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Abstract

The Buckskin National and Fire Creek epithermal deposits, which are located in
the Northern Great Basin in northern Nevada, exhibit a variety of gangue-mineral vein
textures. Gangue minerals, which are valueless minerals, commonly include quartz,
chalcedony, adularia, and calcite, and occur with ore-minerals in the veins. In this study,
petrographic analysis was conducted of gangue textures and associated ore minerals in
two deposits in both transmitted and reflected light. The petrographic details were then
compared to Sleeper and Midas deposits, which are well-known epithermal ores in
northern Nevada. In addition, X-ray powder diffraction (XRD) and hot-cathode CL data
augmented petrographic interpretations. Silica vein textures found in the Buckskin
National and Fire Creek deposits generally exhibit jigsaw quartz textures in colloform-
bands, replace calcite, and also define enigmatic fibrous-acicular structures. This fibrous-
acicular texture appear to be composed of pseudomorphs after unknown mineral. Other
vein textures that also found in two deposits include comb, flamboyant, plumose, and
groups of pseudomorphs after bladed calcite such as lattice-bladed, parallel-bladed, and
pseudoacicular. XRD analysis indicates that the Buckskin National veins commonly
contain quartz, kaolinite, and minor amount of adularia, whereas the Fire Creek samples

consist of quartz, later calcite, and adularia. The CL microscope provides important



additional information on original silica textures and as silica phases emit distinct CL
colors that indicate hydrothermal origins of quartz in the veins of this study. The CL
technique also sheds light on textures of colloidal precursors that have already
(re)crystallized to quartz and chalcedony in some colloform bands. The Buckskin
National deposit and the Fire Creek deposit in northern Nevada contain similar silica
textures to other epithermal deposits and can exhibit specific characteristics that are
controlled by the complexity of hydrothermal events, ore-fluid evolution, and water-rock
chemical reactions with wall rocks of varying composition. However, results from this
study have implications for interpreting vein textures in other epithermal deposits around
the world including the Sleeper, Midas, and Mule Canyon deposits in the US, Koryu and

Hishikari deposits in Japan, and the epithermal deposits in Queensland, Australia.
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1. INTRODUCTION

The northern Great Basin (NGB) is a large geologic province that hosts
numerous high-grade gold-silver epithermal deposits, and is located in northern
Nevada. Epithermal ores are of great interest to economic geologists because they are
a significant source of 16% for silver and 7% for gold from epithermal historic
worldwide production (Simmons et al., 2005), and because their high-grade
“bonanza” nature makes them very valuable. The NGB bonanza epithermal ores
commonly have striking gangue-mineral vein textures that are likely formed as a
byproduct of the precious-metal ore-formation processes. Gangue minerals are
economically valueless minerals, typically including quartz, adularia, and carbonates,
which can be closely associated with more valuable ore minerals. However, gangue-
minerals are useful for geologists to better understand the overall ore-forming
processes (Rimstidt, 1997). For example, some quartz vein textures formed during
gold-silver precipitation formed by crystallization of an amorphous silica precursor
(Saunders, 1990; Saunders, 1994; Saunders, 1995; Dong et al., 1995). The deposition
of amorphous silica requires much higher concentrations of dissolved silica than does
quartz; thus this fact adds chemical constraints on one aspect of the ore-forming
solution. In bonanza epithermal system, silica, electrum, and perhaps other precious-
metal minerals can form colloids that can be transported upward by the rising ore-
forming fluids, and they all can be co-deposited to form a colloform texture

(Saunders, 1990 and 1994). Thus, these gangue-minerals textures warrant a detailed



study to better understand the overall ore-forming processes. Further, they are useful
in identifying the relationship between Au-Ag precipitation and co-deposited silica-
mineral textures. Standard petrographic study, augmented by cathodoluminescence

investigations of vein textures, can reveal geologic evidence of mineral depositional

processes and chemical composition of ore-forming fluids.

1.1 Objectives

This research is focused on two epithermal gold-silver deposits including the
Buckskin National deposit, a historic gold-silver producer in Humboldt County, and
the Fire Creek deposit, which is a modern underground Au-Ag mine in Lander
County. To date, the Buckskin National and Fire Creek deposits have a lack of
published detailed petrographic information, despite exhibiting many interesting vein
textures such as colloform banding, fibrous-acicular intergrowths, and silica replacing
bladed calcite. Moreover, silica textures from these deposits are similar to those
observed in other well-known epithermal deposits, suggesting that these textures
perhaps are universal in bonanza epithermal ores found worldwide. Therefore, the
objectives of this study are to focus on the petrographic details of epithermal vein
textures at the Buckskin National and Fire Creek deposits and to compare these
textures to previously studied epithermal deposits, particularly the Sleeper and Midas
deposits that were studied by Dr. James Saunders and former graduate students. The
Mule Canyon deposit, which is located around 15 km north of Fire Creek deposit, is
also compared

Additionally, in order to help constrain the hydrothermal conditions of ore-
forming fluid, it is important to understand the relationship between silica phases and

other gangue-minerals, and their association with Au-Ag minerals. Recognition and



understanding of the processes that led to the formation of gangue-mineral textures
that are closely associated with deposition of ore minerals at the Buckskin National
and Fire Creek deposits, aids in understanding of the overall ore-formation process. If
the bonanza vein textures at Buckskin National and Fire Creek deposits are similar to
other epithermal deposits, then petrographic interpretations based on these two
deposits have implications for epithermal ore-forming processes elsewhere in the

world.

