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ABSTRACT 

Low-sulfidation epithermal deposits are major sources of Au and Ag. They form in the shallow 

subsurface (<1.5 km) from near-neutral chloride waters at <300°C. The ore-forming waters are rock-

buffered and have a low salinity (<3‒4 wt.% NaCl equiv.). Many low-sulfidation epithermal deposits are 

characterized by bonanza-type ore zones confined to banded quartz veins and breccia zones and are 

mined as high-grade, small-tonnage deposits. However, the ore zones in some of these deposits consist of 

disseminated hypogene sulfides and may be extracted by low-grade, large-tonnage operations. 

Research at the Castle Mountain low-sulfidation epithermal deposit in California highlighted the 

importance of lithological controls on the nature of the deposit style. Castle Mountain represents a low-

grade, large-tonnage deposit hosted in a Miocene volcanic succession that is dominated by volcaniclastic 

rocks. The highest gold grades occur where breccia deposits associated with rhyolite flows and domes and 

vertical breccia pipes interpreted to represent diatreme breccias coincide spatially with extensional faults. 

These host rocks provided cross-stratal permeability for thermal liquids that precipitated metals primarily 

through cooling during their upflow. In contrast, bonanza-type precious metal enrichment apparently 

occurs primarily in competent rocks of flow-dominated volcanic successions. Detailed textural studies on 

samples collected from bonanza-type ore zones in low-sulfidation epithermal deposits in Nevada, 

California, and Japan suggest that high-grade precious metals are deposited as a result of flashing of the 

thermal liquids. This process leads to an efficient precipitation of metals, typically forming ore mineral 

dendrites, which are hosted by noncrystalline silica formed by homogeneous nucleation in the liquid. The 

textural observations suggests that the noncrystalline silica that originally makes up the bulk of the 

mineralized veins recrystallizes to thermodynamically more stable quartz during and after the ore 

deposition. 

The combination of field and microanalytical research provided new insights into the mechanisms 

by which low-sulfidation epithermal deposits are formed. It highlights volcanological and rheological 

controls on the nature of these deposits as high-grade deposits can only develop in competent host rocks 
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allowing flashing of the thermal liquids to depth. The improved understanding of ore-forming processes 

has implications to the design of exploration strategies for this deposit type. 
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CHAPTER 1 

INTRODUCTION 

 

Epithermal deposits are one of the most significant sources of gold (Lipson, 2014; John et al., 

2018). Based on deposit characteristics such as the ore mineralogy, the alteration mineralogy, the ore 

textures, the nature of the host rocks, and the tectonic setting of deposit formation, several distinct types 

of epithermal deposits are distinguished (Hedenquist et al., 2000; Einaudi et al., 2003; Simmons et al., 

2005). The research conducted as part of this thesis focuses on the processes involved in the formation of 

so-called low-sulfidation epithermal deposits (Hedenquist et al., 2000; Simmons et al., 2005). This 

chapter provides a brief background on the processes involves in the formation of low-sulfidation 

epithermal deposits and outlines the organization of the thesis. 

 

1.1 Background 

Low-sulfidation epithermal deposits occur as two economic endmembers, namely low-grade, 

large-tonnage deposits and high-grade, low-tonnage deposits. The two types differ in the style of 

mineralization but can be similarly large in terms of precious metal endowment (John et al., 2018). Low-

grade, large-tonnage deposits essentially represent large zones of silicification, such as the Castle 

Mountain deposit in southern California. This deposit has an estimated reserve of 4.17 Moz Au in 

addition to a past production of 1.24 Moz Au (Secrest et al., 2021). Gold occurs within intensely silicified 

rocks at an average grade of 0.56 g/t Au, making Castle Mountain one of the largest low-sulfidation 

epithermal gold deposits worldwide (Figure 1.1). High-grade, small-tonnage deposits typically encompass 

vein systems and related breccia zones such as the original Sleeper deposit in northern Nevada. Bonanza-

type veins at Sleeper were crustiform and ranged from 2 cm to 5 m in width, with typical grades of 50‒

100 g/t Au. Mining of the deposit between 1986 and 1996 produced ~1.7 Moz Au and ~2.3 Moz Ag 

(Nash et al., 1995; Wilson and Brechtel, 2017). 
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Figure 1.1: Grade-tonnage plot for low-sulfidation epithermal deposits (modified from John et al., 2018). 

The resource of the Castle Mountain deposit (from Scott et al., 2018) is shown in comparison to other 

important deposits. The plot illustrates that most low-sulfidation epithermal deposits are high-grade and 

low-tonnage deposits. H = Hishikari; HY = Hycroft; MC = McLaughlin; MI = Midas; N = National 
district; RM = Round Mountain; S = Sleeper. 

 

Previous studies on low-sulfidation epithermal deposits have established that these deposits form 

from hydrothermal liquids that have a low-salinity (<3–4 wt% NaCl equiv.; Hedenquist et al., 2000; 

Simmons et al., 2005; Bodnar et al., 2014). The mineralizing fluids are near neutral chloride waters, 

comparable to hydrothermal liquids occurring in subaerial geothermal systems (Rowland and Sibson, 

2004; Simmons et al., 2016). Metal deposition occurs in the shallow subsurface at depths of <1.5 km 

below the paleosurface at temperatures <300°C (Simmons et al., 2005). 

Given the variations in style of mineralization, multiple mechanisms for metal precipitation in 

epithermal deposits need to be invoked (Albinson et al., 2001). Previous studies have established that 

some deposits have formed from hydrothermal liquids that have not experienced boiling. In these 

deposits, vapor-rich fluid inclusions do not occur, there is a lack of lattice bladed calcite, and adularia is 

scarce to absent (Albinson et al., 2001). In these deposits, hydrothermal liquids rose toward the 
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paleowater table as single-phase liquids. Metal precipitation most likely occurs due to cooling of the 

hydrothermal liquids during their ascent, as gold solubility decreases with temperature (Stefánsson and 

Seward, 2004; Sanchez-Alfaro et al., 2016). 

Deposits that show evidence for boiling during the upflow of the hydrothermal liquids are very 

common (Albinson et al., 2001). The rising hydrothermal liquids can intersect the boiling curve at varying 

depths below the paleowater table. Unmixing of the vapor phase changes the composition of the liquid 

and results in gold saturation due to the loss of the sulfide ligand to the vapor (Buchanan, 1981; 

Drummond and Ohmoto, 1985; Brown, 1986; Simmons and Browne, 2000). Evidence that boiling 

occurred in low-sulfidation epithermal deposits includes alteration blankets of steam-heated origin 

(Buchanan, 1981), the presence of adularia and bladed calcite in mineralized veins (Simmons and 

Christenson, 1994), or boiling fluid inclusion assemblages (Bodnar et al., 1985). In contrast to low-grade, 

large-tonnage deposits, boiling is widely considered to be the most important ore-forming process in vein-

style low-sulfidation epithermal deposits (Simmons and Browne, 2000). 

Several recent studies have emphasized that different degrees of boiling can be distinguished in 

nature. Moncada et al. (2012) proposed that gentle boiling fundamentally differs from vigorous boiling, 

also referred to as flashing. In the former case, fluids rise along the boiling curve producing comparably 

small amounts of vapor. Boiling results in cooling during fluid ascent. In contrast, vigorous boiling is 

caused by a transient pressure drop to less than hydrostatic, causing the conversion of a large amount of 

liquid into vapor. Flashing events likely result in hydrothermal eruption on surface (Christenson and 

Hayba, 1995). Hydrothermal eruptions are common phenomena in geothermal systems and examples 

have been documented in Waiotapu in New Zealand (Hedenquist and Henley, 1985) or Yellowstone 

National Park in Wyoming (Muffler et al., 1971; White et al., 1988). The rapid phase changes during 

vigorous boiling may be an effective way to form high-grade ore zones (Scott and Watanabe, 1998; 

Sanchez-Alfaro et al., 2016). 

To provide new critical insights into the processes controlling ore formation in low-grade, large-

tonnage deposits, the geology of the Castle Mountain deposit in California was studied. This deposit is 
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characterized by disseminated ores and the virtual absence of high-grade banded veins. The research at 

Castle Mountain was complemented by the study of vein material from previously studied bonanza-type 

low-sulfidation epithermal deposits located in California, Nevada, and Japan. As the geology of the 

bonanza-type deposits are well-understood, the research primarily focused on the vein textures to unravel 

the exact mechanisms by which ore mineral deposition occurred. 

A range of techniques were employed as part of this thesis research. Geological mapping and 

graphical drill core logging were used to complete the study of the geology of the Castle Mountain 

deposit in California. For bonanza-type veins traditional transmitted and reflected light petrography was 

conducted in combination with microanalytical techniques, including µXRF scanning, field emission-

scanning electron microscopy, and electron microprobe analysis. The combination of these microscopic 

techniques proved to be particularly useful in characterizing the textural relationships between the ore 

minerals and the host silica in bonanza-type veins. 

 

1.2 Thesis layout 

This thesis is organized into a series of chapters that represent manuscripts that have been 

published, or are in preparation for publication, in peer reviewed science journals. Each chapter represents 

original research conducted as part of this thesis. The research was conducted collaboratively with co-

authors. The introductory paragraph to each chapter details the contribution made by each of the co-

authors. 

Chapter 2 describes the volcanic facies architecture of the Castle Mountain deposit in California. 

The deposit contains reserves of more than 4 Moz Au in addition to previous production of 1.24 Moz Au 

(Secrest et al., 2021). The geology of the study area consists of dominantly Miocene-aged intermediate 

and felsic lavas and volcaniclastic rocks. Coherent volcanic rocks are less abundant than volcaniclastic 

deposits. The distribution of the different facies appears to have exerted an important control on the 

distribution of ore. Distinct volcanic facies with increased porosity and permeability typically contain the 
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highest grades. The manuscript presented in Chapter 2 will be submitted to the journal Economic 

Geology. 

The ore in bonanza-type low-sulfidation epithermal deposits is commonly contained in crustiform 

veins. These consist of colloform silica bands that contain variable proportions of ore minerals. High 

concentrations of ore minerals occur in macroscopically recognizable bands commonly referred to as 

ginguro bands, which translates from Japanese as “silver black” (Mukaiyama, 1950). Previous 

petrographic observations have largely focused on the mineralogy of these ore-bearing silica bands 

(Takeuchi and Shikazono, 1984; Shimizu et al., 1998; Saunders et al., 2008; Cocker et al., 2013). 

However, the study of samples from several low-sulfidation epithermal deposits revealed that these 

ginguro bands only contain a part of the metals contained in any given vein. Using µXRF mapping, a 

second type of band was identified that contains mostly gold and cannot be easily identified 

macroscopically unless the gold forms large dendrites. The term “gankin” was introduced, using Japanese 

for ‘gold-bearing’. Millimeter-scale gankin bands can be present in the same samples containing ginguro 

bands, but also can form the sole carrier of mineralization in some veins. Recognition of this new type of 

band has important implications for the understanding of how high-grade low-sulfidation epithermal 

deposits are formed through different degrees of boiling. The results of this study were accepted and 

published by the journal Minerals and are reported in Chapter 3 (Tharalson et al., 2019). 

A number of exceptionally high-grade precious metal samples from various epithermal vein 

deposits in California and Nevada were studied to better understand the textural relationships between the 

ore minerals and their silica host. The samples included ginguro and gankin bands containing ore mineral 

dendrites ranging from several millimeters to centimeters in size. The textures of these composite ore 

mineral dendrites were studied petrographically. In addition, the dendrites were etched out from their host 

silica bands with HF to allow imaging of their three-dimensional structure. The detailed petrography 

revealed that the ore mineral dendrites were all hosted in microspherical silica bands that originally were 

composed of a non-crystalline silica precursor. The silica host has been variably recrystallized to mosaic 

quartz, modifying the contact relationships between the ore minerals and the host silica. The results of this 
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study are summarized in Chapter 4 and have been submitted as a manuscript to the journal Mineralium 

Deposita. 

Chapter 5 provides a brief summary of the key findings of this research and their implications for 

the current model for the formation of low-sulfidation epithermal deposits. In addition, recommendations 

for future research are made that could further refine observations made in this thesis and answer some of 

the outstanding key questions in the formation of this important deposit type. 

The electronic Appendix to this thesis provides a compilation of abstracts published over the 

course of this study, coauthor permissions, and supplementary materials including a non-first authored 

manuscript. 
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2.1 Abstract 

The Castle Mountain low-sulfidation epithermal deposit in the Mojave desert in San Bernardino 

County, California, comprises a low-grade, large-tonnage resource containing a total endowment of ~8.6 

million troy ounces of gold (7.06 million ounces current reserves and total resources plus 1.55 million 

ounces past mining). The deposit is located adjacent to the Colorado River extensional corridor which 

represents one of the most extended subregions of the Basin and Range Province and has experienced a 

high degree of crustal extension during the Miocene. Volcanism in the Castle Mountains commenced 

shortly after the deposition of the regional 18.8 Ma Peach Springs Tuff, but prior to the onset of 
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pronounced extension. The lower section of the host stratigraphy of the epithermal deposit is composed of 

trachybasalt and trachyandesite flows and related autobreccia. Effusive eruption of the alkaline lavas was 

followed by the onset of extensional faulting and extensive weathering of the earlier formed lavas in a 

fluvial environment. Relative volcanic quiescence was interrupted by the deposition of rhyolitic ash flows 

that likely originated from a more distal source. The renewed onset of volcanism in the deposit area is 

recorded by the deposition of a block and ash deposit presumably derived from gravitational or explosion-

triggered collapse of a rhyolite lava or dome. Widespread lacustrine deposits developed early at this shift 

from relative volcanic quiescence to rhyolite dominated volcanism. The bulk of the low-grade, large-

tonnage resource of Castle Mountain is hosted in volcanic rocks that formed during this episode of intense 

felsic volcanism. Pyroclastic surges resulted in the deposition of planar and locally cross-bedded lapilli 

tuff in the northern part of the deposit while much of the area is dominated by thick deposits of massive to 

poorly sorted tuff breccia forming aprons around rhyolite lavas and domes. Vertical breccia bodies 

interpreted to represent diatreme deposits are spatially closely associated with the rhyolite centers 

developed along normal faults activated during extension in the Colorado River extensional corridor. 

Hydrothermal activity at Castle Mountain was initiated shortly after the rhyolite volcanism and coincided 

with a short period of volcanic quiescence marked by erosion. Renewed volcanism resulted in the burial 

of the hydrothermal system with these younger volcanic rocks not being affected by hydrothermal 

alteration. Due to younger erosion the paleosurface associated with the Castle Mountain hydrothermal 

system is not preserved. The highest gold grades at Castle Mountain are observed where hydrothermal 

liquids ascending along these structures intersected zones of high cross-stratal permeability such as 

diatreme breccia and autoclastic breccia mantling rhyolitic domes and flows. Fluid flow through the 

volcaniclastic-dominated host rock succession resulted in the formation of a disseminated epithermal 

deposit and the development of a large (~6 km2) zone of intense silicification of the volcanic host rocks. 

The nature of mineralization and alteration at Castle Mountain differ markedly from most of the classical 

low-sulfidation epithermal deposits in the western United States that developed as bonanza-type vein 

deposits in competent volcanic rocks. 
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2.2 Introduction 

The Basin and Range province of the western United States has been the focus of widespread 

calc-alkaline to alkaline volcanism during much of the Cenozoic (John, 2001; Best et al., 2016; John and 

Henry, 2020). Geothermal activity associated with this subaerial volcanism resulted in the formation of 

abundant low-sulfidation gold and silver epithermal deposits, contributing significantly to the world-class 

precious metal endowment of the province (John, 2001; John and Henry, 2020). Formation of these ore 

deposits took place within hundreds of meters below the paleosurface from geothermal liquids having 

temperatures as high as ~250ºC (Hedenquist et al., 2000; Simmons et al., 2005; Bodnar et al. 2014). 

Although the processes of mineralization in low-sulfidation epithermal deposits are generally well 

understood (Simmons and Browne, 2000; Albinson et al., 2001; Simmons et al., 2005; Tharalson et al., 

2019; Zeeck et al., 2021), local geological controls influence many important deposit characteristics such 

as the geometry of the ore zones and the depth of mineralization below the paleosurface (Izawa et al., 

1990; Sherlock et al., 1995; Brathwaite and Faure, 2002; John et al., 2003; Rhys et al., 2020). 

The Castle Mountain low-sulfidation epithermal deposit represents a large precious metal deposit 

formed in association with Miocene volcanism within the Colorado River extensional corridor at the 

eastern margin of the Great Basin province (Linder, 1989; Faulds et al., 2001; Smith et al., 2010; Howard 

et al., 2019). Mining activity at Castle Mountain commenced in 1907, with small high-grade quartz vein 

zones being exploited by three small underground mining operations. Initial open pit mining was 

conducted between 1991 and 2001, yielding a total of 1.24 million troy ounces of gold. The economic 

potential of Castle Mountain has been recently reevaluated, and the deposit has reentered production as a 

low-grade, large-tonnage operation (Secrest et al., 2021). At present, the deposit contains reserves of 4.17 

million troy ounces of Au contained in 257.9 million tonnes of ore grading 0.51 g/t Au. In addition, a 

measured and indicated resource of 1.47 million ounces of Au has been identified in 74.2 million tonnes 

of ore grading 0.62 g/t Au (Secrest et al., 2021). The new mine went into production in October 2020. 

This contribution reconstructs the volcanic facies architecture of the host-rock succession of the 

Castle Mountain low-sulfidation epithermal deposit. The stratigraphic interval studied is ~500 meters 
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thick, with detailed information on the make-up of the volcanic stratigraphy being available over an area 

of ~6 km2. In addition to surface mapping and bench mapping in the abandoned open pits, extensive 

logging of exploration diamond drill core was conducted. Using textural criteria, a range of coherent 

volcanic and related volcaniclastic facies was identified forming subaerial lava flows and shallow 

intrusions. These units interfinger with, or are hosted by, a succession of variably stratified volcaniclastic 

facies, including stratified pyroclastic deposits and volcanic sedimentary deposits, some of which can be 

traced over significant distances allowing stratigraphic correlation across the deposit area. Based on the 

comparison of the geometry of the various volcanic facies with the distribution of the ore zones, this 

contribution evaluates the importance of volcanic controls on fluid flow during the formation of the 

Castle Mountain low-sulfidation epithermal deposit. 

 

2.3 Regional setting 

The Colorado River extensional corridor of southern Nevada and northwestern Arizona is one of 

several subregions of the Basin and Range Province that experienced a high degree of crustal extension 

during the Cenozoic (Fig. 2.1). The corridor is characterized by extensive normal faulting, steeply tilted 

volcanic and sedimentary rocks forming fault panels (Gans and Bohrson, 1998; Faulds et al., 2001; Varga 

et al., 2004), and metamorphic core complexes (e.g., Chemehuevi, Sacramento, and Whipple Mountains; 

Fig. 2.1) that were tectonically unroofed and uplifted from mid-crustal levels as a result of the rapid 

extension (Howard and John, 1987; Gans and Gentry, 2016). The 50‒100-km-wide Colorado River 

extensional corridor stretches for ~200 km south from the Lake Mead area near Las Vegas in Nevada to 

near Parker in Arizona. In the north, the corridor terminates at the Lake Mead fault system and the Las 

Vegas Valley shear zone (Faulds et al., 2001). In this area, normal faults are west-dipping (Faulds et al., 

2001; Varga et al., 2004). Further in the south, normal faults are east-dipping Faulds et al., 2001; Varga et 

al., 2004).  

