica sinters show that the onset of quartz formation 

under surface conditions typically occurs within ~10,000 years of silica deposition 

(Herdianita et al., 2000). Under hydrothermal conditions, maturation and recrystallization of 

opal-A to quartz may take place at even shorter time frames as suggested by experimental 

studies (Ernst and Calvert, 1969; Bettermann and Liebau, 1975; Oehler, 1976). 

Lovering (1972) demonstrated that noncrystalline opal-A recrystallizes into quartz 

showing a mosaic texture. The polycrystalline quartz shows highly irregular and 

interpenetrating grain boundaries, which can be best identified in crossed-polarized light. 

Individual quartz grains in mosaic quartz differ slightly in crystallographic orientation. In 

epithermal vein samples from the McLaughlin deposit in California and the Sleeper deposit 

in Nevada, microspherical silica is present in the mineralized bands that is still isotropic 

silica. A textural progression occurs from the microspherical opal-A to mosaic quartz. In the 

high-grade epithermal vein samples of the other epithermal deposits studied, mosaic quartz is 

ubiquitous in mineralized ginguro or gankin bands suggesting that recrystallization of the 

originally noncrystalline silica has progressed to completion. Relic microspheres can locally 

be observed at high magnification in plane-polarized light. Identification of these relic 

microspheres is critical to unravel the nature of the precursor to mosaic quartz (Taksavasu et 

al., 2018). 

Recrystallization of the noncrystalline silica has resulted in the modification of the 

contact relationships between the ore mineral dendrites and the matrix. In bands now 

consisting of mosaic quartz, small euhedral quartz crystals can be observed along the contacts 

with the ore minerals. These are interpreted to have formed during recrystallization of the 

noncrystalline silica (Zeeck et al., 2021) as can be observed in partly recrystallized gankin 

bands in veins from the McLaughlin and Sleeper deposits. At the microscale, the textural 

relationship between the ore minerals and the small euhedral quartz are misleading as opaque 

grains surrounded by small euhedral quartz grains could be misinterpreted to have formed as 

vug infill. 
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4.4.4 Flashing in Shallow Hydrothermal Systems 

The textural evidence of this study indicates that high-grade epithermal veins are the 

product of a set of common ore-forming processes occurring in deviating tectonic settings, 

despite differences in relationships to igneous activity, the source of metals, and the chemical 

composition of the hydrothermal liquids transporting the metals. In all deposits, ore minerals, 

which are frequently dendritic in nature, occur in distinct colloform silica bands within the 

crustiform veins. The mineralized bands are interlayered with bands of gangue minerals. This 

implies that metal and silica supersaturation in the hydrothermal liquids leading to the 

deposition of bonanza-type epithermal ores was only achieved intermittently during the 

lifetime of the hydrothermal systems with much of the mineral precipitation leading to 

deposition of bands that are for the most part barren. 

Numerous studies indicate that boiling in an important process in the formation of 

epithermal deposits. It is emphasized here that the amount of vapor produced during boiling 

is key to the development of bonanza-type ore formation. Comparison to geothermal systems 

(Brown, 1986; Hedenquist and Henley, 1985; Hardardóttir et al., 2010; Sanchez-Alfaro et al., 

2016) where thermal energy of the hydrothermal liquids is mined suggests that metal and 

silica supersaturation in hydrothermal liquids can be most effectively achieved by vigorous 

boiling of the hydrothermal liquids, referred to flashing (Saunders, 1990, 1994; Moncada et 

al., 2012; Marinova et al., 2014; Shimizu, 2014; Taksavasu et al., 2018; Tharalson et al., 

2019). In geothermal power plants, banded deposits consisting of alternating layers of ore 

minerals and barren silica occur at the silencer where the production fluid is flashed to 

atmospheric pressures (Christenson and Hayba, 1995). In natural systems, seismic events and 

fault dilation (Sibson, 1987; Rowland and Sibson, 2012) can trigger vapor separation in 

hydrothermal liquids that are initially close to vapor saturation!causing a pressure drop along 

the structure controlling the upflow of the hydrothermal liquids. The pressure drop rapidly 

propagates through the interconnected fracture network towards depth (Henley and Hughes, 

2000). The buoyant low-density vapor produced rises quickly along the host structure causing 

the development of vapor-dominated flow in the shallow subsurface which in turn leads to 

extensive breccia formation and possibly a hydrothermal eruption on surface (Muffler et al., 

1971; Hedenquist and Henley, 1985; Browne and Lawless, 2001). Deeper along the host 

structure, two-phase liquid plus vapor flow conditions will develop. Metal and silica 

deposition occurs because the composition of the liquid changes rapidly in this region of two-

phase liquid plus vapor flow, with the amount of vapor produced controlling ore mineral 

deposition (Christenson and Hayba, 1995). At greater depths, the two-phase liquid plus vapor 
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conditions transition into liquid-dominated flow. Continuous replenishment of hydrothermal 

liquid from a deep reservoir into the zone of vapor generation is required. The metal 

concentrations of hydrothermal liquids are low (Simmons et al., 2016) and vaporization of a 

limited amount of liquid could not feasibly yield metal enrichment observed in bonanza-type 

ore deposits. Over time, high-grade veins develop as a result of repeated, short-lived events 

of fluid flashing punctuating steady-state flow during which gangue minerals are precipitated 

by gentle boiling (Browne and Ellis, 1970; Hedenquist, 1990; Simmons and Christenson, 

1994; Etoh et al., 2002) or nonboiling (Fournier, 1985; Dong et al., 1995; Camprubí and 

Albinson, 2007;!Moncada et al., 2012) of the hydrothermal liquids. 

It is proposed here that flashing of hydrothermal liquids is the principal mechanism 

leading to the formation of bonanza-type precious metal deposits in the epithermal 

environment. Flashing causes growth of ore mineral dendrites in a noncrystalline opal-A 

matrix at far-from-equilibrium conditions, with the opal-A matrix maturing and 

recrystallizing to mosaic quartz subsequent to vein formation. Flashing is unique to shallow 

hydrothermal systems as decompression to below hydrostatic conditions cannot be easily 

achieved in other ore-forming environments. For instance, quenching of the hydrothermal 

liquids is the principal mechanism of ore deposition in seafloor hydrothermal systems 

forming polymetallic volcanic-hosted massive sulfide deposit as the cold-water column of the 

oceans prevents pressure changes to below hydrostatic conditions in the hydrothermal upflow 

zone (Hannington et al., 2005; Monecke et al., 2014). In sedimentary-hosted gold deposits 

such as those of the Carlin trend in Nevada, interaction of the hydrothermal liquids with 

highly reactive host rocks causes precious metal deposition at crustal depths where vapor 

saturation is not reached in the liquid phase (Hofstra and Cline, 2000; Cline et al., 2005; 

Muntean, 2018). However, dendritic gold is common in orogenic gold deposits that form at 

the bottom of the seismogenic zone in the continental crust. Dendrite formation in these 

deposits is associated with the decompression of hydrothermal liquids from lithostatic to 

hydrostatic conditions (Taylor et al., 2021). 

 

4.5 Implications 

The findings of this research have far-reaching implications to ore deposit studies and 

the design of exploration programs. Previous work on epithermal deposits has placed much 

emphasis on microthermometric investigations on fluid inclusions hosted by subhedral or 

euhedral quartz in epithermal veins (cf. Bodnar et al., 1985, 2014). It is shown here, however, 

that ore-bearing ginguro or gankin bands were originally composed of noncrystalline opal-A 
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and that the gel-like microspherical silica could not have entrapped primary fluid inclusions 

during its deposition. Comb or zoned quartz contained in interlayered barren bands did not 

form at the same conditions as the ore mineral dendrites in the ginguro and gankin bands. As 

such fluid inclusions hosted in this type of quartz only record the conditions of the steady-

state hydrothermal fluid flow that resulted in gangue mineral deposition, not the intermittent 

events of flashing leading to bonanza-type precious metal enrichment. 

Knowledge on the possible depth of the ore zones below the paleowater-table is key in 

mineral exploration and the design of drilling programs. Thermodynamic considerations 

suggest that >90% of gold in hydrothermal liquids deposits as a result of gentle boiling or 

nonboiling over a temperature range of 260° to 180°C (Simmons and Browne, 2000), which 

corresponds to a depth of ~560 to 100 m below the paleowater table under hot hydrostatic 

conditions. If erosion since deposit formation has been substantial and epithermal 

paleosurfaces (Sillitoe, 2015) cannot be recognized in outcrop, epithermal ore zones formed 

by gentle boiling could be located close to the current surface permitting deposit discovery by 

shallow drilling. However, bonanza-type ore zones formed by flashing of the hydrothermal 

liquids could be located at a much larger depth range and could be located deeper below the 

paleowater-table than those formed by gentle boiling. The depth to which vaporization occurs 

during flashing cannot be easily predicted and primarily relates to the permeability of the 

controlling host structure. 
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CHAPTER 5 

MICROTEXTURAL CHARACTERISTICS OF CRUSTIFORM QUARTZ-CALCITE 

VEINS AT THE CHATREE EPITHERMAL GOLD-SILVER DEPOSIT,  

CENTRAL THAILAND: IMPLICATIONS TO ORE FORMATION  

BY FLUID FLASHING 

 

Abstract 

The textural characteristics of mineralized quartz-calcite veins from the Early Triassic 

Chatree epithermal Au-Ag deposit in central Thailand were studied to establish the processes 

that resulted in precious-metal enrichment at this world-class deposit. The Chatree deposit is 

hosted by a volcanic host rock succession that formed as a result of continental margin arc 

volcanism during the closure of the Paleotethys and is part of the Loei volcanic belt 

stretching from Laos through north and central Thailand into Cambodia. The mineralized 

quartz-calcite veins and their volcanic host rocks have been overprinted by regional 

metamorphism at sub-greenschist facies metamorphic conditions. Although macroscopic 

textures suggestive of an epithermal origin such as the crustiform and locally brecciated 

nature of the veins are preserved, the metamorphic overprint has largely obliterated the 

primary textural relationships between the ore and gangue minerals at the microscopic scale. 

The ore minerals are unevenly distributed within the veins and primarily occur in distinct 

dark gray to black bands containing a high proportion of sulfide minerals. These ginguro 

bands are separated by bands of gangue minerals that are largely barren. Chemical mapping 

of the vein samples by micro-X-ray fluorescence revealed that adjacent ginguro bands can be 

chemically distinct and that thick ginguro bands vary compositionally in the direction of 

growth. In many vein samples, ore minerals forming dendritic aggregates can be recognized, 

which includes acicular sphalerite dendrites that are up to several centimeters in size. The 

dendritic ore minerals are hosted by quartz exhibiting a mosaic texture that is interpreted to 

have formed through recrystallization of a noncrystalline silica precursor. The metamorphic 

overprint has resulted in the modification of the textural relationships between the silica and 

ore minerals and coarsening of the ore minerals, with many of the opaque phases now being 

encapsulated by quartz or forming recrystallized grains along grain boundaries of the mosaic 

quartz. The formation of the ore mineral dendrites, which represent far-from-equilibrium 

mineral textures, and the originally noncrystalline silica matrix suggest that mineralization at 

Chatree occurred from hydrothermal liquids that were supersaturated in metals and silica. 

Based on comparison to Cenozoic epithermal deposits that have not been overprinted by 
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regional metamorphism and observations in modern geothermal systems, it is suggested that 

metal and silica supersaturation in the hydrothermal liquids was achieved during short-lived 

events of vigorous boiling or flashing. The degree of vapor production varied along the veins 

and over time explaining the observed compositional variations in the ginguro bands. Events 

of vigorous boiling were separated by periods of gentle boiling or nonboiling causing the 

formation of the alternating mineralized and barren bands in the crustiform veins at Chatree. 

 

5.1 Introduction 

Epithermal deposits are an important source of precious metals that form at shallow 

depth by subaerial hydrothermal systems (Hedenquist et al., 2000; Simmons et al., 2005). 

The ore zones in these deposits are typically located within ~1,000 m of the paleosurface 

(Hedenquist et al., 2000). Many epithermal deposits are typified by zones of bonanza-type 

ore grades confined to crustiform quartz veins that range from centimeters to several meters 

in widths (Takeuchi and Shikazono, 1984; Brathwaite and Faure, 2002; Leavitt et al., 2004; 

Spörli and Cargill, 2011; Shimizu, 2014). 

Detailed textural studies suggest that much of the quartz present in epithermal veins 

may have formed as a result of recrystallization of originally noncrystalline silica (Dong et 

al., 1995; Camprubí and Albinson, 2007; Moncada et al., 2012). Recrystallization of the 

original silica deposits appears to commonly result in the formation of bands of fine-grained 

quartz showing interpenetrating grain boundaries, referred to as mosaic quartz (Dong et al., 

1995; Moncada et al., 2012). In many deposits, bands of mosaic quartz are the principal host 

to ore minerals (Saunders, 1990, 1994; Scott and Watanabe, 1998; Hudson, 2003; Camprubí 

and Albinson, 2007; Moncada et al., 2012; Sonntag et al., 2012; Taksavasu et al., 2018; 

Tharalson et al., 2019; Zeeck et al., 2021) implying that silica deposition and mineralization 

can be linked to a common process causing silica and metal supersaturation in the liquid 

(Christenson and Hayba, 1995; Simmons and Browne, 2000; Zeeck et al., 2021). The 

inference that epithermal veins were originally largely composed of noncrystalline silica is 

supported by observations in modern geothermal systems where opal-A is the main silica 

phase occurring as a scaling (Reyes et al., 2002; Raymond et al., 2005; Brown, 2011). Sinters 

in modern geothermal systems are also primarily composed of thermodynamically unstable 

opal-A. The opal-A matures over time and transforms into opal-CT, which is followed by 

recrystallization into opal-C and then into quartz (Campbell et al., 2001, 2002; Lynne and 

Campbell, 2004; Rodgers et al., 2004; Lynne et al., 2005, 2007; Jones, 2021). The onset of 

quartz formation typically occurs within ~10,000 years of silica deposition (Herdianita et al., 
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2000). Experimental studies at hydrothermal conditions (Ernst and Calvert, 1969; Bettermann 

and Liebau, 1975; Oehler, 1976) suggest that maturation and recrystallization of 

noncrystalline silica in veins may take place at even shorter time frames. 

Modification of the textural relationships between ore minerals and their hosts during 

maturation and recrystallization complicates interpretation of paragenetic relationships and 

the reconstruction of the processes that resulted in the deposition of metals in these deposits 

(Zeeck et al., 2021). Although the vast majority of epithermal deposits is hosted by Cenozoic 

volcanic rocks (Simmons et al., 2005; Kesler and Wilkinson, 2009), precious-metal deposits 

classified as being of epithermal origin exist throughout the geological record, dating back to 

the Archean (Harris et al., 2000; Huston et al., 2002). In some pre-Cenozoic deposits, textural 

relationships have been obscured to a degree where not even the formation of the veins in the 

epithermal environment can be ascertained (Penczak and Mason, 1997; McFarlane et al., 

2007; Garde et al., 2012). 

This study focused on the description of microtextural relationships encountered in 

quartz-calcite veins at the Early Triassic Chatree deposit in central Thailand, which 

represents a prominent example of an epithermal deposit that has been overprinted by 

regional metamorphism (Cumming, 2004; Salam, 2013). Vein samples from the deposit were 

examined using a combination of mapping micro-X-ray fluorescence analysis and high-

magnification optical microscopy. Scanning electron microscopy was performed to study the 

ore mineralogy and the microtextural relationships between the ore minerals and the 

surrounding quartz. The results of the textural investigations show that relic primary textural 

relationships can still be identified in the quartz-calcite veins despite pervasive 

recrystallization. Based on a comparison with the texture of veins in younger epithermal 

deposits and those of scalings from active geothermal systems, the observed textural 

characteristics of the ore and gangue minerals are linked to the mechanism of precious metal 

enrichment. 

 

5.2 Geological Setting 

The Chatree epithermal Au-Ag deposit is located 27 km north of the town of Khao Sai 

in Phetchabun Province in the central Thailand, 280 km north of Bangkok. The host rocks of 

the Chatree deposit form part of the Loei volcanic belt (Fig. 5.1), which stretches from 

northwestern Laos through the provinces of Loei and Phetchabun in central Thailand to Sra 

Kaeo in southeastern Thailand and into Cambodia (Intasopa and Dunn, 1994; Barr et al., 



 101 

2000; Panjasawatwong et al., 2006; Boonsoong et al., 2011; Salam et al., 2014; Jiang et al., 

2021; Shi et al., 2021). 

The Loei volcanic belt is located along the western margin of the Indochina continental 

block that covers much of eastern Laos and Thailand as well as Vietnam and Cambodia. To 

the west, the Sukhothai arc terrane separates Indochina from the Sibumasu continental block, 

which occupies eastern Myanmar, western Thailand, western Malaysia, and northeastern 

Sumatra. Tectonic reconstructions suggest that the collision of the Indochina and Sibumasu 

continental blocks occurred as a result of the closure of the Paleotethys (Metcalf, 2013; Zaw 

et al., 2014; Wang et al., 2020; Jiang et al., 2021; Shi et al., 2021). In the Permo-Triassic, 

gradual approach of the Sibumasu continental block and eastward Paleotethyan subduction 

caused volcanism in the Sukhothai arc terrane as well as eastward closure of the Nan back-

arc basin and related continental margin arc volcanism in the Loei volcanic belt (Wang et al., 

2020; Jiang et al., 2021; Shi et al., 2021). 

Within the Chatree area, the Carboniferous volcanogenic siltstone and sandstone with 

interbedded limestone occur within N-S-trending basement highs. The Carboniferous rocks 

are overlain by a thick succession of massive to thickly-bedded, fossiliferous limestone of 

Permian age that is interbedded with shale, siltstone, and chert (Salam, 2013; Salam et al., 

2014). The Chatree deposit is hosted by a 550-m-thick Permo-Triassic volcanic succession 

(Cumming, 2004; Salam, 2013; Salam et al., 2014) that rests unconformably on the 

Carboniferous volcanogenic sedimentary rocks and the Permian limestone (Salam et al., 

2014). The Carboniferous and Permian rocks are moderately folded with steeply-dipping 

beds, whereas the Permo-Triassic volcanic succession is gently folded exhibiting shallow to 

moderate dips (Salam, 2013; Salam et al., 2014). 

The lower section of the Permo-Triassic volcanic host succession at Chatree is 

dominated by coherent andesite lava and associated monomict breccia. These are 

conformably overlain by a polymictic andesitic breccia unit that is characterized by the 

presence of porphyritic andesite clasts and minor clasts of mudstone and sandstone. The 

breccia grades into fine-grained volcanogenic sedimentary rocks including laminated 

siltstone, mudstone, and carbonaceous to calcareous siltstone, with locally occurring feldspar-

phyric rhyolite. The thickness of this unit varies from 30 to 150 m. The upper section of the 

Permo-Triassic volcanic succession is dominated by lithic-rich fiamme breccia interbedded 

with fiamme-rich sandstone and thin beds of accretionary lapilli-rich siltstone and polymictic 

mudstone-matrix breccia (Cumming, 2004; Salam, 2013; Salam et al., 2014). In the 

northeastern part of the Chatree area, these rocks are unconformably overlain by Late 
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Triassic to Cretaceous siltstone, sandstone, shale, and conglomerate (Salam, 2013; Salam et 

al., 2014). 