1.2 Significance

This research documents and provides details of bonanza epithermal vein
textures primarily through petrographic interpretations. These interpretations build on
previous research on epithermal gangue-vein textures. Petrographic analysis of
bonanza vein textures of the two deposits studied here, and comparisons to two other
deposits in the northern Nevada, will likely lead to a better understanding of the
processes that produced ore- and gangue-mineral textures.

Moreover, the use of cathodoluminescence to augment standard petrography
greatly enhances textural interpretations. In particular, CL can show original quartz or
silica depositional textures prior to (re)crystallization. If the gangue-mineral textures
are generally similar in the northern Great Basin epithermal ores, then interpretations
of the significance of relationships between gangue-mineral textures and precious-
metal mineral occurrences made here perhaps can apply to epithermal deposits

elsewhere.



2. BACKGROUND

2.1 Epithermal Ores and Their Genesis

Epithermal ore deposits form in certain hydrothermal systems that are related
to shallow subvolcanic magmas generally formed at subduction zones. They range in
age from Holocene to at least as old as the Cambrian (Simmons et al., 2005; Foley
and Ayuso, 2012). However, deposits studied here formed in a narrow time range in
the middle Miocene. The Northern Great Basin is an exception, having formed in
association with bimodal volcanism related to the initial emergence of the
Yellowstone mantle plume (Saunders et al., 2008). Epithermal deposits are typically
formed by hydrothermal solutions composed of meteoric water that has mixed with
magmatic fluids in various ratios. These deposits occur at shallow depth below the
paleosurface, at temperatures ranging from 100 to 350 ° C (Hedenquist and
Lowenstern, 1994). Even though the temperature of ore-forming fluid is low by
hydrothermal ore standards, ore-forming solutions episodically boiled, which was
controlled by fluctuations in the ambient hydrostatic pressure. According to Lindgren
(1933), epithermal ore deposits form less than 2 km below the paleosurface in veins,
irregular fissures, stockworks, or pipes (as cited by White and Hedenquist, 1995).
Epithermal deposits are commonly classified into two types: 1) high-sulfidation (HS)
or acid-sulfate deposits, and 2) the more common low-sulfidation (LS) or adularia-
sericite epithermal deposits that are distinguished by the distribution of alteration

zones and geochemical compositions of ores and gangue minerals as well as ores



structures (Heald et al., 1987; Hedenquist and Lowenstern, 1994; White and
Hedenquist, 1995) (Fig. 1).

High-sulfidation epithermal ore deposits are formed from acidic and oxidized
solutions with pH of 0-2, and occur near magmatic source with only a small amount
of groundwater mixing with metal-bearing magmatic fluids. High-sulfidation systems
typically contain gold with associated copper minerals, including tennantite,
tetrahedrite, covellite, and chalcopyrite. Gangue-minerals in high-sulfidation ores
include kaolinite, alunite, pyrophyllite, and diaspore, and extreme acid-leaching of
host rocks forms “vuggy silica” that often characterize high-sulfidation ores. High-
sulfidation ore deposits usually form as disseminated and replacement ores typically
controlled by local geologic structures including faults, breccia pipes, etc. The
common characteristics of these deposits are the vuggy quartz bodies that locally are
cross-cut by massive sulfides zones. High-sulfidation ores generally lack silica sinters
at the paleosurface (e.g. Ransome, 1907; Barton and Skinner, 1979; Stoffregen, 1987;
Rye, 1993; Hedenquist et al., 1994; White et al., 1995). Advanced argillic alteration is
induced by high-temperature acidic fluids, which results in the characteristic mineral
assemblages (e.g. alunite etc.), which are formed at the core of the mineralization and
grade outward to argillic alteration in surrounding area (Steven and Ratte, 1960).

In contrast, according to Hedenquist and Lowenstern (1994), low-sulfidation
ore deposits are dominated by meteoric water and with only minor amounts of
magmatic fluid mixed in. Yet that “minor” magmatic contributions appears to be the
source of gold and silver, associated epithermal elements (As, Sbh, Se, etc.), and sulfur
needed to form a bonanza epithermal ore (Saunders, et al., 2008). These systems are
geothermal systems (Henley and Ellis, 1983), but geothermal systems rarely evolve to

make economic epithermal ores (Saunders et al., 2008). Low-sulfidation ore-forming



fluids are near neutral-pH, typically are reduced, and thus typically form sulfide
minerals associated with Au-Ag. These fluids are principally composed of NaCl, CO2
and Hz2S. CO2 and H2S in fluids are generally removed to vapor phase during boiling
of the solutions. This results in an increase of pH, calcite precipitation, and
importantly gold precipitation from gold-bisulfide agueous complex (Au(HS)2") that
enhance dissolved gold concentration in the ore-forming solutions (Shettel, 1974;
Barton and Skinner, 1979; Drummond and Ohmoto, 1985; Giggenbach, 1992). Ore
deposits formed in low-sulfidation system usually exhibit open-space or cavity-filling
veins and storckworks as well as breccias. The common ore minerals in low-
sulfidation systems consist of electrum, native gold, Ag-sulfides and sulfosalts, Au-
Ag tellurides and selenides, and sphalerite, galena, and arsenopyrite also occur (White
et al., 1995). Quartz, adularia, and calcite are the most common gangue-minerals.
Silica and adularia show a variety of textures such as banded crustiform, chalcedonic
layers, and hydrothermal vein breccias. Calcite most commonly is bladed in these
deposits and formed by boiling. Boiling causes silica to concentrate in the remaining
aqueous solution. Thus, boiling, along with water-wall rock reactions can lead to
extreme quartz supersaturation. Boiling also leads to cooling of the aqueous solution,
and this causes silica phases to precipitate and replace bladed calcite when the

previously formed (Shettel, 1974; Fournier, 1985; Simmons and Christenson, 1994).
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FIG 1. Schematic model showing the relations between low- and high-sulfidation epithermal

deposits and porphyry deposit (from Hedenquist and Lowenstern, 1994).