The unextended Colorado Plateau bounds the Colorado River extensional corridor to the east. The 

boundary between the Colorado Plateau and the Colorado River extension corridor is abrupt in the  



 14 

 

Figure 2.1: Simplified regional bedrock geology of the southern Basin and Range Province from Reed et 

al. (2005). The Peach Spring Tuff extent and source Silver Creek caldera are identified (Hillhouse et al., 

2010; Ferguson et al., 2013). CM – Castle Mountain, M – Moss, GR – Gold Road 
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northern part of the corridor in the Lake Mead region and marked by the occurrence of a single west-

dipping fault zone but is occupied by a broad transition zone in the south in central Arizona (Faulds et al., 

2001). To the west, the Colorado River extension corridor is bordered by the moderately extended 

Mojave Desert. The western margin of the Colorado River extensional corridor is poorly defined as 

extensional deformation persisted beyond the discrete breakaway where detachment faults originally 

intersected the surface (Newman, 2019). The Castle Mountains are located in such a position west of the 

inferred breakaway (Fig. 2.1), but still have been affected by extensional deformation. 

Within the northern Colorado River extensional corridor, basement rocks are overlain by a >3 km 

thick succession of Cenozoic volcanic and sedimentary rocks (Gans and Bohrson, 1998; Faulds et al., 

2001; Smith et al., 2010). The basement is composed of Paleoproterozoic metamorphic rocks, mostly 

gneiss and amphibolite, and Paleo- to Mesoproterozoic anorogenic granites (Anderson and Bender, 1989; 

Wooden and Miller, 1990; Fryxell et al., 1992; Goodge and Vervoort, 2006; Smith et al., 2010). 

Basement rocks have been locally intruded by Late Cretaceous granites (John, 1988). Paleozoic and 

Mesozoic strata are largely missing from the northernmost part of the Colorado River extension corridor 

because the area formed part of a ~200 km wide region of Laramide uplift and erosion (Young and 

Brennan, 1974; Bohannon, 1984; Herrington, 2000). Miocene dike swarms and intermediate to felsic 

plutons cut across the basement and into the overlying Cenozoic volcanic succession (Bachl et al., 2001; 

Smith et al., 2010; Gans and Gentry, 2016). The Cenozoic section is dominated by Miocene volcanic 

rocks, which includes mafic to felsic lavas and intrusions as well as widespread pyroclastic deposits 

(Gans and Bohrson, 1998; Faulds et al., 2001; Smith et al., 2010). 

The onset of early Miocene volcanism and extension in the Colorado River extension corridor 

broadly coincided with the transformation of the western margin of North America from a convergent to a 

transform plate boundary (Dickinson and Snyder, 1979; Glazner and Supplee, 1982; Glazner and Bartley, 

1984; Severinghaus and Atwater, 1990; Ward, 1991). Volcanism in the northern Colorado River 

extensional corridor commenced at about 22 Ma in the Oatman area (Carr, 1991; Nielson and Beratan, 



 16 

1995; Faulds et al., 2001; Gans and Gentry, 2016) and subsequently swept north arriving in the Lake 

Mead area at about 12 Ma (Faulds et al., 2001; Putirka and Platt, 2012). Magmatism ceased at about 11 

Ma in the southern part of the Colorado River extension corridor (Faulds et al., 2001) but continued until 

about 4 Ma in its northern part (Faulds et al., 2001). 

Magmatism in the Colorado River extension corridor occurred prior to, during, and after the main 

phase of extension (Gans and Bohrson, 1998; Faulds et al., 2001; Varga et al., 2004 Smith et al., 2010). In 

general, magmatism prior to extension was dominated by calc-alkaline to alkaline mafic to intermediate 

volcanism (Faulds et al., 2001; Varga et al., 2004; Putirka and Platt, 2012). Large-magnitude east-west 

extension in the Colorado River extension corridor commenced between 16.5 and 15.5 Ma in the south 

and east and migrated toward the northwest, reaching the western Lake Mead region between 13 and 11 

Ma (Gans and Bohrson, 1998; Faulds et al., 2001; Varga et al., 2004). During this main phase of 

extension, bimodal calc-alkaline to alkaline volcanism predominated (Feuerbach et al., 1993; Gans and 

Bohrson, 1998; Faulds et al., 2001; Varga et al., 2004). The isotopic signatures of mafic magmas suggest 

a derivation from enriched sub-continental lithospheric mantle whereas the intermediate to felsic magmas 

erupted in the corridor contain significant proportions of partially melted continental crust. Voluminous 

felsic magmatism coincided with the onset of extension in many areas but generally died out abruptly 

during peak extension (Faulds et al., 2001). The major extension in the Colorado River extension corridor 

was followed by effusive eruption of tholeiitic to alkalic basalts that are compositionally more primitive, 

possibly suggesting the inception of decompressional melting of asthenospheric source (Gans and 

Bohrson, 1998). 

Waning of magmatism and extension in the Colorado River extension corridor was followed by 

the widespread deposition of clastic sedimentary rocks, including alluvial fan, continental playa, and 

lacustrine deposits. This includes 5‒10 Ma old clastic sedimentary rocks in the Lake Mead area 

(Bohannon, 1984), 6‒13 Ma old evaporite deposits in the Hualapai, Detrital, and Overton Arm basins 

(Peirce, 1976; Faulds et al., 1997), the 6‒11 Ma old limestone in the Lake Mead area (Blair and 

Armstrong, 1979; Lucchitta, 1979), and 4‒9 Ma old limestone in the Laughlin-Bullhead City area 
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(Metzger and Loeltz, 1973; Buising, 1990; Spencer and Patchett, 1997). The Colorado River in its current 

configuration developed between 4.4‒6 million years ago (Faulds et al., 2001; Howard et al., 2019). Since 

then, thick successions of interfingering gravel, sand, silt, and mud have been deposited in the Lake Mead 

and Lake Mohave areas. The Colorado River sediments commonly interfinger with locally derived 

alluvial fan deposits (Faulds et al., 2001; Howard et al., 2019). 

 

2.4 Castle Mountain host-rock succession 

The Castle Mountains, which represent the focus of this study, straddle the border of San 

Bernardino county in California and Clark County in Nevada, ~40 km to the west of the Colorado River. 

The volcanic succession hosting the Castle Mountain epithermal deposit is only slightly to moderately 

faulted and broadly dips to the southwest. The epithermal deposit is located near the southern tip of 14-

km-long mountain range in an enclave surrounded by the Mojave National Preserve. 

The Castle Mountains have been mapped by several previous researchers (Medall, 1964; Capps 

and Moore, 1997; Nielson et al., 1999). The most detailed work has been performed by Capps and Moore 

(1997) at a scale of 1:24,000 (Fig. 2.2). Field work conducted as part of this study focused on the 

southernmost part of the Castle Mountain range where the low-sulfidation epithermal deposit is located. 

Surface mapping was performed at scales of 1:2,000 to 1:5,000 (Fig. 2.3). In addition, bench mapping at 

1:1,000 was conducted in locations where the two abandoned open pits could be safely accessed. 

Diamond exploration core intersecting the host-rock succession of the Castle Mountain low-sulfidation 

epithermal deposit was logged graphically at a scale of 1:500 and short drill hole sections were logged in 

detailed at a scale of 1:50. In total, ~10,000 m of core from 36 diamond drill holes were examined. 

Figure 2.4 shows a schematic stratigraphic column for the southernmost part of the Castle 

Mountains. Proterozoic basement rocks are unconformably overlain by a narrow interval of basal 

conglomerate, referred to as the Castle Mountain Conglomerate. The conglomerate is covered by a 

welded ignimbrite, the Peach Spring Tuff, which was deposited prior to the volcanism resulting in the 

formation of the Castle Mountain volcanic complex. Capps and Moore (1997) previously subdivided 
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Figure 2.2: Geologic map of the Castle Mountains and adjacent portions of the Piute Range (Capps and 
Moore, 1997; Nielson et al., 1999). The core of the range exposes multiple phases of rhyolite domes and 

flows in a succession of felsic volcaniclastics. 
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Figure 2.3: Small-scale geologic map of the Castle Mountain deposit area (Nicholls et al., 2017). The 

volcanic succession is only shallowly dipping so surface geology is dominated by coherent lavas and 

volcaniclastic rocks of the Linder Peak formation. Hart Peak formation coherent lavas occur as 

crosscutting dikes in the Orobelle pit area and East Ridge. 
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Figure 2.4: Generalized stratigraphic column for the Castle Mountain deposit area. The Lower Jacks Well 

represents the first local volcanic rocks and are deposited on the regional Peach Spring Tuff. 
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the Miocene Castle Mountain volcanic complex, from oldest to youngest, into the Jacks Well, Linder 

Peak, and Hart Peak volcanic successions. The mapping and core logging conducted as part of this study 

confirmed that the contacts between these volcanic successions are mappable across the deposit area. As a 

result, the stratigraphic subdivision of the Castle Mountain volcanic complex as originally proposed by 

Capps and Moore (1997) is retained here, but individual volcanic successions are informally referred to as 

formations in this contribution. Based on the observed field relationships, a number of informal members 

are distinguished and are named here for the first time. Volcanic rocks of the Jacks Well and Linder Peak 

formations have been hydrothermally altered as a result of the formation of the Castle Mountain low-

sulfidation epithermal deposit, whereas the volcanic rocks of the Hart Peak formation have not been 

hydrothermally overprinted and are barren. The Castle Mountain volcanic complex is overlain by post-

mineral lahar and debris flow deposits of the Piute Range formation as well as young unconsolidated 

sediments. 

 

2.4.1 Proterozoic basement 

The Castle Mountain volcanic succession overlies Proterozoic basement rocks, which 

crop out along the eastern flank of the Castle Mountains and in the eastern New York Mountains 

(Thompson, 1990; Miller and Wooden, 1993; Capps and Moore, 1997). Within the deposit area, 

depth to the basement appears to broadly increase from north to south. However, Proterozoic 

basement rocks have only been intersected in few deep drill holes. At Oro Belle in the north, the 

basement is located at ~375 m below surface (drill holes CMM-118C, CMM-119C, and CMM-

120C) whereas basement rocks have not been encountered with drilling down to more than 400 

m below surface at South Dome. 

Many of the Miocene volcaniclastic rocks forming the Castle Mountains contain clasts of 

basement rock. This includes frequent medium- to coarse-grained granitoid clasts that are light 

pink to greenish gray in color (Fig. 2.5a). The granitoid clasts are commonly crudely foliated.  
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Figure 2.5: Examples of the main and key lithologies representing the footwall to the Linder Peak 

formation. A) Core photograph of proterozoic foliated gneiss rarely intersected by drilling in the Castle 

Mountain deposit area. B) Core photograph of the massive Castle Mountain conglomerate with abundant 
subrounded clasts of gneiss and metagranite. C) Core photograph of the eutaxitically foliated Peach 

Spring Tuff. Foliation is defined by elongate fiamme (arrow). D) Core photograph of a massive, 

porphyritic lava from the Lower Jacks Well member showing vesicles and amygdales. E) Scan of a thin 
section of the accretionary lapilli horizon occurring 1–3 m above the Lower Jacks Well member. F) Core 

photograph of a typical sequence of fining upwards sedimentary rocks of the Upper Jacks Well member. 

Clasts are dominantly subrounded lavas of the Lower Jacks Well member, but also includes clasts of the 
metamorphic basement rocks. G) Core photograph of the uppermost mudstone that caps the Upper Jacks 

Well member. The unit is very typically finely laminated and locally displays coarser silt to fine sand 

intervals. 
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Due to grain scale deformation, magmatic quartz grains are typically slightly elongate in the 

granitoid clasts, consisting of subgrains that show undulose extinction. Feldspar in the granitoid 

clasts is typically pervasively altered and replaced by white mica and quartz. Apatite occurs as a 

common accessory phase. In addition to granitoid clasts, clasts of metamorphic rocks are 

common. This includes abundant light-gray to light-greenish-gray feldspar-muscovite-biotite 

gneiss that is poorly foliated. Dark-green, greenish-gray, and dark-gray amphibolite clasts are 

also present. 

 

2.4.2 Castle Mountain Conglomerate 

The Proterozoic basement rocks at Castle Mountain are locally overlain by a basal 

conglomerate, referred to as the Castle Mountain Conglomerate. The contact between the 

basement rocks and the conglomerate is unconformable. In the northern part of the Castle 

Mountains, the Castle Mountain Conglomerate is up to ~5 m thick. It is poorly sorted and varies 

from conglomerate to coarse sandstone. Clasts are subrounded to angular and include 

Proterozoic granitoids, pegmatite, and biotite gneiss that are up to 10 cm in size set in a coarse 

sand matrix (Capps and Moore, 1997). Exploration drilling in the Oro Belle area intersect the 

Castle Mountain Conglomerate at ~360 m below surface. At South Domes, which is ~10 km 

south of the outcrops studied by Capps and Moore (1997), the Castle Mountain conglomerate 

was intersected by one of the drill holes studied as part of this contribution (CMM-111C). In this 

drill hole, the conglomerate occurs ~510 m below surface and is ~6 m thick. It is composed of 

subrounded clasts of metamorphic basement rocks that range from 1‒5 cm in size and is poorly 

sorted (Fig. 2.5b). 
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2.4.3 Peach Spring Tuff 

Previous regional mapping has shown that the basal conglomerate in the Castle 

Mountains is conformably overlain by the Peach Spring Tuff (Capps and Moore, 1991). This 

pinkish gray to gray welded alkalic rhyolitic ignimbrite crops out throughout the Castle 

Mountain range, with one of the largest outcrops being located 1.6 km east of Linder Peak in the 

east-central Castle Mountains. In outcrop, the unit is typically less than 10 m thick, but locally 

reaches up to 50 m in thickness (Capps and Moore, 1997; Nielson et al., 1999). The Peach 

Spring Tuff has been intersected by several deep drill holes within the study area in the southern 

Castle Mountains. At South Domes, the unit has a stratigraphic thickness of ~40 m (drill hole 

CMM-111C). In the Oro Belle area, the thickness is ~30 m (drill hole CMM-009C). The 

ignimbrite is moderately welded where encountered in exploration drill core. It has a distinct 

eutaxitic texture imparted by pumice fragments that range up to 15 cm in length (Fig. 2.5c). The 

petrographic characteristics of samples collected from core are similar to those described by 

Capps and Moore (1997). Phenocrysts make up ~10‒15 % of the ignimbrite and include 

sanidine, oligoclase, quartz, biotite, hornblende and both anhedral and euhedral opaque phases 

including titanite and titanomagnetite. Small amounts of calcic plagioclase and pyroxene are 

present. Accessory phases include zircon and apatite. The groundmass of the Peach Spring Tuff 

is fine-grained and devitrified and has a microgranophyric texture composed of intergrown 

sanidine and quartz microlites. Faint original shards can be identified in thin section and 

spherulites occur in originally glassy particles. Locally, abundant clasts of older volcanic rocks 

as well as material derived from the basement are present, which can reach 1‒2 cm in size in drill 

core. 
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2.4.4 Jacks Well formation 

Volcanic rocks of the Jacks Well formation conformably overly the Peach Spring Tuff. 

They represent the first products of local volcanism within the Castle Mountains. The Jacks Well 

formation is typically ~60 m in stratigraphic thickness and has been recognized over a distance 

of 13.8 km along the trend of the Castle Mountains. They range from 80‒150-m-thick in the 

south to 60‒150-m-thick in the north (Capps and Moore, 1997). In general, the Jacks Well 

formation thins to the east and west of the main trend of the Castle Mountains. Based on volcanic 

facies characteristics, the formation is divided into two members within the study area. The 

Lower Jacks Well member consists primarily of coherent trachyandesite flows and associated 

autoclastic deposits. The Upper Jacks Well member is dominated by volcanogenic sedimentary 

deposits. This includes rocks interpreted to have formed in a fluvial to lacustrine environment. 

The rocks of the Jacks Well formation are pervasively altered, with propylitic alteration being 

most widespread. 

The Lower Jacks Well member is made up primarily by coherent trachyandesite and 

associate autoclastic deposits. In the northern Castle Mountains, the thickness of the succession 

of mostly coherent trachybasalt and trachyandesite ranges from 2.5 to 110 meters (Nielson et al., 

1999). In the Lucky John and South Domes areas investigated as part of this study, the Lower 

Jacks Well member is ~70 m in thickness. Individual flows of trachybasalt and trachyandesite 

andesite range from 7 to 26 m in thickness. The lavas are highly porphyritic containing up to 

20% plagioclase, clinopyroxene, olivine, and ilmenite phenocrysts that are up to 1 cm in size. 

Apatite and magnetite are common minor phases occurring in the formerly glass-bearing 

groundmass of the lavas (Fig. 5d). The lavas are non-vesicular to moderately vesicular or 

amygdaloidal. Elongate pipe-like amygdales are common in the lower parts of individual lava 

flows whereas spherical vesicles and amygdales occur throughout the flows or are concentrated 
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near the top of the flows. Coherent trachybasalt and trachyandesite is commonly associated with 

related monomict breccia that are interpreted to have formed through autobrecciation. The 

breccias are typically clast-supported with individual clasts having planar to curviplanar margins. 

The lava flows of the Lower Jacks Well member are overlain by variably thick (<5 to 

>80 m) succession of volcanogenic sedimentary rocks. The thickness of the volcanogenic 

sedimentary succession varies substantially over short distances across E-W oriented sections. In 

one location at Lucky John, the geometric relationships suggest the existence of a fault scarp as a 

thick succession of volcanogenic sedimentary rocks observed in one drill hole appears to abut 

against lavas of the Lower Jacks Well member in a drill hole only located ~210 m further west. 

Individual beds within the succession of volcanogenic sedimentary rocks of the Upper Jacks 

Well member range from 1 to >400 cm in thickness, are well-sorted, and typically show normal 

grading. The majority of particles in these deposits are clasts of trachybasalt and trachyandesite 

derived from the erosion of the Lower Jacks Well member. However, clasts of basement rocks 

and welded rhyolite sourced from the stratigraphically lower Peach Springs Tuff are also present. 

The clasts are subrounded to rounded. Conglomerate and sandstone beds are typically capped by 

thin mudstone intervals. 

Several marker units occur within the Upper Jacks Well member. Within 1‒3 m above 

the lavas, a thin (3‒5 cm) horizon of accretionary lapilli occurs within this succession of 

volcanogenic sedimentary rocks that consist of 3‒5 mm spherical, rim-type accretionary lapilli 

set in a fine-grained matrix of ash-sized particles (Fig. 2.5e). This horizon can be traced from 

drill hole to drill hole within the Lucky John area. Within the upper section, several up to 3 m 

thick beds of incipient to weakly welded rhyolite tuffs units have been recognized that contain 1‒

4-cm-large fiamme defining a eutaxitic texture. These tuffs are intensely clay-altered and 
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primary textures are typically difficult to discern in the drill holes logged. However, quartz 

phenocrysts are not present. 