The epithermal precious ore zones in the 7.5-km by 2.5-km-large Chatree deposit area 

(Salam, 2013; Tangwattananukul et al., 2014) are mostly located within the polymict 

andesitic breccia and the overlying fine-grained volcanogenic sedimentary rocks. The 

epithermal ores occur as veins, stockworks, and breccia in nine discrete ore lenses, the 

distribution of which is controlled by N-S, NE-SW, and NW-SE to WNW-ESE-oriented, 

moderate to steeply dipping faults. The location of mineralized veins is strongly controlled by 

host rock competency. The deposit has been exploited by open pit mining between November 

2001 and December 2016, yielding over 1.8 Moz of Au and 10 Moz of Ag. Using a cut-off 

grade of 0.3 g/t Au, Chatree still contains a mineral resource of 163.6 million tonnes of ore 

grading 0.65 g/t Au and 5.59 g/t Ag for a total of 3.42 Moz Au and 29.4 Moz Ag (Kingsgate 

Consolidated, pers. commun., 2020).  

The highest precious metal grades at Chatree are confined to crustiform quartz-calcite 

veins and local zones of hydrothermal breccia formed in ~250 Ma (Salam, 2013). These 

crustiform veins vary from 100 to 300$m in length and are typically 0.5 to 3$m wide. The 

veins dip from 65° to 85° to the west and have vertical extensions of 50 to 200$m (Salam, 

2013; Tangwattananukul et al., 2014). Based on macroscopic observations, different vein 

stages have been distinguished by Salam (2013). The main stage mineralization occurs in 

veins that contain pyrite, sphalerite, chalcopyrite, galena and minor Ag sulfoselenides, 

boulangerite, native gold, pyrargyrite, and tennantite-tetrahedrite. Gangue minerals include 

quartz, calcite, adularia, chlorite, and minor rhodochrosite (Salam, 2013). Available fluid 

inclusion evidence from quartz and calcite suggests that mineralization was formed from 

hydrothermal liquids having salinities of up to 5.6 wt. % NaCl equiv. (Salam, 2013; 

Tangwattananukul et al., 2014). Adularia from a mineralized vein yielded an Ar/Ar age of 

250 ± 0.9 Ma (Salam et al., 2007). The veins appear to be only slightly younger that the 

Permo-Triassic volcanic host rocks, which have been dated at 258.6 ± 2.3 Ma and 250 ± 6 

Ma (Salam et al., 2014). Both, the ore deposit and the host rocks have been affected by 

regional metamorphism at sub-greenschist facies conditions (Cumming, 2004; Salam, 2013), 

which presumably predated the deposition of the Late Triassic to Cretaceous sedimentary 

rocks that unconformably overlay the Permo-Triassic volcanic succession hosting the Chatree 

deposit. Based on the inferred tectonic setting and the deposit characteristics, the Chatree has 

been classified as an intermediate-sulfidation epithermal deposit (John et al., 2018). 
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Figure 5.1 Geological map of the Chatree deposit located in the central part of Thailand. 

 

 

5.3 Materials and Methods 

Initially, field work was conducted at the Chatree deposit to collect hand specimens and 

drill core intercept of mineralized vein materials. Samples collected originated from different 

parts of the deposits, including the A, C, D, H, and S ore lenses. All samples collected for this 

study belong to the main stage of mineralization as defined by Salam (2013). 

Chemical mapping of representative two high-grade vein samples was performed using 

a bench-top Bruker M4 Tornado µXRF at the Mineral and Materials Characterization Facility 

within the Department of Geology and Geological Engineering at Colorado School of Mines. 

The instrument was equipped with dual 30 mm2 silicon drift detectors and a Rh X-ray tube 
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with polycapillary optics permitting analysis at a spot size of ~25 µm. Mapping was 

performed under a vacuum of 20 mbar at 50 kV and 600 nA. A 12.5 µm Al primary 

excitation filter was used. Data acquisition was performed at a line spacing of 35 µm and a 

dwell time of 35 ms per pixel. The X-ray peaks for individual elements were manually 

checked and used to generate element distribution maps displaying normalized count rates. 

Data processing was conducted with the Bruker M4 ESPRIT software. 

Based on hand specimen inspection and chemical mapping, billets were cut for the 

preparation of standard polished thin sections (n = 10). Transmitted and reflected light 

microscopy was conducted using an Olympus BX51 optical microscope. Following carbon-

coating, the ore mineralogy of one sample and their microtextural relationships between the 

ore minerals and the surrounding quartz were studied using a TESCAN MIRA3 LMH 

Schottky field emission-scanning electron microscope (FE-SEM) at the Mineral and 

Materials Characterization Facility within the Department of Geology and Geological 

Engineering at Colorado School of Mines. The FE-SEM was operated at an accelerating 

voltage of 20.0 kV using a working distance of 10 mm. Semiquantitative chemical analysis of 

the ore minerals was performed by energy-dispersive X-ray spectroscopy (EDX) using a 

Bruker XFlash 6|30 silicon drift detector. 

 

5.4 Results 

5.4.1 Macroscopic Vein Textures 

Most of the studied vein samples exhibit a crustiform texture consisting of variably 

thick alternating bands of ore and gangue minerals whereby adjacent bands differ in 

mineralogical composition, texture, or color (Fig. 5.2). Individual layers are up to several 

millimeters thick and are colorless-vitreous, yellowish-white, white, dark-brown, pale-to-dark 

gray, or black. In many crustiform vein samples, the layers exhibit colloform textures and 

show botryoidal or mammillary-like surfaces (Fig. 5.2a-c). The bands range from concentric 

and cockade to wavy or planar (Fig. 5.2a-c). Macroscopically, recognizable ore minerals are 

primarily present in the dark-colored bands. In rare cases, bands of large acicular sphalerite 

dendrites occur (Fig. 5.2d). Chlorite can be present in mineralized samples. Light colored 

bands in the crustiform samples are barren or contain only few ore minerals visible in hand 

specimen. The light-colored bands are white and massive consisting of fine-grained quartz or 

granular calcite (Fig. 5.2a-c). Fine-grained colloform bands of quartz occur in some samples 

(Fig. 5.2d). Subhedral to euhedral comb and zonal quartz crystals have filled open spaces in 

the veins (Fig. 5.2e). In addition, quartz pseudomorphs formed after bladed calcite can be 
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observed. The banding in the crustiform veins is commonly crosscut by late calcite veinlets 

(Fig. 5.2c). Breccia zones or brecciated veins are relatively common (Fig. 5.2f). In these 

veins, the clasts of earlier formed vein material, some of which contain ginguro bands (Fig. 

5.2f), range from jigsaw-fit to rotated. The breccia can be matrix-supported or clast-

supported. The matrix between the clasts consists of small fragments of earlier formed vein 

material, rock flour, or quartz cement. The cement may or may not contain ore minerals.  

 

 

5.4.2 Composition of Mineralized Bands 

Chemical mapping by µ-XRF confirms the observations made in hand specimen that 

ore minerals are primarily present in the dark-colored bands of the crustiform veins. In some 

samples, the colloform dark bands containing the ore minerals are also typified by elevated 

concentrations of Si, suggesting that the mineralized bands represent an intergrowth of ore 

minerals and quartz (Fig. 5.3a). Intervening bands that are barren show high concentrations 

of Ca and essentially lack detectable Si. This implies that the mineralized bands alternate 

with barren bands predominately composed of calcite (Fig. 5.3a). The mineralized bands are 

defined by high concentrations of Fe, Zn, Cu, and Pb, presumably due to the presence of 

pyrite and base-metal sulfide minerals such as sphalerite, chalcopyrite, and galena. High 

concentrations of Ag correlate with high Ag count rates, suggesting that Ag-sulfoselenide 

minerals may represent a major host to this precious metal (Fig. 5.3a). The distribution of Au 

could not be mapped confidently by the technique due to peak overlap with Zn, which occurs 

in high concentrations in the samples. 

 Careful inspection of the µ-XRF maps reveals that adjacent mineralized bands can vary 

in composition. Some bands primarily show enrichment in Fe due to the presence of pyrite, 

whereas other bands are characterized by enrichment of base metals Zn and Cu (Fig. 5.3a). In 

samples with thick ore mineral bands chemical gradients across the bands can be noticed. 

Chemical zoning is pronounced in bands characterized by the presence of large acicular 

sphalerite dendrites (Fig. 5.3b). The base of the large dendrites shows a relative enrichment in 

Cu and comparably low count rates of Pb. 
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Figure 5.2 Examples of crustiform vein specimens from the Chatree epithermal deposit. (a) 

Crustiform quartz-calcite vein containing dark gray to black bands of ore minerals and silica 

that have a cockade texture. The ore bands are separated by barren calcite. The specimen 

contains 86.6 ppm Au, 1410 ppm Ag, 980 ppm Zn, 430 ppm Pb, and 190 ppm Cu. (b) 

Crustiform vein with well-defined dark gray to black bands of ore minerals that are separated 

by milky massive quartz. Drill core sample from RD3158 at 245.0 m. (c) Crustiform vein 

sample consisting of dark gray to black mineralized bands that are separated by barren quartz. 

The banding is crosscut by late calcite veinlets. Surface sample from the H pit. (d) Ore band 

consisting of acicular-shaped sphalerite dendrites that have grown perpendicular the contact 

with the wall-rock. The sphalerite dendrite is hosted by fine-grained quartz. Younger bands 

of colloform banded quartz can be noted towards the center of the vein. Surface sample from 

the S pit. (e) Narrow vein containing large zonal quartz crystals. Large aggregates of calcite 

are present along the wall rock contact. Drill core sample from RD927 at 53.9 m. (f) 

Brecciated vein containing variably-sized clasts. Some of the clasts contain mineralized 

bands. The quartz cement is light-colored. Drill core sample from RD927 at 65.2 m. Cc = 

calcite; Op = Opaque phases; Qz = quartz; and Sp = sphalerite. 
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Figure 5.3 Elemental distribution maps of representative crustiform vein samples from the 

Chatree epithermal deposit. (A) Mineralized bands in a crustiform vein sample. Ore minerals 

occur in dark gray to black bands that also contain quartz. (B) Mineralized band containing 

acicular sphalerite dendrites that have grown from contact with the wall-rock towards the 

center of the vein. Enrichment of Cu occurs at the base of the dendrites. The maps were 

obtained by µXRF mapping. 

 

 

5.4.3 Textures in Mineralized Bands 

Bands that are dark-colored in hand specimen consist of ore minerals that are set in a 

variably fine-grained quartz matrix. The ore minerals occur as dendritic-to-granular 

aggregates. In some samples dense, cauliflower-like ore mineral dendrites are present in the 

mineralized colloform layers that are up to 0.5 mm large (Fig. 5.4a). The lower part of the 

dendritic aggregates is dominated by pyrite. The pyrite forms subhedral to euhedral grains 

that individually range from 1 to 10 µm in sizes. Along the top, the dendrites are primarily 
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composed of sphalerite (Fig. 5.4b). Electrum occurs at the edges of the dendrites and within 

the dendritic structures. The electrum grain sizes range from <1 to 25 µm in size (Fig. 5.4c). 

The dendrites are hosted in fine-grained micro- to cryptocrystalline quartz (Fig. 5.4a,b). 

Individual quartz grains are <1 µm in size. The fine-grained micro- to cryptocrystalline 

quartz exhibits a mosaic texture in crossed-polarized light that is typified by highly irregular 

and interpenetrating grain boundaries. 

Some of the mineralized mosaic quartz bands host delicate branching dendritic 

aggregates of Ag-sulfoselenide minerals (Fig. 5.4d-f) that are only up to 50 µm in size. In 

these aggregates, the opaque phases occur as small grains set in a quartz matrix that are not 

typically interconnected (Fig. 5.4d,e). Small ore mineral grains are encapsulated within 

quartz grains or occur along grain boundaries between adjacent quartz grains. In many cases 

small opaque grains infill triple junction grain boundaries of polycrystalline quartz that 

consists of grains that range from 10‒100 µm in size. The location of the ore mineral grains 

appears to relate to the deformation and recrystallization of the quartz matrix although the 

overall branching shape of the dendrites can still be recognized in thin section. In addition to 

the Ag-sulfoselenide minerals, electrum and small amount of sphalerite, galena, and pyrite 

are present in the dendrites (Fig. 5.4f). Sphalerite commonly contains small inclusions of 

chalcopyrite. 

 Some mineralized bands consist of large acicular sphalerite dendrites that can be over 1 

cm in size (Fig. 5.4g-i). These dendrites are predominantly composed of sphalerite and 

associated galena, chalcopyrite, and pyrite (Fig. 5.4i). At the base, the sphalerite is commonly 

massive and transparent in transmitted light, whereas needle-like sphalerite predominates in 

the center and top of these aggregates. The needle-like sphalerite aggregates have grown 

from the walls of the veins towards their centers. Individual sphalerite needles are 0.02‒0.2 

mm in width and 0.1‒1.25 mm in length (Fig. 5.4g,h). Quartz hosting the acicular sphalerite 

exhibits large variations in grain sizes and ranges from microcrystalline quartz with a mosaic 

textures coarse granular with a grain size of 40‒300 µm. Fine-grained native gold is 

intergrown with the sphalerite. 
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Figure 5.4 Photomicrographs of ore mineral textures in crustiform veins from the Chatree 

epithermal deposit. (a) Massive, cauliflower-like ore mineral dendrite observed under 

crossed-polarized light. The dendrite is hosted by fine-grained mosaic quartz. The vein center 

is towards the top of the image. (b) Reflected light image illustrating that the lower part of the 

dendrites is primarily composed of pyrite whereas the upper part is dominated by sphalerite. 

Small grains of native gold occur. (c) High-magnification image observed under reflected 

light showing the occurrence of native gold associated with pyrite in the dendrite. (d) 

Delicate branching dendrites of Ag sulfoselenides observed under plane-polarized light. The 

image shows three branches. Vein center pointing towards the top of the image. (e) Crossed-

polarized light image showing that the host quartz of the dendrite is coarse-grained and 

exhibits a mosaic texture. The ore mineral grains occur along grain boundaries of the quartz. 

(f) Reflected light image demonstrating that the dendrite is composed of Ag sulfoselenides, 

but also contains sphalerite and native gold. (g) Acicular sphalerite dendrite hosted by coarse-

grained mosaic quartz observed under plane-polarized light. The vein center is located to the 

top left of the image. The acicular dendrite is crosscut by late barren quartz veinlets as can be 

seen on the right side of the image. (h) Crossed-polarized light illustrating that the mosaic 

quartz between the ore mineral dendrite is relatively coarse grained. (i) Reflected light image 

showing the acicular nature of the sphalerite and intergrowth relationships with minor galena, 

chalcopyrite, and pyrite. Aca-Nau = acanthite-naumannite, Ccp = chalcopyrite; El = 

electrum; Gn = galena; Py = pyrite; and Sp = sphalerite. 
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5.4.4 Textures in Barren Bands 

The light-colored barren bands in the crustiform veins contain no ore minerals or only 

rare, disseminated grains of opaque minerals. Many of the barren bands are composed of 

relatively coarse-grained (>0.1 mm) quartz. Comb and zonal quartz are recognizable in the 

centers of many veins and are characterized by euhedral crystal terminations pointing into 

former vug space. These grains range from 0.1‒0.6 mm in length. Growth zones in zonal 

quartz are defined by the presence of primary fluid inclusions. The comb and zonal quartz 

commonly show undulose extinction patterns (Fig. 5.5a,b). Along the grain boundaries 

between adjacent comb or zonal quartz grains, small networks of secondary quartz grains are 

present (Fig. 5.5c) that appear to have formed through a recrystallization process of bulging 

(cf. Passchier and Trouw, 2005) as the quartz grain boundaries migrated. 

Lattice-bladed quartz is present in some of the barren bands. This quartz texture 

consists of a network of intersecting quartz pseudoblades with polyhedral cavities. The quartz 

pseudoblades are compose of multiple parallel-to-subparallel quartz seams that are 25‒100 

µm thick and >0.5 mm long. Calcite in the barren bands is fine- to coarse-grained, ranging 

from 0.2 mm to 1 mm in size (Fig. 5.5d). Polysynthetic twinning and kink bands are well 

developed (Fig. 5.5d). 

 

5.5 Discussion 

5.5.1 Distribution and Textures of Ore Minerals 

At Chatree, the ore minerals occur in specific bands within the crustiform quartz-calcite 

veins. These bands can be easily identified in hand specimen because of their distinct dark 

gray to black color. Only minor amounts of ore minerals forming disseminated grains occur 

in the intervening bands that have a lighter color. However, most of the light-colored bands 

only consist of quartz or calcite and are entirely barren. This distribution of ore minerals in 

crustiform epithermal veins is common in epithermal deposits (Takeuchi and Shikazono, 

1984; Izawa et al., 1990; Matsuhisa and Aoki, 1994; Shimizu et al., 1998; Faure et al., 2002; 

Leavitt et al., 2004; Shimada et al., 2005; Sanematsu et al., 2006; Saunders et al., 2008; 

Shimizu, 2014; Tharalson et al., 2019; Zeeck et al., 2021). Historically, the mineralized bands 

are referred to as ginguro bands, which is the Japanese word for silver black. One of the 

earliest descriptions of the occurrence of ore minerals in these specific bands is a report by 

Mukaiyama (1950) on the Sado deposit in Japan. 
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Figure 5.5 Photomicrographs of calcite and quartz textures in crustiform vein samples from 

the Chatree epithermal deposit. (a) Subhedral zonal quartz that is crosscut by myriads of 

healed microfractures that contain secondary fluid inclusions and have a wispy appearance. 

Faint growth zoning can be identified under plane-polarized light. (b) Corresponding image 

in crossed-polarized light. (c) Small grains of quartz (arrows) occurring along the boundaries 

of large subhedral comb quartz crystals. These grains are interpreted to have formed by 

bulging. Crossed-polarized light. (d) Large single crystals of calcite exhibit twinning under 

plane-polarized light. Some calcite crystals contain kink or bend microbands (arrows).  

 

 

Ore microscopy and chemical mapping by µXRF demonstrate that adjacent ginguro 

bands at Chatree are not compositionally identical. In some cases, compositional variations 

from bottom to top were documented. Similar variations in the chemical composition of 

adjacent mineralized bands were documented by Tharalson et al. (2019) and Zeeck et al. 

(2021) for crustiform quartz veins in low-sulfidation epithermal deposits of the Omu camp in 

Hokkaido, Japan. At the Omu camp, Ag sulfoselenides form the primary ore mineral in the 

dark gray to black ginguro bands. However, native gold is present both in these dark bands 
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with the Ag sulfoselenides as well as in unassuming light gray to white bands that do not 

contain Ag sulfoselenides. 

The observation that ginguro bands in crustiform quartz-calcite veins at Chatree are not 

compositionally homogeneous and even show chemical zoning from bottom to top can be 

related to the occurrence of boiling during mineral deposition. Christenson and Hayba (1995) 

showed that the degree of vaporization of hydrothermal liquids exerts a strong control on 

mineral solubility. Based on modeling of isothermal vapor loss at 230°C, Christenson and 

Hayba (1995) demonstrated that sphalerite and pyrite precipitation from hydrothermal liquids 

starts with the onset of vaporization. Sphalerite was found to be stable throughout the process 

of vaporization, whereas pyrite is replaced by chalcopyrite at only ~3 wt. % vapor loss. 