2.2 Epithermal Ores in Nevada

The Great Basin hosts numerous gold-silver epithermal deposits and it
includes parts of Nevada, eastern California, western Utah, and southern Oregon and
Idaho. Epithermal deposits in the northern Great Basin are typically hosted by three
distinct volcanic assemblages formed in the Tertiary period including the interior
andesite-rhyolite, the western andesite, and the bimodal basalt-rhyolite (Best et al.,
1989). Interior andesite-rhyolite assemblage is dominated by magmatism related to
crustal extension and occurred as widespread andesite-rhyolite volcanic eruptions in
northeast Nevada during Eocene to early Miocene epoch ranging from 43 to 24 Ma,
and formed more than 50 calderas in central Nevada and western Utah (Best et al.,
1989; Morris et al., 2001; John 2001). The epithermal gold-silver deposits hosted by
these caldera complexes are typically smaller than other epithermal deposits in the

northern Great Basin (McKee and Moring, 1996; as cited by John, 2001). Early



Miocene western andesite and middle Miocene bimodal basalt-rhyolite assemblages
provide variations of tectonic settings, distinct magmatic and volcanic activities that
induce specific characteristics of hydrothermal activities in the Great Basin. However,
most of epithermal ores in the Great Basin have spatial and temporal relationships
with the early Miocene western andesite and middle Miocene bimodal basalt-rhyolite
assemblages (John et al., 1999; John, 2001).

The western andesite assemblage occurs in western Nevada and eastern
California and it formed in a continental-arc environment related to a subduction zone
at western continental margin of the North America plate from early Miocene to early
Pliocene or at about 22 to 4 Ma. Igneous rocks in this assemblage formed by partial
melting of the mantle wedge above subduction zone and are composed of volatiles
and water-rich magmas related to a high potassium, calc-alkaline series (John, 2001).
This western andesite assemblage hosts both low- and high-sulfidation epithermal
deposits located in the west of the Great Basin (John, 2001).

In contrast, the bimodal basalt-rhyolite assemblage, has been interpreted to
have formed by continental rifting along the northern Nevada rift (NNR) (Fig. 2).
This rifting is interpreted to be related to back-arc extension that began at middle
Miocene or around 16.5 Ma in the northern Great Basin, and help form the recent
topography of the Great Basin. Hydrothermal activities appear to be directly related to
magmatic activities, which occurred around 16-14 Ma (Noble, 1972; Zoback et al.,
1981; Zoback et al., 1994; Christiansen and Yeats, 1992; John, 2001). The bimodal
assemblage is a potassium-rich tholeiitic series consisting of mafic components of
basalt to andesite forming lava flows, feeder dikes, and cinder cones, and felsic
components such as flows, domes, and ash-flow tuffs of peralkaline composition. The

16-14 Ma bimodal igneous rock assemblage hosts only low-sulfidation epithermal ore



deposits including with magmatic mixing and non-magmatic fluid. Sulfur and oxygen
fugacities in the bimodal assemblage are lower than the western andesite assemblage,
as same as the base metal contents and silver/gold ratios, whereas the selenides

mineral content from the bimodal assemblage is significantly greater than the western

andesite assemblage (John et al., 1999; Hedenquist et al., 2000).
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2.3 Middle Miocene Clan of Epithermal ores in Northern Great Basin

Noble et al. (1988) noted that most of epithermal gold-silver deposits in
northern Great Basin are associated with magmatic and hydrothermal activities
occurring from 16 to 14 Ma (middle Miocene). Importantly, significant high-grade
epithermal ore deposits, many of which contain more than 1 million ounces of gold,
occurred at this time (Vikre, 1985; Wood, 1988). Many authors relate the formation
of both the bimodal magmatism and epithermal ores to the development of the
northern Nevada rift (Noble et al., 1988; McKee and Moring, 1996; Long et al., 1998;
John et al., 1999; John, 2001).

Saunders et al. (1996) first proposed that the middle Miocene epithermal ores
and the associated bimodal volcanism were driven by the initial emergence of the
Yellowstone in the northern Great Basin. In contrast, John et al. (1999) and John
(2001) concluded the magmatic and tectonic processes related to the middle Miocene
epithermal ores in the northern Great Basin were must closely related to the northern
Nevada rift. The bimodal assemblage occurs widespread in mostly northern Nevada,
Owyhee Plateau in southeastern Oregon, and southwestern Idaho (Fig. 3). During the
early stages of extension in the Great Basin, the basin and range topography formed,
and rift grabens, basaltic dike swarms, rhyolitic domes, and shield volcanoes occurred
(Fig. 4). Kamenov et al. (2007) studied the Pb-isotopic ratios in precious-metal- and
gangue-minerals in the epithermal ore deposits of the NGB. They concluded that
precious metals were derived from mafic magmas of the bimodal magmatic
assemblage, which formed as a result of the northern Nevada rift, which they
proposed was caused by crustal extension related to the initial appearance of the