In several of the drill holes from Lucky John/JSLA pit area, a thick (4.3 to 13.1 m) 

rhyolitic block and ash flow deposit has been recognized at or near the stratigraphic top of the 

Upper Jacks Well member. Massive beds of the block and ash flow deposits comprise >3 cm to 

meter-scale aphyric, typically flow-banded rhyolite clasts set in a fine-grained matrix that is 

compositionally identical (Fig. 2.6a). The breccias ranges from clast-supported to matrix-

supported, with clasts ranging from subangular to subrounded in shape and up to 30 cm in size. 

The block and ash flow deposit is clay-altered, which makes its textures difficult to identify in 

most drill holes. 

Within the Lucky John area, relatively thick (up to ~16 m) deposits of massive to 

laminated mudstone have been recognized that onlap on the block and ash flow deposits and 

form the uppermost unit within the Upper Jacks Well member. The mudstone is dominantly 

purple to brown in color. Small beds of sandstone occur throughout the mudstone intervals. In 

one drill hole (CMM-201C), a tree fragment has been identified. The mudstone is overlain by 

pyroclastic deposits assigned to the Linder Peak formation. 

 

2.4.5 Linder Peak formation 

In the central part of the southern Castle Mountains, the basal section of Linder Peak 

formation is comprised of stratified lapilli-tuff and coarse tuff (terminology after White and 

Houghton, 2006; Fig. 2.6). Individual beds are typically planar although cross-stratification is 

present. Exposures in the Oro Belle open pit demonstrate that the lapilli tuff units thin over small  
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Figure 2.6: Core photographs of key lithologies. A) The block and ash flow is frequently found below the 

uppermost mudstone and represents one of the first local felsic eruptions. Clasts and flow banding have 

been highlighted. B) Lapilli tuff occurring near the base of the Linder Peak formation. Beds are frequently 

cm-scale and often display fine ash tops. Stratigraphic up is denoted by the arrow. C) Sample of the tuff 
breccia that makes up much of the volume of the Castle Mountain deposit area. Clasts are dominantly 

rhyolite, but dark clasts are sourced from the Jacks Well. The arrow points to a small clast of 

metamorphic rock representing the basement. D) Massive obsidian from an aphyric rhyolite flow. 
Obsidian frequently displays fine perlitic fracturing (arrow). E) Aphyric rhyolite displaying planar flow 

banding and abundant spherulites and lithophysae that have been infilled by quartz. F) Monomict rhyolite 

breccia displaying angular clasts. The breccia is clast supported and much of the space between clasts has 

been infilled by quartz. 
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paleotopographic highs. The lapilli-sized fragments in the stratified lapilli-tuff units are 

subrounded to rounded and dominantly consist of aphyric rhyolite. A small proportion of 

porphyritic andesite clasts are present and clasts of metamorphic basement rocks have also been 

recognized. Individual, cm-scale beds frequently display a fine-grained base that quickly 

coarsens upward before gradually fining to the top. 

Massive to crudely stratified tuff breccias are volumetrically important within the Linder 

Peak formation. Individual beds of this facies can attain thicknesses of up to 40 meters. Clast 

sorting is poor and ~30‒50% of the deposit is composed of clasts (Fig. 2.6c). Near the base of 

individual bed, clasts of metamorphic basement rocks are abundant. In addition, clasts of Peach 

Springs Tuff and trachybasalt and trachyandesite of the Jacks Well formation occur. Rhyolite 

clasts are abundant and typically angular in shape. The rhyolite clasts only rarely exhibit fluidal 

shapes, glassy margins, or are vesicular. In outcrop and core, tuff breccias commonly have clast-

shaped voids which may have represented originally glassy and/or pumaceous clasts that have 

been hydrothermally altered to clay or are weathered out. 

The volcaniclastic rocks of the Linder Peak formation host abundant coherent rhyolite. 

Two types of rhyolite have been recognized in the deposit area in the southern Castle Mountains, 

namely aphyric rhyolite and rhyolite that is quartz and feldspar porphyritic. Aphyric rhyolites are 

most frequently observed at stratigraphically lower positions than the quartz and feldspar 

porphyritic rhyolite units and more commonly exhibit thick brown to black obsidian on their 

margins (Fig. 2.6d). Both rhyolite types can be spherulitic, with these spherical crystal 

aggregates ranging up to 2.0 cm in size (Fig. 2.6e). Lithophysae can be locally abundant. Flow 

banding in both rhyolite types ranges from planar near the margins to highly contorted. The 

interiors of many of the rhyolite flows or domes are massive and lack flow banding. Some of the 
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rhyolite flows and domes contain 1‒10 cm large rounded to irregularly-shaped xenoliths of 

metamorphic gneiss derived from the Proterozoic basement. 

The coherent rhyolite flows and domes are mantled by monomict clast-supported breccia 

interpreted to have formed by autobrecciation (Fig. 2.6f). Breccia units can be laterally extensive 

or form only narrow zones adjacent to the rhyolite flows and domes. The clasts in the rhyolite 

breccia are texturally identical to the coherent facies. Most breccias do not have a significant 

matrix component, but space between clasts is commonly cemented by hydrothermal quartz. In 

some cases, the coherent rhyolite grades into block and ash flow deposits that are poorly sorted 

and matrix-supported. 

The stratified volcaniclastic units within the Linder Peak formation are crosscut by a 

number of vertical breccia pipes. These breccias contain clasts of a wide range of rock types. The 

immediate host rocks of the Linder Peak formation typically form the clast population that is 

most abundant. Clasts sizes within these vertical breccia pipes range from less than a centimeter 

to over a meter in size. The breccia bodies are elongate or spherical in plan view. Contacts 

between the breccia bodies and surrounding rock range from gradational to sharp. 

Along Northwest Rim, a succession of volcanogenic sedimentary rocks occur at the 

stratigraphic top of the Linder Peak formation. These deposits contain rounded clasts derived 

from the various rock types encountered throughout the Linder Peak formation. In addition, these 

deposits contain clasts of chalcedonic and coarse-grained milky vein quartz, suggesting that 

hydrothermal activity largely predated erosion and deposition of these stratified deposits 

although the volcanogenic sedimentary rocks were still affected by fluid-rock interaction and are 

variably silicified or clay-altered. Capps and Moore (1997) originally viewed these volcanogenic 

sedimentary deposits to form part of the younger Hart Peak formation. However, in this study, 
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these volcanogenic sedimentary deposits were assigned to the Linder Peak formation as they do 

not contain clasts of highly porphyritic rhyolite, which dominates throughout the Linder Peak 

formation.  

 

2.4.6 Hart Peak formation 

Capps and Moore (1997) demonstrated that volcanic rocks of the Hart Peak formation 

overlie those of the Linder Peak formation throughout much of the Castle Mountains. Hart Peak 

volcanic rocks include trachyandesite to trachydacite flows and dikes, rhyolite flows and high-

level intrusions, and rhyolite tuffs. Trachyandesite and trachydacite are sparsely porphyritic 

containing <5% phenocrysts of pyroxene, opaque minerals, and olivine. Rhyolite of the Hart 

Peak formation shows high (up to 20 %) abundances of large (0.3‒1.0 cm) phenocrysts, which 

makes them easily distinguishable from rhyolite of the Linder Peak formation (Capps and 

Moore, 1997). In the immediate deposit area, only highly porphyritic Hart Peak dikes have been 

recognized, which may have been feeders to volcanic deposits located further up stratigraphy 

that are not preserved due to erosion. The dikes generally strike N-NE and dip 60‒70º to the E-

SE. In the Jumbo and Oro Belle open pits, Hart Peak dikes are 4‒8 m-wide and display 

recessively weathered glassy margins. The interiors of the dikes are purplish grey and massive or 

jointed. One large Hart Peak dike occurs on East Ridge, which has a similar strike and dip, but is 

up to ~160 m wide. The felsic dike displays subhorizontal polygonal jointing that is 

perpendicular to the dike margins. The dike contains ~15% phenocrysts of feldspar, biotite, 

hornblende, magnetite, ilmenite, pyroxene, embayed quartz, and magnetite. All Hart Peak dikes 

in the deposit area are least-altered but cut across intensely silicified host rocks of the Linder 

Peak formation. 
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2.4.7 Piute Range formation 

Following the cessation of volcanism of the Hart Peak formation there was a significant 

hiatus in volcanism. Volcanic rocks of the Piute Range formation were deposited following an 

extended period of erosion. Mafic to intermediate rocks of the Piute Range formation crop out 

extensively to the east of the Castle Mountains (Fig. 2.2) and in the nearby Piute Range (Capps 

and Moore, 1997; Nielsen et al., 1999). The volcanic debris avalanche deposits assigned to this 

formation are exposed in multiple benches of the Jumbo pit. These deposits are light-brown to 

light-gray in color and can be up to 70 m in thickness. Clasts in these poorly or non-sorted 

deposits are over 3 m in diameter. The matrix is composed of silt to fine sandy material. A 

diverse range of clast types is observed, which includes material derived from the Proterozoic 

basement, clasts of Jacks Well volcanic rocks, aphyric and porphyritic rhyolite of the Linder 

Peak and Hart Peak formations, and medium-gray and medium-reddish-brown trachyandesite 

that contains 1‒15 % phenocrysts of plagioclase, augite, hypersthene, amphibole, and olivine. 

These clasts are texturally identical to coherent trachyandesite outcropping in the Piute Range. 

Some of the clasts interpreted to be derived from the Jacks Well, Linder peak, and Hart Peak 

formations have been affected by hydrothermal alteration suggesting that volcanic material 

derived from the deposit area was incorporated into the debris avalanches. The uppermost 

section of the deposits in the Jumbo pit are finer-grained and better sorted and may represent 

volcanogenic sedimentary deposits formed by reworking of the debris avalanche deposits in a 

fluvial environment. 

 

2.4.8 Unconsolidated sediments 

Unconsolidated sediments form the youngest deposits in the study area. This includes 

unconsolidated and calichified pediment deposits, elevated terrace sediments, and colluvium that 
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are located over 2 meters above modern drainages. These are cut by older stream sediments and 

sandy flood plain deposits. Modern channels and stream sediment deposits of sand and gravel as 

well as low-lying terraces adjacent to the channels are widespread to the east and west of the 

Castle Mountains. 

 

2.5 Lithological controls on ore grade 

The Castle Mountain deposit currently has a proven and probable reserve of 4.17 million ounces 

of Au at an average grade of 0.51 g/t (Secrest et al., 2021). Volcanic facies logging shows that there is a 

strong correlation between gold grade and rock types suggesting a strong lithological control on gold 

distribution at Castle Mountain (Fig. 2.7). Figure 2.8 shows a box-and-whisker plot illustrating the 

distribution of assay values observed in the ~10 km of diamond exploration core logged. Typically, the 

assay intervals were 1.5 m in length. 

The box-and-whisker plot illustrates that the rocks of the Jacks Well formation are in general 

poor hosts to mineralization as they generally have gold concentrations below the cut-off grade of the 

mine of 0.17 g/t (Secrest et al., 2021). Mafic to intermediate coherent lavas and associated breccia of the 

Lower Jacks Well member generally show somewhat higher gold grades (median value of 0.068 ppm 

Au)  than the stratified volcaniclastic deposits of the Upper Jacks Well member median value of 0.007 

ppm Au), which includes altered and clay-rich volcanic rocks and fine-grained deposits such as the 

lacustrine mudstone. The rocks of the Upper Jacks Well member also form the only major lithological 

group having a strong positive skew toward values below the detection limit. 

Within the Linder Peak formation, similar pronounced variations in gold grade exist (Fig. 2.8). 

Stratified volcaniclastic rocks generally show gold concentrations below the cut-off grade (median value 

of 0.020 ppm Au). Coherent rhyolite of the Linder Peak formation is also typically characterized by low 

gold concentrations but samples of aphyric rhyolite have distinctly higher gold concentrations (median 

value of 0.065 ppm Au) than those taken from quartz-phyric rhyolite (median value of 0.040 ppm Au).  
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Figure 2.7: Geologic cross sections through the Castle Mountain deposit area showing generalized areas 

containing gold mineralization. The two sections are subparallel and separated by nearly 1,000 m. A) The 
Lucky John area shows how extensional faulting influenced the thickness of the Upper Jacks Well 

member. B) The South Domes area is more complex with significant normal faulting occurring after the 

Jacks Well formation. Mineralization is concentrated along the fault and within the autoclastic breccias 

associated with rhyolite domes. 
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Figure 2.8: Box and whisker plot showing the distribution of gold grade across distinct lithologies. 

Primary volcaniclastic rocks and volcanic sedimentary rocks have the lowest average grades while 

autoclastic rhyolite breccias and diatremes have the highest average grades. 

 

However, breccia facies associated with these lava flows or domes commonly show grades exceeding the 

cut-off value implying that the high permeability of the breccia facies promoted gold deposition. Aphyric 

rhyolite breccia have a median value of 0.375 ppm Au while quartz-phyric rhyolite breccia have a median 

value of 0.209 ppm Au. Elevated gold grades commonly also occur in diatreme breccia, which were 

presumably also characterized by a high permeability due to their clast-supported nature. 
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2.6 Lithogeochemistry 

A total of 270 whole-rock samples were collected from surface outcrops and drill core to study 

the lithogeochemical signature of the volcanic rocks hosting the Castle Mountain low-sulfidation 

epithermal deposit. Half-core drill core samples were typically 20 cm in length and 0.7 kg in weight. 

Samples from outcrops were about 1 kg in weight. The whole-rock samples were analyzed by ALS 

Minerals in Vancouver, Canada. The concentrations of major elements were determined by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES) following lithium borate fusion and four acid 

digestion. Trace elements, including the rare earth elements, were measured by inductively coupled 

plasma-mass spectrometry (ICP-MS) following the same sample preparation steps. The use of lithium 

borate fusion coupled with four acid digestion ensured complete dissolution of the sample powders and 

recovery of all refractory elements. 

Geochemical analysis of least-altered trachybasalt and trachyandesite of the Jacks Well formation 

revealed that these rocks have K2O + Na2O contents of 8‒9 wt. %. They are typified by high contents of 

Zr, Nb, Th, P and the light rare earth elements (REEs). The trachybasalt and trachyandesite has an 

alkaline affinity. The trachybasalt and trachyandesite of the Jacks Well formation is geochemically 

distinct from rhyolite of the Linder Peak formation which are characterized by a high SiO2 content, low 

TiO2 concentrations and low Zr contents. The rhyolite of the Linder Peak formation shows a high-K calc-

alkaline affinity. The large Hart Peak dike on East Ridge also shows a calc-alkaline affinity but is 

chemically distinct from the Linder Peak volcanic rocks as it shows higher Zr/Y and La/Yb ratios 

suggesting that it was derived from a different magma source.  

Geochemical analyses of the volcaniclastic rocks of the Linder Peak formation could not be used 

to divide these stratified rocks using chemostratigraphic criteria. They compositionally fall between the 

coherent rhyolite of the Linder Peak formation and trachybasalt and trachyandesite of the Jacks Well 

formation. Based on petrographic evidence and a mixing line in element plots, this can be explained by 

the presence of variable amounts of clasts derived from the Jacks Well formation in these volcaniclastic 

rocks (Fig. 2.9). 
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Figure 2.9: Graph of the Zr/Al2O3 vs Al2O3/TiO2 ratios. Coherent lavas of the Jacks Well and Linder Peak 

are distinct. Volcaniclastic rocks are shown to result from near perfect end-member mixing of the two 
lava compositions with only minor contributions from the Peach Spring Tuff and Proterozoic 

metamorphic basement. 

 

2.7 Discussion 

2.7.1 Evolution of the Castle Mountain volcanic succession 

The geology of the Castle Mountain low-sulfidation epithermal deposit has been studied by 

several workers since the discovery of gold in 1907 (Ausburn, 1989, 1991; Turner and Glazner, 1990; 

Capps and Moore, 1991, 1997; Williams, 1992; Mitchell, 1994; Nielsen et al., 1999; Rotert, 2000). The 

most detailed work on the volcanological facies architecture of the Castle Mountains was completed by 

Capps and Moore (1997). The core logging and mapping conducted as part of the present study confirmed 

and refined the stratigraphic subdivision of the Castle Mountain volcanic succession as proposed by these 

workers. Improved understanding of the volcanic facies architecture of this Miocene volcanic center in 
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the Colorado River extension corridor led to a better understanding of the geological controls on ore 

distribution at Castle Mountain and contributed to a refinement of the ore deposit model. 

At Castle Mountains, Proterozoic basement rocks are overlain by the Castle Mountain 

Conglomerate, which formed during a period of erosion that predated Miocene volcanism. The Castle 

Mountain Conglomerate is similar to sedimentary deposits formed by basement erosion in other parts of 

the Colorado River extensional corridor (Faulds et al., 2000; Faulds et al., 2001; Varga et al., 2004). In 

the McCullough Range and Lucy Gray Mountains south of Las Vegas, a basal conglomerate deposited 

between 40 Ma and 18.5 Ma occurs in channels cut in the Proterozoic basement. The basal conglomerate 

ranges 20‒70 m in thickness in the Lucy Gray Mountains and ranges up to 100 m in thickness in the 

McCullough Range (Herrington, 2000; Smith et al., 2010). In the Lake Mead region, the basal 

conglomerate containing clasts of Paleozoic and Mesozoic rocks may be as old as 24 Ma (Beard, 1996). 

The Castle Mountain Conglomerate may also be broadly correlative with the Buck and Doe 

Conglomerate occurring in paleo-canyons in in the western part of the Colorado Plateau (Young, 1966; 

Beard, 1996). 

The Castle Mountain Conglomerate is overlain by the Peach Spring Tuff. The Peach Spring Tuff 

is an extra-caldera rhyolitic (68%–76% SiO2; Ferguson et al., 2013) ignimbrite emplaced during the 

super-eruption of the Silver Creek caldera. This caldera straddles the eastern edge of the Colorado River 

extensional corridor near Oatman in Arizona (Ferguson et al., 2013). The Peach Spring Tuff is a regional 

marker as erosional remnants of the ignimbrite sheet occur as far away as 240 km from the source caldera 

in southeastern California, west-central Arizona, and southern Nevada (Fig. 2.1), with the ignimbrite 

originally covering an area of ~32,000 km2 (Young and Brennan, 1974; Glazner et al., 1986; Valentine et 

al., 1989; Billingsley et al., 1999; Roche et al., 2016). Outcrops of the Peach Spring Tuff have also been 

identified within the New York Mountains west and southwest of the Castle Mountains (Miller et al., 

1986) and the Piute Range east and southeast of the Castle Mountains (Nielson et al., 1999). Based on 

several Ar-Ar age dates obtained on sanidine, the eruption of the Silver Creek caldera and deposition of 
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the Peach Spring Tuff has been placed at 18.78 ± 0.02 Ma (Ferguson et al., 2013), providing a maximum 

age for the Miocene Castle Mountain volcanic complex. 

Volcanism in the Castle Mountains commenced with the effusive emplacement of trachybasalt 

and trachyandesite lavas of the Lower Jacks Well member. The effusive eruption of these lavas occurred 

in a subaerial environment with individual lavas being emplaced in rapid succession as the occurrence of 

sedimentary rocks or air-fall tuffs between individual lava flows is rare. Individual lava flows comprise a 

coherent core that is commonly mantled by breccia formed by autobrecciation and possibly quenching. A 

biotite separate obtained from a coherent trachyandesite lava of the Lower Jacks Well member collected 

in the northern Castle Mountains yielded a K-Ar age of 16.5 ± 0.5 Ma (Capps and Moore, 1991, 1997), 

possibly suggesting the existence of a volcanic hiatus between the deposition of the Peach Spring Tuff at 

18.78 ± 0.02 Ma (Ferguson et al., 2013) and the onset of alkaline volcanism in the Castle Mountains. In 

section, the Lower Jacks member does not show pronounced variations in thickness, which likely 

suggests that effusive eruption occurred largely prior to extensional faulting and the creation of fault 

scarps at Castle Mountain. 