Chalcopyrite is in turn replaced by bornite and chalcocite at 47 wt. % and 70 wt. % vapor 

loss, respectively. Galena saturation is reached at 3 wt. % vapor loss, with galena 

precipitating throughout the process of vaporization. Christenson and Hayba (1995) also 

showed that Au precipitation commences at ~6 wt. % vapor loss and continues to ~90 wt. % 

vapor loss. Their modeling suggests that high Au grades are formed during the early stage of 

vapor loss (~10 wt. %) although extensive (20–40 wt. %) vapor loss is required to cause the 

precipitation of large amounts of Au.  

The model developed by Christenson and Hayba (1995) implies that the precipitation of 

the ginguro bands at Chatree is related to the boiling of the hydrothermal liquids, with 

different amounts of vapor produced during the formation of each ginguro band as this would 

explain that differences in chemistry between consecutive bands without necessitating 

dramatic changes in the composition of the hydrothermal liquid prior to boiling. Observed 

compositional gradients from bottom to top within individual ginguro bands suggest changes 

in vapor loss as these bands formed. These variations in the amount of vapor produced attest 

to the dynamic nature of the ore-forming process. 

The observation that ore minerals in the ginguro bands at Chatree occur as dendrites 

can be directly related to the formation of the ore from hydrothermal liquids experiencing 

boiling. In modern geothermal systems, sulfide mineral scaling commonly occurs in pipes of 

two-phase liquid plus vapor flow as metal precipitation is caused by metal supersaturation 

achieved through vapor loss. Growth of the dendritic crystal aggregates takes place at far-

from-equilibrium conditions due to instability of the growing crystal surfaces (Oaki and Imai, 

2003). During dendritic growth, the hydrothermal liquid must have been continuously 

replenished. Near-instantaneous vaporization of the hydrothermal liquids without 

replenishment would not likely result in the observed concentration of ore mineral dendrites 
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in the ginguro bands at Chatree as metal concentrations in hydrothermal liquids are low 

(Simmons et al., 2016). The evidence suggests that ore mineral growth occurred under far-

from-equilibrium conditions in two-phase liquid and vapor flow through the veins, with the 

degree of vaporization changing along the veins and with time during each boiling event. 

Dendritic ore minerals are indeed common in epithermal deposits implying that far-

from-equilibrium processes of mineral precipitation are not unique to Chatree. In low-

sulfidation epithermal deposits, dendrites of gold (Lindgren, 1915; Saunders, 1990, 1994, 

2012; Sherlock and Lehrman, 1995; Saunders et al., 1996; Perez, 2013; Marinova et al., 

2014; Milliard et al., 2015; Burke et al., 2017) and Ag sulfoselenides (Vikre, 1985, 2007; 

Saunders et al., 2008, 2011; Unger, 2008; Saunders, 2012; Mason et al., 2015) are common. 

In addition, dendritic aggregates of sphalerite (Simpson, 2017) and galena (Shimizu et al., 

1998) have been documented. Dendritic acanthite (Smith, 2008), native gold (Leary et al., 

2016) and sphalerite (Shimizu and Morishita, 2012; Slater et al., 2021) have been described 

from intermediate-sulfidation epithermal deposits. 

 

5.5.2 Origin of Mosaic Quartz in Mineralized Bands 

The ore minerals within the colloform ginguro bands at Chatree are hosted by quartz 

that has a mosaic texture under crossed-polarized light. Individual quartz grains have highly 

irregular and interpenetrating grain boundaries. The grain size of the mosaic quartz is 

variable with the microdendritic ore minerals typically occurring in fine-grained quartz, 

whereas the large acicular sphalerite dendrites are commonly hosted by coarse-grained 

mosaic quartz. In addition, mosaic quartz may contain variable amounts of fine-grained 

adularia. 

Mosaic quartz is widely regarded to be a product of recrystallization of chalcedonic 

quartz or noncrystalline silica (Lovering, 1972). Based on textural observations made on 

crustiform vein samples from the low-sulfidation epithermal deposits of the Omu district in 

Japan, Zeeck et al. (2021) showed that vein quartz with this texture can indeed form from 

both precursor phases. Colloform bands of chalcedonic quartz showed different degrees of 

recrystallization. Chalcedonic fibers that were up to 100 µm in length could be identified in 

layers showing incipient development of mosaic textures. In crossed-polarized light, these 

layers commonly exhibited radial or plumose extinction patterns. In more intensely 

recrystallized layers, chalcedonic fibers were difficult to identify or only locally preserved as 

relics. Bands of chalcedonic quartz and mosaic quartz formed through recrystallization of this 

precursor were barren. In contrast, mosaic quartz contained in mineralized bands was found 
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to have formed through recrystallization of silica microspheres that are 1–5 µm in size (Zeeck 

et al., 2021). Variations in the degree of recrystallization were also observed in the 

mineralized bands, ranging from mosaic quartz containing relic microspheres to mosaic 

quartz surrounding the ore minerals that shows no relics of microspheres. 

Microspherical silica in mineralized bands has also been recognized in other Cenozoic 

deposits that have not been overprinted by regional metamorphism. The 16.6‒13.5 Ma 

(Conrad et al., 1993) Sleeper deposit in Nevada (Nash et al., 1989, 1995) is a prominent 

example of a low-sulfidation epithermal deposit where some of the colloform silica bands in 

crustiform veins are still isotropic (Saunders, 1990, 1994). High-magnification optical 

microscopy showed that these isotropic bands are composed of silica microspheres 

(Tharalson et al., 2021). Relic microspherical silica in ginguro bands was also documented at 

the ~16 Ma (Vikre, 2007) Buckskin-National deposit in Nevada (Taksavasu et al., 2018). At 

the <2.2 Ma McLaughlin deposit in California (Sherlock and Lehrman, 1995; Sherlock et al., 

1995; Tosdal et al., 1996), ore mineral dendrites are also hosted by bands of isotropic 

microspherical silica (Sherlock and Lehrman, 1995; Sherlock et al., 1995; Tharalson et al., in 

prep.). 

The noncrystalline silica forming the host to the ore minerals in the mineralized bands 

in epithermal veins can be classified as opal-A (Smith, 1998). Opal-A also forms scalings in 

geothermal power plants (Rothbaum et al., 1979; Brown, 2011; Meier et al., 2014; Zarrouk et 

al., 2014; van den Heuvel et al., 2018) and is abundant in sinters forming the surface 

expressions of modern geothermal systems (Jones et al., 1997; Herdianita et al., 2000; 

Campbell et al., 2001, 2002; Guidry and Chafetz, 2003; Lynne and Campbell, 2004; Rodgers 

et al., 2004; Fernandez-Turiel et al., 2005). Studies on these young silica deposits have 

established that opal-A is thermodynamically unstable and matures and recrystallizes over 

time (Campbell et al., 2001, 2002; Reyes et al., 2002; Lynne and Campbell, 2004; Rodgers et 

al., 2004; Raymond et al., 2005; Lynne et al., 2005, 2007; Jones, 2021). This involves the 

transformation of the noncrystalline opal-A to opal-CT, which in turn recrystallizes into opal-

C and then into quartz. The quartz formed through this process exhibits mosaic textures 

similar to those observed in the ginguro bands at Chatree (Lovering, 1972; Dong et al., 1995). 

In geothermal power plants, the formation of silica scales composed of opal-A occurs 

primarily in pipes characterized by two-phase liquid plus vapor flow as vaporization results 

in silica supersaturation in the hydrothermal liquid (Fournier, 1985; Brown, 2011; van den 

Heuvel et al., 2018). During boiling, silica colloids are formed within the hydrothermal 

liquids through homogeneous nucleation (Brown, 2011; van den Heuvel et al., 2018). 



 116 

Following nucleation, the silica particles grow in the supersaturated liquid and ultimately 

deposit as microspheres along the pipe walls (Brown, 2011). When deposited, the 

noncrystalline silica may form spiculose or dendritic deposits (Hawkins et al., 2014; Mroczek 

et al., 2017; van den Heuvel et al., 2018; Chambefort and Stefánsson, 2020). In epithermal 

veins, the microspherical silica also appears to form gel-like masses that can have rippled 

surfaces caused by hydraulic shaping (Saunders, 1990, 1994; Saunders et al., 2008, 2011; 

Unger, 2008; Aseto, 2012; Shimizu, 2014). Relic wavy banding in the samples from Chatree 

could be explained if the silica deposits in the veins were indeed originally soft and gel-like. 

 

5.5.3 Textural Modification 

The regional metamorphic overprint of the Early Triassic Chatree deposit at sub-

greenschist facies conditions (Cumming, 2004; Salam, 2013) has caused substantial textural 

changes in the crustiform quartz-calcite veins. Many of the primary textural relationships that 

can be observed in Cenozoic epithermal deposits (Dong et al., 1995; Shimizu et al., 1998; 

Moncada et al., 2012; Shimizu, 2014; Etoh et al., 2002; Zeeck et al., 2021) cannot be 

identified at Chatree as they have been obliterated as a result of recrystallization of the ore 

and gangue minerals. 

Most notable is that the occurrence of ginguro bands and intervening barren bands is 

largely preserved in the crustiform samples from the Chatree deposit. Macroscopically, the 

vein samples are not unlike those in Cenozoic deposits, which presumably was an important 

criterion used in classifying Chatree as an epithermal deposit since its discovery in 1988 

(Diemar and Diemar, 1999). However, at the microscale the effects of recrystallization are 

obvious and the intergrowth relationships between the ore and gangue minerals contrast 

markedly to those observed in younger deposits that have not been affected by a 

metamorphic overprint ‒ such as those studied by Dong et al. (1995), Shimizu et al. (1998), 

Moncada et al. (2012), Shimizu (2014), Etoh et al. (2002), and Zeeck et al. (2021). 

Most notably, the ginguro bands at Chatree do not contain isotropic silica and clearly 

identifiable relic microspheres are not present. Maturation and recrystallization of the original 

noncrystalline silica to quartz has been completed. In many cases, the fine-grained mosaic 

quartz has even recrystallized further by a processes of grain boundary area reduction 

resulting in an adjustment of the shape of the grain boundaries and an increase in grain size. 

Polygonal quartz aggregates are formed that are characterized by triple junctions with 

interfacial angles of ~120⁰C. Ore minerals have been coarsened and, in many cases, small 

opaque grains occur along the grain boundaries or triple junctions of the polygonal quartz 
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aggregates. Although massive ore mineral dendrites and the large acicular sphalerite 

dendrites can still be easily identified, dendrites that were presumably originally more 

delicate are difficult to recognize due to recrystallization of the surrounding quartz matrix and 

realignment of small opaque grains along the newly formed grain boundaries. 

Tharalson et al. in prep. (see Appendix A) demonstrated that ore minerals are 

commonly in direct contact with silica microspheres in bands containing isotropic 

microspherical silica at Sleeper in Nevada and at McLaughlin in California. However, even at 

these comparably young and undeformed deposits, the textural progression from 

noncrystalline silica to mosaic quartz containing relic microspheres and euhedral quartz 

overgrowths is not obvious in all cases. At Chatree, small euhedral quartz crystals commonly 

occur along the contact between the matrix of mosaic quartz and the ore mineral dendrites. 

This overgrowth by euhedral quartz is interpreted to have formed as a result of the 

recrystallization of the originally microspherical matrix (Zeeck et al., 2021) and can also be 

observed in vein samples from Cenozoic deposits that contain well-preserved relic 

microspheres (Zeeck et al., 2021; Tharalson et al., in prep.). 

Large euhedral or subhedral comb quartz crystals common in the barren bands show a 

range of textures that can be related to metamorphic recrystallization. Particularly common is 

undulose extinction in the quartz and the formation of clusters of small quartz grains 

originating at grain boundaries. The quartz is crosscut by myriads of healed microfractures 

defined by secondary fluid inclusions forming wispy arrays. Many of the secondary fluid 

inclusions are highly irregular in shape and assemblages consist of decrepitated inclusions 

and variable liquid to vapor volumetric proportions. This secondary fluid inclusion overprint 

is not a primary characteristic of epithermal quartz (Bodnar et al., 1985). 

 

5.5.4 Implications to Processes of Ore Formation 

Salam (2013) previously proposed that ore deposition at Chatree likely occurred as a 

result of boiling of the hydrothermal liquids. Both liquid-rich and vapor-rich fluid inclusions 

were observed along growth zones in subhedral to euhedral comb quartz. As petrographic 

evidence indicated that the variable liquid to vapor ratios in these inclusions could not be 

explained by necking, Salam (2013) suggested that the fluid inclusion petrography points to 

the occurrence of boiling during vein formation. This finding is supported by the observation 

that the mineralized veins at Chatree contain pseudomorphs of quartz replacing bladed 

calcite. Following the studies by Keith and Muffler (1978) as well as Simmons and 

Christenson (1994) on modern geothermal systems, the presence of bladed calcite in 
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epithermal veins is widely regarded to be a reliable textural indicator for boiling (deRonde 

and Blattner, 1988; Dong et al., 1995; Simon et al., 1999; Etoh et al., 2002; Moncada et al., 

2012, 2017). Additional support for this conclusion is provided by the abundant occurrence 

of adularia in the mineralized crustiform veins. Based on observations in modern geothermal 

systems, Browne and Ellis (1970) and Hedenquist (1990) showed that adularia is a 

mineralogical indicator for boiling. This observation is strongly supported by thermodynamic 

considerations (Drummond and Ohmoto, 1985; Cathles, 1991). 

The conclusion of Salam (2013) that boiling of the hydrothermal fluids was an 

important control on gold mineralization at Chatree is supported by many studies on 

epithermal systems (Kamilli and Ohmoto, 1977; Bodnar et al., 1985; Saunders, 1990, 1994; 

Sherlock et al., 1995; Brathwaite and Faure, 2002; Etoh et al., 2002; John et al., 2003; 

Camprubí and Albinson, 2007; Vikre, 2007; Moncada et al., 2017). It is well established that 

H2S strongly partitions into the vapor phase during boiling, which significantly reduces the 

amount of H2S in solution in the coexisting liquid. As a result of gas loss and, to a lesser 

extend changes in acidity, gold bisulfide complexes (Seward, 1973; Benning and Seward, 

1996; Stefánsson and Seward, 2004) are destabilized and gold is precipitated (Brown, 1986; 

Drummond and Ohmoto, 1985; Hedenquist and Henley, 1985; Spycher and Read, 1989; 

Christenson and Hayba, 1995; Simmons and Browne, 2000;!Sanchez-Alfaro et al., 2016). 

This process of metal deposition is common in modern geothermal systems explaining high 

gold grades in sulfide mineral scales formed under two-phase liquid plus vapor flow 

conditions (Brown, 1986; Clark and Williams-Jones, 1990; Christenson and Hayba, 1995; 

Reyes et al., 2002; Hardardóttir et al., 2010). 

The results of this study, however, suggest that the degree of vapor production during 

boiling could have been an important controlling factor on gold mineralization at Chatree. 

Moncada et al. (2012), Shimizu (2014), and Sanchez-Alfaro et al. (2016) showed that two 

fundamentally different types of boiling need to be distinguished. As hydrothermal liquids 

decompress under hydrostatic pressure conditions, they intersect the liquid plus vapor 

coexistence boundary, causing the generation of vapor. In open fractures, the vapor produced 

is physically separated from the hydrothermal liquid and rises more rapidly to the surface. 

This process of vapor production is generally referred to as gentle boiling. In contrast to this 

type of boiling, a seismic event or a dike injection (Sibson, 1987; Rowland and Simmons, 

2012) may trigger an event of vigorous boiling along the structure that controls the upflow of 

the hydrothermal liquids. As vapor is produced by boiling, it may accumulate in the upper 

part of the structure causing pressures deeper along the structure to drop below hydrostatic 
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conditions. As the lower pressure regime migrates downward, more and more liquid converts 

to vapor at depth and within the surrounding wall rock (Henley and Hughes, 2000). This 

process of vaporization caused by pressure changes along the host structure is widely referred 

to as flashing. 

Mineralization at Chatree can be related to the occurrence of flashing as a high degree 

of supersaturation of metals and silica is required to form the ginguro bands and variations in 

the amount of vaporization are required to explain the chemical gradients observed. In 

contrast to the ginguro bands, bands containing pseudomorphs of quartz replacing bladed 

calcite are typically barren, suggesting that gentle boiling may be responsible for the 

formation of bladed calcite, but not the precipitation of large amounts of ore minerals. 

Similarly, barren quartz bands can contain abundant adularia, implying that gentle boiling is 

not the principal process responsible for mineralization at Chatree. This is consistent with a 

number of studies highlighting the importance of flashing as the principal mechanism of ore 

formation in the epithermal environment (Christenson and Hayba, 1995; Scott and Watanabe, 

1998; Moncada et al., 2012; Shimizu, 2014; Sanchez-Alfaro et al., 2016; Taksavasu et al., 

2018; Tharalson et al., 2019; Tharalson et al., in prep.; Slater et al., 2021; Zeeck et al., 2021). 

In a simplistic model of flashing, vapor flow will predominate in the shallow 

subsurface although the vapor may carry droplets of the liquid. Violent discharge of vapor on 

surface may result in hydrothermal eruptions (Muffler et al., 1971; Hedenquist and Henley, 

1985; Fournier et al., 1991, Christenson and Hayba, 1995; Browne and Lawless, 2001), the 

surface expressions of which are not preserved at Chatree due to erosion. With increasing 

depth, the vapor-dominated flow transitions into a region of two-phase liquid plus vapor 

flow. At even greater depth, flow is dominated by hydrothermal liquids. At Chatree, 

deposition of the ore minerals and silica host in the ginguro bands in envisaged to have 

occurred within the region of two-phase liquid plus vapor flow where the chemistry of the 

ascending hydrothermal liquids changed most rapidly due to the vapor loss. As flashing is a 

highly dynamic process (Henley and Hughes, 2000), the degree of vapor production would 

have varied with depth along the host structure and over time. Repeated flashing events 

would have been necessary to form crustiform veins that contain multiple ginguro bands. 

The results of this study have important implications to exploration in the epithermal 

environment. If ore deposition occurred through gentle boiling, the depth of the ore zone 

below the paleowater-table can be easily predicted at Chatree and similar deposits. 

Thermodynamic considerations suggest that >90% of gold in liquids undergoing gentle 

boiling deposits over a temperature range of 260° to 180°C (Simmons and Browne, 2000). In 
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the pure H2O system, this temperature range corresponds to a depth of ~460 to 90 m below 

paleosurface at cold hydrostatic conditions and ~560 to 100 m below the paleosurface at hot 

hydrostatic conditions. However, the ore zone could be located at significantly greater depths 

if flashing caused mineral deposition. The downward migration of the low-pressure 

conditions along the controlling structure during flashing would cause the onset of boiling to 

occur progressively deeper below the paleosurface. 