Yellowstone hot spot in middle Miocene.
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Saunders et al. (2008) and Hames et al. (2009) proposed that the mafic
magmas of the bimodal assemblage are the source of metals, metalloids, and sulfur
required to produce these middle Miocene low-sulfidation epithermal deposits in
northern Great Basin. They suggested that precious metals were initially derived from
partial melting of “fertile” mantle to produce basalts enriched in Au and then released
from mafic magmas as magmatic fluids that eventually reached the epithermal setting.
The magmatic fluids were transported upward and mixed and absorbed by the heated
meteoric water that was generated by rhyolitic magmas at shallower depths. These
mixed fluid formed the bonanza veins in open fractures and faults, and locally
discharged to the surface to form metal-bearing silica sinter (Fig. 5) (e.g. Vikre, 1985;
Nash et al., 1989, Conrad et al., 1993; Saunders et al., 2008). The NGB paleosurface
sinter deposits are best preserved in the National district (Vikre, 1985, 1987, and
2007), Silver City district, Idaho (Mason et al., 2015), Holister gold deposit in
Ivanhoe district (Bartlett et al., 1991; Wallace and John, 1998; Wallace, 2003), and
also Fire Creek deposit (Blakely and Jachens, 1991; Wallace and John, 1998; J.P.

Whitemore, pers. commun., 2016).

12



Mountain Tenmile

War Jumbo, Mule
Eagle Sandman,

Sleeper, Buckskin,
Canyon National, Midas, DeLamar

. + ".*"r|Miocene
» * .7+ Rhyolite
;% Miocene

1.+ . Basalt

Miocene
uffs

T \Au—Ag Ore H,0
« + = |Cretaceous \j

Magmatic volatiles, ..o,
Including metals =2:%-
and metalloids ~

Heated
Bonanza  Meteoric

» Granite

A X

Mesozoic Meta- { Geysers and
morphic Rocks ? Hof Springs

FIG 5. Diagrammatic model showing magmatic and hydrothermal processes forming the low-
sulfidation epithermal ore deposits in the North Great Basin in Nevada. The bimodal basalt-
rhyolite assemblage in northern Nevada and granitic intrusion in southwestern Idaho host

bonanza ore deposits (from Saunders et al., 2008).

Super-high-grade ores where electrum is the main ore minerals are found in
the Sleeper, National, and Fire Creek deposits. Lindgren (1915) proposed that, in the
National mining district, ores are hosted by rhyolites, which come from the same
epoch of eruption with basalts in the northern Nevada. Gold and quartz precipitated
together from the same solution. Lindgren (1933) also showed a photomicrograph of
ore from the National deposit and stated that both electrum and silica formed as

colloids. Saunders (1990 and 1994) documented that the multiple gold depositing
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events at the Sleeper deposit were recorded in the banded veins there, and the ore
bands typically consisted of aggregated electrum and silica colloids. Conrad et al.
(1993) also studied on the geochronology of the Sleeper using the “°Ar-*Ar age dates
and suggested that hydrothermal alteration and ore mineralization occurred at about
16.2-14 Ma. The origin of Sleeper deposit are related to bimodal volcanism in the
northern Nevada. Saunders et al. (1996) stated that colloidal electrum in nanoparticles
can be transported upward in the ore-forming solutions and simultaneously deposited
with silica colloids caused the high-grade ores at the Sleeper and National deposits in
northern Nevada. These processes were important to form bonanza epithermal ores in
the North Great Basin and western United States.

One of the most detailed studies of low-sulfidation deposits in the NGB is the
Mule Canyon (John et al., 2003). It is a basalt-andesite hosted, middle Miocene
epithermal deposit that formed at around 15.6 Ma. Basaltic-andesitic dikes formed
between 16.4-15.8 Ma, which host ores in the Mule Canyon deposit have been
interpreted to be part of the bimodal rhyolite-basalt assemblage that occurs throughout
the northern Great Basin. The hydrothermal ore-forming solutions consisted of
meteoric water that perhaps flowed through the deep Paleozoic sedimentary basement
rocks and mixed with some magmatic fluids derived from Miocene volcanism. The
ores mostly formed at temperatures below 200°C at near hydrostatic pressures,
causing episodic boiling. Ore types include 1) disseminated base-metal sulfide
minerals in altered and weakly silicified rocks, and 2) open-space filling ores
including electrum, Ag-sulfides, Ag-selenides, and minor ores such as pyrite,
marcasite, and arsenopyrite. These ores occur with gangue minerals consisting of

quartz, opal, chalcedony, adularia, calcite, and dolomite (John et al., 2003).
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The Midas deposit is hosted by Miocene rhyolitic-volcanic rocks (Goldstrand
and Schmidt, 2000). Leavitt et al. (2004) documented that high-grade epithermal
gold-silver veins in the Midas low-sulfidation epithermal deposit formed in faults at
around 15.4 Ma and were induced by the northern Nevada rift in northern Nevada
(Fig. 6). Leavitt et al. (2004) proposed that middle Miocene bimodal basaltic-rhyolitic
magmas served primarily as a heat source, which caused circulation of meteoric water
and ore formation. The authors also concluded that the ages of rhyolitic host-rocks
and ore mineralization are linked together and the felsic volcanism of bimodal
assemblage and tectonic events (e.g. faults and tilting) induced the deposition of the
high-grade ores in the Midas deposit. More recent study of the Midas deposit by
Chitwood (2012) suggested that the temperatures that induced precious-metal
precipitation are around less than 250°C. Precious-metal minerals precipitation was
also induced by boiling events, which caused bladed calcite in epithermal ores such as

at the Midas deposit (Simmons and Christenson, 1994).