The overlying volcaniclastic rocks of the Upper Jacks Well member records a different 

depositional setting. Within 1‒3 m above the contact between the Lower and Upper Jacks Well members, 

a thin (3‒5 cm) horizon of accretionary lapilli is observed. Formation of accretionary lapilli involves the 

aggregation of suspended ash particles as a result of electrostatic attraction and particle collision, with the 

ash initially being held together by surface tension of condensed moisture (Reimer, 1983; Gilbert et al., 

1991; Schumacher and Schmincke, 1991). The accretionary lapilli form part of a primary pyroclastic 

deposit. Given the limited thickness of the unit, the pyroclastic eruption probably occurred distal to the 

Castle Mountains or was only of limited significance. Much of the Upper Jacks Well member is 

dominated by volcaniclastic rocks that have formed through erosion of outcropping lavas of the Lower 

Jacks Well member. The stratified deposits contain well-rounded clasts and facies characteristics are 

consistent with deposition in a fluvial environment as channel deposits. Thin mudstone units may 

represent over bank deposits. Rapid changes in unit thickness along section suggest that erosion was 
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contemporaneous to extensional faulting and the creation of normal faults. The existence of fault scarps 

likely controlled the drainage pattern at the time. Several incipient to weakly welded rhyolite tuffs units 

occur throughout the uppermost portion of the Upper Jacks Well member. In the area of Lucky John and 

JSLA pit, a thick rhyolitic block and ash flow deposit has been recognized near the stratigraphic top of the 

Upper Jacks Well member. The volcanic detritus may have been derived from a silicic flow or dome 

through gravitational or explosion-triggered collapse (Miyabuchi, 1999), providing the first evidence for 

the onset of local felsic volcanism within the Castle Mountains. Relatively thick (up to ~16 m) deposits of 

laminated to massive mudstone onlaps a succession of welded tuff and the block and ash flow deposit and 

is interpreted to have formed by suspension sedimentation in a lacustrine environment during a period of 

relative quiescence, which could have developed by a river being blocked off by the dome collapse. 

Mapping of the northern portion of the Castle Mountains, ~10 kilometers away from the study area, also 

identified a significant mudstone interval at the top of the Upper Jacks Well member (Capps and Moore, 

1997; Nielson et al., 1999). 

The age of the Upper Jacks Well member is constrained by an Ar/Ar sanidine age of 15.20 ± 0.03 

Ma obtained on a phenocryst-rich, incipiently- to weakly-welded 30-m-thick rhyolite ash-flow tuff 

(77.9% SiO2; Turner and Glazner, 1990; Capps, 1996) that caps the Upper Jacks Well member at the 

northern end of the Castle Mountains (Capps, 1996). This tuff unit contains up to 10% phenocrysts of 

sanidine, quartz, biotite, and titanite. As noted by Capps (1996), this ash-flow tuff does not appear to 

occur in the southern part of the Castle Mountains within the deposit area, and a unit of similar 

petrographic characteristics has not been observed in the exploration drill core investigated as part of this 

study. Given the fact that the coherent trachyandesite of the Lower Jacks Well member has been dated at 

16.5 ± 0.5 Ma (Capps and Moore, 1991, 1997), this may suggest that erosion and relative volcanic 

quiescence at Castle Mountain may have occurred for a duration of ~0.8 to 1.8 million years. Erosion 

overlapped with the onset of extensional suggesting that the extensional sweeping from south to north 

along the Colorado River extensional corridor must have reached the latitude of Castle Mountain prior to 

15.20 ± 0.03 Ma. This is broadly consistent with the onset of extension in the Mt. Perkins area in the 
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Black Mountains to the east (Fig. 2.1), which was placed at ~15.7 Ma (Faulds et al., 1995). Based on 

lithological similarities, the Jacks Well formation may be correlative with the lower section of the Patsy 

Mine volcanics in nearby mountain ranges (Longwell, 1963, Gans and Bohrson, 1998) as well as the 

Dixie Queen Mine volcanics in the Highland Range and Black Mountains (Faulds et al., 1995; Varga et 

al., 2004; McKee, 2016). 

Volcanism of the Linder Peak formation commenced shortly after deposition of the 15.20 ± 0.03 

Ma ash-flow tuff of the Upper Jacks Well member. Most previous age constraints for the volcanic rocks 

of the Linder Peak formation have large uncertainties, but two samples of lithic tuff located in the lower 

section of the Linder Peak formation yielded sanidine Ar/Ar ages of 15.1 ± 0.03 and 14.95 ± 0.4 (Capps, 

1996; Capps and Moore, 1997). Sanidine Ar-Ar ages of rhyolite flows of the Hart Peak formation were 

dated at 14.80 ± 0.10 and 14.71 ± 0.02 Ma (Capps, 1996; Capps and Moore, 1997), while sanidine of a 

rhyolite tuff of the Hart Peak formation yielded an Ar-Ar age of 14.69 ± 0.02 Ma (Capps, 1996; Capps 

and Moore, 1997). This suggests that deposition of the volcanic rocks of the Linder Peak formation took 

place in a short period of time spanning only several hundred thousand years. Unfortunately, the Tuff of 

Bridge Spring, dated at ~15.2 Ma (Morikawa, 1993; Varga et al., 2004), does not extend into the area of 

the Castle Mountains (Morikawa, 1993). It provides an important regional marker horizon further to the 

north and northeast in the McCullough Range and Highland Ranges and the Eldorado Mountains (Gans 

and Bohrson, 1998; Smith et al., 2010). 

The Linder Peak formation at Castle Mountain consists of a thick succession of stratified 

volcaniclastic rocks that were largely deposited by pyroclastic eruptions. The calc-alkaline pyroclastic 

rocks dominantly contain three clast types, namely clasts derived from the basement, material originating 

from the Jacks Well formation, and a juvenile rhyolitic component. Field observations were confirmed by 

lithogeochemistry, which shows that the whole-rock geochemistry of these pyroclastic rocks can 

essentially be accounted for by a two-component mixture between trachyandesite and rhyolite, with minor 

contributions from basement gneiss and Peach Spring Tuff that plot distinctly off the mixing line. 
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Planar- and locally cross-bedded lapilli tuff in the lower section of the Linder Peak formation in 

the Oro Belle pit area are interpreted to be pyroclastic surge deposits. These deposits may have originated 

from relatively local, small-volume eruptions as the run-out extents of these deposits typically only varies 

from hundreds of meters to several kilometers (Brown and Andrews, 2015). Collisions of particles during 

traction transport resulted in rounding of the particles. As the particles are carried and deposited 

independently, the beds of these pyroclastic rocks are generally well-sorted. Within the study area, the 

pyroclastic surge deposits appear to be thicker in paleo-topographic lows because they are not observed 

uniformly across the area and, in one location, were observed to thin over a small paleotopographic high. 

Volumetrically, the Linder Peak formation is dominated by massive to crudely stratified tuff breccia 

deposits, with intervals in these units ranging up to 40 m in thickness without ash partings or intervening 

welded tuffs. These deposits are interpreted to represent locally derived pyroclastic flow deposits. They 

appear to be spatially associated with coherent rhyolite domes or flows, possibly forming aprons 

surrounding these felsic centers. 

Felsic centers consisting of rhyolite flows and domes assigned to the Linder Peak formation are 

widespread within the deposit area, with the location of the centers likely being controlled by extensional 

structures. In general, aphyric rhyolite is more abundant in the lower section of the Linder Peak formation 

whereas quartz-phyric rhyolite prevails in the upper section. The coherent rhyolite is associated with a 

range of breccia facies, including monomict breccia that likely formed by autobrecciation and block and 

ash flow deposits. In addition, near-vertical breccia zones interpreted to be diatreme breccias are spatially 

associated with the felsic volcanic centers and their locations was likely controlled by the same 

extensional structures. The close spatial association between extensional faulting and the formation of the 

rhyolite domes and diatremes suggests that deposition of the Linder Peak formation occurred broadly 

contemporaneous with extension in the Colorado River extensional corridor. Age constraints for the Hart 

Peak formation by Capps (1996) and Capps and Moore (1997), which is only represented by dikes within 

the study area, suggest that these volcanic rocks can also be viewed as contemporaneous to the rapid 

crustal extension in the Colorado River extensional corridor to the east of the Castle Mountains. 
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Late-stage volcanism in the Castle Mountains is recorded by the deposits of the Piute Range 

formation. Intermediate to mafic volcanic rocks of the Piute Range formation mostly outcrop to the east 

of the Castle Mountains (Fig. 2.2; Capps and Moore, 1997) although volcanic debris avalanche deposits 

exposed in multiple benches of the Jumbo pit are also assigned to the Piute Range formation. 

Trachyandesite of the Piute Range formation yielded K-Ar ages of 13.8 ± 0.6 and 13.0 ± 0.6 Ma (Capps 

and Moore, 1997).  

 

2.7.2 Spatial and temporal link to rhyolite flow and dome volcanism 

As identified in the mapping by previous researchers (Medall, 1964; Capps and Moore, 1997; 

Nielson et al., 1999) the core of the Castle Mountains contains numerous discrete rhyolite flows and 

domes. In contrast, rhyolite flows and domes are absent from the flanks of the range (Medall, 1964; 

Capps and Moore, 1997; Nielson et al., 1999). Economic gold mineralization occurs at the southern end 

of the Castle Mountains in an area that is characterized by presence of flows and domes of the Linder 

Peak formation.  

John (2001) and John and Henry (2020) emphasized the spatial association between low-

sulfidation epithermal deposits in the western United States and rhyolitic flow and dome volcanism. 

Based on previous deposit-specific studies (Vikre, 1985; Halsor et al., 1988; Nash et al., 1995; Brueseke 

et al., 2014), they demonstrated that this style of felsic volcanism is a common component of the bimodal 

volcanic successions hosting these precious metal deposits in the Basin and Range province. The rhyolite 

occurs as lavas, domes, and shallow intrusions that are commonly associated with pyroclastic rocks and 

carapace breccia deposits (Vikre, 1985; Brueseke et al., 2014). 

At Castle Mountain, the apparent spatial relationship between low-sulfidation epithermal 

mineralization and rhyolitic volcanism can be related to the role of synvolcanic structures. Synvolcanic 

faults developed as a result of the extension in the Colorado River extensional corridor controlled the 

basin development and sedimentary processes prior to the onset of the rhyolitic volcanism as illustrated 

by variations in thickness of epiclastic deposits within the Lower Jacks Well member. The same 
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structures appear to have controlled much of the volcanism, including the emplacement of the Linder 

Peak rhyolite domes and diatremes, which occur along the trend of the Castle Mountains. The reactivated 

extensional faults were exploited by the hydrothermal liquids during deposit formation as the distribution 

of the ore zoned and wall-rock alteration of the volcanic stratigraphy in the deposit area is controlled by 

these structures. The Castle Mountain low-sulfidation epithermal deposit is located within and around the 

vents of the felsic flows and domes, highlighting that mineralization is located proximal to these volcanic 

vents. 

The mapping and core logging of the present study further suggests that hydrothermal activity 

leading to the formation of the low-sulfidation epithermal deposit occurred at a specific time during the 

evolution of the Castle Mountain volcanic succession. Volcanic rocks of the Jacks Well and Linder Peak 

formations are affected by pervasive hydrothermal alteration. The youngest volcanic rocks of the Linder 

Peak formation are the rhyolite domes as well as vertical breccia pipes that crosscut the shallow dipping 

volcanic stratigraphy. Elevated gold grades occur in breccia facies associated with massive rhyolite as 

well as in diatreme breccia due to their inherently high permeability and porosity suggesting that 

alteration and mineralization at Castle Mountain postdated the rhyolite flow and dome volcanism. Some 

of the youngest deposits of the  Linder Peak formation cropping out along Northwest Rim are 

volcanogenic sedimentary deposits that are silicified or affected by argillic alteration. Capps and Moore 

(1997) noted that these deposits contain rare clasts of chalcedonic and coarse-grained milky vein quartz 

suggesting that flow and dome volcanism and hydrothermal activity were postdated by erosion. Coherent 

volcanic rocks of the Hart Peak formation are least-altered (Capps and Moore, 1997). These constraints 

place mineralization and alteration at Castle Mountain after rhyolite and dome emplacement of the Linder 

Peak formation and the onset of volcanism of the Hart Peak formation. Hydrothermal activity coincided 

with a short hiatus in volcanism marked by erosion of previously formed volcanic rocks. 

Previous precise Ar-Ar dating of sanidine from tuffaceous deposits of the Linder Peak formation 

yielded ages of 15.1 ± 0.03 and 14.95 ± 0.4 Ma (Capps, 1996; Capps and Moore, 1997). Sanidine Ar-Ar 

ages of rhyolite flows of the Hart Peak formation were dated at 14.80 ± 0.10 and 14.71 ± 0.02 Ma (Capps, 
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1996; Capps and Moore, 1997). Sanidine of a rhyolite tuff of the Hart Peak formation gave an Ar-Ar age 

of 14.69 ± 0.02 Ma (Capps, 1996; Capps and Moore, 1997). Given the analytical uncertainties, the age 

difference between the Linder Peak and Hart Peak formations is only minor implying that the hiatus in 

volcanism separating the deposition of the Linder Peak and Hart formations was short, probably not 

lasting more than several hundred thousand years. The geological relationships suggest that the Castle 

Mountain hydrothermal system was active immediately after the emplacement of the rhyolite flows and 

domes of the Linder Peak Formation during this short hiatus in volcanism, possibly suggesting a temporal 

link between hydrothermal activity and this style of volcanism. 

 

2.7.3 Permeability controls on the style of mineralization 

Volcanic rocks of the southern part of the Castle Mountain range are pervasively altered, 

representing the top part of a hydrothermal upflow zone of a Miocene geothermal system. Low-grade 

mineralization in the Upper Jacks Well member and the Linder Peak formation is widespread as these 

volcanic rocks were highly permeable at the time of mineralization, allowing lateral fluid flow of the 

geothermal liquids away from the controlling synvolcanic faults.  

The fact that the low-grade mineralization at Castle Mountain is hosted by a volcaniclastic-

dominated host rock succession differs from most of the classical low-sulfidation epithermal deposits in 

the western United States. Most of these deposits are characterized by bonanza-type metal enrichment and 

are partially or entirely hosted by coherent and competent volcanic rocks. For instance, the Sleeper 

deposit located at the western flank of the Slumbering Hills of Humboldt County in Nevada represents 

one of the highest-grade low-sulfidation epithermal deposits. It 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 pumaceous lapilli tuff unit separates the basaltic to andesitic 

lavas from an overlying, over 300-m-thick porphyritic rhyolite unit (Nash et al., 1995). This coherent 
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rhyolite unit is the main host to bonanza-grade epithermal veins at Sleeper, which typically graded 50‒

100 g/t Au (Nash et al., 1989, 1995). Mining of the deposit between 1986 and 1996 produced ~1.7 Moz 

Au and ~2.3 Moz Ag (Wilson and Brechtel, 2017). 

The Fire Creek deposit in Lander County, Nevada, represents another prominent example of a 

bonanza-grade low-sulfidation epithermal deposit that is primarily hosted in coherent volcanic rocks. In 

the deposit area, lower Paleozoic siliciclastic basement 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 in turn 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. A 120‒220-m-thick unit 

of Miocene porphyritic basaltic andesite to andesite flows and associated volcaniclastic rocks forms the 

main host to the crustiform quartz veins that range up to 1.5 m in width contain bonanza-type gold grades 

(Milliard et al., 2015). These lavas are 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). 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 

54,000 oz Au and 51,000 oz Ag were identified grading 31.5 g/t Au and 30.8 g/t Ag. In addition, 

measured and indicated resources of 182,000 oz Au and 176,000 oz Ag were defined grading 24.3 g/t Au 

and 24.0 g/t Ag (J. Marma, pers. commun. 2020). 

The Round Mountain deposit in Nye County in central Nevada is one of the most prominent 

examples of a low-sulfidation epithermal deposit predominantly hosted in volcaniclastic rocks in the 

western United States. Hypogene mineralization consists of zone of pervasively disseminated pyrite 

located within an over 3-km-long and 700- by 1,200-m-wide corridor of Oligocene rhyolite tuff (Rhys et 

al., 2020) which forms a poorly exposed, elliptical low-relief volcanic center interpreted as a caldera 

(Henry et al., 1996, 1997). The distribution of ore within the tuff of Round Mountain is strongly 

stratigraphically controlled with ~50% of the economic Au mineralization being located in an 80- to 200-

m-thick nonwelded to weakly welded, poorly sorted ignimbrite (Rhys et al., 2020). The abundance of 
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mineralization in this unit has been related to the fact that this unit is characterized by a high primary 

intergranular porosity and permeability. Fluid focus within this ignimbrite unit may have been 

accentuated by the rheological and permeability contrast with an overlying, more densely welded, low-

porosity ignimbrite (Mills, 1984; Tingley and Berger, 1985; Sander and Einaudi, 1990). Quartz veins and 

veinlets occur along minor faults or form sets of steeply dipping veins that commonly surround or splay 

off both steep and gently dipping faults within areas of disseminated mineralization and adularia-quartz-

illite alteration. These quartz veins locally contain bonanza-type gold enrichment characterized by coarse-

grained native gold. This style of mineralization accounts for ~5 % of the total gold endowment of the 

Round Mountain low-sulfidation epithermal deposit (Rhys et al., 2020). The bonanza-type veins have 

been interpreted to be paragenetically late and may have formed subsequent to the hydrothermal 

cementation of the originally permeable pyroclastic host rocks (Rhys et al., 2020). 

The findings of this study suggests that the nature of volcanic successions may be related to the 

style of mineralization. High-grade vein zones may be particularly common in coherent volcanic rocks 

having a high competency. Brittle deformation of these rocks may result in the formation of faults that act 

as high-permeability conduits for the buoyancy-driven upflow of hydrothermal liquids (Rowland and 

Sibson, 2004; Rowland and Simmons, 2012). The low permeability of coherent volcanic rocks does not 

promote vertical fluid flow of the hydrothermal liquids away from these high-permeability structures. As 

a result, fluid flow in flow-dominated volcanic successions is focused along these structures and metal 

deposition primarily occurs in veins as a result of fluid boiling or flashing, which results in bonanza-type 

precious metal enrichment (Brown, 1986; Scott and Watanabe, 1998; Simmons and Browne 2000; 

Taksavasu et al., 2018; Tharalson et al., 2019; Zeeck et al., 2021). In contrast, volcaniclastic-dominated 

successions are characterized by volcanic units that are inherently highly permeable promoting lateral 

fluid flow away from the controlling structures. Cross-stratal fluid flow in these highly permeable 

successions may be promoted by the presence of rhyolite domes, vertical breccia zones, or dikes 

(Hedenquist, 1986a; Bibby et al., 1992; Rissmann, 2010) such as those recognized at Castle Mountain. 