 

5.6 Conclusion 

Crustiform veins in the Early Triassic Chatree intermediate-sulfidation epithermal 

deposit are characterized by the presence of ginguro bands containing abundant ore minerals 

that alternate with barren bands of gangue minerals. The ore minerals in the ginguro bands 

form dendritic aggregates that are hosted by mosaic quartz that ranges from fine- to coarse-

grained. The bands of mosaic quartz, which range from planar to wavy and colloform, are 

interpreted to have formed through recrystallization of originally noncrystalline silica. Ore 

mineral precipitation at far-from-equilibrium conditions resulting in dendrite formation and 

concomitant deposition of noncrystalline silica that later recrystallized to mosaic quartz is 

interpreted to have occurred as a result of metal and silica supersaturation achieved in the 

hydrothermal liquids during short-lived events of vigorous boiling or flashing. During these 

events, the degree of vapor production varied with depth along the veins and over time, 

explaining the observation that individual ginguro bands exhibit chemical gradients from 

bottom to top and that adjacent bands can be compositionally distinct. Barren bands of 

gangue minerals separating the ginguro bands are interpreted to have formed during periods 

of gentle boiling or nonboiling. At the thin-section scale, the microtextural relationships 

between the ore minerals and the silica host have been extensively modified during a 

subsequent metamorphic overprint and only relic primary relationships are detectable. The 

study at Chatree illustrates how these relationships can be successfully identified in 

epithermal deposits that have been overprinted by metamorphism, providing important 

constraints on the processes of ore formation. 
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CHAPTER 6 

CONCLUSIONS 

 

As part of this thesis, the textural characteristics of high-grade ores from epithermal 

deposits were studied to unravel the processes that result in precious- and base-metal- 

enrichment in shallow subaerial hydrothermal systems. The research focused on epithermal 

vein material collected from low-, intermediate-, and high-sulfidation epithermal deposits 

worldwide. In addition, silica sinter formed in a modern geothermal system was investigated 

to better understand textures that develop in silica deposits that have not matured or 

recrystallized. 

 

6.1 Research Findings 

The following section summarizes the main findings of this research and provides a 

brief discussion on the implications of the research findings: 

1.! High-grade ore zones in low- and intermediate-sulfidation state epithermal deposit 

are commonly confined to veins having crustiform textures typified by alternate 

bands of ore and gangue minerals having different mineralogical compositions, 

textures, or colors. Similar veins can be found in high-sulfidation epithermal 

deposits although most deposits of this type are characterized by different styles of 

mineralization. Within crustiform epithermal veins, ore minerals are located within 

distinct, commonly colloform bands. In many deposits the ore minerals are present 

in dark gray to black bands that are historically referred to as ginguro bands. 

However, native gold can be present in unassuming light-colored layers that are 

referred to as gankin bands.  

2.! Ore minerals in ginguro and gankin bands commonly have dendritic shapes. Ore 

mineral dendrites range from micrometers to several centimeters in size and 

typically are composed of multiple intergrown opaque minerals. The delicate 

shapes of the ore mineral dendrites suggest that these aggregates grew under far-

from-equilibrium conditions where crystal growth was controlled by a diffusion-

limited process.  

3.! The ore mineral dendrites in epithermal veins are hosted in a matrix that originally 

was composed of noncrystalline opal-A. The noncrystalline silica originally 

exhibited a microspherical texture with individual microspheres ranging from 1‒5 

µm in size. The microspherical silica hosting the ore mineral dendrites in 
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epithermal veins has textural characteristics that are similar to silica sinter deposits. 

Extensive research by previous workers has established that silica sinters are 

composed of opal-A. The textural similarities further substantiates the inference 

that the silica matrix of ginguro and gankin bands was originally composed of 

noncrystalline silica. 

4.! Different relative timing relationships may exist between the ore minerals and the 

matrix of opal-A. At the <2.2 Ma McLaughlin deposit in California, primary 

textural relationships are well preserved. Micrometer-sized ore mineral dendrites 

occur between microspheres of opal-A. The textural relationships suggest that 

these dendrites must have grown within the preexisting silica matrix. Growth of the 

dendrites may have occurred by diffusion of nutrients through the silica to the sites 

of ore mineral growth. Experiments were conducted to show that growth of 

mineral dendrites can indeed occur in silica gels. However, observations in modern 

geothermal systems suggest that ore minerals and opal-A can also coprecipitate 

from hydrothermal fluids. In this case, the silica microspheres provide a framework 

for the ore mineral dendrites as these grow during continued deposition of the 

silica microspheres. 

5.! Microtextural relationships between the ore minerals and the silica observed in 

high-grade veins from low-, intermediate-, and high-sulfidation epithermal deposits 

suggest that the processes resulting in the growth of ore mineral dendrites at far-

from-equilibrium conditions and the deposition of noncrystalline silica in 

hydrothermal liquids are universal in the epithermal environment despite the fact 

that these deposits show different relationships with associated magmas and that 

metals transported by the hydrothermal liquids may be of different origins.  

6.! It is suggested here that ore mineral dendrite formation in the ginguro and gankin 

bands at far-from-equilibrium conditions and deposition of opal-A as a matrix to 

the ore mineral dendrites can be related to metal and silica supersaturation in the 

hydrothermal liquids caused by flashing. Induced by a seismic event or dike 

emplacement, a fluid pressure drop along the host structure results in these short-

lived events of violent vaporization of hydrothermal liquids. At surface, a 

hydrothermal eruption of dominantly vapor may occur. Deeper along the host 

structure, a region of two-phase liquid plus vapor flow develops. Ore mineral and 

silica deposition are thought to occur in this region where the composition of the 

liquid changes rapidly due to vaporization. As the degree of vaporization is a 



 134 

fundamental control on metal supersaturation, variations in the amount of vapor 

produced along the controlling structure and over time can explain the chemical 

differences between ginguro and gankin bands as well as observed compositional 

gradients within individual bands. 

7.! Barren bands in epithermal veins show textures that differ significantly from 

mineralized ginguro and gankin bands. A wide range of textures can be observed in 

barren bands. This includes colloform chalcedonic quartz bands, bands of comb 

quartz, and quartz pseudomorphs replacing platy-bladed calcite. The absence of ore 

minerals in these layers and the occurrence of different gangue mineral textures 

suggest that these bands have formed by processes that deviate from those 

governing the formation of ginguro and gankin bands. It is proposed here that 

barren bands are formed during periods of gentle boiling or nonboiling of the 

hydrothermal liquids. 

8.! Geochronological information suggests that hydrothermal activity leading to the 

formation of epithermal deposits lasts for several tens of thousands of years 

(Sanematsu et al., 2006; Rowland and Simmons, 2012) up to nearly a million years 

(Mauk et al., 2011). Steady-state flow during this period of time may involve 

gentle boiling or nonboiling conditions depending on the reservoir temperature and 

the path of fluid flow through the subsurface. However, deposition of large 

amounts of metals occurs intermittently during short periods of flashing that are 

presumably seismically triggered. Over time, repeated short-lived events of 

flashing are required to cause the deposition of multiple ginguro or gankin bands, 

which result in the development of high-grade ore zones. These fundamental 

processes are common to all shallow hydrothermal systems in which upflow of the 

hydrothermal liquids is structurally controlled and where pressures in the 

subsurface can temporarily degrease below hydrostatic conditions through violent 

decompression and vaporization of hydrothermal liquids. 

9.! In most of the samples studied, primary textural relationships have been modified 

by recrystallization. The thermodynamically unstable noncrystalline opal-A has 

matured and recrystallized to quartz. The quartz formed through maturation and 

recrystallization of the noncrystalline silica has a mosaic texture. Polycrystalline 

quartz of this texture is characterized by highly irregular and interpenetrating grain 

boundaries. In some deposits, relic microspheres can be observed in the mosaic 
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quartz by high-resolution optical microscopy attesting to the original make-up of 

the silica hosting the ore minerals. 

10.! Textural studies on vein samples from the Early Triassic Chatree epithermal 

deposit in Thailand show that observations made in Cenozoic deposits can also be 

applied to deposits that have been overprinted by regional metamorphism. 

Although recrystallization has obliterated many textural relationships, ginguro 

bands consisting of ore mineral dendrites and mosaic quartz can still be observed. 

The study at Chatree provides important guidelines for how primary relationships 

can be reconstructed in metamorphosed deposits. 

 

The findings of this thesis have significant implications to mineral exploration. Existing 

models for the formation of epithermal deposits assume that gentle boiling was the principal 

process responsible for the deposition of metals in the epithermal environment. In this case, 

the boiling-point-to-depth curve can be used to constrain the depth below the paleowater-

table at which vapor formation commences in hydrothermal liquids of a given temperature. 

According to this model, the boiling zone is most favorable for mineral exploration and its 

depth can be easily determined from fluid inclusion studies or geological observations 

constraining paleoelevation such as the occurrence of siliceous sinters. However, if flashing 

is the principal process responsible for high-grade ore deposition, the location of the ore 

zones is more difficult to constrain. During flashing, the pressure along the host structure is 

lowered and vaporization may occur to larger depth than during gentle boiling. Accordingly 

high-grade ore zones may occur at greater depth than previously thought, requiring a change 

in exploration paradigm. 

This study further highlights the importance of careful textural studies on epithermal 

veins. A wealth of information on the processes of ore formation can be gained through high-

magnification optical petrography and selection of representative samples from epithermal 

ore deposits. The study provides insights into how petrographic investigations can be used to 

derive critical information required in mineral exploration. 

 

6.2 Recommendations for Future Work 

Based on the results of this study, the following recommendations for future work are 

made: 

1.! In modern geothermal systems, opal-A can also form by heterogeneous nucleation 

on solid surfaces. Literature data suggests that this type of silica deposit is 
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texturally distinct and that the rates of silica deposition are significantly lower 

(Brown, 2011; van den Heuvel et al., 2018). It is recommended here to conduct an 

in-depth study on the textural characteristics of these silica scalings to clarify 

whether similar deposits also occur abundantly in epithermal veins. Preliminary 

work conducted as part of this thesis (see Appendix) suggests that these opal-A 

deposits are also present in epithermal veins but are typically barren. 

2.! Calcite formed in the epithermal environment can exhibit bladed and platy crystal 

habits that are indicative of gentle boiling (Simmons and Christenson, 1994). It is 

proposed to conduct a comprehensive study of samples showing this texture to 

conclusively determine how frequent the occurrence of ore minerals can really be 

linked to this texture. Preliminary work conducted as part of this study suggests 

that bands of bladed calcite are typically barren or only contain disseminated ore 

mineral grains. A comprehensive study would shed light on the question of how 

important gentle boiling is in the formation of low-grade epithermal deposits where 

ore minerals may not be concentrated in ginguro or gankin bands. 

3.! A wealth of new information could be obtained by using the results of this thesis as 

a basis for modeling two-phase fluid flow and associated geochemical processes. It 

is proposed here that future research focusing on modeling should be conducted to 

expand on the work by Christenson and Hayba (1995). Renewed modeling efforts 

would need to take mineral stabilities of other important ore minerals into account, 

especially commonly occurring Ag-bearing ore minerals such as the Ag 

sulfoselenides.  
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APPENDIX A 

 

TEXTURAL CHARACTERISTICS OF ORE MINERAL DENDRITES IN BANDED 

QUARTZ VEINS FROM LOW-SULFIDATION EPITHERMAL DEPOSITS: 

IMPLICATIONS FOR THE FORMATION OF BONANZA-TYPE PRECIOUS METAL 

ENRICHMENT 

Erik R. Tharalson 1, Tadsuda Taksavasu 1, Thomas Monecke 1, T. James Reynolds 1,2, Nigel 

M. Kelly 1,3, Katharina Pfaff 1, Aaron S. Bell 4, and Ross Sherlock 5 

 

Abstract 

Quartz veins in bonanza-type ore zones of low-sulfidation epithermal deposits 

frequently contain ore mineral dendrites. Gold and naumannite dendrites hosted by colloform 

silica bands from four deposits located in California and Nevada were studied to better 

understand the processes by which these delicate ore mineral aggregates are formed. High-

magnification optical petrography revealed that the colloform bands hosting the ore mineral 

dendrites originally consisted of noncrystalline silica microspheres. Textural relationships 

suggest that the microspherical silica provided the structural framework for the delicate ore 

mineral aggregates to grow. The ore mineral dendrites either grew contemporaneously with 

the deposition of the microspherical silica along the vein walls or after their deposition within 

permeable gel-like layers of microspheres. Etching in hydrofluoric acid showed that the ore 

mineral dendrites exhibit complex surface morphologies. The surface morphology of the ore 

mineral dendrites and their textural relationships with the silica host were modified as a result 

of post-depositional maturation and recrystallization processes causing the conversion of the 

noncrystalline silica to quartz. It is proposed here that ore mineral dendrite formation in the 
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low-sulfidation epithermal veins occurred from hydrothermal liquids during periods of two-

phase flow associated with short-lived events of vigorous boiling or flashing, which caused 

supersaturation of silica in the liquid and the deposition of the ore minerals. 

 

Introduction 

Low-sulfidation epithermal deposits form in the shallow subsurface (<1.5 km) from 

near-neutral hydrothermal waters having temperatures of up to 250 ºC (Hedenquist et al., 

2000; Simmons et al., 2005). The ore-forming hydrothermal liquids are rock-buffered and 

typically have a low (<3–4 wt% NaCl equiv.) salinity (Hedenquist et al., 2000; Bodnar et al., 

2014). Many low-sulfidation epithermal deposits have zones of bonanza-type ore grades 

confined to crustiform quartz veins that range from centimeters to several meters in widths. 

Within these crustiform veins, the ore minerals typically occur within specific colloform 

bands (Takeuchi and Shikazono, 1984; Leavitt et al., 2004; Sanematsu et al., 2006; Shimizu, 

2014; Tharalson et al., 2019). 

The ore minerals within crustiform quartz veins in low-sulfidation epithermal deposits 

commonly have complex dendritic shapes. In some deposits, macroscopically visible ore 

mineral dendrites occur. Most notable is the occurrence of large gold dendrites in bonanza-

type ore zones at the Jumbo, Fire Creek, Midas, National, Round Mountain, Seven Troughs, 

Sleeper, and Tenmile deposits in Nevada (Lindgren, 1915; Saunders, 1990, 1994, 2012; 

Saunders and Schoenly, 1995a; Saunders et al., 1996, 2020; Perez, 2013; Milliard et al., 

2015; Burke et al., 2017; Saunders and Burke, 2017), McLaughlin in California (Sherlock 

and Lehrman, 1995), and Khan Krum in Bulgaria (Marinova et al., 2014). Acanthite, 

aguilarite, and naumannite dendrites have been described from the DeLamar Mountain and 

War Eagle Mountain deposits in Idaho (Mason et al., 2015) and the Buckskin-National, 

Hollister, Fire Creek, and Seven Troughs deposits in Nevada (Vikre, 1985, 2007; Saunders et 

al., 2008, 2011; Unger, 2008; Saunders, 2012; Saunders et al., 2020). In some deposits, base 

metal sulfide minerals also form dendrites. For instance, chalcopyrite encrusting and 

replacing naumannite has been documented at Buckskin-National (Saunders, 2012). At the 

Waihi and Karangahake in New Zealand, sphalerite is fine-grained to dendritic (Simpson, 

2017). Dendritic galena has been recorded at the Koryu deposit in Japan (Shimizu et al., 

1998). 

The processes involved in the formation of ore mineral dendrites are currently not fully 

understood. Previous workers suggested that the formation of gold dendrites can be linked to 

colloidal gold transport in the hydrothermal liquids (Saunders, 1990; Saunders and Schoenly, 
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1995a,b; Sherlock and Lehrman, 1995). Saunders (1990) suggested that gold forms colloids 

in the deeper parts of the hydrothermal system as a result of cooling or boiling of the 

hydrothermal liquids. In this model, colloidal gold would then have been mechanically 

transported by the hydraulic action of the ore-forming hydrothermal liquid and grown 

through aggregation. Gold deposition of the nanoparticles would have occurred along the 

vein walls through density accumulation or scavenging of the gold by charged surfaces. 

Ultimately, upward growth of the gold dendrites would have occurred at the tips of the 

dendrite branches simultaneously to the deposition of the silica host along the vein walls, 

successively building up a silica layer that hosts large dendrites. Saunders et al. (2011) 

suggested that colloidal transport is not restricted to gold and that naumannite dendrites may 

have formed by a similar process. Nevertheless, the textural relationships between the ore 

mineral dendrites and the colloform bands have not been described in detail, and the question 

as to why adjacent colloform bands in these crustiform veins commonly show different ore 

mineralogy (Taksavasu et al., 2018; Tharalson et al., 2019) has not been fully addressed yet. 

To better constrain the processes by which ore mineral dendrites form in shallow 

hydrothermal systems, vein material from four low-sulfidation epithermal deposits was 

selected for this study. The distribution of ore minerals in the crustiform veins and chemical 

zoning of the ore mineral dendrites was studied by micro-X-ray (µXRF) fluorescence 

mapping. The microtextural characteristics of ore mineral dendrites and their textural 

relationships to the silica host were identified by optical microscopy. In addition to the study 

of textural relationships in thin sections, the morphologies of ore mineral dendrites were 

determined by scanning electron microscopy following etching of samples in concentrated 

HF. Based on the textural observations, it is suggested that the colloform bands hosting the 

ore mineral dendrites originally contained non-crystalline microspherical silica. Ore mineral 

dendrites could have grown during stacking of the silica microspheres or grew within the 

originally permeable, gel-like layers of microspheres deposited along the vein walls during 

short periods of vigorous boiling or flashing of the hydrothermal liquids. The new model of 

dendrite growth has significant implications to the current understanding of how bonanza-

type precious metal enrichment occurs in low-sulfidation epithermal systems. 

 

Geological Setting 

Vein samples containing ore mineral dendrites were obtained from four low-sulfidation 

epithermal deposits located in the western United States (Fig. A.1). This included gold 
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dendrites from McLaughlin in California and Sleeper in Nevada as well as naumannite 

dendrites from the Buckskin-National and Fire Creek deposits in Nevada. 

The Pleistocene (<2.2 Ma) McLaughlin deposit is located in the Coastal Range of 

California, ~120 km north of San Francisco at the junction between Napa, Yolo, and Lake 

Counties (Gustafson, 1991). McLaughlin is a well-preserved low-sulfidation epithermal 

deposit that underwent little erosion since its formation as the mineralized vein system is 

capped by hydrothermal eruption deposits and a subaerial sinter terrace. Mineralization is 

located in the structural footwall of the Stony Creek fault separating the Middle Jurassic 

Coastal Range ophiolite in the southwest from Late Jurassic sedimentary rocks of the Great 

Valley sequence to the northeast (Sherlock et al., 1995; Tosdal et al., 1996). High-grade ores 

occur in a pipe-like sheeted vein complex that developed within a dilatant zone at the margin 

of a basalt block within a tectonic mélange consisting of sedimentary rocks and serpentinite. 

The sheeted vein complex consists of centimeter- to meter-wide subparallel siliceous veins 

(Sherlock and Lehrman, 1995; Sherlock et al., 1995; Tosdal et al., 1996). The deposit was 

mined between 1983 and 1996, with a total resource of ~3.5 million ounces (Moz) Au 

contained in 24.3 million metric tonnes (Mt) of ore grading 4.49 g/t (Tosdal et al., 1996). 

The Sleeper deposit is located at the western flank of the Slumbering Hills of Humboldt 

County, Nevada, ~45 km northwest of Winnemucca (Wood and Hamilton, 1991). Sleeper is 

hosted by early Miocene volcanic rocks, which were deposited on folded Mesozoic 

metasedimentary basement rocks. The volcanic succession includes a <40‒200-m-thick basal 

volcaniclastic unit that is overlain by a 150-m-thick unit of basaltic to andesitic flows and 

associated breccias. A pumiceous lapilli tuff unit separates the basaltic to andesitic lavas from 

an overlying, over 300-m-thick porphyritic rhyolite unit that is the main host to gold 

mineralization at Sleeper (Nash et al., 1995). Bonanza-type veins are crustiform and range 

from 2 cm to 5 m in width, with typical grades of 50‒100 g/t Au. The veins occur in a zone 

that is 300 m wide and 1,200 m in strike length. Four continuous high-grade veins have been 

identified that each can be traced over a strike length of ~200 m each, with a down-dip extent 

of over 300 m. These bonanza-type veins are surrounded by narrow (<5 m) breccia zones, 

typically grading 3‒35 g/t Au, that grade outward into brecciated wall rock cut by stockwork 

veins, with low gold grades extending up to 200 m in the structural hanging wall of the veins 

(Nash et al., 1989, 1995). 40Ar/39Ar dating of adularia from Sleeper suggests that the 

mineralization formed between 16.2 ± 0.4 and 14.1 ± 0.6 Ma (Conrad et al., 1993). Mining of 

the deposit between 1986 and 1996 produced ~1.7 Moz Au and ~2.3 Moz Ag (Wilson and 

Brechtel, 2017). 
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Figure A.1 Map showing the locations of the low-sulfidation epithermal deposits studied. 