15.6 - 15.4 Ma

FIG 6. Schematic NE-SW cross section showing the emplacement of bonanza veins along main
oblique-normal faults during 15.6-15.4 Ma at the Midas low-sulfidation epithermal system (from
Leavitt et al., 2004). [Au=Bonanza ores, Ts=accumulation of sinter, Tts=opalized sediment,
ES=Eastern Star, Trf=rhyolite flows, CG=Colorado Grande structure]
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Mason et al. (2015) studied epithermal veins in Silver City district, Idaho,
which are the northernmost middle Miocene epithermal ores associated with the
bimodal magmatic assemblage in the northern Great Basin. However, the Silver City
district does not appear to be related to northern Nevada rift as it is well north of it
(see Fig. 3). The authors also documented that the epithermal veins formed slightly
later than the middle Miocene basalt and rhyolite wall rocks in deposits on War Eagle
and Florida Mountains in the Silver City district. The main ore minerals observed are
naumannite, aguilarite, Se-rich acanthite, electrum, and ruby-silvers, along with minor
base-metal sulfides such as galena, sphalerite, chalcopyrite, and pyrite. Silica sinter
deposits formed at the paleosurface in the Silver City district have been preserved by
down-faulting, and are similar to sinters at the crest of Buckskin Peak in the National

district.

2.4 Previous Works on Buckskin National and Fire Creek Deposits

Epithermal deposits in this study include the Buckskin National and Fire
Creek deposits, which are located in the northern Great Basin and hosted by middle
Miocene volcanic and intrusive rocks, which are part of the regional bimodal basalt-
rhyolite magmatism (Fig. 7). Vein textures in these deposits also briefly compared to
those at the Sleeper deposit, which is located 80 km southwest of the Buckskin
National deposit, and the Midas deposit, which is located 100 km north of the Fire
Creek deposit (Fig. 8). According to Vikre (1985, 1987 and 2007), John (2001), and
Klondex Mines Ltd. (2015), the Buckskin National and Fire Creek deposits, which are
located 240 km far from each other in northwest-southeast, have different host-rock
compositions, although similar in age. General details of their geologic formations

and settings are described based on previous works.
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FIG 8. Map showing the northern part of the northern Great Basin that includes Elko, Lander,
and Humboldt counties, Nevada. Locations of the principal deposits studied here (Buckskin
National and Fire Creek deposits) are shown, as are two other deposits (Sleeper and Midas) that
are used for comparison in this study. (Google Map, 2017)

2.4.1 Buckskin National Deposit

The Buckskin National deposit, which is located 120 km north-northeast of
Winnemucca, Nevada, was a minor underground Au-Ag producer in the 1930s. It is
located along the east slope of the Buckskin Mountain in Humboldt County at N
41.79239 °, W 117.54069 ° with an elevation of 7729 ft. mean sea level (Diggings™,
2017) (Fig. 9).

Lindgren (1915) proposed that the Buckskin Mountain in the National district
in Nevada was formed by rhyolitic dikes that were probably a similar age as
associated basaltic flows. Silica sinter at the top of the Buckskin peak, which is
evidence of former hot springs, defines the middle Miocene paleosurface in this area.

Later studies by Vanderburg (1938), Willden (1964), and Vikre (1985) also suggested
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that this deposit is hosted by early to middle Miocene volcanic-clastic rocks,
including rhyolitic pyroclastic rocks, andesite, rhyolite, and basalt. Ore minerals such
as silver, electrum, naumannite (Ag2Se), and base metal sulfides are associated with
gangue minerals such as quartz, adularia, and chalcedony. Mercury also occurs on the
sinter of the Buckskin Mountain. Vikre (1985) studied precious-metal veins in the
National district and described the Bell vein at the Buckskin Mountain. The terms
Bell vein and Buckskin National deposit are essentially synonymous in the economic
geology literature for the area. The Bell vein was mined approximately 270 to 440
meters beneath the paleosurface and produced around 24,000 ounces of gold and
300,000 ounces of silver from 34,000 tons of ores during 1906 to 1941. The author
described that veins formed around 15.6 Ma, and are hosted by approximately 18-15
Ma rhyolites (Fig. 10). Vein minerals include cinnabar, stibnite, electrum, silver
sulfosalts, silver selenides, and base-metal sulfides occurred with silicate minerals
such as quartz and kaolinite. The ore minerals precipitated in open-space veins at
about 250°C and 40 bars of pressure from boiling solutions. The temperatures then
dropped to 200°C, which caused continued silica deposition. At the paleosurface, the
temperatures decreased to approximately 100°C in the hot springs. Vikre (1987)
described the paleohydrology of epithermal veins that cross-cut in altered Miocene
volcanic rocks at the Buckskin Mountain in the National district, Nevada. The author
also suggested that the geomorphology of Yellowstone National Park in Wyoming
today and of the Buckskin Mountain in Miocene would have been very similar. Vikre
(2007) interpreted four stages of time-space variations of the Bell vein on Buckskin
Mountain. Each stage was observed at different elevations and consists of specific
vein and mineral assemblage. Stage 1 represents the oldest hydrothermal quartz

veining, whereas stage 2 exhibits banded quartz and precious-metal minerals
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including silver selenides, silver sulfides, and electrum. Stage 3 veins contain
predominantly base-metal sulfides and chalcedony. The last event (stage 4) includes
quartz and chalcedony with cinnabar forming the sinter at the paleosurface. Vikre
(2007) also found several narrow bands (beds) in the sinter that had a similar

enrichment of Au-Ag-Se as the deeper epithermal vein.