Fluid flow through a highly permeable host rock succession is likely associated with cooling of the 
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hydrothermal liquids, causing deposition of metals as metal solubility decreases with temperature 

(Seward, 1973, 1989; Stefánsson and Seward, 2004). This may result in the formation of a disseminated 

ore body and the formation of a large alteration halo. However, the intrinsic permeability of highly 

permeable volcaniclastic rocks is likely to change over the lifetime of a hydrothermal system as a result of 

hydrothermal alteration, fracturing, and brecciation (Rowland and Sibson, 2004). In particular, pervasive 

silicification may cause ground preparation and may render volcaniclastic rocks more competent and less 

permeable in areas of hydrothermal upflow (Rowland and Sibson, 2004). This could potentially explain 

the formation of localized higher grade vein zones in volcaniclastic-dominated successions such as those 

discovered and extracted early in the mining history of Castle Mountain. 

 

2.7.4 Comparison to modern analogues 

Castle Mountain shares many similarities with active geothermal systems such as those in the 

Taupo Volcanic Zone of New Zealand, which represents an extensional zone located in the back-arc of an 

active convergent plate margin. Volcanism within the central Taupo Volcanic Zone has been dominated 

by rhyolitic caldera-forming eruptions for the past ~2 Ma (Houghton et al., 1995; Wilson and Rowland, 

2016), forming a wide range of volcanic deposits including ignimbrites and rhyolite domes and flows 

(Hedenquist, 1986a,b; McNamara et al., 2016; Milicich et al., 2016; Chambefort et al., 2017; Rosenberg 

et al., 2020). The Taupo Volcanic Zone is host to 23 active and two inactive geothermal fields, which 

have been studied extensively to constrain their geochemical structure and the flow paths of the 

geothermal liquids in the shallow subsurface (Hedenquist, 1990; Bibby et al., 1995; Rowland and Sibson, 

2004; Rowland and Simmons, 2012; Simmons et al., 2016; McNamara et al., 2016; Mroczek et al., 2016). 

These geothermal fields have been hydrothermally active for at least the last 200,000 years (Browne, 

1979; Grimes et al., 1998; Arehart et al., 2002). 

The Waiotapu hydrothermal system is the geothermal system with the largest surface expression 

in the Taupo Volcanic Zone (Hedenquist, 1986a). The Quaternary host stratigraphy is dominated by 

variably welded pyroclastic flows, airfall tuffs, pumice breccias, and lacustrine sediments. Flanking the 
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Waiotapu hydrothermal field are three volcanic domes of dacite to rhyolite composition (Hedenquist and 

Henley, 1985; Hedenquist, 1986a, 1991). Geothermal activity in the topographic low between these 

domes occurs in an area that is approximately 4.5 by 2 km in size (Hedenquist, 1991), which is about 

twice the size of the Castle Mountain deposit area. The location of the highest discharge of hydrothermal 

waters at Waiotapu is marked by the occurrence of a large silica sinter terrace. However, based on drilling 

and geochemical data, the deep upflow appears to be located >1 km to the north near two of the felsic 

domes, suggesting the existence of substantial vertical fluid flow in the shallow subsurface (Hedenquist, 

1991; Giggenbach et al., 1994). Fluid flow in the shallow subsurface appears to be strongly controlled by 

the existence of north-northeast trending faults (Hedenquist, 1991). On surface, hydrothermal eruption 

craters and geothermal pools within the Waiotapu hydrothermal field are located along the traces of these 

faults (Hedenquist, 1986a). The vertical pipes underlying the hydrothermal eruption craters serve as 

cross-stratal conduits and provide a focus for the hydrothermal liquids to discharge on surface 

(Hedenquist, 1986a). This is not unlike Castle Mountain where zones of elevated Au grades coincide with 

the location of vertical breccia bodies crosscutting shallowly dipping pyroclastic deposits of the Linder 

Peak formation. At Castle Mountain, these breccia pipes are also aligned along synvolcanic faults. 

At Waiotapu and other geothermal field in the Taupo Volcanic Zone, the usually flat lying 

pyroclastic units behave as either aquifers or aquitards to the hydrothermal fluids, depending on the 

degree of welding (Hedenquist and Henley, 1985; Hedenquist, 1986b). Poorly consolidated tuffs and 

breccias are permeable and allow porous flow but are commonly only of limited lateral extent (Wood, 

1992). Lacustrine sediments typically act as aquitards due to their fine-grained and impermeable nature 

(Hedenquist, 1986b). Rhyolite domes form part of the host successions of many geothermal fields in the 

Taupo Volcanic Zone, including Wairakei, Broadlands, Waiotapu, and Rotorua. High permeability 

allowing geothermal production is typically limited to carapace breccia or pumiceous and fractured 

portions of the domes (Wood, 1992). 
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2.8 Exploration implications 

The findings of this study have significant implications to exploration in the western United 

States. Traditionally, low-sulfidation epithermal deposits are considered to be high-grade, low-tonnage 

targets (Buchanan, 1981; Hedenquist et al., 2000), with Round Mountain being a notable exception. Ore 

zones in these deposits are confined to veins and related breccia zones and are commonly extracted 

underground by selective mining methods, with the widths of individual veins varying from <1 m to 

several meters in large districts (Izawa et al., 1990; Faure et al., 2002; Spörli and Cargill, 2011; Vidal et 

al., 2021). Most low-sulfidation epithermal veins are intermittently mineralized and have strike lengths of 

hundreds of meters to several kilometers. En echelon arrays in some districts span as much as 10 km in 

strike length (Fifarek et al., 1996; Spörli and Cargill, 2011; Vikre et al., 2015). Exploration for these 

deposits typically involves a multidisciplinary approach including lithologic mapping (Gustafson, 1991), 

structural analysis (Milliard et al., 2020), alteration vectoring (Simpson et al., 2001), exploration 

geochemistry (Clarke and Govett, 1990), and geophysical imaging such as gravity, magnetic, resistivity, 

and radiometric surveys (Kellett and Bromley, 2018). 

Exploration for low-grade, large-tonnage deposits such as Castle Mountain needs to consider that 

these deposits essentially represent mineralized alteration zones that may or may not be associated with 

high-grade vein zones. The Castle Mountain deposit was originally discovered by prospectors that mined 

bonanza-type (>300 g/t Au) crustiform veins but were only of very limited tonnages (Linder, 1989). Due 

to the small tonnage and narrow width of the veins, these would not have represented viable targets for 

modern-day exploration and development. The high-grade veins do not contribute significantly to the 

overall endowment of Castle Mountain (Secrest et al., 2021). The low-grade, large-tonnage resource of 

today’s deposit has a much larger footprint and is located within a hydrothermal alteration halo that is ~6 

km2 in size, encompassing much of the southern portion of the mountain range. The silicified volcanic 

rocks have been comparably resistant to weathering and erosion, forming a notable topographic high with 

respect to the surrounding plain of the Mojave desert. Due to the effects of erosion, the typical alteration 

zoning around the deposit (cf. Buchanan, 1981; Izawa et al., 1990; Hedenquist et al., 2000; Simpson et 



 53 

al., 2001; Simpson and Mauk, 2011) cannot be readily recognized on surface as argillic-altered rocks are 

largely covered by unconsolidated terrace sediments and colluvium. Volcanic rocks exhibiting intense 

argillic alteration were only exposed in several pits created by historical clay mining along the 

northwestern flank of the mountain range that were mined starting in the 1920’s, with the biggest pit 

being 450 meters in diameter and 60 meters deep (Linder, 1989). Alteration zoning from the core of the 

deposit outward occurs at comparably large scales and is, therefore, not easily identifiable in individual 

drill holes. In addition, the location of the paleowater table is unknown or unrecognizable. The volcanic 

stratigraphy above the ore zones, including deposits that were presumably affected by steam-heated 

alteration, have been subject to erosion, which apparently commenced prior to the formation of the Hart 

Peak formation. Silica sinter is not preserved at Castle Mountain. 

The Castle Mountain deposit has been affected by a supergene overprint. The fact that the 

pervasively silicified rocks outcropping across the southern Castle Mountains carry at least in part 

economic precious metal grades is not intuitive without geochemical analysis as Fe oxide/hydroxide 

staining of outcrops and fracture surfaces is neither intense nor widespread in the deposit area. Similar to 

other low-sulfidation epithermal deposits (Simmons et al., 2005; Sillitoe, 2015; Rhys et al., 2020), the 

hypogene sulfide content of the ore zones was probably low. In the absence of previous exploration and 

mining activities, it would have been undoubtedly challenging to identify and delineate the low-grade, 

large tonnage resource at Castle Mountain. 

 

2.9 Conclusions 

The Castle Mountain low-sulfidation epithermal deposit in San Bernadino County in California 

formed by a geothermal system that developed as a result of crustal extension related to the formation of 

the Colorado River extensional corridor. Hydrothermal activity coincided in space and time with rhyolitic 

flow and dome volcanism. Autobreccia mantling the coherent rhyolite emplacement units and near-

vertical breccia pipes forming diatreme deposits provided cross-stratal permeability in an otherwise 

mostly flat-lying succession of volcanic rocks. Gold mineralization is concentrated in areas adjacent to 
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synvolcanic faults and within these distinct high permeability units. These observations have important 

controls on the exploration and resource modeling as higher gold grades can be modeled to conform to 

distinct mappable lithofacies. This relationship is broadly similar to that observed in active geothermal 

systems such as those of the Taupo Volcanic Zone in New Zealand where the upflow of high-temperature 

hydrothermal liquids is controlled by normal faulting and the permeability distribution in the volcanic 

host rocks. 

In contrast to many of the classical low-sulfidation epithermal deposits in the western United 

States, the Castle Mountain deposit is hosted within a volcaniclastic-dominated volcanic succession. 

Silicification represents the most widespread alteration style at Castle Mountain surrounding the zone of 

low-grade disseminated ore. Classical crustiform veins as observed in low-sulfidation epithermal deposits 

formed in more competent flow-dominated volcanic successions are only of minor economic importance 

at Castle Mountain and do not significant contribution to the overall gold endowment. The findings at 

Castle Mountain have significant implications to exploration as they suggest that identification of large 

areas of silicification formed by ancient geothermal systems may be prospective even if no vein zones are 

present, or alternatively if these zones surround bonanza-type veins that have been mined in the past gold 

prices did not warrant definition of large-tonnage, low-grade gold resources. 
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3.1 Abstract 

High-grade ore zones in low-sulfidation epithermal deposits are commonly associated with the 

occurrence of banded quartz veins. The ore minerals in these veins are heterogeneously distributed and 

are mostly confined to ginguro bands, which can be identified in hand specimen based on their distinct 

dark gray to black color. Micro-X-ray fluorescence element maps obtained on representative samples of 
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banded quartz veins show that Au occurs together with Ag minerals in some of the ginguro bands, but Au 

can also be present in quartz bands that are light gray to white and cannot be macroscopically 

distinguished from barren bands. The occurrence of compositionally distinct ginguro and gankin bands, 

the latter being a new term coined here for colloform quartz bands containing primarily electrum or native 

gold, can be explained by temporal changes in the composition of the ore-forming hydrothermal waters or 

variations in the conditions of ore deposition. Textural relationships, including the dendritic shape of ore 

minerals that appear to have grown in a matrix of silica microspheres, suggest that the ginguro and gankin 

bands have formed as a result of rapid deposition associated with vigorous boiling or flashing of the 

hydrothermal waters. 

 

3.2 Introduction 

Low-sulfidation epithermal deposits are a significant source of Au and Ag [1]. They form in the 

shallow subsurface (<1.5 km) from near-neutral chloride waters, with temperatures of up to 300 °C [2,3]. 

The ore-forming waters are rock-buffered and typically have low (<3–4 wt. % NaCl equiv.) salinity [2,4]. 

Many low-sulfidation epithermal deposits are characterized by high-grade ore zones confined to banded 

quartz veins that range from centimeters to several meters in width [5–12]. 

The ore minerals are heterogeneously distributed within the high-grade veins of low-sulfidation 

epithermal deposits but primarily confined to bands of colloform quartz [2,3]. Ore minerals are 

particularly abundant in specific colloform bands that can be identified in hand specimen based on their 

color. These bands are commonly dark gray to black and are referred to as ginguro layers, which is the 

Japanese word for silver black. One of the earliest descriptions of these ore bands is given by Mukaiyama 

[13] for the epithermal ore of the Sado Kinzan deposit in Japan. Ginguro bands have been described from 

many other deposits worldwide, including Buckskin National in Nevada [14]; Hokuryu in Japan [15]; 

Ivanhoe in Nevada [14]; Koryu in Japan [7,12]; Kushikino in Japan [5]; and Midas in Nevada [9]. Some 

of the best examples of ginguro bands occur at the high-grade Hishikari deposit of Kyushu in Japan 

[6,8,10,16,17]. At all of these deposits, ginguro bands are characterized by extremely high precious metal 



 67 

grades and can contain thousands of ppm Au and Ag. Many low-sulfidation epithermal deposits would 

not be economically viable without the occurrence of these high-grade ore bands [11]. 

This contribution reports on the distribution of precious metals in banded low-sulfidation 

epithermal veins as constrained by micro-X-ray fluorescence (µXRF) mapping of hand specimens. 

Combined with optical petrography, this study shows that native gold or electrum do not always occur 

together with Ag sulfides or selenides in ginguro bands, but can also be present in significant quantities in 

other quartz bands. These Au-bearing quartz bands cannot be visually distinguished from barren quartz 

bands. The findings highlight that comprehensive petrographic studies are required to fully characterize 

low-sulfidation epithermal deposits as macroscopic vein characteristics only provide limited information 

on the location of ore minerals within the veins. Implications for the current understanding of the ore-

forming processes are discussed. 

 

3.3 Materials and methods 

3.3.1 Sample Locations 

This study focuses on three representative hand specimens of epithermal ores collected from the 

Hokuryu deposit of Hokkaido in Japan, the Midas deposit in Nevada, and the Sado Kinzan deposit in 

Japan. 

The Hokuryu deposit in the Omu mining camp of Hokkaido in Japan represents a small low-

sulfidation epithermal deposit that produced a total of ~300,000 metric tons of ore for an estimated 

~68,000 oz Au and ~370,000 oz Ag between 1928 and 1943. High-grade ores were recovered from a NE-

striking vein zone over a strike length of 320 m and down dip for over 160 m [15]. The high-grade quartz 

veins at Hokuryu are hosted by Miocene volcanic rocks [15,18,19]. The vein material displays complex 

quartz textures with many veins containing multiple ginguro bands, which contain electrum, naumannite 

(Ag2Se), aguilarite (Ag4SeS), acanthite (Ag2S), and pyrargyrite [15]. 
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The middle Miocene [9] Midas low-sulfidation epithermal deposit, located in Elko County in 

Nevada, is the largest known Au–Ag epithermal deposit associated with the middle Miocene rift of 

northern Nevada [20]. The deposit consists of several NW-striking and steeply dipping quartz veins that 

locally contain >3430 g/t Au. Historic production in the area occurred between 1907 and 1942. Between 

1998 and 2013, the still-active underground mine produced over 2.4 Moz Au and 32.8 Moz Ag [21]. The 

main vein, the Colorado Grande, has a strike length of nearly 2 km, and mineralization occurs over a 

vertical range of over 500 m [20]. Ginguro bands in the banded quartz veins are primarily composed of 

electrum, aguilarite, naumannite, stromeyerite, chalcopyrite, galena, marcasite, pyrite, and sphalerite. 

Additional selenides recognized include fischesserite, clausthalite, eucairite, berzelianite, and eskebornite 

[20]. 

The Miocene [22] Sado Kinzan low-sulfidation epithermal deposit on Sado Island, Japan, was 

one of Japan’s most significant Au producers and was in operation from 1601 to 1989. In total, 15 Mt of 

ore were mined at Sado Kinzan, yielding 2.51 Moz Au at an average grade of 5.2 g/t Au. In addition, over 

74 Moz Ag were recovered at an average grade of 153 g/t Ag. The veins at Sado Kinzan strike east and 

are subvertically dipping. One of the largest veins was 1500 m in strike length and has been productive 

over a depth extent of ~300 m [13]. Ginguro bands contained in the banded quartz veins are composed of 

electrum, pyrite, chalcopyrite, sphalerite, galena, tetrahedrite, argentite, stephanite, pyrargyrite, 

polybasite, native silver, hessite, stromeyerite, and antimonpearceite. In addition, Br-bearing cerargyrite 

was recognized along fracture surfaces and in vugs [13,23,24]. 

 

3.3.2 Analytical methods 

The distribution of major and trace elements in slabbed hand specimens of the low-sulfidation 

epithermal veins were mapped using a bench-top Bruker M4 Tornado µXRF (Bruker Nano GmbH, 

Berlin, Germany) equipped with dual 30 mm2 silicon drift detectors at the Colorado School of Mines. 

The instrument is equipped with a Rh X-ray tube with polycapillary optics achieving a spot size of ~25 

µm. Measurements were made under vacuum (~20 mbar) at 50 kV and 600 µA, using a 12.5 µm thick Al 
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filter. Element mapping was conducted at a line scan spacing of 50 µm (equivalent to final pixel size), 

and a data acquisition dwell time of 50 ms (equivalent to a stage speed of ~1 mm/s). Following data 

acquisition, X-ray peaks were checked manually prior to deconvolution. Element distribution maps were 

obtained showing normalized count rates. 

Equivalent to scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM-EDX), 

the µXRF collects the entire characteristic X-ray energy spectrum that is excited by the X-ray source (for 

the Rh source: ~0.5–30 keV are readily accessible). Therefore, specific X-ray lines are not chosen prior to 

mapping (c.f., wavelength dispersive spectrometry) and the intensity variation of any portion of the 

measured spectrum can be represented in a map. An example of the sum spectrum for all pixels from an 

entire map is presented in supplementary material Figure S1, and for comparison examples of sum spectra 

for selected areas of the same map, highlighting regions of elevated Si, K, and Au, are presented in 

supplementary material Figure S2. 

Using the µXRF maps as a guide, billets for thick section preparation were obtained from the 

samples. The thick (90 µm) sections were used for transmitted and reflected light optical petrography 

using an Olympus BX51 microscope (Olympus Corporation, Tokyo, Japan). Following carbon-coating, 

the ore mineralogy of the samples was studied using a TESCAN MIRA3 LMH Schottky field emission-

scanning electron microscope (FE-SEM; TESCAN, Brno, Czech Republic) at the Colorado School of 

Mines, Golden, CO, USA. The FE-SEM was operated at an accelerating voltage of 15.0 kV with a 

working distance of 10 mm. Semiquantitative chemical analysis of the ore minerals was performed by 

EDX on the FE-SEM using a Bruker XFlash 6/30 silicon drift detector. 

 

3.4 Results 

3.4.1 Banded vein from Hokuryu in Japan 

The investigated vein sample from the Hokuryu deposit in Hokkaido is symmetrically banded 

with a cm-thick central band displaying a lattice texture with open vugs that are lined by small euhedral 
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quartz crystals. The colloform bands in the sample vary in thickness but are typically 2–5 mm wide. The 

sample is dominantly white to light gray in color but one very thin (<0.5 mm) ginguro band is located on 

each side of the central vug (Figure 3.1). 