 

 

The Buckskin-National deposit forms part of the National district of Humboldt County, 

Nevada (Lindgren, 1915; Vikre, 1985, 1987, 2007). The deposit was mined intermittently 

from 1906 to 1941, yielding 24,000 oz of Au and 300,000 oz Ag. Located on the eastern 

slope of Buckskin Mountain, the Buckskin-National deposit is hosted by a ~700-m-thick 

succession of early Miocene (16.57 ± 0.03 to 16.11 ± 0.03 Ma; Vikre, 2007) massive rhyolite 

and associated volcaniclastic rocks. The mine was developed on a bonanza-type vein referred 

to as the Bell vein. Mining of the Bell vein has occurred over a strike length of 1.3 km. The 

vein strikes N-S and dips 75° to the west. It has an average thickness of 1.8 m (Vikre, 1985). 

Based on drilling, the vein is known to extend to a depth of at least ~790 m below the 

paleosurface (Vikre, 2007). The Bell vein consists primarily of quartz with adularia being the 

second most abundant gangue mineral. 40Ar/39Ar dating of adularia yielded an age of 16.06 ± 

0.03 Ma (Vikre, 2007). The top of Buckskin Mountain is capped by a 30-m-thick carapace of 

finely laminated silica sinter and silicified epiclastic deposits. The reddish to gray-black silica 
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sinter cropping out in an area that is 420 × 230 m represents the surface expression of the 

hydrothermal system that formed the Buckskin-National deposit (Vikre, 2007).  

The Fire Creek deposit is located in the Argenta mining district in Lander County, 

Nevada, ~100 km west of Elko. The basement in the area is composed of lower Paleozoic 

siliciclastic rocks that are complexly deformed. These rocks are unconformably overlain by 

basal conglomerate, and Eocene crystal-rich rhyolite ash-flow tuff that is moderately to 

densely welded. The rhyolite tuff is overlain by a ~150-m-thick Oligocene to Miocene 

succession of tuffs, basalt to andesite sills, dikes, rare lava flows, lacustrine deposits, and rare 

epiclastic tuffs. Miocene porphyritic basaltic andesite to andesite flows and associated 

volcaniclastic rocks form the main host to mineralization at Fire Creek. Lava flows in this 

120‒220-m-thick unit are marked by distinctive, multi-directional hackly jointing. The lava is 

overlain by tan to buff colored tuff and lapilli tuff that is locally intruded by vitreous 

aphanitic basalt sills. A ~200-m-thick succession of andesite flows cap the volcanic 

succession at Fire Creek (Milliard et al., 2015; Odell et al., 2018). Miocene mineralization at 

the deposit predominately occurs as bonanza-type (up to 30,000 g/t Au) veins developed 

along faults or dike contacts. The crustiform veins range from <1 cm to 1.5 m in thickness. In 

total, over 70 individual veins or mineralized structures have been identified at Fire Creek, 

forming a mineralized vein array extending for over 1,500 m along strike and from near 

surface to a depth of over 300 m (Perez, 2013; Milliard et al., 2015; Odell et al., 2018). In 

addition to the bonanza-type veins, lower grade breccia zones and disseminated sulfide zones 

are present in the hackly-jointed basaltic andesite and andesite flows (Milliard et al., 2015). 

Between 2015 and 2019, Fire Creek produced 385,000 oz Au and 599,000 oz Ag. At the end 

of 2019, a proven and probable reserves of 53,500 metric tonnes of ore grading 31.5 g/t Au 

and 30.8 g/t Ag were identified, totaling 54,000 oz Au and 51,000 oz Ag. In addition, 

measured and indicated resources of 233,000 metric tonnes of ore grading 24.3 g/t Au and 

24.0 g/t Ag for a total of 182,000 oz Au and 176,000 oz Ag were defined (J. Marma, pers. 

commun., 2020). 

 

Materials and Methods 

Initially, chemical mapping of the cut samples was performed using a bench-top Bruker 

M4 Tornado µXRF at the Colorado School of Mines. The instrument was equipped with dual 

30 mm2 silicon drift detectors and a Rh X-ray tube with polycapillary optics allowing spot 

sizes of ~25 µm. All measurements were performed under a vacuum of 20 mbar at 50 kV and 

600 nA using a 12.5 µm Al primary excitation filter. Data acquisition was conducted at a line 
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spacing of 35 µm and a dwell time of 35 ms per pixel. The X-ray peaks for individual 

elements were manually checked and used to generate element distribution maps showing 

normalized count rates using the Bruker M4 ESPRIT software.  

Polished thin (35‒45 µm thick) sections were obtained to study the dendrite mineralogy 

and the textural relationships between the ore minerals and the host. Optical petrography was 

conducted using an Olympus BX53 optical microscope. The composition of ore mineral 

dendrites was subsequently determined by electron microprobe (EMP) analysis at the 

Department of Geological Sciences at CU Boulder. A JEOL 8230 electron microprobe 

equipped with five wavelength dispersive X-ray spectrometers was used. For the analysis of 

gold, the instrument was operated at an accelerating voltage of 15 kV and beam current of 20 

nA, measured on the Faraday cup, with a focused electron beam of 1 µm. Count times of 20 

seconds were used on the peak for Ag, As, Cu, Hg, Pb, S, Sb, Se, and Te. A count time of 30 

seconds was employed for Au. The off-peak count time was 20 seconds for all elements. 

Analyses were performed using K! X-ray emission lines for As, Cu, S, and Se; L! lines for 

Ag, Sb, and Te; and the M! lines for Au, Hg and Pb. All analyses were performed with large 

area LIF (As, Cu, and Se) or PET (Ag, Au, Hg, Pb, S, Sb, and Te) analyzing crystals. The use 

of the large area crystals generated improved counting statistics leading to lower detection 

limits and analytical uncertainties. Standards used included pure metals for Ag, Au, Cu, Pb, 

Sb, and Te, arsenopyrite for As and S, and cinnabar for Hg. Silver sulfoselenides were 

analyzed using a 15 kV accelerating voltage and a reduced beam current of 3 nA. The 

reduced beam current was used along with a defocused beam diameter of 3 µm to mitigate 

beam damage issues that occur in silver sulfoselenide phases with exposure to high current 

densities (cf. Cocker et al., 2013). 

Small subsamples (~0.5 cm3) of the crustiform vein material containing ore mineral 

dendrites were obtained using a micro-saw. These subsamples were etched in 4‒5 ml of 48 % 

HF at room temperature without agitation within 15 ml polypropylene tubes. Following seven 

days, the samples were decanted and rinsed. The etched ore mineral dendrites were then 

hand-picked under a binocular microscope and mounted on aluminum sample stubs using 

carbon tape. Following Au coating, the samples were studied using a TESCAN MIRA3 LMH 

Schottky field emission-scanning electron microscope (FE-SEM) at the Colorado School of 

Mines. The instrument was operated at working distances of 5‒10 mm and an accelerating 

voltage of 15.0 kV. 
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Results 

Gold Dendrites From McLaughlin 

As shown by Sherlock and Lehrman (1995), amber-colored opaline veins occurring 

within the sheeted vein complex contain abundant gold dendrites that are too small (<0.5 

mm) to be visually recognizable (Fig. A.2). Chemical mapping by µXRF shows that elevated 

Ag and Au count rates occur throughout the vein sample and that macroscopic criteria such 

as the color of the opaline material is only a poor predictor of where precious metal minerals 

occur. The maps show that the distributions of Ag, Au, Cu, Se, and Zn somewhat differ from 

each other suggesting that gold dendrites do not always occur together with the other ore 

minerals (Fig. A.2). 

Petrographic investigations on the amber-colored veins conducted as part of this study 

show that the opaline material forming these veins consists of tightly packed 1–5 µm 

microspheres (Fig. A.3a). The microspheres are well-preserved and can be easily recognized 

at high magnification. Cavities between the microspheres have sickle-like shapes outlining 

the microspheres. The proportion of voids is high which may contribute to the dark gray to 

brownish color of the opaline material in transmitted light. The opaline material is colloform 

banded, with adjacent bands showing subtle differences in color and the packing density of 

the microspheres. The surfaces of individual bands are wavy or botryoidal in shape. 

Various degrees of recrystallization of the microspherical silica can be observed. In 

some of the opaline bands, the microspheres are densely packed and appear to be fused 

together. Groups of concentrically banded silica spheres having a heterogeneous turbid 

appearance occur. In plane polarized light, these silica spheres differ in color from the 

surrounding microspherical matrix. Individual spheres range up to 50 µm in size. In many 

cases the silica spheres are interconnected, with the outermost concentric bands surrounding 

entire amalgamated aggregates (Fig. A.3b). The microspherical matrix is locally 

recrystallized to quartz. The quartz can form complex aggregates (Fig. A.3b) or doubly 

terminated quartz crystals (Fig. A.3c) that are suspended in the microspherical matrix. Where 

the quartz aggregates or crystals occur in close proximity, the concentric zoning around the 

crystals resembles colloform banding (Fig. A.3c). Dense occurrences of the quartz crystals 

grown in the microspherical matrix locally resulted in the formation of zones of massive clear 

quartz crystals (Fig. A.3c). In crossed-polarized light, these zones exhibit a mosaic texture in 

which quartz grains have irregular and interpenetrating grain boundaries and differ in their 

crystallographic orientations (Fig. A.3d). 
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Ore minerals occur throughout the variably recrystallized microspherical matrix (Figs. 

A.3, A.4). Most notable are curviplanar, spinifex-like aggregates, which mostly consist of 

gold and sphalerite, with minor pyrargyrite, tetrahedrite, and argentite/acanthite (Fig. A.4a). 

These up to 500-µm-long aggregates are oriented approximately perpendicular to the 

colloform banding. Ore minerals also occur as small dendrites within the microspherical 

opaline matrix that radiate in different directions (Fig. A.4b) or are branching and tree-like 

(Fig. A.4c). The gold in these dendrites have a millesimal fineness of 593 to 790, averaging 

734 (n = 70; Fig. A.5). Electron microprobe analyses show compositions of gold found in all 

studied samples (Table A.1). Euhedral to subhedral crystals of pyrargyrite, which are up to 

~200 µm in size, are present throughout the microspherical matrix surrounding the gold 

dendrites (Figs. A.3a, A.4a-d). The microspherical matrix surrounding some of the larger 

stubby pyrargyrite crystals appears deformed (Fig. A.4d). In addition to pyrargyrite, minor 

pyrite crystals ranging up to ~100 µm are present, some of which contain galena inclusions. 

In many cases, clear quartz aggregates and crystals formed through recrystallization of the 

microspherical matrix encapsulate ore mineral dendrites (Fig. A.4c) or small complexly 

shaped aggregates of ore minerals (Fig. A.3b and A.4e,f). 

Gold dendrites also occur within crustiform quartz veins as shown by Sherlock and 

Lehrman (1995). The dendrites range from several hundred micrometers to several 

centimeters in size and are hosted by colloform quartz layers that are dark gray in color. The 

gold dendrites have complex branching morphologies that taper toward the center of the vein, 

and commonly terminate in dome shapes. Chemical mapping by µXRF shows that the 

centimeter-sized gold dendrites are characterized by elevated Ag, Cu, Se, and Zn count rates 

(Fig. A.6), suggesting that the gold occurs in small-scale intergrowths with other ore 

minerals. The dendrites are chemically and mineralogically zoned, with elevated 

concentrations of these elements primarily occurring in the top part of the dendrites (Fig. 

A.6). In the samples investigated, the gold dendrites represent the principal host to gold and 

little fine-grained gold is present in the colloform quartz bands. The gold has a millesimal 

fineness of 647 to 748, averaging 693 (n = 45; Fig. A.5).
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Figure A.2 Sample image and corresponding element maps of gold dendrites hosted in an 

amber-colored opaline vein sample from the McLaughlin deposit in California. The dendrites 

are small (<0.5 mm) and cannot be recognized macroscopically in the opaline host. The 

element maps were obtained by µXRF mapping. 

 

 

 



 148 

 

 
 

Figure A.3 Photomicrographs of silica textures in opaline vein material from the McLaughlin 

deposit in California. (a) Ore minerals within a matrix of silica microspheres, some of which 

are highlighted by the arrows. One location with microspheres is given as an inset. Plane 

polarized light. (b) Silica recrystallization textures within a matrix of microspheres. Circular 

and concentric bands surround quartz nucleation sites and quartz crystals with encapsulated 

ore minerals. Ore minerals are locally encapsulated within crystals of quartz grown in the 

microspherical matrix. Plane polarized light. (c) Doubly terminated quartz crystals that have 

grown within the microspherical matrix. Some isolated crystals are surrounded by concentric 

bands. Dense packing of quartz crystals resulted in the formation of zones of massive clear 

quartz (arrow). Plane polarized light. (d) Crossed-polarized light image of the same field of 

view. The image shows that the microspherical silica is still isotropic. The densely packed 

quartz crystals exhibit a mosaic texture (arrow). Pyrg = pyrargyrite; Qz = quartz; Sp = 

sphalerite. 
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Figure A.4 Photomicrographs of ore mineral textures in opaline vein material from the 

McLaughlin deposit in California. (a) Curviplanar, spinifex-like aggregates within a 

microspherical silica matrix. The aggregates consist mostly of gold and sphalerite, with 

minor pyrargyrite and tetrahedrite. These aggregates have grown approximately 

perpendicular to the vein wall. Circular and concentric banding can be seen within the 

microspherical matrix. (b) High-magnification image of gold and sphalerite dendrites 

suspended in a microspherical silica matrix. The larger crystal is pyrargyrite. (c) Delicate 

gold dendrite grown in a microspherical matrix. The dendrite is intergrown with some larger 

euhedral pyrargyrite grains. A dendritic aggregate in the upper left part of the image is 

surrounded by clear quartz that is interpreted to have formed through recrystallization of the 

non-crystalline silica in the matrix. (d) High-magnification image of a large pyrargyrite 

crystal. The microspherical matrix surrounding the crystal is deformed (arrows), which is 

interpreted to have occurred as a result of crystal growth in the gel-like material. (e) 
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Pyrargyrite encapsulated by euhedral quartz grown through recrystallization of the non-

crystalline silica in the matrix. The pyrargyrite forms small complexly shaped grains and 

dendrites (arrows). The microspherical matrix surrounding the euhedral quartz crystals shows 

concentric banding, interpreted to have formed as a result of maturation of the non-crystalline 

microspherical silica. (f) Pyrargyrite grains surrounded by quartz grains that formed through 

recrystallization of the non-crystalline silica in the matrix. The pyrargyrite occurs in the 

center of the euhedral quartz and along grain boundaries between adjacent quartz crystals. 

Complexly shaped gold dendrites are present in the microspherical matrix. All images were 

taken in plane polarized light. Au = gold; Pyrg = pyrargyrite; Sp = sphalerite. 
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Figure A.5 Millesimal fineness of gold contained in the low-sulfidation epithermal vein 

samples analyzed. Compositional analyses were conducted on the electron microprobe and 

by scanning electron microscopy. 

 

 

Optical microscopy shows that the centimeter-scale gold dendrites within the 

crustiform veins have variable morphologies. The dendrites have complex branching shapes. 

Spiculose deposits or dome-shaped aggregates are common (Fig. A.7a,b). Randomly 

dispersed subhedral pyrargyrite crystals can occur in the upper portions of the gold dendrites 

(Fig. A.7a), which may account for some of the chemical zoning observed in the µXRF 

maps. Relic microspheres are only locally present within the quartz matrix hosting the large 

gold dendrites. Small euhedral quartz crystals impinge on the gold (Fig. A.7c). Under 

crossed-polarized light, the quartz matrix surrounding the gold dendrites exhibits a mosaic 

texture (Fig. A.7d). 

Some of the smaller gold dendrites in the crustiform veins occur in narrower colloform 

bands characterized by finer-grained mosaic quartz under crossed-polarized light. In some 

cases, globular aggregates of relic microspherical quartz occur, with or without gold. The 

colloform bands can be interlayered with bands of clear quartz showing fine concentric 

layering in transmitted light (Fig. A.7b), distinct blocky extinction patterns in crossed-

polarized light.  

 



 152 

Table A.1 Representative electron microprobe analyses of gold (in wt%). 