[ ' Topographic + o , (o
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e — \ 4 e ¥
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/

FIG 9. A: Topographic map showing the Buckskin National deposit with mine entrance shown
by the red circle. B: Satellite map of the Buckskin Peak area with the red dot showing the
location of the Buckskin National adit. (Google map, My Topo, 2017)
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2.4.2 Fire Creek Deposit

The Fire Creek deposit is a currently producing underground mine located
approximately 240 km southeast of the Buckskin National mine at N 40.467068°, W
116.656967°. It is located in Lander County, approximately 40 km south-southeast of
Carlin, NV. Additionally, the Fire Creek mine is approximately 15 km south of the
Mule Canyon deposit that was associated with the same bimodal magmatism
assemblage as the Buckskin National, Sleeper, Midas, Mule Canyon, and National
deposits (John, 2001) (Fig. 11).

Klondex Mines Limited, which operates this deposit, described the general
geology of the Fire Creek deposit (Klondex Mine Ltd., 2015). There, epithermal
quartz-calcite veins are hosted by Miocene basalts and basaltic andesites and these
veins formed along the regional north-northwest trending structures. They are
underlain by early Paleozoic clastic rocks (Fig. 12). Veins at the Fire Creek deposit
formed at 15.81-15.99 Ma with approximately growth rate of one band per 27,000
years (Kassos et al., 2015; W. Hames, pers. commun., 2017).

Reported recoveries include 94% for gold and 92% for silver. The total ore
reserves are currently around 240,000 tons averaging 41.59 g/t of Au and 32.2 g/t of
Ag. The total resources are 931,000 tons with 18.43 g/t of Au and 16.4 g/t of Ag.
Gold mineralization are found two types, including (1) shallow structure-controlled
gold in altered Tertiary basaltic host rocks, and (2) a native gold occurring with quartz
and calcite in discrete banding veins, which are investigated in this study. The vein
textures, gangue mineral assemblages, and alteration indicate that Fire Creek is a low-
sulfidation epithermal system (Klondex Mines Ltd., 2015). The Fire Creek deposit is

arguably the highest grade operating large gold mine in the world.
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FIG 11. Map showing the locations of Fire Creek deposit, which is mined at the northeast of Bald
Mountain as an underground mine owned by Klondex Mines Limited, shown as a yellow dot and
the Mule Canyon deposit shown as a red dot. (Google map, 2017)
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2.5 Gangue Mineral Textures of Epithermal Veins

According to previous studies, epithermal-hydrothermal ore deposits
commonly consist of quartz, adularia, and calcite, which are gangue minerals that
occur with precious-metal minerals in the veins (Hedenquist and Lowenstern, 1994).
These gangue minerals, which exhibit variable vein textures, are common in the low-
sulfidation epithermal systems in the North Great Basin. Their textures have been
interpreted and described in many previous studies.

Lindgren (1915) described pseudomorphic replacement of bladed calcite
found in hydrothermal veins in the National mining district, northern Nevada. Quartz
and adularia are formed together in these veins. Precious-metal minerals including
electrum, ruby silver, cerargyrite, and other Ag-minerals are found in these veins.
Lindgren (1933) described dendritic gold in very fine-grained quartz, which he
interpreted formed from colloids, and often formed after coarse-grained (comb)
quartz. Fine-grained electrum is also accompanied by small portions of other ore
minerals such as pyrite, chalcopyrite, naumannite, and argentite.

Adams (1920) studied silica veins of hydrothermal origin in epithermal ore
deposits in the United States, Japan, Canada, Mexico, New Zealand, and Australia.
The author investigated the variety of silica textures that occur in epithermal-
hydrothermal vein deposits, silica crystallization, quartz structures in free space,
recrystallized silica and replacement textures. Adams (1920) proposed several names
for textures found in the hydrothermal vein systems including crustiform, cockade,
colloform, micro-botryoidal gel structure, comb quartz, ghost-sphere, lamellar quartz,
pseudoacicular, and retiform structure. The classification of silica textures of Adams

(1920) was essentially adopted and modified by Dong et al. (1995).
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Sander and Black (1988) suggested that it is common for opal and chalcedony
to crystallize and recrystallize to form quartz in epithermal environment. The authors
proposed the term plumose quartz to describe anomalous extinction that occurs at the
rims of quartz crystals. Then quartz grains also commonly exhibit discoloration and
variable refractive indices due to the presence of former silica phases.

Silica veins in the Sleeper deposit exhibit a variety of silica textures including
colloform, fine-grained, and microcrystalline highly banded quartz often containing
gold and silver particles. The extensive banding in the veins at Sleeper represent
discrete ore- and gangue-mineral depositional events during vein formation
(Saunders, 1994). Moreover, the author noted that silica textures typically formed by
crystallization of amorphous silica in the bands, which formed by coagulation and
aggregation of colloidal silica particles along the vein wall. Thus, each band
represents a coating of the vein wall at a particular time. Although former amorphous
silica is very common and formed numerous silica bands in the veins, many such
bands contain no electrum.