 

 

Figure 3.1: Sample image and corresponding element maps of a banded quartz vein sample from the 

Hokuryu low-sulfidation epithermal deposit in Japan. The element maps were obtained by micro-X-ray 

fluorescence (µXRF) measurements. The sample is primarily composed of quartz, as demonstrated by the 
high Si count rates. Only two continuous bands in the specimen show elevated K and Al count rates, 

which may be related to the occurrence of adularia. The scale bar is 1 cm. 
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Element mapping showed that the sample is primarily composed of quartz, as demonstrated by 

the fairly homogeneous distribution of Si count rates (Figure 3.1). The other elements analyzed by µXRF 

yielded low count rates, generally showing only minor variations between adjacent bands. However, 

enrichment of K and Al (relative concentration changes can be detected despite the use of an Al filter) 

occurs in some bands, which presumably relate to the occurrence of adularia in the vein. The highest K 

and Al count rates were registered in white, light gray, and slightly pink colloform quartz bands, whereas 

the count rates of these elements are typically lower in the dark gray bands and the thin ginguro bands 

(Figure 3.1). 

The µXRF further shows that the highest Au count rates do not occur in the ginguro bands 

(Figure 3.2). Elevated Au count rates were observed in two light gray quartz bands that occur on both 

sides of the central vug. These bands do not contain detectable Ag concentrations. In reference to the Au-

rich nature, these bands are referred to as gankin bands in this contribution. The colloform gankin bands 

do not stand out macroscopically as ore-bearing and would have been easily missed without the µXRF 

mapping. The distributions of Ag and Se are similar, suggesting that much of the Ag is hosted by selenide 

phases. The highest count rates of these two elements occur within the thin ginguro bands observable in 

hand sample. Discrete grains of Ag and Se occur in some of the other quartz bands (Figure 3.2). 

Optical microscopy revealed that the colloform bands contained in the banded quartz vein mostly 

exhibit mosaic textures under crossed-polarized light. The mosaic texture is characterized by anhedral 

quartz grains with irregular and interpenetrating grain boundaries. The mosaic texture appears to have 

formed through recrystallization of two different types of colloform banding. Within ginguro and gankin 

bands, the colloform bands locally exhibit well-preserved 1–3 µm microspheres (Figure 3.3A). These 

microspherical colloform bands exhibit various degrees of recrystallization to mosaic quartz, with much 

of the mosaic quartz being composed of only small grains. In contrast, barren colloform bands commonly 

show chalcedonic microfibers that are oriented perpendicular to the bands. The chalcedonic colloform 

bands are also locally recrystallized to mosaic quartz. In addition to colloform bands, quartz bands 

displaying a range of other textures can be observed (Figure 3.3B). Most notable are distinct zones of  
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Figure 3.2: Sample image and corresponding element maps of a banded quartz vein sample from the 

Hokuryu low-sulfidation epithermal deposit in Japan. The element maps were obtained by µXRF 

measurements. The highest Au count rates are identified in two light gray quartz bands, referred to as 
gankin bands, in reference to their Au-rich nature. The Ag-rich ore minerals in this specimen primarily 

occur in thin ginguro bands. The distribution of Au does not overlap with the distribution of Ag-bearing 

ore minerals. The scale bar is 1 cm. 

 

lattice-bladed quartz that are interpreted to have formed by replacement of calcite (Figure 3.3C). Rare 

electrum grains are present within these bands of lattice-bladed quartz (Figure 3.3D), which is consistent 

with the µXRF maps showing that not all Au and Ag is confined to the ginguro and gankin bands.  
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Figure 3.3: Photomicrographs of a banded quartz vein sample from the Hokuryu low-sulfidation 
epithermal deposit in Japan. (A) Microspherical colloform band containing small opaque grains of 

naumannite. Arrows point to examples of aggregates of microspheres. (B) Finely banded colloform 

quartz. (C) Lattice-bladed quartz with clear euhedral quartz crystals infilling the space between the 
blades. (D) Reflected light image of an isolated grain of electrum occurring within a band consisting 

primarily of lattice-bladed quartz. (E) Backscattered electron image of the same electrum grain showing 

the presence of fine-grained rhombic adularia between the lattice-bladed quartz. (F) Backscattered 

electron image of the ginguro band with arrows highlighting disseminated Ag-bearing minerals. 
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Backscattered electron imaging revealed that minor adularia is present in the same bands of lattice-bladed 

quartz containing rare electrum grains (Figure 3.3E). 

Compositional analyses show that the Ag-bearing opaque phases contained in the ginguro bands 

include Ag-bearing sulfides and selenides, including acanthite, naumannite, and aguilarite (Figure 3.3F). 

Most grains are <30 µm in size. Electrum grains occurring in the gankin bands and within the bands of 

lattice-bladed quartz range from 5–20 µm in size. 

 

3.4.2 Banded vein from Midas in Nevada 

The hand sample from the Midas low-sulfidation epithermal deposit in Nevada contains several 

distinct ginguro bands characterized by the presence of dark gray to black ore minerals. The ginguro 

bands can be up to 1–2 mm in thickness. In some cases, the ore minerals form elongate dendrites or 

acicular aggregates that occur at high angle to the colloform bands and cut across adjacent bands of quartz 

and adularia. The quartz bands in the sample are opaque and white in color (Figure 3.4). 

Compositional mapping by µXRF showed that the banded vein is not entirely composed of 

quartz, as illustrated by the variable Si count rates (Figure 3.4). Adularia is common in many of the bands, 

as highlighted by the distribution of K and Al. The adularia forms dendrites that are up to 10 mm in 

length. They are characterized by a feather-like appearance with a backbone and small acicular crystals 

radiating away from the backbone. In addition to these large aggregates, small needle-like crystals of 

adularia occur in many of the bands (Figure 3.4). 

The Au map shows that this element is generally not abundant in the sample (Figure 3.5). Where 

present, elevated Au count rates coincide with the occurrence of ginguro bands visible in hand specimen. 

The maps further illustrate that Ag and Se are strongly correlated in the sample investigated. High count 

rates of these elements also overlap with the macroscopically identifiable ginguro bands. The Ag-bearing 

ore minerals form dendrites that are oriented nearly perpendicular to bands containing quartz and adularia 

or occur as disseminated grains within the ginguro bands (Figure 3.5). 
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Figure 3.4: Sample image and corresponding element maps of a banded quartz vein sample from the 
Midas low-sulfidation epithermal deposit in Nevada. The element maps were obtained by µXRF 

measurements. The element maps illustrate that adularia represents a common mineral in the banded vein. 

Some of the adularia forms elongate dendrite-like aggregates. The scale bar is 1 cm. 

 

Ginguro bands in the sample are colloform and are composed of fine-grained mosaic quartz 

containing abundant well-preserved 1–3 µm-sized microspheres (Figure 3.6A,B). In addition to the 

mineralized bands, barren colloform bands occur that are characterized by mosaic quartz. Some of the 

thick bands contain abundant adularia. Adularia occurs in two different textural settings. It forms euhedral  
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Figure 3.5: Sample image and corresponding element maps of a banded quartz vein sample from the 

Midas low-sulfidation epithermal deposit in Nevada. The element maps were obtained by µXRF 
measurements. The ore minerals in this specimen primarily occur in the ginguro bands. The scale bar is 1 

cm. 

 

crystals intergrown with quartz (Figure 3.6C) or occurs as cm-sized feathery dendrites. Some of the 

feathery adularia dendrites are intergrown with small amounts of precious metal-bearing minerals. These 

ore minerals occur outside of the distinct ginguro bands visible in the µXRF images. The space between 

the adularia dendrites is largely taken up by quartz that has a ghost-sphere or comb texture. 
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Figure 3.6: Photomicrographs of a banded quartz vein sample from the Midas low-sulfidation epithermal 

deposit in Nevada. (A) Relic microspheres within a colloform band containing opaque ore minerals. The 

arrow points to well-preserved representative microspheres. (B) Crossed-polarized light image of the 
same field of view showing that the microspherical colloform band is partially recrystallized to mosaic 

quartz. The arrow points to mosaic quartz. (C) Fine-grained euhedral adularia located within an adularia-

rich band. (D) Reflected light image of a composite naumannite-pyrite aggregates filling open spaces 
between small euhedral quartz crystals. (E) Backscattered electron image showing isolated to composite 

grains of chalcopyrite and naumannite. (F) Backscattered electron image showing a cluster of coarse-

grained electrum with pyrite, chalcopyrite, and naumannite. el = electrum, cp = chalcopyrite, nau = 

naumannite, py = pyrite. 
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Scanning electron microscopy and EDX analyses showed that the dominant opaque mineral 

phases occurring in these bands include pyrite, chalcopyrite, naumannite, and electrum. The ore minerals 

occur as coarse composite grains that are ≤500 µm in size or 1–3 mm clusters of grains (Figure 3.6D–F). 

Although the ore minerals are located within microspherical colloform bands, the ore minerals are 

typically in contact with small euhedral quartz grains. These euhedral quartz grains appear to form an 

overgrowth on the mosaic quartz showing relic microspheres. Compositional analyses show that the 

electrum grains have variable compositions, but always contain higher Au contents when compared to 

Ag. 

 

3.4.3 Banded vein from Sado Kinzan in Japan 

The hand sample from the Sado Kinzan deposit in Japan shows complex textures consisting of 

interlayered quartz and ginguro bands (Figure 3.7). An earlier set of colloform bands is crosscut by a 

younger set of bands. Distinct ginguro bands separated by 2–4 mm thick bands of gray quartz occur in the 

earlier set of bands. The crosscutting younger set of bands contains colloform quartz bands of variable 

color but lacks distinct ginguro bands. The younger colloform bands are overgrown by lattice bladed 

quartz that presumably formed through replacement of earlier bladed calcite (Figure 3.7). 

In contrast to the samples from the other locations, a number of elements display significant 

variations between individual bands in the vein from Sado Kinzan (Figure 3.7). The sample is primarily 

composed of quartz, and the count rates for Si are generally very high. There is a negative correlation 

between the count rates of Si and those of other elements, which exemplifies the colloform banding in the 

sample. The count rates of Si are high in some of the colloform bands adjacent to the ginguro bands, but 

also show high concentrations within these ore-bearing bands. High count rates of K, Al, and Rb largely 

coincide. The element association suggests that these elements are primarily hosted by adularia, which is 

consistent with the results of optical microscopy. The count rates of K, Al, and Rb are very low in the 

ginguro bands, suggesting that adularia was not formed at the same time as the ore minerals. Within the 

band of lattice bladed quartz, elevated count rates of K, Al, and Rb are registered, suggesting that adularia  
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Figure 3.7: Sample image and corresponding element maps of a banded quartz vein sample from the Sado 

Kinzan low-sulfidation epithermal deposit in Japan. The element maps were obtained by µXRF 

measurements. The element distribution maps highlight that many of the bands contain high K, Al, and 
Rb count rates, suggesting the occurrence of adularia. In addition, some bands are characterized by high 

Ca and lower Si and Al count rates, suggesting the presence of carbonate minerals. The scale bar is 1 cm. 
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occurs as an overgrowth on the quartz. Some of the barren colloform bands show elevated Ca counts, 

which are likely related to the presence of carbonate minerals. In some cases, high Ca rates were 

registered in bands also containing high K, Al, and Rb contents. However, the highest Ca rates are present 

in a band that is located immediately adjacent to one of the ginguro bands (Figure 3.7). 

The element maps of the metals Au, Ag, Se, As, and Cu are shown in Figure 3.8. The occurrence 

of high count rates of these elements reflects the distribution of ore minerals that were not observed in the 

samples from the other locations. In general, elevated count rates of these elements correlate well with the 

macroscopically identifiable ginguro bands. Elevated Au count rates are registered for only one of the 

ginguro bands. Elevated concentrations also occur in some of the other bands, but Au-bearing ore 

minerals appear to occur only disseminated along the ginguro bands (Figure 3.8). There is a strong 

correlation between Ag and Se, suggesting that much of the Ag is contained in selenium-bearing 

minerals, which is confirmed by the sample petrography. Silver-bearing ore minerals occur in high 

concentrations in the ginguro bands with some of the highest count rates occurring in the same band as 

the high Au count rates. However, Ag and Se also define rare acicular grains that appear to have grown at 

high angle to the colloform bands. The maps show that As and Cu are also enriched in the ginguro bands, 

but the highest count rates of these elements are observed in different bands. Comparison between the 

element distribution maps illustrates that the different ginguro bands have different compositions. Some 

bands are enriched in Au and Ag. Other bands show elevated concentrations of Ag and Se but contain 

only little Au. High Cu contents broadly correlate with high Ag and Se values. The highest As count rates 

were registered in a ginguro band that only shows local enrichment in the other elements (Figure 3.8). 

The sample from the Sado Kinzan deposit is predominately composed of colloform quartz bands 

exhibiting mosaic textures. Precious metal-rich ginguro bands are characterized by very fine-grained 

mosaic quartz that locally exhibits relic 1–3 µm microspheres (Figure 3.9A). Although microspheres can 

be observed in all of the ginguro bands, the Ag-bearing ore minerals are typically in contact with small 

euhedral quartz crystals that form an overgrowth on aggregates of the microspherical quartz, suggesting 

that the ore minerals did not co-precipitate with the microspherical host. Some ginguro bands are  
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Figure 3.8: Sample image and corresponding element maps of a banded quartz vein sample from the Sado 

Kinzan low-sulfidation epithermal deposit in Japan. The element maps were obtained by µXRF 

measurements. The maps highlight that ore minerals in this specimen primarily occur in ginguro bands. 
However, the ginguro bands have different compositions. Only one band shows elevated Au count rates, 

whereas most bands are Ag-rich. The scale bar is 1 cm. 
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Figure 3.9: Photomicrographs of a banded quartz vein sample from the Sado Kinzan low-sulfidation 

epithermal deposit in Japan. (A) Microspherical colloform band containing opaque Au- and Ag-bearing 

ore minerals. Examples of well-preserved microspheres are highlighted by the arrows. (B) Colloform 
banding containing abundant opaque ore minerals. (C) Crossed-polarized light image of the same field of 

view showing that the colloform bands are composed of mosaic quartz. (D) Reflected light image of 

parallel microspherical colloform bands containing abundant ore minerals and pyrite. The upper and 
lower bands contain dominantly fine-grained Cu- and Au-bearing phases and Ag-bearing phases, 

respectively. The central band contains coarse pyrite with minor electrum. (E) Backscattered electron 

image showing a composite grain composed of Au and Ag-bearing phases with pyrite. (F) Backscattered 

electron image of a coarse composite grain displaying a core of subhedral pyrite that is enveloped by a 
complex Ag–Se-bearing phase, which is in turn mantled by chalcopyrite. el = electrum, cp = chalcopyrite, 

py = pyrite, sel = Ag–Se-bearing phases. 
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predominantly composed of ore minerals and quartz showing a mosaic texture (Figure 3.9B,C). Most of 

the barren colloform bands in the younger set of bands are composed of mosaic quartz that is intergrown 

with adularia. Chalcedonic colloform bands consisting of microfibers oriented perpendicular to the bands 

are present. In addition to the colloform bands, bands of comb, zonal, flamboyant, and lattice-bladed 

quartz are common textures. 

Within the ginguro bands, S- and Se-bearing minerals and electrum occur as small (~10 µm) 

isolated monomineralic grains or form complex aggregates that can range up to 500 µm in size (Figure 

3.9D–F). Composite opaque grains rarely have a core composed of a euhedral pyrite grain that is enclosed 

by Ag–S–Se phases, which is, in turn, overgrown by chalcopyrite. The proportion of various precious 

metal-bearing minerals in each band is variable, with some containing more Ag-rich minerals while 

others contain more electrum and chalcopyrite (Figure 3.9D). Electrum compositions as determined by 

EDX analyses were found to be variable, but Au typically occurs at higher concentrations than Ag. 

3.5 Discussion 

3.5.1 Silica deposition in ore-bearing bands 

This study demonstrates that ore minerals in the investigated banded quartz vein samples occur in 

two types of colloform bands. The µXRF mapping shows that ginguro bands that are dark gray to black in 

color represent the main host of Ag-bearing ore minerals. These bands can be easily identified in hand 

specimen. The ginguro bands may contain elevated Au contents. In addition, distinct light gray to white 

colloform quartz bands are recognized that contain electrum or native gold but are largely devoid of other 

ore minerals. These bands are referred to as gankin bands in this contribution, which makes reference to 

their Au-rich nature. 

Careful optical petrography revealed that the ginguro and gankin bands have microtextural 

characteristics that differ from other quartz bands in the banded veins. The ore minerals in the samples 

from the three investigated deposits are contained in fine-grained colloform quartz bands that exhibit 

mosaic textures in crossed-polarized light. The mosaic texture consists of anhedral quartz grains with 
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irregular and interpenetrating grain boundaries. In plane-polarized light, these colloform bands show rare 

1–3 µm relic microspheres and globular aggregates consisting of fused microspheres. The presence of 

relic microsphere textures in ore-bearing colloform quartz bands has been previously documented at 

McLaughlin in California [25] and Buckskin National in Nevada [26]. 

Taksavasu et al. [26] proposed that microspherical colloform quartz in banded quartz veins from 

low-sulfidation epithermal deposits was originally composed of a noncrystalline silica precursor phase. 

Similar textural relationships have been recorded from young silica sinters formed around hot springs 

[27–33]. Noncrystalline silica also forms as a scaling in geothermal power plants [34,35], sometimes 

exhibiting microspherical textures [36]. Saunders [37,38] suggested that the ore-bearing colloform bands 

in low-sulfidation epithermal veins were originally gel-like at the time of deposition, explaining textures 

that resemble soft-sediment textures caused by hydraulic shaping and gravity-induced sagging of the soft 

silica deposits. Textural evidence supporting a gel-like nature of the microspherical silica deposits was 

identified at Hollister in Nevada [14,39,40], Koryu in Japan [12], Republic in Washington [39], Sleeper in 

Nevada, [37,38], and Silver City in Idaho [41]. 

Studies on silica sinters [28,31,32,42–44] and siliceous sediments [45–48] have shown that opal-

A is thermodynamically unstable and matures over time. The maturation process involves the 

transformation of opal-A into opal-CT, which in turn recrystallizes into opal-C and then into 

microcrystalline quartz. Recrystallization of the noncrystalline silica precursor is interpreted to have been 

completed in the samples investigated, as only anisotropic quartz was observed in the ginguro and gankin 

bands studied. This is consistent with the findings of Lovering [49], showing that complete 

recrystallization of noncrystalline silica results in quartz having a mosaic texture. The maturation of opal-

A originally present in the veins likely occurred during the evolution of the hydrothermal system 

following silica deposition. Laboratory studies show that the transformation from opal-A to quartz may 

take place within days to months under hydrothermal conditions [50–52]. 

The observation that ginguro and gankin bands show distinct microtextural characteristics 

suggests that the ore-bearing bands were formed by unique processes. The original presence of a 
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noncrystalline silica precursor in these bands suggests that silica deposition occurred as a result of 

supersaturation (with respect to quartz), which could have been achieved due to vigorous boiling or 

flashing of the hydrothermal waters [26,37,38,53,54]. Vigorous boiling or flashing events in geothermal 

systems can be seismically triggered [55] and result in the formation of hydrothermal eruptions on surface 

[56–59]. 