 

 
Ag As Au Hg Pb S Se Te Total Fineness 

McLaughlin (opaline vein) 

1 24.05 ‒ 74.64 0.55 ‒ 0.07 ‒ ‒ 99.31 752 

2 27.25 ‒ 68.89 3.91 ‒ 0.11 ‒ ‒ 100.16 688 

3 30.11 ‒ 59.76 9.21 ‒ 0.25 ‒ ‒ 99.33 602 

4 24.30 ‒ 74.40 0.55 ‒ 0.17 ‒ ‒ 99.41 748 

5 32.40 ‒ 61.64 5.05 ‒ 0.15 ‒ ‒ 99.24 621 

6 27.33 ‒ 67.40 4.77 ‒ 0.21 ‒ ‒ 99.71 676 

7 24.27 ‒ 74.25 0.40 ‒ 0.18 ‒ ‒ 99.09 749 

8 30.62 ‒ 59.22 9.79 ‒ 0.19 ‒ ‒ 99.82 593 

9 25.22 ‒ 73.07 0.52 ‒ 0.31 ‒ ‒ 99.12 737 

10 25.19 ‒ 73.74 0.62 ‒ 0.21 ‒ 0.07 99.83 739 

McLaughlin (crustiform vein) 

1 32.41 ‒ 66.96 0.29 ‒ 0.15 ‒ ‒ 99.81 671 

2 33.47 ‒ 65.33 0.37 ‒ 0.12 ‒ ‒ 99.28 658 

3 32.97 ‒ 65.80 0.37 ‒ 0.08 ‒ ‒ 99.23 663 

4 31.74 ‒ 67.34 0.43 ‒ 0.08 ‒ ‒ 99.60 676 

5 34.10 ‒ 65.32 0.28 ‒ 0.11 ‒ ‒ 99.80 655 

6 34.28 ‒ 64.50 0.34 ‒ 0.14 ‒ ‒ 99.26 650 

7 34.63 ‒ 64.64 0.35 ‒ 0.11 ‒ ‒ 99.73 648 

8 32.09 ‒ 66.75 0.42 ‒ 0.10 ‒ ‒ 99.36 672 

9 30.77 ‒ 68.87 0.28 ‒ 0.08 ‒ ‒ 100.00 689 

10 34.03 ‒ 65.09 0.35 ‒ 0.08 ‒ ‒ 99.55 654 

Sleeper           

1 30.77 ‒ 69.79 ‒ ‒ 0.10 ‒ ‒ 100.66 693 

2 30.46 ‒ 69.37 ‒ ‒ 0.06 ‒ ‒ 99.89 694 

3 30.95 ‒ 69.46 ‒ ‒ 0.06 ‒ 0.07 100.54 691 

4 31.96 ‒ 68.34 ‒ ‒ 0.17 ‒ ‒ 100.47 680 

5 33.33 0.26 66.62 ‒ ‒ 0.14 ‒ ‒ 100.35 664 

6 31.35 ‒ 68.82 ‒ ‒ 0.11 ‒ ‒ 100.27 686 

7 32.16 0.48 67.33 ‒ 0.14 0.22 ‒ ‒ 100.34 671 

8 5.66 0.29 94.84 ‒ ‒ 0.04 ‒ ‒ 100.83 941 

9 31.50 0.33 67.96 ‒ 0.22 0.13 ‒ ‒ 100.14 679 

10 36.23 ‒ 62.93 0.10 0.16 0.21 ‒ ‒ 99.62 632 

Buckskin National         

1 43.27 ‒ 56.19 ‒ ‒ 0.11 ‒ ‒ 99.57 564 

2 44.15 ‒ 55.78 ‒ ‒ 0.20 ‒ 0.09 100.22 557 

3 41.82 ‒ 57.08 ‒ ‒ 0.14 ‒ ‒ 99.04 576 

4 42.37 ‒ 56.58 ‒ ‒ 0.14 ‒ 0.07 99.16 571 
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Ag As Au Hg Pb S Se Te Total Fineness 

Buckskin National (continued)        

5 42.17 ‒ 57.58 0.14 ‒ 0.11 ‒ ‒ 100.00 576 

6 42.87 0.27 56.18 ‒ 0.22 0.22 ‒ 0.07 99.83 563 

7 42.52 ‒ 56.64 ‒ ‒ 0.12 ‒ ‒ 99.28 571 

8 42.48 ‒ 56.77 ‒ ‒ 0.11 ‒ 0.09 99.45 571 

9 43.25 ‒ 56.43 ‒ ‒ 0.10 ‒ ‒ 99.78 566 

10 44.39 ‒ 55.91 ‒ ‒ 0.12 ‒ 0.06 100.48 556 

Fire Creek         

1 36.02 ‒ 63.49 ‒ ‒ 0.04 0.74 ‒ 100.28 633 

2 40.82 ‒ 59.17 ‒ ‒ 0.06 0.00 ‒ 100.05 591 

3 25.67 ‒ 73.80 ‒ ‒ 0.08 ‒ ‒ 99.54 741 

4 35.64 ‒ 63.93 ‒ ‒ 0.07 0.40 ‒ 100.04 639 

5 40.41 ‒ 59.46 ‒ ‒ 0.10 ‒ ‒ 99.97 595 

6 30.60 ‒ 69.12 ‒ ‒ 0.05 ‒ 0.11 99.87 692 

7 37.95 ‒ 61.61 ‒ ‒ 0.04 0.50 0.10 100.19 615 

8 40.27 ‒ 59.11 ‒ ‒ 0.05 ‒ 0.06 99.49 594 

9 35.19 ‒ 64.22 ‒ ‒ 0.08 ‒ 0.06 99.54 645 

10 22.10 ‒ 78.02 ‒ ‒ 0.09 ‒ ‒ 100.21 779 

Note: Cu and Sb were not detected in any of the point analyses; (‒) = not detected
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Figure A.6 Sample image and corresponding element maps of a gold dendrite in a crustiform 

vein sample from the McLaughlin deposit in California. The element maps show that the 

dendrite is chemically zoned from bottom to top. The element maps were obtained by µXRF 

mapping. 
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Figure A.7 Photomicrographs of ore mineral textures in crustiform veins from the 

McLaughlin deposit in California. (a) Large gold dendrite hosted in mosaic quartz. The silica 

forms a spiculose deposit (arrows) that hosts individual branches of the dendrite. Some 

pyrargyrite crystals are present along the tips of the gold dendrite. Plane polarized light. (b) 

Domal shaped ore mineral dendrites hosted by mosaic quartz. Pyrargyrite is the most 

abundant ore mineral. Unmineralized, banded silica layers (arrows) that have a smooth 

appearance occur on top of the mineralized silica layer. Plane polarized light. (c) High-

magnification image of gold forming part of a large dendrite. The gold is surrounded by 

quartz crystals that formed through recrystallization of the formerly microspherical matrix. 

Some small quartz crystals impinge on gold along euhedral crystal faces (arrow). Plane 

polarized light. (d) Crossed-polarized light image of the same field of view showing that the 

quartz hosting the gold dendrite exhibits a mosaic texture. Au = gold; Pyrg = pyrargyrite. 

 

 

Etching of one of the centimeter-sized gold dendrites hosted by a crustiform vein 

confirmed that the gold aggregate is of dendritic morphology (Fig. A.8a,b). The gold is 

intergrown with minor pyrargyrite and pyrite (Fig. A.8a). Within the more continuous and 

massive inner portions of the dendrite the gold shows casts of small quartz crystals that were 

dissolved during the HF treatment (Fig. A.8c). Some of the gold shows hopper surfaces (Fig. 

A.8d). The hopper surfaces may be primary but may also have formed as a result of 

recrystallization. 
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Figure A.8 Morphology of a gold dendrite from the McLaughlin deposit in California. (a) 

Outer portion of a multi-branching gold dendrite. Individual branches are delicate and have 

dendritic shapes. The gold is intergrown with pyrite. (b) Delicate branches of a gold dendrite. 

(c) Massive portion of a gold dendrite showing casts of quartz crystals (arrows) that were 

dissolved during HF treatment. (d) Surface of massive gold showing hoppers (arrows). The 

secondary electron images were obtained on a FE-SEM following HF treatment of the gold 

dendrite to dissolve the silica host. Py = pyrite. 

 

 

Gold Dendrites From Sleeper 

Crustiform vein samples from Sleeper contain abundant visible gold. The gold occurs 

in discrete bands and is hosted by silica that ranges from dark gray to white in color (Fig. 

A.9). Element mapping by µXRF shows that the distribution of Ag is similar to that of Au at 

the hand specimen scale although high Ag contents do not always overlap with the highest 

Au contents. The distributions of Ag and Se are not highly correlative, suggesting that much 

of the Ag in the samples occurs in gold and not as Ag sulfoselenides (Fig. A.9). The samples 

do not contain detectable amounts of other metals such as Cu and Zn. 
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Figure A.9 Sample image and corresponding element maps of gankin bands in a crustiform 

vein sample from the Sleeper deposit in Nevada. The element maps show that much of the 

silver in the vein occurs within the gankin bands. The element maps were obtained by µXRF 

mapping. 

 

 

The gold distribution varies between individual colloform bands with some containing 

coarse dome-shaped gold dendrites that are spaced out along the bands (Fig. A.10a). Other 

bands consist of nearly continuous ribbons of gold (Fig. A.10b). Microspheres are variably 

preserved in many of the colloform bands, with the degree of preservation varying between 

adjacent bands. In some bands, well-preserved microspheres are present that range from 1–5 

µm in size. Individual microspheres are outlined by cavities that have sickle-like shapes. In 

crossed-polarized light the well-preserved microspheres are isotropic. In other bands, only 

relic microspheres exist as they have recrystallized to fine-grained quartz (Fig. A.10c,d). In 

crossed-polarized light, these bands with relic microspheres exhibit a mosaic texture 
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consisting of anisotropic, microcrystalline quartz having irregular and interpenetrating grain 

boundaries (Fig. A.10d). The size of the quartz grains in the mosaic quartz varies between 

different colloform bands, ranging from 1‒75 µm. Zones of mosaic quartz having different 

grain sizes locally define folds. In some of the bands, doubly terminated quartz crystals occur 

that appear to have grown within the recrystallized, microspherical matrix, forming textures 

identical to those observed at McLaughlin.  

The colloform bands consisting of variably preserved microspheres alternate with 

bands that have other textural characteristics. This includes abundant bands composed of 

microcrystalline adularia and quartz. Adularia in these bands forms euhedral, rhomb-shaped 

grains that are 5‒20 µm in size that are surrounded by recrystallized quartz showing a mosaic 

texture. Relic microspheres are locally present. The adularia crystals in these bands are 

randomly distributed and show no preferred orientation. They appear to have grown within 

the originally microspherical matrix that is now recrystallized to mosaic quartz. The top 

surfaces of some of the adularia-bearing bands are wavy and may represent sections through 

mammillary or ripple-mark-like band surfaces as described by Saunders (1990). Rare bands 

of comb quartz and colloform bands comprised of chalcedony also occur in the samples. The 

chalcedony can be recognized as it is composed of crystal fibers oriented perpendicular to the 

colloform bands. The chalcedonic colloform bands consist of alternating bands of 

chalcedonic fibers, each having a thickness of up to ~20 µm. The chalcedonic colloform 

bands are partly recrystallized forming a mosaic texture in crossed-polarized light. 

In the samples investigated, gold occurs exclusively within the microspherical 

colloform bands and bands of fine-grained mosaic quartz. Gold dendrites are up to 1.0 mm in 

size and are dome-shaped or resemble small porous mounds (Fig. A.10c,d). Some of the 

domal or mound-shaped dendrites protrude into adjacent colloform bands. Along the 

margins, the branches of the gold dendrite are delicate in nature (Fig. A.10c,d) and the gold is 

encapsulated within quartz or occurs between euhedral quartz crystals (Fig. A.10e,f). Gold in 

the central portions of the dendrites is more massive in thin section and this coarse gold can 

be up 75 µm across. The gold dendrites haves a millesimal fineness of 548 to 962, averaging 

708 (n = 60; Fig. 3.5).  

Similar to McLaughlin, textural relationships between the gold and the microspherical 

matrix appear to have been modified as a result of recrystallization of the non-crystalline 

silica microspheres to quartz. Some bands of relic microspherical silica contain aggregates of 

mosaic quartz that host small (<10 µm) encapsulated dendritic aggregates of gold (Fig. 

A.10e,f). Recrystallization is also widespread in colloform bands containing the gold ribbons. 
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The gold ribbons are typically parallel to the colloform bands and small (10–50 µm) euhedral 

quartz crystals are commonly present within the gold (Fig. A.10e,f). The small euhedral 

quartz crystals show irregular extinction patterns resembling those of mosaic quartz. The 

small quartz crystals lack primary growth zoning and do not contain primary fluid inclusions. 

The textural relationships suggest that quartz growth occurred as a result of the 

recrystallization of the microspherical matrix. During recrystallization, the original dendritic 

gold has been deformed and is now in some places encapsulated within the newly formed 

quartz crystals. 

A dome-shaped gold dendrite hosted in microspherical silica was selected for etching 

with HF. The multi-branching dendrite displays abundant dimples and casts of microspheres 

or fused microspheres that were dissolved during the HF treatment (Fig. A.11a). Casts of 

quartz crystals dissolved by acid treatment are present (Fig. A.11a). The gold surfaces are 

typically smooth (Fig. A.11a-c). At high magnification, a distinct microtopography consisting 

of steps and terraces can be observed (Fig. A.11c,d). 

 

Naumannite Dendrites From Buckskin-National 

Crustiform vein samples from Buckskin-National contain spectacular centimeter-sized 

naumannite dendrites. The dendrites appear to have grown approximately perpendicular to 

colloform bands and persist through multiple bands (Fig. A.12). They vary in morphology 

from having narrow bases and wide tops to being more uniform with the tops and bottoms 

having similar widths. The larger dendrites are spaced laterally along the colloform host 

bands (Fig. A.12). Elemental mapping by µXRF reveals that naumannite is also present in the 

ginguro bands that occur between the colloform bands hosting the dendrites (Fig. A.12). The 

dendrites exhibit chemical zoning, with Au and Zn occurring in higher concentrations at the 

base of the dendrites than at the top. In addition to the large naumannite dendrites, some 

small freibergite dendrites occur that are characterized by an enrichment in Cu in the µXRF 

maps (Fig. A.12). 
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Figure A.10 Photomicrographs of ore mineral textures in crustiform veins from the Sleeper 

deposit in Nevada. (a) Colloform bands containing dome-shaped gold dendrites (arrows) that 

occur in approximately equal spacing along the bands. Reflected light. (b) Colloform band 

containing nearly continuous ribbons of gold. The top of the band is wavy (arrows). 

Reflected light. (c) Gold dendrites located in a colloform band of quartz. The margins of the 

dendrites are delicate in shape and intergrown with the matrix. Plane polarized light. (d) 

Crossed-polarized light image of the same field of view showing that the fine-grained quartz 

matrix of the gold dendrite shows a mosaic texture. (e) High-magnification image (location 

highlighted in c) showing the contact relationship between gold and the surrounding quartz 

matrix. Relict microspheres can be observed in the matrix in the lower portion of the image 

(lower arrow). However, the gold is mostly in contact with euhedral quartz (upper arrow) 

interpreted to have formed through recrystallization of the non-crystalline precursor. Plane 

polarized light. (f) Crossed-polarized light image of the same field of view showing the fine-

grained matrix containing relic microspheres and small euhedral quartz crystals in contact 

with gold. Plane polarized light. Au = gold. 
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Figure A.11 Morphology of a gold dendrite from the Sleeper deposit in Nevada. (a) Surface 

of the gold dendrite showing abundant dimples and casts of microspheres or fused 

microspheres (arrows) dissolved during HF treatment. In addition, some casts of quartz 

crystals are present. (b) High-magnification image of the surface of the gold showing a 

dendritic growth structure. (c) Dendrite branches showing a distinct microtopography 

consisting of steps and terraces (arrow). (d) High-magnification image of the gold dendrite 

exhibiting a microtopography of steps and terraces (arrows). The secondary electron images 

were obtained on a FE-SEM following HF treatment of the gold dendrite to dissolve the silica 

host. 
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Figure A.12 Sample image and corresponding element maps of naumannite dendrites in a 

crustiform vein sample from the Buckskin-National deposit in Nevada. The elemental maps 

show that the naumannite dendrites are chemically zoned from bottom to top. The element 

maps were obtained by µXRF mapping. 
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Optical petrography shows that the large naumannite dendrites are of complex shapes 

and multi-branching. The wiry naumannite interfingers with the fine-grained quartz matrix, 

with quartz forming ~50% of the area occupied by the dendrite (Fig. A.13a). The colloform 

bands hosting the dendrite are entirely recrystallized and show a mosaic texture in crossed-

polarized light (Fig. A.13b). The grain size of the anhedral quartz grains forming the mosaic 

texture is commonly smaller within the naumannite dendrites than in the surrounding matrix. 

At high magnification, relic microspheres can be observed in the quartz matrix showing the 

mosaic texture (Fig. A.13c,d). Similar to McLaughlin and Sleeper, recrystallization of the 

originally microspherical matrix appears to have modified the shape of the naumannite. 

Dendrite branches consist of naumannite aggregates with small interstitial quartz crystals 

(Fig. A.13c,d). Ore minerals occur, including small dendrites of sphalerite (Fig. A.13c) and 

isolated or composite grains of chalcopyrite, fischesserite (Ag3AuSe2), galena, pyrite, and 

gold. 

Electron microprobe analysis showed that the naumannite from Buckskin-National 

contains in average 74.47 wt% Ag, 22.92 wt% Se, and 2.04 wt% S (n = 20; Fig. A.14). 

Concentrations of up to 0.15 wt% Cu, 0.22% Hg, and 0.41 wt% Pb were recorded (Table 

A.2). X-ray diffraction analysis was used to confirmed that the dendrites from Buckskin-

National are composed of orthorhombic β-naumannite (cf. Roy et al., 1959). The gold at 

Buckskin-National has a millesimal fineness of 522 to 822, averaging 571 (n = 30; Fig. A.5).!

One naumannite dendrite treated with HF shows the complex, multi-branching 

morphology (Fig. A.15a,b) that is consistent with the observations in thin sections. At high 

magnification, the etched naumannite dendrite shows variable surface morphologies ranging 

from smooth and rounded to crystalline (Fig. A.15c,d). 

 

Naumannite Dendrites From Fire Creek 

Crustiform veins at Fire Creek also contain silver-grey naumannite dendrites. The 

dendrites occur scattered along certain colloform quartz bands or form thick, ribbon-like 

bands that are almost exclusively composed of naumannite (Fig. A.16). Dendrites have 

grown nearly perpendicular to the colloform bands and are 1–3 mm in size. The colloform 

quartz bands hosting the dendrites are distinctly white. Chemical mapping by µXRF shows 

that Au enrichment occurs in a narrow zone immediately below the base of the ribbon-like 

naumannite as well as in discrete grains towards the top of the naumannite dendrites. The 

distribution of Se mimics the one of Ag. The top of the naumannite zone is characterized by 

an enrichment in Cu and Zn (Fig. A.16).  
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Figure A.13 Photomicrographs of ore mineral textures in crustiform veins from the Buckskin-

National deposit in Nevada. (a) Top of a large naumannite dendrite located in quartz that 

shows a ghost-bladed texture. The backbones of three dendrite branches (arrows) are clearly 

visible. Plane polarized light. (b) Corresponding crossed-polarized light image showing that 

the ghost-bladed quartz exhibits a mosaic texture. The grain size of the quartz is variable and 

generally smaller within and around the naumannite dendrite than in the surrounding matrix. 

(c) High-magnification image showing the contact relationship between the naumannite and 

the surrounding quartz matrix. Relic microspheres can be identified immediately adjacent to 

the naumannite (arrow). (d) Corresponding crossed-polarized light image showing the mosaic 

texture of the quartz. Nau = naumannite; Sp = sphalerite. 
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Figure A.14 Ternary diagram (in at. %) illustrating compositional variations of the Ag 

sulfoselenides in low-sulfidation epithermal vein samples from Buckskin-National and Fire 

Creek. Compositional analyses were conducted on the electron microprobe and by scanning 

electron microscopy. 
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Table A.2 Representative electron microprobe analyses of naumannite (in wt%). 