Dong et al. (1995) classified and reviewed silica mineral textures in
epithermal deposits from northern Queensland, and from previous works elsewhere.
Their classification includes three main groups, which follows crystal behaviors and
structures. Many silica vein textures found in northern Great Basin in the United
States are apparently similar to these found by Dong et al. (1995) in Queensland. The
authors also proposed that there is a positive correlation between gold precipitation
and amorphous silica that were observed as colloform bandings. The three groups
defined by Dong et al. (1995) for hydrothermal vein textures including primary,

recrystallization, and replacement textures are described below.
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1. Primary quartz textures are directly formed by cooling, boiling, repeatedly

mixing, or chemical reactions of hydrothermal fluids. These textures include
crustiform, cockade, colloform, moss, comb, zonal, and flamboyant quartz textures
(Fig. 13). Crustiform texture consists of multiple discrete bands of ores and gangue
minerals and it exhibits different colors, mineral compositions, and micro-textures.
This texture is often best observed in hand specimens (Adams, 1920). A texture
showing concentric crustiform bands that include layers and pieces of previous veins
and/or wall-rocks, is called a cockade texture. Importantly, a crustiform band that
typically consists of colloidal silica that recrystallized to form a colloform texture.
According to Wherry (1914), the term of colloform is applied to unstable colloidal
particles. Rogers (1917) then proposed the term colloform for rounded spherical
forms of silica/silicate colloids deposited in open space. These layers occur as
spherical and mammillary forms probably caused by surface tension and very slow
rate of impurity diffusion compared with rate of crystal growth (as cited by Marinova
et al., 2014). Even though amorphous silicate layers commonly crystallized to quartz,
chalcedony, and adularia, the colloidal precursor layers are commonly still visible.
This texture sometimes represents rounded spheres, which are probably caused by
other orientations. Because of a moss-like shape, Dong et al. (1995) proposed that this
sphere like textures is called “moss quartz”, whereas Adams (1920) called as micro-
botryoidal gel structure. The most distinct primary texture in epithermal veins is comb
quartz. This texture consists of a layer of euhedral quartz crystals that have one side
connected to vein walls and another side pointed out to open space representing

euhedral to subhedral crystal forms.
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Texture Sketch of Texture Grain Grain Internal Feature Morphology References
Type Size Form of Individual of Crystal
Crystal Aggregate

Primary Growth Textures

Crustiform variable variable not applicable  successive Adams (1920)
banding Shaub (1934)

Lindgren (1933)

Buchanan (1981)

variable variable not applicable  concentric Adams (1920)
banding Spurr (1926)

Colloform fine fibrous not applicable  semi-spherical, Rogers (1917)
anhedral reniform, Adams (1920)

mammillary

Moss fine variable not applicable  spherical Adams (1920)

Comb ) variable prismatic not applicable  parallel- Adams (1920)
orientated Schieferdecker (1959)
Boyle (1979)

variable prismatic zonal not applicable Smimov (1962)

FIG 13. Sketches of primary growth textures including crustiform, cockade, colloform, moss,
comb, and zonal quartz veins are referred from other previous studies. Grain sizes, form,

morphology, and internal structure are provided (from Dong et al., 1995).

2. Recrystallized textures are textures that are induced by crystallization or

recrystallization process. These textures exhibit the changing of amorphous silica
microcrystalline quartz to crystalline quartz, or chalcedony to quartz. Jigsaw,
plumose, and ghost-sphere quartz indicate recrystallization processes occurred in
microstructures of vein textures (Fig. 14 and 15). Jigsaw or mosaic quartz was
described by Lovering (1972) from silica jasperoids in Nevada, and is a common
texture of silica veins in epithermal deposits (Saunders, 1990). It is a group of
crystalline to microcrystalline anhedral quartz crystals that have irregular or sutured
boundaries between crystals. Thus, these irregular boundaries look like a jigsaw
puzzle. Plumose texture is a feathery or plumose extinction within a euhedral quartz

crystal. This extinction radiates out from a core of crystal crossing the crystal growth
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zones. When small crystals form within a large euhedral crystal, they then
synchronously develop and recrystallize, but these small quartz crystal aggregates
provide slightly different extinction. There are two appearances of plumose texture
controlled by behavior of fine-grained quartz crystals and one coarse-grained quartz.
If these quartz crystals continually grew together, plumose texture is defined as fine-
grained elongated quartz crystals formed along growth zones of the euhedral host
quartz with different extinction angle. On the other hand, if only a single large host
quartz continually grew, these fine-grained quartz eventually encapsulated within the
host grain with different extinction. Moreover, Adams (1920) focused on flamboyant
as a fibrous structural habit in quartz veins (as cited by Sander and Black, 1988).
Flamboyant texture is a recrystallized texture that chalcedony is transformed to quartz
(Wiliams et al., 1985). Flamboyant texture in Dong et al. (1995) is defined as fibrous
extinctions with rounded surfaces that typically encrust euhedral crystals. The last
texture is a ghost-sphere. After moss quartz grains are formed, the surrounding
unstable amorphous silica, microcrystalline quartz, and moss itself start to transform
to quartz, which is the most stable silica phase thermodynamically. This texture is not
obviously recrystallization because it sometimes represents crystallization of
amorphous silica to chalcedony or quartz. It clearly indicates a secondary texture that

composes of crystallized or/and recrystallized textures.
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Texture Sketch of Texture Grain Grain Internal Feature Morphology References
Type Size Form of Individual  of Crystal
Crystal Aggregate

Recrystallization Textures

Mosaic fine anhedral not applicable interpenetrating Lovering (1972)
Saunders (1990)

Feathery
Sander and

/
Black (1988)

e

/ A variable prismatic plumose not applicable  Adams (1920)
@R

V7,

/

variable round radial not applicable Adams (1920)
Sander and
Black (1988)

Flamboyant

Ghost-sphere fine anhedral spherical not applicable Adams (1920}

FIG 14. Sketches of recrystallization/crystallization textures including mosaic (jigsaw), feathery,

flamboyant, and ghost-sphere quartz that are found in this study (from Dong et al., 1995).