Vigorous boiling or flashing of the hydrothermal waters could also explain the presence of a high 

proportion of ore minerals in the ginguro and gankin bands. Vaporization of hydrothermal liquids results 

in the precipitation of metals due to the loss of dissolved H2S into the vapor phase [60–64]. Analogous 

processes can be observed in geothermal power plants where metal precipitation in response to a sharp 

pressure drop occurs at the point of flashing in the wellhead. Sulfide scales formed as a result of flashing 

are composed of chalcopyrite, galena, sphalerite, magnetite, and pyrite [35,36,61,63,65]. The scales can 

contain high concentrations of Au and Ag [36,61,65]. Theoretical considerations by Sanchez-Alfaro et al. 

[66] confirm that flashing is an effective mechanism for Au precipitation. 

In addition to silica deposition and the precipitation of metals, vigorous boiling or flashing could 

also be responsible for the deposition of adularia, which forms dendritic aggregates in the banded vein 

from Midas. The gas loss associated with vigorous boiling or flashing causes a shift in the stability from 

illite to adularia, triggering deposition of this mineral from solution [67–71]. 

The microtextural characteristics of the ginguro and gankin bands differ significantly from other 

quartz bands present in the samples investigated, which appear to be essentially barren. Zeeck [15] first 

reported that the banded veins from Hokuryu commonly contain colloform bands that show a chalcedonic 

texture consisting of microcrystalline fibrous quartz. Chalcedony is common in banded veins and has 

been reported from a number of low-sulfidation epithermal deposits [72–74]. The texture consists of 

rhythmic bands composed of radiating chalcedonic fibers that are oriented perpendicular to the substrate 

on which the bands have developed. The outermost bands form botryoidal surfaces in open space. 

Flamboyant extinction patterns are common in chalcedonic colloform bands [72,74]. As first pointed out 
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by Camprubí and Albinson [11], the term chalcedony-ginguro used by Corbett [75] appears to be a 

misnomer. In the samples investigated, ginguro bands do not contain microcrystalline fibrous quartz.  

Moreover, the chalcedonic colloform bands do not contain ore minerals and do not have a dark 

gray to black color. Fournier [76] pointed out that chalcedony is formed at lower degrees of silica 

supersaturation (with respect to quartz) than noncrystalline silica and commonly controls silica solubility 

at temperatures below 90 °C to 140 °C, and sometimes as high as 180 °C. Colloform bands with a 

noncrystalline silica precursor and chalcedonic colloform bands are formed at different conditions and 

processes [15]. 

 

3.5.2 Compositional variations in ore-bearing bands 

The present study demonstrates that the composition of ore-bearing colloform quartz bands 

within a single banded quartz vein can be highly variable, raising the question as to which processes are 

responsible for these compositional variations and the apparent decoupling of Au, Ag, and other metals. 

Based on the available evidence, several different models can be invoked. 

The banded quartz veins in low-sulfidation epithermal deposits represent transient high-flux 

conduits that open episodically throughout the lifetime of the ore-forming geothermal system [55]. For 

instance, Sanematsu et al. [10] showed that silica precipitation resulting in the formation of the Hosen-1 

vein at the Hishikari deposit in Japan occurred over a duration of ~260,000 years, with periods of vein 

formation being separated by intervals as long as ~30,000 to ~110,000 years [10]. The duration of vein 

formation at Hishikari is comparable to the lifespans of modern geothermal systems [77–79]. Given these 

long lifespans, it appears possible that the metal supply to the geothermal system changes over time [80], 

which could translate to variations in the composition of adjacent ore-bearing colloform quartz bands in 

vein samples. 

Potential variations in the composition of the ore-forming liquids could be related to the episodic 

influx of magmatic-hydrothermal fluids derived from intrusions. Although low-sulfidation epithermal 

deposits are primarily formed from deeply circulated meteoric waters [3], small magmatic contributions 
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from a degassing magma chamber could contribute significantly to the metal content of the ore-forming 

liquids. In situ oxygen isotope analysis by secondary ion mass spectrometry on banded vein material from 

the Sleeper deposit in Nevada revealed that δ18O values in the quartz increase towards Au-rich bands with 

the quartz in these bands with values of 8.6‰ to 13.7‰ [14]. Saunders et al. [14] suggested that the 

oxygen isotopy of the quartz in these Au-rich bands is best explained by an incursion of magmatic water 

into the geothermal system. This conclusion is supported by stable isotope data collected on hydrothermal 

waters from active geothermal systems of the Taupo Volcanic Zone in New Zealand. The data lie close to 

the meteoric water line but show a small positive 18O shift that can be attributed to a minor (up to ~10%) 

contribution of magmatic water [80,81]. Simmons et al. [80] proposed that the highest concentrations and 

fluxes of Au, Ag, Cu, and Te in the geothermal systems of the Taupo Volcanic Zone can be related to 

such an input of magmatic-hydrothermal fluids. 

The study of low-sulfidation epithermal deposits has shown that mineral deposition in the 

epithermal environment can occur by three processes, namely cooling, boiling, and flashing of the 

hydrothermal chloride waters [37,64,66,71]. Each of these processes may be responsible for, or contribute 

to, the observed compositional difference between adjacent ore-bearing colloform quartz bands and the 

apparent decoupling of Au, Ag, and other metals. 

Brown and Simmons [82] and Simmons and Brown [83] demonstrated that the precious metal 

concentrations in deep hydrothermal waters in the geothermal systems of the Taupo Volcanic Zone in 

New Zealand range from <0.1 to 23 ppb Au and 2.7 to 2400 ppb Ag at temperatures between 195 °C to 

322 °C. In most deep hydrothermal water samples, Au is undersaturated by an order of magnitude 

compared to theoretical aqueous Au concentrations, whereas Ag is undersaturated or close to its 

saturation limit [80]. Solubility experiments and thermodynamic modeling constrain how metal solubility 

in these hydrothermal waters changes in response to cooling in the upflow zone of geothermal systems 

[81,84–87]. Cooling of the near-neutral hydrothermal waters results in a reduction of Au solubility, with 

the Au being dominantly transported as [Au(HS)2]
−. Sanchez-Alfaro et al. [66] demonstrated that a 

temperature decrease of 160 °C from the reservoir temperature results in the deposition of 95% of the Au. 
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In contrast, thermodynamic modeling showed that cooling of low-salinity hydrothermal waters 

causes only a minor decrease in Ag solubility, assuming that Ag sulfides are the main host of this 

precious metal [86]. Stefánsson and Seward [86] demonstrated that ~70% of the dissolved Ag in 

hydrothermal waters occurs as Ag(HS)0 whereas ~30% is accounted for by [Au(HS)2]
−. The solubility of 

Ag sulfides with respect to Ag(HS)0 is almost temperature independent [86]. As a consequence of the 

different temperature-dependencies on metal solubility, fluctuations in temperature of the mineralizing 

hydrothermal waters could result in variations in the Au and Ag contents of the ore-bearing colloform 

quartz bands. Variations in temperature throughout the vein formation could occur in response to changes 

in flow velocity and/or mixing of the hydrothermal liquid with groundwater along the flow path [64,88]. 

However, textural evidence suggests that many, if not all, ore-bearing colloform quartz bands 

formed during intermittent periods of vigorous boiling or flashing, not a process of simple cooling. The 

near-instantaneous vaporization of the hydrothermal waters most likely accounts for the apparent 

decoupling of metals and the formation of ore-bearing colloform bands having variable metal signatures. 

Vigorous boiling or flashing of hydrothermal waters results in metal supersaturation in the remaining 

liquid and the formation of submicroscopic particles [80] or colloidal solutions [37,89]. The site at which 

metal particles are formed may be distinctly different from the site of ore mineral formation as the metal-

bearing solutions will be transported up the vein by the high-velocity two-phase flow associated with 

vigorous boiling or flashing. The depth to which vaporization occurs is most likely different for each 

event of vigorous boiling or flashing, resulting in vaporization of hydrothermal waters having different 

temperatures and precious metal concentrations. The occurrence of such dynamic processes of metal 

deposition in low-sulfidation epithermal deposits is supported by the observations of Christenson and 

Hayba [63] at Kawerau in New Zealand. At this geothermal power plant, initial metal precipitation 

occurred at depth in the feed zones of the production wells, and metals were subsequently swept to the 

surface by the strong flow in the well, resulting in the formation of banded siliceous precipitates in 

wellhead silencers. 
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3.5.3 Formation of ore minerals in ore-bearing bands 

Modeling of isothermal vapor loss at 230 °C by Christenson and Hayba [63] showed that 

different ore minerals are deposited from hydrothermal waters at different degrees of vaporization, which 

could contribute to the observed compositional differences between adjacent ore-bearing colloform quartz 

bands. The degree of vaporization will change rapidly as vaporstatic conditions in the fracture or fault 

hosting the vein propagate to depth. Christenson and Hayba [63] showed that sphalerite and pyrite 

precipitation starts with the onset of vaporization of the liquid. Sphalerite is stable throughout the process 

of vaporization, whereas pyrite is replaced by chalcopyrite at ~3 wt. % vapor loss. Chalcopyrite is 

replaced by bornite and then chalcocite at 47 wt. % and 70 wt. % vapor loss, respectively. Galena 

saturates at 3 wt. % vapor loss and continues to precipitate throughout the process of vaporization. 

Christenson and Hayba [63] also demonstrated that Au precipitation starts at ~6 wt. % vapor loss and 

continues to 90 wt. % vapor loss. The highest grade ore is formed during the early stage of vapor loss 

(~10 wt. %), but more extensive (20–40 wt. %) vapor loss is required to produce the precipitation of large 

amounts of Au [63]. 

It is envisaged here that the microspherical silica in the ginguro and gankin bands record events 

of vigorous boiling or flashing within the vein. During each event of vigorous boiling or flashing, the 

location of the vaporstatic conditions propagates towards depth, and repeated events reach towards 

different depths in the vein. During vigorous boiling or flashing, the silica is deposited from the residual 

liquid within the two-phase flow. Metal precipitation may have occurred together with silica deposition. 

This is especially true for ore mineral grains present in the so-called sluice-box textures in which ore 

minerals intermixed with silica were deposited around protrusions of the vein walls forming a thin layer 

over the tops of the protrusion and a thick deposit on the leeward side [14,39–41]. This texture has not 

been observed in the limited number of samples investigated in this study. However, many of the ore 

mineral grains in the samples studied appear to have grown within the bands of microspherical silica, 

presumably as the matrix was gel-like and yielding. In contrast, the large aggregates of composite ore 

minerals appear to have grown into open spaces between silica microspheres, as suggested by the 
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presence of euhedral quartz overgrowths separating the ore minerals from the microspherical matrix. 

Metal deposition within the silica bands likely also occurred from the liquid under conditions of two-

phase flow, with much of the vapor streaming occurring in the center of the open vein potentially forming 

an annular flow (Figure 3.10). Metal supersaturation in the liquid flowing through the pore space between 

the silica microspheres may have been achieved by vapor loss from the liquid. Different ore minerals 

were formed at different times and locations depending on the temperature of the residual liquid and the 

degree of vaporization. Continued recharge of buoyant liquid from depth ensures continuous metal supply 

allowing deposition of comparably large amounts of metals within the ginguro and gankin bands. 

 

3.6 Design of textural and microanalytical studies 

Because gankin bands cannot be macroscopically distinguished from colloform bands that are 

barren, targeted sampling of the gankin bands for geometallurgical or scientific investigations aimed at 

identifying the ore mineralogy of low-sulfidation epithermal veins ranging up to several meters in 

thickness is essentially impossible without the help of element distribution maps. As µXRF mapping can  

 

 

Figure 3.10: Model showing how the deposition of silica and the accumulation of precious metals could 
occur during an event of vigorous boiling or flashing. Two-phase liquid and vapor flow occurs along the 

fault, with vaporstatic conditions propagating down the fault. Annular flow develops as a result of the 

vaporization of the liquid. Deposition of noncrystalline silica takes place from the remaining liquid. Ore 
mineral dendrites grow within the matrix of silica microspheres from the liquid as a result of the vapor 

loss. 
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be conducted at relatively low cost, it is suggested here to scan transects across banded veins to guide 

subsampling routinely. Without application of this technique, subsampling will be invariably biased, 

limiting the understanding of the mineralogical sequestration of Au. 

Over the course of this study, it also proved useful to scan billets of thin sections to guide detailed 

petrographic work on the gankin bands. As the excitation volume of the µXRF analysis is comparably 

large, electrum or native gold grains can be detected that are not exposed on the surface. This is in 

contrast to reflected light microscopy or backscattered electron imaging where identification of electrum 

or native gold in the gankin bands is limited to exposed grains. Depending on the abundance of precious 

metal grains, the size of these grains, and the degree of plucking caused during thin section preparation, 

gankin bands can be challenging to identify optically. The element distribution maps obtained on billets 

proved to be invaluable to allow rapid identification of the exact locations of gankin bands in thin section, 

which could then be inspected in greater detail at high magnification until electrum or native gold grains 

were found. 

 

3.7 Exploration implications 

This study demonstrates that the distribution of precious metals in banded veins from low-

sulfidation epithermal deposits can be effectively mapped by µXRF, providing valuable information that 

cannot be obtained by macroscopic study of the veins. Ginguro bands that can easily be identified 

macroscopically appear to be the primary host of Ag-bearing ore minerals such as naumannite, aguilarite, 

acanthite, and pyrargyrite as well as other sulfide phases such as chalcopyrite, marcasite, galena, pyrite, or 

sphalerite. Ginguro bands may contain significant Au contents. However, the µXRF mapping revealed 

that the Au content in the ginguro bands can be variable within a given hand specimen and between 

different deposits. In some cases, significant Au enrichment is encountered in light gray to white gankin 

bands that are macroscopically indistinguishable from barren bands of colloform quartz. This has 

significant implications for exploration as the presence or absence of ginguro bands may not be used to 

predict Au grade in hand specimen reliably. For instance, the investigated sample from the Hokuryu 
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deposit in Hokkaido contains only very thin ginguro bands, but grades 10.7 g/t Au and 107 g/t Ag [15]. 

The Au is not located within these ginguro bands. Based on its macroscopic characteristics, the sample 

could easily not have been assayed. 

 

3.8 Conclusions 

Ginguro and gankin bands contained in banded quartz veins of low-sulfidation epithermal 

deposits are characterized by unique microtextural characteristics. These bands are composed of fine-

grained quartz that has a mosaic texture under crossed-polarized light, with many of the bands exhibiting 

relic microspheres. The occurrence of relic microspheres provides evidence that the ginguro and gankin 

bands originally contained a noncrystalline silica precursor that subsequently recrystallized to quartz. The 

microtextures of the ginguro and gankin bands are interpreted to reflect conditions of rapid deposition of 

silica caused by vigorous boiling or flashing of the hydrothermal waters. Many of the ore mineral grains, 

most notably those forming larger intergrown aggregates, appear to have grown within the matrix of 

yielding silica microspheres. In contrast, barren bands of quartz lack relic microspheres and probably 

formed by different processes, including the cooling of the hydrothermal waters. Although not all 

precious metals are hosted in ginguro and gankin bands, these bands account for much of the grade. 

The µXRF investigations of this study demonstrate that ginguro and gankin bands can have 

distinctly different compositions. The macroscopically identifiable ginguro bands are the principal host to 

Ag-rich phases, but may also contain other ore minerals. The Au content of these bands can be variable. 

In contrast, gankin bands contain electrum or native gold with few other ore minerals present. 

Macroscopically, gankin bands cannot be easily distinguished from barren quartz bands. The µXRF maps 

show that the distribution of Au in vein samples does not necessarily correlate with the presence of 

ginguro bands. This has important implications for the design of geometallurgical or scientific 

investigations aiming to determine the mineralogy of the ores through representative subsampling of vein 

material and the preparation of thin sections as well as grade estimation in exploration. 
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The formation of compositionally distinct ginguro and gankin bands in low-sulfidation epithermal 

ores can be explained by several alternative models, and future research is required to test which of these 

models is most suited to explain compositional variations between the ore-bearing bands. Possible 

explanations include variations in the composition of the hydrothermal waters forming these bands 

throughout the lifetime of the hydrothermal system and fluctuations in the temperature of the 

hydrothermal fluids precipitating ore minerals at a given location. However, most likely, compositional 

variations and the apparent decoupling of Au, Ag, and other metals can be related to variable degrees of 

vapor loss during vigorous boiling or flashing of the hydrothermal waters. 
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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 non-crystalline 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 contemporaneous 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 non-crystalline silica to quartz. It is proposed 

here that ore mineral dendrite formation in the 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. 

 

4.2 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. 
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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 sulfides 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 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 
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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. 

 

4.3 Geological setting 

Vein samples containing ore mineral dendrites were obtained from four low-sulfidation 

epithermal deposits located in the western United States (Figure 4.1). This included gold 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  
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Figure 4.1: Map showing the locations of the low-sulfidation epithermal deposits studied. 

 

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). 
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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 pumaceous 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). 

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 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). 
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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 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, 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). 
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4.4 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 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 Ka X-ray emission lines for As, Cu, S, and Se; La lines for Ag, Sb, and 

Te; and the Ma 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 
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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. 

 

4.5 Results 

4.5.1 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 (Figure 4.2). 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 (Figure 4.2). 

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 (Figure 4.3A). 

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. 
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Figure 4.2: 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 elements maps were obtained by µXRF 

mapping. 
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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 (Figure 4.3B). The microspherical matrix is 

locally recrystallized to quartz. The quartz can form complex aggregates (Figure 4.3B) or doubly 

terminated quartz crystals (Figure 4.3C) 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 (Figure 4.3C). Dense occurrences of the quartz crystals grown in the 

microspherical matrix locally resulted in the formation of zones of massive clear quartz crystals (Figure 

4.3C). 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 (Figure 

4.3D). 

Ore minerals occur throughout the variably recrystallized microspherical matrix (Figures 4.3, 

4.4). Most notable are curviplanar, spinifex-like aggregates, which mostly consist of gold and sphalerite, 

with minor pyrargyrite, tetrahedrite, and argentite/acanthite (Figure 4.4A). 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 (Figure 4.4B) 

or are branching and tree-like (Figure 4.4C). The gold in these dendrites have a millesimal fineness of 593 

to 790, averaging 734 (n = 70; Figure 4.5; Table 4.1). Euhedral to subhedral crystals of pyrargyrite, which 

are up to ~200 µm in size, are present throughout the microspherical matrix surrounding the gold 

dendrites (Figures 4.3A, 4.4A-D). The microspherical matrix surrounding some of the larger stubby  
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pyrargyrite crystals appears deformed (Figure 4.4D). 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  

 

 

Figure 4.3: 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 4.4: 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) 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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Table 4.1: 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 
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Table 4.1: Continued 

 

Ag As Au Hg Pb S Se Te Total Fineness 

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 

5 42.17 ‒ 57.58 0.14 ‒ 0.11 ‒ ‒ 100.00 576 
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Table 4.1: Continued 

 

Ag As Au Hg Pb S Se Te Total Fineness 

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 

 

mineral dendrites (Figure 4.4C) or small complexly shaped aggregates of ore minerals (Figure 4.3B and 

4.4E,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 
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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 (Figure 4.6), 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 (Figure 4.6). 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; 

Figure 4.5; Table 4.1). 