 

 
Ag Au Cu Hg Pb S Se Te Total 

Buckskin National 

1 75.89 ‒ ‒ ‒ ‒ 2.25 22.88 ‒ 101.02 

2 74.09 ‒ ‒ ‒ ‒ 2.00 23.12 ‒ 99.20 

3 74.92 ‒ ‒ 0.22 ‒ 2.29 21.21 ‒ 98.64 

4 73.87 ‒ ‒ ‒ ‒ 1.89 22.96 ‒ 98.73 

5 74.92 ‒ ‒ ‒ ‒ 2.02 23.14 ‒ 100.08 

6 72.80 ‒ ‒ ‒ 0.41 2.07 22.76 ‒ 98.04 

7 74.70 ‒ 0.15 ‒ ‒ 2.18 22.08 ‒ 99.11 

8 74.40 ‒ ‒ ‒ ‒ 2.11 24.60 ‒ 101.12 

9 73.10 ‒ ‒ ‒ 0.33 1.84 22.93 ‒ 98.20 

10 74.83 0.21 ‒ ‒ ‒ 1.86 22.82 ‒ 99.73 

Fire Creek 

1 73.63 0.34 ‒ ‒ ‒ 0.78 24.77 0.17 99.68 

2 73.33 ‒ ‒ ‒ ‒ 0.81 25.74 0.15 100.04 

3 73.68 ‒ ‒ ‒ ‒ 0.79 25.10 0.15 99.72 

4 72.71 ‒ ‒ ‒ ‒ 0.84 25.71 0.22 99.48 

5 73.27 ‒ ‒ ‒ ‒ 0.83 25.81 ‒ 99.91 

6 73.61 ‒ 0.12 ‒ ‒ 0.71 25.06 0.13 99.63 

7 73.26 ‒ ‒ ‒ ‒ 0.83 25.43 0.17 99.70 

8 74.44 ‒ ‒ ‒ ‒ 0.82 24.95 0.18 100.39 

9 73.59 ‒ ‒ ‒ ‒ 0.71 24.97 0.16 99.43 

10 73.23 ‒ ‒ ‒ ‒ 0.83 25.74 0.14 99.94 

Note: As and Sb were not detected in any of the point analyses; (‒) = not detected. 
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Figure A.15 Morphology of a naumannite dendrite from the Buckskin-National deposit in 

Nevada. (a) Low-magnification images showing the dendritic nature of the naumannite. (b) 

Dendritic naumannite consisting of delicate branches. (c) Dendrite branch containing small 

naumannite crystals (arrows). (d) High-magnification image showing that some branches 

consist mostly of small naumannite crystals (arrows). The secondary electron images were 

obtained on a FE-SEM following HF treatment of the naumannite dendrite to dissolve the 

silica host. 
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Figure A.16 Sample image and corresponding element maps of ginguro bands in a crustiform 

vein sample from the Fire Creek deposit in Nevada. The element maps show that the band of 

dendritic naumannite is chemically zoned. The element maps were obtained by µXRF 

mapping. 
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The naumannite dendrites in thin section are comparably massive and not as delicate as 

those from the Buckskin-National deposit (Fig. A.17a). Individual branches can be 

recognized but are only up to 250 µm wide. More delicate textures can be observed at the 

base of the naumannite dendrites and the top of individual branches where the naumannite 

interfingers with the surrounding quartz matrix (Fig. A.17a). The quartz matrix is rich in 

cavities and shows a mosaic texture under crossed-polarized light. At high magnification, 

relic microspheres can be recognized (Fig. A.17b). Clear euhedral quartz crystals occur 

abundantly throughout the recrystallized quartz matrix. Both relic microspheres and the 

euhedral quartz crystals are in direct contact with the naumannite. Individual quartz crystals 

are typically 20–30 µm in size and lack growth zoning or fluid inclusions (Fig. A.17b). 

Euhedral quartz grains also occur within the massive parts of the naumannite dendrites (Fig. 

A.17b). Pyrite, sphalerite, and gold are common and occur as discrete inclusions or larger 

composite grains with the naumannite. Parts of the naumannite dendrites as well as individual 

naumannite grains are encapsulated in calcite. The calcite forms distinct halos around the 

naumannite that contains no quartz (Fig. A.17c,d). 

Electron microprobe analysis showed that the naumannite from Fire Creek contain on 

average 73.49 wt% Ag, 25.24 wt% Se, and 0.80 wt% S (n = 20; Fig. A.14). The Te 

concentration of the naumannite ranges up to 0.30 wt% (Table A.2). Compositional analysis 

showed that gold at Fire Creek has a millesimal fineness of 428 to 778, averaging 623 (n = 

65; Fig. A.5).  

A naumannite dendrite etched by HF shows textural characteristics consistent with 

those observed in thin section. The dendritic grain appears more massive with fewer delicate 

branches. Many of the smaller branches of the dendrite are crystalline and are composed of 

small intergrown naumannite grains (Fig. A.18a,b). Casts of large euhedral quartz crystals 

dissolved during HF treatment are present in more massive naumannite (Fig. A.18a-d).  
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Figure A.17 Photomicrographs of ore mineral textures in crustiform veins from the Fire 

Creek deposit in Nevada. (a) Naumannite dendrites located within a colloform quartz band. 

Plane polarized light. (b) High-magnification image illustrating the contact relationships 

between the naumannite and the surrounding quartz matrix. The quartz in the colloform band 

contains relic microspheres (arrow). Small euhedral quartz crystals occur. Plane polarized 

light. (c) Colloform quartz band containing dendritic naumannite aggregates. Some of the 

naumannite grains are encapsulated by calcite (arrows). Plane polarized light. (d) 

Corresponding crossed-polarized light image showing that the colloform quartz band exhibits 

a fine mosaic texture. Calcite forms a halo around some of the naumannite grains (arrows). 

Nau = naumannite. 
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Figure A.18 Morphology of a naumannite dendrite from the Fire Creek deposit in Nevada. (a) 

Naumannite dendrite intergrown with sphalerite. More massive naumannite shows casts of 

quartz crystals (arrows) dissolved during HF treatment. (b) Delicate branch of the naumannite 

dendrite that consists of intergrown crystals, some of which show well-developed crystal 

faces. (c) Massive naumannite aggregate that shows casts of quartz crystals (arrows) 

dissolved during HF treatment. (d) Casts of quartz crystals (arrows) dissolved during the HF 

treatment within a massive naumannite aggregate. The naumannite is intergrown with minor 

pyrite. The secondary electron images were obtained on a FE-SEM following HF treatment 

of the naumannite dendrite to dissolve the silica host. Py = pyrite; Sp = sphalerite. 

 

Discussion 

Colloform Bands Hosting Ore Mineral Dendrites 

In the low sulfidation epithermal vein samples investigated, ore mineral dendrites are 

located within specific colloform bands that have unique microtextural characteristics. At 

McLaughlin and Sleeper, electrum dendrites are located in discrete bands that primarily 

contain gold, referred to as gankin bands by Tharalson et al. (2019). At Buckskin-National 

and Fire Creek, naumannite dendrites are located in distinct light gray metallic bands, 

referred to as ginguro bands by previous workers (Takeuchi and Shikazono, 1984; Shimizu et 

al., 1998; Leavitt et al., 2004; Saunders et al., 2008; Shimizu, 2014). The gankin and ginguro 
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bands are composed of noncrystalline microspherical silica or mosaic quartz that commonly 

contains relic microspheres and has formed from this noncrystalline precursor through a 

process of maturation and recrystallization. 

Well-preserved 1–5 m silica microspheres are common in the mineralized colloform 

bands in the samples from McLaughlin and Sleeper. They are still noncrystalline as they are 

isotropic in crossed-polarized light. Noncrystalline silica microspheres form sinters around 

hot springs (Jones et al., 1997; Herdianita et al., 2000; Campbell et al., 2002; Guidry and 

Chafetz, 2003; Lynne and Campbell, 2004; Rodgers et al., 2004; Fernandez-Turiel et al., 

2005) and scaling in geothermal power plants (Rothbaum et al., 1979; Brown, 2011; Meier et 

al., 2014; Zarrouk et al., 2014; van den Heuvel et al., 2018). This microspherical form of 

noncrystalline silica is classified as opal-AG (Smith, 1998). 

Studies on silica sinters (Campbell et al., 2001, 2002; Lynne and Campbell, 2004; 

Rodgers et al., 2004; Lynne et al., 2005, 2007; Jones, 2021) and geothermal scales (Reyes et 

al., 2002; Raymond et al., 2005) have shown that opal-AG is thermodynamically unstable and 

matures and recrystallizes over time. The maturation and recrystallization process involve the 

transformation of noncrystalline opal-AG into opal-CT, which in turn recrystallizes into opal-

C and then into quartz. Small round to equant relic microspheres can be petrographically 

identified in many of the gankin and ginguro bands, especially in the crustiform vein samples 

from Buckskin-National and Fire Creek. These relic microspheres have fully matured and 

recrystallized and are now composed of quartz. Further maturation and recrystallization 

results in the formation of coarser grained quartz having interpenetrating grain boundaries 

and a mosaic texture in crossed-polarized light as described by Lovering (1972) and Dong et 

al. (1995). This mosaic quartz is common in gankin and ginguro bands in samples from all 

deposits studied. 

It is proposed here that the colloform gankin and ginguro bands in the low-sulfidation 

epithermal vein samples formed by accumulation of microspheres of opal-AG, as previously 

suggested by Sherlock and Lehrman (1995) and Taksavasu et al. (2018). The silica deposits 

could have varied in nature. Some of the microspherical material may have formed spiculose 

or dendritic deposits resembling spiculose silica sinters (Schinteie et al., 2007) or scales in 

geothermal wells (Hawkins et al., 2014; Mroczek et al., 2017; van den Heuvel et al., 2018; 

Chambefort and Stefánsson, 2020). The microspheres may also have formed gel-like masses 

that were highly permeable due to the amount of water present between the silica 

microspheres. Soft-sediment textures such as rippled surfaces caused by hydraulic shaping, or 

other textures formed by gravity-induced sagging, have been previously described from low-
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sulfidation epithermal deposits (Saunders, 1990, 1994; Saunders et al., 2008, 2011; Unger, 

2008; Aseto, 2012; Shimizu, 2014). As proposed by Saunders (1990), these textures suggest 

that the colloform bands originally consisting of opal-AG may have been gel-like and yielding 

at the time of deposition, perhaps similar to gel-like silica covering wall-rock clasts blown to 

surface during the 1989 hydrothermal eruption of Porkchop Geyser in Yellowstone (Fournier 

et al., 1991; Keith, 1992).  

 

Formation of Ore Mineral Dendrites 

The textural observations suggest that ore mineral dendrite growth in the investigated 

samples is closely linked to the formation and deposition of microspherical silica. Chemical 

mapping using µXRF demonstrated that the ore minerals are only present in specific bands of 

the crustiform veins and only occur in bands that contain silica microspheres or their 

recrystallized equivalents. Ore-bearing colloform bands commonly alternate with colloform 

bands that are barren and commonly show other microtextural characteristics, as previously 

noted by Zeeck et al. (2021). Two different models have been previously proposed explaining 

how ore mineral dendrites form in colloform silica bands in low-sulfidation epithermal 

deposits (Saunders, 1990; Monecke et al., in prep.). Both models differ with respect to the 

timing relationships between the ore minerals and the surrounding silica host. 

Saunders (1990) originally proposed that electrum dendrites contained in low-

sulfidation epithermal veins at Sleeper grew from colloids transported by the hydrothermal"

liquids. He envisaged that colloids were formed in the deeper parts of the hydrothermal 

system, perhaps as a result of boiling. The colloids were then mechanically transported by the 

hydrothermal"liquid and grew through physical aggregation during upflow of the 

hydrothermal"liquids from the deep reservoir (Saunders, 1990; Saunders and Schoenly, 

1995b). The gold particles would have deposited through density accumulation where fluid 

velocity decreased in wider parts of open fractures, or through scavenging of gold from the 

liquid by charged surfaces at the interface between gold deposited on the wall of the vein and 

the hydrothermal"liquid (Saunders, 1990). The model proposed by Saunders (1990) assumes 

that gold dendrites grew contemporaneously with the deposition of the silica host, with the 

silica microsphere providing the structural support for the growing dendrites. Saunders et al. 

(2011) suggested that colloidal transport is not restricted to gold and that naumannite 

dendrites in low-sulfidation epithermal veins may have formed by similar processes. 

Primary textural relationships observed in the opaline vein samples from McLaughlin 

support an alternative hypothesis whereby ore mineral growth occurred entirely within the 
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bands of opal-AG microspheres and not at the interface between the microspherical opal-AG 

host and the hydrothermal"liquid in the vein (Monecke et al., in prep.). In this case, dendrite 

growth within the silica host would have occurred by diffusion or advection of metals from 

the liquid flowing through the vein above the surface of the layer of microspheres. Monecke 

et al., in prep. suggested that the host silica bands would have been permeable enough to 

allow chemical exchange between the interstitial liquid within the microspherical opal-AG 

and the hydrothermal"liquid within the central vein opening. Growth of the ore mineral 

dendrites probably occurred in a silica host that was gel-like and could still be deformed as 

there is evidence for hydraulic shaping of the microspherical bands. This implies that the ore 

minerals formed prior to maturation and hardening of the noncrystalline silica. 

Saunders and Schoenly (1995a) determined the fractal dimensions of electrum 

dendrites from the National and Sleeper deposits in Nevada in two dimensions. They showed 

that the morphologies and measured fractal dimensions of these dendrites could be best 

explained by a rapid diffusion-limited process. The textural observations of this study are 

consistent with a model of dendrite growth whereby crystal growth is diffusion-limited. 

Given the low concentrations of metals in hydrothermal"liquids (Simmons and Brown, 2007), 

growth of the dendrites requires replenishment of the liquid at the site of mineral formation 

over the duration of crystal growth. In the case of the samples from Sleeper, it is striking that 

the electrum dendrites form small, equally spaced domes or mounds within the 

microspherical host. Similarly, the large naumannite dendrites studied from the Buckskin-

National deposit are relatively equally spaced along the vein and several large dendrites are 

stacked on top of each other. A diffusion-limited process growth mechanism could explain 

the spacing between the dendrites that ultimately grew large enough to be macroscopically 

visible. A diffusion-limited growth process may also explain why the euhedral pyrargyrite 

grains occurring randomly throughout some of the colloform bands in the opaline vein 

samples from McLaughlin deposit are of relatively uniform grain size. 

Monecke et al., in prep. proposed that the ore mineral dendrites in the opaline vein 

samples at McLaughlin formed within gel-like bands of opal-AG, with the microspherical 

silica providing a framework for the delicate growth of the ore minerals. This is analogous to 

crystal synthesis in silica gels. Experimental studies have long made use of silica gel as a 

medium for the growth of crystals at laboratory conditions (Holmes, 1917; Fisher and 

Simons, 1926). In these experiments, the silica gel is obtained through slight acidification of 

sodium metasilicate (water glass) and is impregnated with one of the reactants. Depending on 

the pH, the silica gel sets within 30 min to 10 days. Once gelled, an overhead feed solution is 
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added. Downward diffusion causes the growth of the crystals in the chemically inert gel 

matrix which provides a three-dimensional structure in which the crystals grow and are held 

in position of their formation. Within days, crystals can be synthesized that range from 

millimeters to centimeters in size. A wide range of materials have been grown this way, 

including cadmium oxalate hydrate (Raj et al., 2008), calcium carbonate (McCauley and Roy, 

1974), copper (Holmes, 1917), gold (Holmes, 1917; Muzikář et al., 2006), lanthanum tartrate 

(Kotru et al., 1986), lead iodide (Holmes, 1917; Fisher and Simons, 1926), lead sulfide 

(Brenner et al., 1966), mercury iodide (Holmes, 1917), silver dichromate (Holmes, 1917), 

silver iodite (Halberstadt, 1967), and silver sulfate (Holmes, 1917). The growth experiments 

yield single crystals or polycrystalline aggregates closely resembling those observed in the 

vein material investigated in this study, ranging from skeletal to dendritic.  

The crystal growth experiments show that the control on nucleation of crystals in the 

gel is of great importance because the growing crystals compete with one another for 

reactants and competition reduces the size and perfection of the synthesized crystals (Brenner 

et al., 1966; Raj et al., 2008). The relative amount of nucleation sites can be controlled by 

adding the overhead solution after variable times of silica gel maturation. In general, the 

nucleation rate decreases as the age of the gel is increased prior to placing the overhead 

solution on top of the gel (Raj et al., 2008). This is related to a reduction of the pore size of 

the gel during maturation, which reduces diffusion of the upper reactants through the gel. The 

density of the gel has a substantial influence on the morphology of the crystals grown, with 

skeletal and dendritic morphologies tending to form at increased gel density. This indicates 

that diffusion-limited crystal growth dominates in the gel media. Diffusion is relatively 

predominant for the transformation process of the solutes as the viscous nature of the silica 

gel suppresses convection (Oaki and Imai, 2003). 

The experimental studies establish that ore mineral dendrites growth within silica gels 

accumulated along vein walls is a viable process occurring in low-sulfidation epithermal 

deposits, particularly for thick accumulations of microspheres. In contrast, growth of ore 

mineral dendrites contemporaneously with the accumulation of silica microspheres might be 

likely where only limited amounts of silica are deposited from the hydrothermal fluids, as 

originally envisaged by Saunders (1990). The large ore mineral dendrites in the crustiform 

vein samples from the four low-sulfidation epithermal deposits studied here may have formed 

as the microspherical opal-AG host was accumulating.  

As proposed by Saunders (1990), colloidal metal transport in the hydrothermal liquids 

may have played a role in dendrite growth in low-sulfidation veins as this would allow the 
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hydrothermal liquids to have metal concentrations exceeding their respective saturation 

limits. Indeed, hydrothermal liquids sampled in deep drill holes in Iceland were found to 

contain colloidal gold and were about ten-times oversaturated in gold (Hannington et al., 

2016; Hannington and Garbe-Schönberg, 2019). In addition, Sherlock and Lehrman (1995) 

previously reported that some gold dendrites at McLaughlin are particularly abundant in 

samples also containing hydrocarbons. They suggested that hydrocarbons contained within 

the noncrystalline silica may have been important in scavenging gold from the hydrothermal 

liquids flowing over the top of these microspherical opal-AG bands. The importance of 

hydrocarbon-bearing fluids in ore formation at McLaughlin was recently also highlighted by 

Crede et al. (2020). 

 

Textural Changes Resulting From Maturation and Recrystallization 

Petrographic investigations suggest that three main types of quartz vein textures can be 

encountered in low-sulfidation epithermal deposits (Bobis, 1994; Dong et al., 1995; Etoh et 

al., 2002; Moncada et al., 2012). This includes primary textures formed through growth of 

quartz crystals into open space or direct precipitation of silica from the hydrothermal"liquids, 

replacement textures originating from partial or complete replacement of earlier formed 

gangue minerals such as calcite and adularia by quartz, and maturation and recrystallization 

textures resulting from the transition of a metastable silica precursor to thermodynamically 

stable quartz. 

The vein samples from the four low-sulfidation epithermal deposits exhibit a wide 

range of maturation and recrystallization textures. In samples from McLaughlin, Monecke et 

al., in prep. showed how doubly terminated quartz crystals have grown within the opal-AG 

matrix as a result of the transformation of noncrystalline opal-AG to quartz, which 

commenced with the development of the concentrically banded silica spheres. When these 

small euhedral crystals occur in abundance, they competed for space forming aggregates of 

quartz typified by interpenetrating grain boundaries, yielding the mosaic texture described by 

Lovering (1972) and Dong et al. (1995). This texture characterized by anhedral to euhedral 

quartz grains having irregular and interpenetrating grain boundaries appears to be the most 

common result of the maturation and recrystallization of the noncrystalline silica precursor, 

as it is recognized in all four deposits studied. In samples where all opal-AG is matured and 

recrystallized to quartz, grain size variations in the mosaic quartz define former colloform 

banding. 
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With the development of the mosaic texture through maturation and recrystallization, 

the original textural relationships between the ore minerals and the silica host are modified. 

Primary relationships can only be observed when the silica microspheres are preserved and 

are still isotropic under crossed-polarized light. However, in recrystallized colloform bands 

characterized by the presence of mosaic quartz, the ore minerals commonly are located in 

vugs that are lined by the fine-grained euhedral quartz crystals. These euhedral quartz 

crystals have formed after the ore minerals during maturation and recrystallization of the 

opal-AG matrix. The etched ore mineral dendrites from the four deposits studied exhibit 

abundant casts of these euhedral quartz crystals. 

The maturation and recrystallization of the noncrystalline silica host also appears to 

have resulted in changes to the appearance and distribution of the ore minerals. In some 

areas, ore mineral grains are randomly distributed throughout the opal-AG matrix. In other 

areas where mosaic quartz is present, ore mineral grains occur preferentially along the 

interpenetrating grain boundaries of the mosaic quartz or are encapsulated within the quartz. 

This suggests that maturation and recrystallization of the matrix could have been 

accompanied by small-scale redistribution of the ore minerals. A progression in the textural 

appearance of electrum was observed in the sample from Sleeper. Whereas some of the 

delicate gold dendrites are present in well-preserved microspherical opal-AG bands, coarser 

gold aggregates and patches are present in bands where microspheres are difficult to identify 

and where abundant small euhedral quartz crystals are present along the contacts between the 

silica host and the electrum. The maturation and recrystallization of the matrix appears to 

have resulted in grain coarsening and morphological changes of the gold. 

At Sleeper, the degree of maturation and recrystallization of the non-crystalline silica 

precursor commonly varies between adjacent colloform bands. Whereas some of the bands 

contain well-preserved silica microspheres that are still isotropic, adjacent bands are entirely 

composed of mosaic quartz. These variations on the sample scale may suggest that the 

maturation and recrystallization of opal-AG originally contained in the colloform bands 

commenced at hydrothermal conditions immediately following silica deposition. Depending 

on kinetic factors, different microspherical bands may have matured and recrystallized to 

different degrees, which may also account for the variations in grain size in the mosaic 

quartz. Laboratory investigations demonstrate that the maturation of noncrystalline silica to 

quartz can take place within days to months under hydrothermal conditions (Ernst and 

Calvert, 1969; Bettermann and Liebau, 1975; Oehler, 1976). 
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Flashing of Hydrothermal Liquids 

The presence of abundant colloform bands of opal-AG or of the mosaic quartz formed 

through maturation and recrystallization in the vein samples from the four low-sulfidation 

epithermal deposits studied suggests that the hydrothermal"liquids forming these veins 

periodically reached saturation with respect to opal-A. In the epithermal environment, 

saturation of opal-A in hydrothermal"liquids can be achieved due the vapor loss associated 

with vigorous boiling of the hydrothermal"liquids, which is referred to as flashing (Saunders, 

1990, 1994; Moncada et al., 2012; Saunders and Burke, 2017; Taksavasu et al., 2018).  

The textural evidence observed here suggests that the ore mineral dendrites grew during 

deposition of the opal-AG matrix or immediately after the deposition of the noncrystalline 

silica microspheres along the vein walls whereas the opal-AG was still highly permeable. Ore 

mineral formation appears to be directly linked to the occurrence of the short-lived flashing 

events, and mineral deposition most likely took place under conditions of hydrothermal"liquid 

plus vapor flow through the veins. Vapor loss from the hydrothermal"fluid during dendrite 

growth would represent an effective metal deposition mechanism as dissolved H2S is lost into 

the vapor phase causing supersaturation of the metals (Weissberg, 1969; Brown, 1986; Krupp 

and Seward, 1987; Christenson and Hayba, 1995; Simmons and Browne, 2000). 

Thermodynamic modeling by Christenson and Hayba (1995) suggested that the degree 

of vaporization is a key control on which ore minerals are deposited. Modeling of isothermal 

vapor loss from a hydrothermal"liquid at 230 °C showed that sphalerite and pyrite 

precipitation commences with the onset of vaporization of the hydrothermal"liquid. Sphalerite 

is stable throughout the process of vaporization whereas pyrite is replaced by chalcopyrite at 

~3 wt% vapor loss. Galena saturates at ~3 wt% vapor loss and continues to precipitate 

throughout the process of vapor generation. The modeling by Christenson and Hayba (1995) 

further suggested that Au precipitation starts at ~6 wt% vapor loss and continues to ~90 wt% 

vapor loss, with peak precipitation occurring at ~10 wt% vapor loss. 

The modeling of Christenson and Hayba (1995) conceptually explains why different 

colloform silica bands in the samples contain different ore minerals and why ore mineral 

dendrites are mineralogically zoned from bottom to top. The degree of vapor loss from the 

liquid may have been different for ore minerals forming at different times in successive silica 

bands. Either gankin or ginguro bands were formed. Similarly, the degree of vapor loss may 
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have changed over time as dendrites were growing in individual bands, explaining the 

observation that the dendrites changed in composition during growth. 

 

Implications 

One of the key implications of this study is that the formation of bonanza-type ore 

zones in low-sulfidation epithermal deposits can be linked to the occurrence of short-lived 

flashing events. Flashing events in geothermal systems are commonly triggered by seismic 

activity (Rowland and Simmons, 2012). At surface, these events are manifested by 

hydrothermal eruptions and the formation of craters that range from tens to hundreds of 

meters in diameter and are surrounded by low-relief walls formed by excavation of host rocks 

during the eruption (Muffler et al., 1971; Nairn and Wiradiradja, 1980; Hedenquist and 

Henley, 1985; Marini et al., 1993).  

This study also casts doubt on previous models assuming that mineralization has to 

occur at a particular depth below the paleosurface. Mineral precipitation will occur in the 

deeper subsurface in the region of two-phase liquid and vapor flow; however, pressure 

conditions along the structure controlling the upflow of the liquids may be variable during 

hydrothermal eruptions. As more and more vapor is produced during the onset of the 

eruption, pressure in the structure drops from hydrostatic to vaporstatic in the upper part of 

the structure, and the lower pressure regime migrates downward as liquid flashes to vapor at 

depth and within the surrounding wall rock (Henley and Hughes, 2000). As a result, two-

phase flow and associated ore deposition may occur over a substantial vertical depth interval, 

with the nature and permeability of the controlling structure determining to which depth 

flashing occurs. The maximum depth to which mineralization below the paleosurface is 

formed is difficult to predict. Ore grade metal enrichment may exist at greater depths in some 

systems that flashed when compared to systems that simply cooled or perhaps experienced 

only gentle boiling. 

 

Conclusions 

Ore mineral dendrites present in bonanza-type ore samples from four low-sulfidation 

epithermal deposits were investigated to better constrain the processes of metal enrichment in 

this deposit type. The ore mineral aggregates have complex multi-branching morphologies 

and are present in specific types of colloform bands that were originally composed of non-

crystalline opal-AG microspheres. The textural evidence suggests that the dendrites grew 

contemporaneously to the accumulation of the opal-AG microspheres or formed within these 
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originally permeable, gel-like opal-AG bands. The deposition of the ore mineral dendrites 

within these bands can be linked to the occurrence of two-phase flow conditions within the 

veins following short-lived events of fluid flashing. The observations of this study lend 

strong support to models emphasizing the importance of seismically triggered events of 

flashing in shallow hydrothermal systems as a mechanism for vein formation and ore 

deposition. 
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Petrographic analysis of bonanza epithermal vein textures at Buckskin National and 

Fire Creek deposits, Northern Nevada 
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The Buckskin National and Fire Creek epithermal deposits located in the Northern Great Basin 

in northern Nevada exhibit a variety of gangue-mineral vein textures. Gangue minerals commonly 

include quartz, chalcedony, adularia, and calcite, and occur with ore-minerals in the veins. In this 

study, petrographic analysis was conducted of gangue textures and associated ore minerals in two 

deposits in both transmitted and reflected light. The petrographic details were then compared to 

Sleeper and Midas deposits, which are well-known epithermal ores in northern Nevada. In addition, 

the hot-cathode CL data augmented petrographic interpretations. Silica vein textures found in the 

Buckskin National and Fire Creek deposits generally exhibit jigsaw textures in colloform-bands, 

replace calcite, and also define enigmatic fibrous-acicular structures. This fibrous-acicular texture 

appears to be composed of pseudomorphs after unknown mineral. Other vein textures that also found 

in two deposits include comb, flamboyant, plumose, and groups of pseudomorphs after bladed calcite 

such as lattice-bladed, parallel-bladed, and pseudoacicular. The CL microscope provides interesting 

data of original silica textures and as silica phases emit distinct CL colors that indicate hydrothermal 

origins of quartz in the veins of this study. The CL technique also sheds light on textures of colloidal 

precursors that have already (re)crystallized to quartz and chalcedony in some colloform bands. The 

Buckskin National deposit and the Fire Creek deposits contain similar silica textures to other 

epithermal deposits and exhibit specific characteristics that are controlled by the complexity of 

hydrothermal events, ore-fluid evolution, and water-rock chemical reactions of varying composition. 

However, results from this study have implications for interpreting vein textures in other epithermal 

deposits around the world including the Sleeper, Midas, and Mule Canyon deposits in the US, Koryu 

and Hishikari deposits in Japan, and the epithermal deposits in Queensland, Australia. 
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Significance of colloform quartz in low-sulfidation epithermal deposits 
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Hydrothermal processes of bonanza-type vein formation in epithermal precious metal 

deposits can be unraveled through the study of quartz textures. Particularly common are 

colloform textures, which consist of bands of fine-grained quartz visible in hand specimens 

and under the optical microscope. The present study focused on the silica vein textures from 

the Buckskin National and Fire Creek deposits, northern Nevada, using conventional 

petrographic and hot-cathode CL microscopy. Petrographic investigations on the vein 

samples show that colloform textures in these deposits have been partly recrystallized into 

mosaic (jigsaw) quartz. However, relict colloform banding in the recrystallized quartz can be 

identified by hot-cathode CL microscopy, suggesting that colloform textures were originally 

abundant in the veins. The microscopic investigations also show that the colloform textures at 

these deposits differ from chalcedonic quartz forming similar botryoidal aggregates. The 

colloform textures are interpreted to have formed from amorphous silica deposited during 

flashing of the hydrothermal fluids whereas chalcedonic quartz represents a low temperature 

precipitate. The study suggests that colloform textures in low-sulfidation epithermal veins are 

indicative for flashing, which results in rapid deposition of silica and ore minerals within 

veins. 
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Flashing in geothermal systems may occur in response to seismic events or fluid 

overpressuring. During flashing, the hydrothermal liquids are near-instantaneously converted 

to steam as pressures below the hydrostatic head propagates to depth. As vaporization of 

hydrothermal liquids in the near-surface environment results in precipitation of silica and 

metals, this process may be responsible for the formation of bonanza-type veins in low-

sulfidation epithermal deposits. Textural observations on high-grade veins from the Buckskin 

National and Fire Creek deposits in Nevada show that ore minerals are primarily hosted by 

colloform quartz. Colloform quartz layers are asymmetrical with their spherical, botryoidal, 

reniform, or mammillary surfaces pointing towards the center of the veins. The layers are 

laterally continuous and ~1–5 mm in thickness. Under crossed-polarized light, the fine-

grained colloform quartz shows a mosaic texture consisting of anhedral quartz grains having 

irregular and interpenetrating grain boundaries. This mosaic texture is interpreted to represent 

a product of recrystallization of an original hydrous non-crystalline silica phase. At high 

magnification, colloform quartz consists of densely packed silica 1–5 µm microspheres. The 

colloform quartz appears cloudy under transmitted light due to the presence of air-filled 

micropores between the silica microspheres. The textures observed are similar to silica sinters 

where microspheres of opal-A are formed and later recrystallize to more stable silica phases. 

Vein material at the Arista deposit in Oaxaca, Mexico, shows similar relationships. Euhedral 

quartz and sphalerite interlayered with bands of colloform quartz contain primary fluid 

inclusion assemblages indicative of formation temperatures of up to ~300°C, with salinities 

ranging up to ~2 wt% NaCl eq. in quartz and 6–16 wt% NaCl eq. in sphalerite. These 

observations indicate that colloform quartz can form as a result of flashing at the deepest 

levels of epithermal systems. 
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Dendritic ore minerals in the Buckskin National and Fire Creek bonanza-style low-

sulfidation epithermal deposits, Nevada 
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Bonanza-style vein ores from low-sulfidation epithermal deposits such as the Buckskin 

National and Fire Creek deposits in northern Nevada contain ore minerals that show dendritic 

habits. Thin section inspection revealed that the dendritic ore minerals only occur in specific 

colloform bands within the veins. Most commonly, the ore minerals are intergrown with 

mosaic quartz or quartz forming small euhedral grains. Relict 2-5 µm large silica 

microspheres can be recognized in some of the ore-bearing colloform bands. The ore 

minerals were never observed to occur in colloform bands comprised of chalcedonic quartz. 

To study the shape of the ore minerals in three dimensions, several vein samples from both 

deposits were treated in concentrated hydrofluoric acid. After several days, all quartz was 

dissolved and the fragile grayish brown to dark gray dendritic ore minerals could be 

recovered. Scanning electron microscopy showed that naumannite and sulfur-rich 

naumannite are the most common ore minerals in the obtained concentrates. The dendritic 

grains range from 0.5 to 1 mm by 1 to 5 mm in size. They show multi-branching tree-like 

forms that have a fractal pattern. The surfaces of the dendrites are characterized by the 

presence of small pits that have negative crystal shapes that are up to 10 µm in size, 

resembling the small quartz crystals identified in thin section. The dendritic ore minerals in 

the bonanza-style veins from the Buckskin National and Fire Creek deposits are interpreted to 

have formed during brief periods of intense boiling or flashing of the hydrothermal fluids. 

Violent vaporization of the liquid may have resulted in the formation of colloidal particles 

allowing the growth of the dendrites. The occurrence of silica microspheres, which originally 

may have been composed of opal-A, is consistent with rapid deposition of silica during phase 

separation. 
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Bonanza-type quartz veins in low-sulfidation epithermal deposits such as the Buckskin 

National and Fire Creek deposits, which are located along the Northern Nevada Rift, are 

typically crustiform and consist of quartz bands that have distinct quartz textures in thin 

section. Studying on textural characteristics of ore and gangue minerals in these deposits may 

provoke us to better understand the ore-forming process, which led to the formation of high-

grade bonanza-type ore minerals. At the Buckskin National deposit, quartz showing mosaic, 

comb, plumose, and pseudobladed textures is the most common. Adularia is rare and calcite 

has not been observed. At the Fire Creek deposit, bonanza-type quartz veins include mosaic 

and comb quartz. Rhombic adularia and late-stage calcite are present.  

Careful microscopic investigations show that ore minerals in both deposits occur 

primarily in colloform quartz bands that consists of mosaic quartz or small interlocking 

euhedral quartz grains. Relict silica microspheres (2‒5 µm) were recognized in some of the 

ore-bearing colloform bands. Ore minerals were never observed in colloform bands 

consisting of chalcedonic quartz or bands characterized by the presence of large euhedral 

comb quartz. To study the shape of the ore minerals in three dimensions, several vein 

samples from both deposits were treated in concentrated hydrofluoric acid. After several 

days, all quartz was dissolved and the fragile grayish brown to dark gray dendritic ore 

minerals could be recovered. Scanning electron microscopy showed that naumannite and 

sulfur-rich naumannite are the most common ore minerals in the obtained concentrates. The 

dendritic grains range from 0.5 to 1 mm by 1 to 5 mm in size. They show multi-branching 

tree-like forms that have a fractal pattern. The surfaces of the dendrites are characterized by 

the presence of small pits that have negative crystal shapes that are up to 10 µm in size, 

resembling the small quartz crystals identified in thin section.  

The dendritic ore minerals with colloform banding in the bonanza-style veins from the 

Buckskin National and Fire Creek deposits are interpreted to have formed during short 

periods of intense boiling or flashing of the hydrothermal fluids. Violent vaporization of the 



 194 

liquid may have resulted in the formation of colloidal particles of precious metals and silica 

allowing the growth of the ore dendrites. The occurrence of silica microspheres, which 

originally may have been composed of opal-A, is consistent with rapid deposition of silica 

during phase separation that were probably recrystallized to quartz and microspherical shapes 

are still preserved. Thus, the textural observations of this study may possibly be focused as 

exploration strategy for other epithermal mineral deposits elsewhere. 
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The Permo-Triassic Chatree deposit in central Thailand is one of the largest epithermal 

gold-silver deposits in southeast Asia. The deposit is characterized by crustiform-colloform 

banded veins, stockworks of small quartz-carbonate veins, and minor zones of mineralized 

breccias. The crustiform-colloform veins locally exhibit bonanza precious metal grades. At 

present, little is known on the processes responsible for the high-grade precious metal 

enrichment within these veins. This study reports on the microtextural characteristics of ore 

and gangue minerals within the veins from Chatree, providing new constraints on metal 

deposition at this world-class (1.5 Moz gold recovery) deposit. 

Field work at Chatree was conducted in 2019 and involved sampling of drill core and 

open pit exposures in different parts of the mine. The petrographic investigations show that 

colloform quartz is abundant in the high-grade veins at Chatree. The colloform quartz 

consists of white-to-colorless asymmetrical layers having botryoidal surfaces pointing into 

open space. Each layer is sub-millimeters to centimeters in thickness. Quartz grains in the 

colloform bands exhibit anhedral to euhedral shapes and form mosaic textures, locally 

showing flamboyant-plumose extinction patterns. The grain size of quartz ranges from 0.01 

mm to 0.125 mm. Some large quartz grains show deformation-induced features (i.e., 

undulose extinction). In addition to quartz, adularia and calcite are present in the colloform 

bands. The adularia exhibits pseudorhombic shapes with similar sizes to the coarse-grained 

quartz. Calcite is distinguished by its high-relief and interference color. It forms granular 

grains ranging from <0.01 mm to 0.16 mm in size. The colloform quartz bands contain 

abundant ore minerals. The ore minerals occur as branching grains (i.e., microdendrites) or as 

disseminated grains forming needle-like shapes. Microdendrites consist of pyrite, 

chalcopyrite, naumannite, galena, and sphalerite ranging from 0.0625 to 0.1 mm in sizes. 

Electrum occurs as disseminated grains (3‒10 µm) surrounding those branches. The textural 

characteristics of ore and gangue minerals in these bands suggest that the formation of the 

high-grade bands at Chatree was probably caused by flashing or vigorous boiling of the ore-
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forming liquids. This process increases the degree of metal saturation of the ore-bearing 

liquids and leads to the deposition of high-grade ores. 
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Bladed calcite is common in low-sulfidation epithermal veins and is thought to form as 

a result of gentle boiling of the thermal liquids.  Bladed calcite is typically only present over a 

restricted vertical interval of a few hundred meters within epithermal veins. Using optical 

microscopy, the microtextures of bladed calcite and pseudobladed quartz formed by 

replacement of the calcite has been studied in representative samples from nine epithermal 

deposits to characterize textural variations and to test whether the presence of bladed calcite 

or pseudobladed quartz can be used as a predictor for ore grade. Calcite crystals exhibit 

splintery, bladed, or platy shapes. These blades are approximately 0.025‒0.5 mm in widths 

and can range up to several centimeters in length. Pseudobladed quartz shows similar 

dimensions to the bladed calcite. The pseudobladed quartz consists of parallel to subparallel 

bands of mosaic to blocky quartz that formed as a result of replacement. The bladed calcite 

and pseudobladed quartz form lattice, acicular, and parallel aggregates depending on the 

orientation of the blades and pseudoblades. The degree of replacement of calcite by quartz is 

variable. In the samples investigated, the occurrence of bladed calcite and pseudobladed 

quartz correlates with the presence of ore minerals. Electrum, acanthite, naumannite, 

chalcopyrite, and pyrite occur as disseminated grains within the open spaces between the 

blades and pseudoblades or are located within the calcite and quartz. This is consistent with 

previous models suggesting that gentle boiling of the thermal liquids represents an effective 

mechanism for metal precipitation. However, many bonanza grade samples lack bladed 

calcite or pseudobladed quartz and ore minerals occur in distinct colloform bands containing 

relict silica microspheres. These colloform bands are interpreted to have formed as a result of 

vigorous boiling or flashing. The observations of this study suggest that the intensity of phase 

separation represents a key control on vein texture and ore grade. 
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