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- 

 

 

Figure 4.5: 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. 
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Figure 4.6: 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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shaped aggregates are common (Figure 4.7A,B). Randomly dispersed subhedral pyrargyrite crystals can 

occur in the upper portions of the gold dendrites (Figure 4.7A), 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 (Figure 

4.7C). Under crossed-polarized light, the quartz matrix surrounding the gold dendrites exhibits a mosaic 

texture (Figure 4.7D). 

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 (Figure 

4.7B), distinct blocky extinction patterns in crossed-polarized light. 

Etching of one of the centimeter-sized gold dendrites hosted by a crustiform vein confirmed that 

the gold aggregate is of dendritic morphology (Figure 4.8A,B). The gold is intergrown with minor 

pyrargyrite and pyrite (Figure 4.8A). 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 (Figure 

4.8C). Some of the gold shows hopper surfaces (Figure 4.8D). The hopper surfaces may be primary but 

may also have formed as a result of recrystallization. 

 

4.5.2 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 (Figure 4.9). 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  
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Figure 4.7: 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 

 

sulfoselenides (Figure 4.9). The samples do not contain detectable amounts of other metals such as Cu 

and Zn. 

The gold distribution varies between individual colloform bands with some containing coarse 

dome-shaped gold dendrites that are spaced out along the bands (Figure 4.10A). Other bands consist of 
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Figure 4.8: 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 

 

nearly continuous ribbons of gold (Figure 4.10B). 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 

(Figure 4.10C,D). In crossed-polarized light, these bands with relic microspheres exhibit a mosaic texture 

consisting of anisotropic, microcrystalline quartz having irregular and interpenetrating grain boundaries 
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Figure 4.9: 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. 

 

(Figure 4.10D). 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. 
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Figure 4.10: 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-graine 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 upper portion of the 
image (upper arrow). However, the gold is mostly in contact with euhedral quartz (lower 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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  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 (Figure 4.10C,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 

(Figure 4.10C,D) and the gold is encapsulated within quartz or occurs between euhedral quartz crystals 

(Figure 4.10E,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; Figure 4.5; Table 4.1). 

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 (Figure 4.10E,F). Recrystallization is also widespread in 

colloform bands containing the gold ribbons. The gold ribbons are typically parallel to the colloform 
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bands and small (10–50 µm) euhedral quartz crystals are commonly present within the gold (Figure 

4.10E,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 (Figure 4.11A). Casts of quartz crystals dissolved by acid 

treatment are present (Figure 4.11A). The gold surfaces are typically smooth (Figure 4.11A-C). At high 

magnification, a distinct microtopography consisting of steps and terraces can be observed (Figure 

4.11C,D). 

 

4.5.3 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 (Figure 4.12). 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 (Figure 4.12).  

Elemental mapping by µXRF reveals that naumannite is also present in the ginguro bands that 

occur between the colloform bands hosting the dendrites (Figure 4.12). 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 (Figure 4.12). 

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 
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Figure 4.11: 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. 

 

~50% of the area occupied by the dendrite (Figure 4.13A). The colloform bands hosting the dendrite are 

entirely recrystallized and show a mosaic texture in crossed-polarized light (Figure 4.13B). 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 (Figure 4.13C,D). Similar to McLaughlin and Sleeper, 

recrystallization of the originally microspherical matrix appears to have modified the shape of the 
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Figure 4.12: 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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Figure 4.13: 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 

 

naumannite. Dendrite branches consist of naumannite aggregates with small interstitial quartz crystals  

(Figure 4.13C,D). Ore minerals occur, including small dendrites of sphalerite (Figure 4.13C) 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; Figure 4.14). Concentrations of up to 

0.15 wt% Cu, 0.22% Hg, and 0.41 wt% Pb were recorded (Table 4.2). X-ray diffraction analysis was used 



 136 

to confirm 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; Figure 4.5; Table 4.1). 

One naumannite dendrite treated with HF shows the complex, multi-branching morphology 

(Figure 4.15A,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 (Figure 4.15C,D). 

 

4.5.4 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 (Figure 4.16). 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 (Figure 4.16). 

The naumannite dendrites in thin section are comparably massive and not as delicate as those 

from the Buckskin National deposit (Figure 4.17A). 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 

(Figure 4.17A). The quartz matrix is rich in cavities and shows a mosaic texture under cross-polarized 

light. At high magnification, relic microspheres can be recognized (Figure 4.17B). 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 

  



 137 

Table 4.2: 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 
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Table 4.2: Continued 

 

Ag Au Cu Hg Pb S Se Te Total 

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 

 

 

 

Figure 4.14: 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. 

 



 139 

 

Figure 4.15: 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. 

 

20–30 µm in size and lack growth zoning or fluid inclusions (Figure 4.17B). Euhedral quartz grains also 

occur within the massive parts of the naumannite dendrites (Figure 4.17B). 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 (Figure 4.17C,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; Figure 4.14). The Te concentration of the 
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Figure 4.16: 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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Figure 4.17: 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 

 

naumannite ranges up to 0.30 wt% (Table 4.2). Compositional analysis showed that gold at Fire Creek 

has a millesimal fineness of 428 to 778, averaging 623 (n = 65; Figure 4.5; Table 4.1). 

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 
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grains (Figure 4.18A,B). Casts of large euhedral quartz crystals dissolved during HF treatment are present 

in more massive naumannite (Figure 4.18A-D). 

 

4.6 Discussion 

4.6.1 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, resferred 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 bands are composed of non-crystalline microspherical silica or mosaic quartz that 

commonly contains relic microspheres and has formed from this non-crystalline precursor through a 

process of maturation and recrystallization. 

Well-preserved 1–5 µm silica microspheres are common in the mineralized colloform bands in 

the samples from McLaughlin and Sleeper. They are still non-crystalline as they are isotropic in crossed- 

polarized light. Non-crystalline 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 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). This 

microspherical form of non-crystalline 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 involves the transformation of non-crystalline opal-AG into 
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Figure 4.18: 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 

 

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 
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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-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). 

 

4.6.2 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 
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epithermal deposits (Saunders 1990; Monecke et al. 2021). 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 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. 2021). 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. (2021) 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 non-crystalline silica. 
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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. (2021) 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 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; 
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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 hydrothermal liquids to 

have metal concentrations exceeding their respective saturation limits. Indeed, hydrothermal liquids 
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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 non-crystalline 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). 

 

4.6.3 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. (2021) showed 

how doubly terminated quartz crystals have grown within the opal-AG matrix as a result of the 

transformation of non-crystalline 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 non-crystalline silica precursor, as it is 
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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. 

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 non-crystalline 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. While 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 

often varies between adjacent colloform bands. While 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 
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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 non-crystalline silica to quartz can 

take place within days to months under hydrothermal conditions (Ernst and Calvert 1969; Bettermann and 

Liebau 1975; Oehler 1976). 

 

4.6.4 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 non-crystalline silica 

microspheres along the vein walls while 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 
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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 have changed over time as dendrites were 

growing in individual bands, explaining the observation that the dendrites changed in composition during 

growth. 

 

4.6.5 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 
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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. 

 

4.7 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 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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CHAPTER 5 

CONCLUSIONS 

 

Low-sulfidation epithermal deposits are significant sources of precious metals (John et al., 2018). 

These deposits form from hydrothermal liquids that are typically low-salinity (<3–4 wt% NaCl equiv.; 

Hedenquist et al., 2000; Simmons et al., 2005; Bodnar et al., 2014). Research on geothermal systems, 

which represent the modern analogues of low-sulfidation epithermal deposits (Simmons et al., 2005), 

suggest that the mineralizing fluids are near neutral chloride waters (Simmons et al., 2016). Metal 

deposition occurs in the shallow subsurface at depths of <1.5 km below the paleosurface at temperatures 

<300°C (Simmons et al., 2005). 

Despite extensive previous research on low-sulfidation epithermal deposits, many outstanding 

questions remain that need to be resolved to further refine the deposit model. This thesis research 

attempted to address some of these questions by combining site specific research on a low-grade, large-

tonnage deposit in California with research focusing on the processes of mineral deposition in high-grade, 

small-tonnage deposits in California, Nevada, and Japan. 

 

5.1 Research findings 

This section provides a short summary of the main findings of this thesis. 

1. As part of this thesis, the volcanic architecture of the Castle Mountain low-sulfidation epithermal 

deposit in California was studied to better understand why some deposits consist of large zones of 

hydrothermal alteration containing low precious metal grades and can only be exploited by open 

pit operations while other deposits are characterized by vein zones that can have high precious 

metal grades. The study at Castle Mountain, which involved the detailed graphical logging of 

over 10 km drill core, showed that the nature of mineralization can be directly tied to the 

permeability of the host rocks. The Castle Mountain deposit is largely hosted in pyroclastic 
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deposits, which were highly permeable at the time of mineralization. This is in contrast to 

deposits such as Buckskin National, Fire Creek, or Sleeper in Nevada where the host rocks are 

brittle in nature and have a distinctly lower permeability, facilitating vein formation. The results 

provided a first-order constraint on what type of deposit is likely to form in a given 

volcanological setting. 

2. The Castle Mountain deposit represents a large fossilized geothermal system. Silicification is 

intense across a large area (2 by 3 km), which is comparable in size to the Waiotapu geothermal 

field in the Taupo Volcanic Zone in New Zealand. Not unlike Waiotapu, the volcanic stratigraphy 

at Castle Mountain includes felsic-intermediate domes emplaced within pyroclastic rocks. 

Diatreme deposits are common and ancient lake deposits have also been identified. However, the 

paleosurface at Castle Mountain is not preserved due to erosion and no laterally extensive steam-

heated blanket or silica sinter terraces are recognized. The reconstruction of the volcanic facies 

architecture at Castle Mountain showed that hydrothermal activity at this location occurred during 

a hiatus in volcanism. Volcanic rocks of the Linder Peak formation are hydrothermally altered 

whereas rocks of the Hart Peak formation have not been affected by hydrothermal alteration. 

Mineralization appears to have occurred in the aftermath of a major episode of volcanism, which 

is not unlike observations made at the Rotomahana-Waimangu hydrothermal system in the Taupo 

Volcanic Zone in New Zealand. This may suggest that geothermal systems play an important role 

in cooling subvolcanic magma reservoirs. 

3. Research on bonanza-type veins demonstrates that precious metals are not homogeneously 

distributed between different colloform bands. Crustiform veins often exhibit dozens to hundreds 

of macroscopic white to gray to clear bands that can be symmetrical about the center of the vein, 

but only a few of these bands carry enough precious metals to create high precious metal grades. 

Silver-bearing minerals in deposits such as Buckskin National and Fire Creek in Nevada appear 

to be primarily contained in ginguro bands, which can be macroscopically recognized. In contrast, 

gold can be contained in distinct bands that are typically more difficult to identify 



 163 

macroscopically. Large gold dendrites in gankin bands occur at McLaughlin in California and 

Sleeper in Nevada. The term gankin bands has been coined for this type of band. It is 

hypothesized here that variations in the relative metal content of the different bands relate to the 

processes of metal deposition from the hydrothermal liquid and are not a result of variations in 

the composition of the deep liquids or metal supply to the hydrothermal system. 

4. Systematic studies on crustiform banded veins from the Omu camp in Japan established that high 

precious metal grades almost entirely occur in silica bands that originally showed a 

microspherical microtexture. A technique was developed that combines petrographic logging 

across crustiform veins with µXRF mapping and the counting of ore mineral grains along 

traverses to establish the exact location of ore minerals. Careful petrographic analysis showed that 

colloform bands consisting of chalcedony or their recrystallized equivalents now showing mosaic 

textures are barren. 

5. High-magnification microscopy on high-grade ore samples from several deposits in California 

and Nevada confirmed that that ore minerals are principally located in colloform banded veins 

that originally consisted of microspherical, non-crystalline silica. Well-preserved microspherical 

silica that is isotropic was recognized at McLaughlin in California and Sleeper in Nevada. 

Recrystallized silica now showing mosaic textures commonly contains rare relic microspheres. 

The findings of this study suggest that ore mineral deposition is directly related to the occurrence 

of the non-crystalline silica bands that have a microspherical texture. The non-crystalline silica 

formation could only have occurred as a result of pronounced silica supersaturation. This degree 

of supersaturation is likely caused by the occurrence of vigorous boiling or flashing of the 

hydrothermal liquids. 

6. Petrographic analysis of the ore minerals contained in the microspherical silica bands or their 

recrystallized equivalents demonstrated that these minerals have dendritic shapes. The textural 

evidence suggests that the ore minerals must have grown within the microspherical host by 

infilling the space between the microspheres. Ore mineral dendrites from selected deposits were 
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separated from the microspherical host by HF etching and inspected by scanning electron 

microscopy. The textures identified are consistent with the microscopic observations suggesting 

that the ore minerals grew within the silica host. Petrographic analysis further showed that 

recrystallization of the matrix resulted in the modification of the shapes of the ore mineral 

dendrites and their contacts with the silica host. Most notable is the formation of small, euhedral 

quartz that impinge on the ore mineral dendrites. Despite these modifications, some of the large 

ore mineral dendrites preserve primary chemical zoning from bottom to top, reflecting changes in 

the conditions of ore mineral growth. The degree of vaporization of the hydrothermal liquid may 

be an important factor controlling which ore minerals are formed at a given location and time. 

7. Ore mineral dendrites were observed to cross-cut bands of the microspherical silica, which is 

direct evidence for them growing in a porous media below the surface of the silica layer. This 

contrasts previous models that have suggested that ore minerals form by physical accumulation of 

colloidal particles along the vein walls. The ore mineral dendrites are hypothesized to have grown 

within the microspherical silica gel by a diffusion-limited process.  

8. Based on the observations made, a new model is proposed for the formation of bonanza-type low-

sulfidation epithermal deposits. In these deposits, fluid flow is controlled by the presence of faults 

that provide zones of transient permeability through wall-rocks that are characterized by 

comparably low permeability. Following hydrothermal eruptions, which are presumably triggered 

by earthquakes, vigorous boiling or flashing is introduced within the hydrothermal upflow zone, 

with low-pressure conditions propagating towards depth as the amount of vapor produced in the 

controlling structure increases. Supersaturation of silica in the hydrothermal liquid during vapor 

formation results in rapid deposition of non-crystalline, microspherical silica along the vein walls. 

Ore minerals subsequently grow within these gel-like silica layers by a diffusion-limited process. 

Ore mineral formation likely occurs under two-phase flow conditions as the amount of vapor 

produced will control the solubility of the ore-forming chemical components and, therefore, 

influence which ore minerals are formed in the silica layers at any location and time. The textures 
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produced are a reflection of the non-equilibrium processes taking place under these conditions 

and the highly dynamic nature of the vigorous boiling or flashing. This process is repeated until 

crustiform veins are produced that contain multiple ore-bearing bands having high metal grades. 

 

5.2 Recommendations for future work 

Based on the research conducted, a number of recommendations for future work are made: 

1. Future studies should focus more closely on the relative timing of epithermal deposit formation 

with respect to the evolution of the volcanic facies architecture. The results of the study at Castle 

Mountain demonstrate that mineralization is closely linked to volcanism, both in space and time. 

However, the deposit formation appears to have overlapped with at least a brief hiatus in 

volcanism. More detailed studies at other low-sulfidation epithermal deposits may provide 

important insights into the link between volcanism and geothermal activity and may assist in the 

conceptual understanding of how exactly geothermal systems contribute to the cooling of 

subvolcanic magma chambers following major phases of volcanism. 

2. Currently available data suggest that metal precipitation in low-sulfidation epithermal deposits 

can occur by different mechanisms. The study at Castle Mountain suggests that cooling of the 

hydrothermal liquids can result in the formation of large, low-grade deposits. Previous research 

suggests that gentle boiling represents an important mechanism of ore formation, leading to gold 

deposition and the precipitation of bladed carbonates. This study suggests that vigorous boiling or 

flashing may be an important process in the formation of bonanza-type epithermal deposits. 

Future research should focus on the relative importance of these three different types of metal 

precipitation in low-sulfidation epithermal deposits worldwide. 

3. The reasons for the formation of microspherical opal-A in the geothermal environment need to be 

better researched. Although formation of this non-crystalline silica is most likely related to silica 

supersaturation caused by phase separation of the hydrothermal liquids, the exact nature of the 

phase separation process is difficult to understand in ancient deposits, especially as the ore-
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bearing colloform bands lack fluid inclusions. The currently available data suggests that the 

degree of vapor production plays an import role in controlling the deposition of silica and metals. 

Further thermodynamic modeling is needed to better understand how metal deposition is related 

to the percentage vapor produced. Previous work has focused on the solubility of gold, but so far 

no information is available how various degrees of vaporization influence the deposition of silver 

sulfoselenides. 

4. If vigorous boiling or flashing is indeed an important process triggering the deposition of non-

crystalline silica in crustiform veins, it would be important to constrain to what depth this process 

can occur along major structures. As the low-pressure regime could migrate down major 

structures, this vigorous boiling or flashing could potentially occur to great depth below the 

paleosurface (several hundred meters). This would have important implications to exploration for 

high-grade low-sulfidation epithermal veins as it is widely assumed that bonanza-type veins only 

occur in the shallow subsurface. 

5. An open question relates to the occurrence of dendrites of non-ore ore minerals. How common 

are dendrites of phases such as adularia recognized in the µXRF scan of a sample from Midas? 

Does this imply that non-ore minerals can also grow in silica gels similar to the mechanism 

invoked for the ore minerals, or alternatively, are the gels compositionally complex allowing the 

growth of these phases by local redistribution of chemical components? Future research is needed 

to test whether the occurrence of non-ore mineral dendrites in crustiform veins is common in low-

sulfidation epithermal deposits and which non-ore minerals can form dendrites and how they 

texturally relate to the silica host. 

6. The application of µXRF mapping has proven highly useful in the study of crustiform veins. 

Could this technique be used to better understand why precious metal enrichment occurs in some 

silica sinters associated with low-sulfidation epithermal deposits? In mineral exploration, 

anomalous precious metal grades in silica sinters are widely used as a favorable indication, 

suggesting that sinter may be associated with a vein system. However, from field observations it 
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is not typically known whether gold enrichment actually occurs in the sinter deposit or in cross-

cutting veinlets that may have formed after sinter formation. This has implications to the 

interpretation of the precious metal anomalies, especially in long-lived hydrothermal systems 

where hydrothermal fluid flow may be connected to multiple sinter horizons. It should be tested 

whether µXRF mapping of hand-specimens could be used as a simple technique to assist 

resolving this question. 
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 

The supplemental electronic files are organized into categories. The permissions file will record 

all the coauthor approvals to publish original research papers as part of my dissertation. The abstracts file 

is a compilation of accepted abstracts related to work completed during this PhD. The supplemental file 

contains data that was published as a supplementary appendix to a published manuscript. The final PDF is 

a co-authored manuscript. 

 

Permissions.pdf This document contains coauthor permissions to reproduce 

published and submitted manuscripts as chapters within the thesis. 

Abstracts.pdf This document contains all abstracts submitted during the PhD 

program. 

Supplemental.pdf The original manuscript presented in Chapter 3 contained a 

supplementary file further explaining the µXRF technique and this 

is presented here. 

Zeeck.pdf Manuscript published in Economic Geology for which E.R.T. 

contributed to original research through petrography and 

interpretation of µXRF analyses. E.R.T. also assisted with drafting 

of figures and editing the manuscript. 

 