Polymerization and aggregation
MOROME R GLL

Condensation Solidification

Crystallization
Crystallization

Crystallization
Crystallization

Possible

silica precursors
1o the quartz
textures

Various quartz textures
as indicated in figore 1

83

Feathery Jigsaw Flamboyant Ghost-sphere

FIG 15. Diagrammatic illustrations of proposed origins of recrystallization/crystallization

textures of amorphous or/and cryptocrystalline silica (from Dong et al., 1995).
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3._Replacement textures involve preservation of the shape of the original

mineral that has been replaced by another mineral. Replacement is caused principally
by changing ore-forming composition due to chemical mixing of other hydrothermal
fluids or boiling. Replacement processes possibly occur multiple times during vein
formation. Shettel (1974) suggested that quartz or silica is dissolved in the volatile-
poor solutions, whereas calcite commonly precipitates in the same conditions during
boiling. Fournier (1985) noted that the remaining silica-supersaturated solutions,
which provide acidic components, can react with calcite and induce neutralization at
shallow depth. Calcite is then dissolved and replaced by silica when the temperature
drops. Silica replacement of bladed calcite is very common in low-sulfidation systems
(Simmons and Christenson, 1994). Because calcite has a retrograde solubility, it is
dissolved during a temperature drop at the constant pressure and can be replaced by
silica precipitation (Holland and Malinin, 1979). After silica replacement of calcite
occurs, bladed forms still exist as silica pseudomorphs including pseudobladed,
pseudoacicular, and saccharoidal textures (Fig. 16 and 17). A pseudobladed texture is
a calcite blade replaced by silica and occurs with three distinct patterns including
lattice bladed, impurities-concentrated bladed, and parallel bladed. A pseudoacicular
texture is a radial bladed texture related to the growth of carbonate crystals within
silica gels. These crystals then were dissolved by hydrothermal fluids and left the
original shapes as voids for later silica replacement. A saccharoidal texture is caused
by randomly silica diffusion within a granular carbonate crystal. Quartz commonly
forms as interlocking anhedral crystal shape. Occasionally, calcite blades are only
partly dissolved and exists along with the replacing silica. Rarely, bladed calcite can
be completely preserved from replacement, which is common at the Midas deposit

(Leavitt et al., 2004; Unger, 2008), and locally at Fire Creek deposit.
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Texture Sketch of Texture Grain Grain Internal Feature Morphology References
Type Size Form of Individual of Crystal
Crystal Apggregate
Replacement Textures
Pseudo-bladed TS
Lattice-bladed fine anhedral not applicable  intersecting  Lindgren (1899)
to prismatic bladed Schrader (1912)
Morgan (1925)
host-hl fine anhedral not applicable  intersecting
bladed
Paralicl-bladed fine anhedral not applicable parallel Adams (1920)
to rectangular bladed
Pscudo-acicular S fine anhedral not applicable  acicular Lindgren and
%}Q«:\éﬁﬁfh! !};ﬂ/;/ ) to rectangular Bancroft (1914)
W S o
iy -.___:__ h /
N\
Saccharoidal fine anhedral not applicable  interlocking  Lindgren (1501)
to prismatic Adams(1920)
Lovering(1972)

FIG 16. Sketches of replacement textures including pseudo-lattice bladed, ghost-bladed, parallel-

bladed, pseudo-acicular, and saccharoidal (from Dong et al., 1995).

Lattice Bladed Ghost Bladed Parallel Bladed Pseudo-Acicular Saccharoidal

FIG 17. Sketches of interpreted evolution of replacement textures of silica-carbonate veins in

epithermal deposits (from Dong et al., 1995).
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Although the work of Dong et al. (1995) is still the most comprehensive
description and interpretation of silica textures in epithermal ores, more recent studies
have also described them in individual deposits. Shimizu et al. (1998) described a
variety of quartz textures that were found in the Koryu epithermal Au-Ag deposit,
Hokkaido, Japan. They described textures that include such terms as comb, feathery,
microcrystalline, fibrous, dendritic, flamboyant, ghost-sphere, colloform, and
pseudoacicular textures. Many of the textures described by Shimizu et al. (1998) are
similar to the textures exhibited by Buckskin National and Fire Creek deposits in
Nevada. A more recent study at Koryu by Shimizu (2014), documented multiple
quartz textures (including crustiform, comb, microcrystalline, colloform, cockade, and
platy) that occur with bonanza-grade ores. Fluid inclusions in the variable quartz
textures were used to determine the temperature and presence or absence of boiling
condition in the fluids. Comb quartz formed early in the veins at deeper levels and is
overgrown by varieties textures of later quartz. At Koryu, boiling apparently caused
bonanza precious-metal precipitation concurrent with silica colloids deposition,
resulting in a colloform textures that formed at less than 500 meters depth.

Vikre (2007) described the detailed hydrothermal events that formed vein-
sinter textures at Buckskin Mountain. He documented symmetrical to asymmetrical
bands, plumose dendrites, delaminated bands, fibrous bands, and pseudomorphs after
carbonates from the banded quartz veins exposed in underground mine workings.
These vein textures were derived from silica gels caused by supersaturated fluids and
transported as colloids to deposit at the shallow paleosurface. The author also
described amorphous silica crystallization and the relationship between precious
metal transportation and specific silica textures found in veins and sinter at the

Buckskin Mountain.
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Moncada et al. (2012) interpreted conditions for each silica texture observed at
an epithermal silver-gold deposits along the Veta Madre deposit at Guanajuato,
Mexico. They interpreted fluid inclusion characteristics that were found in silica
textures to identify conditions of vein-forming fluids. These fluid inclusions can be
separated into three types, including non-boiling, boiling, and flashing conditions of
hydrothermal fluids. Non-boiling state, which is indicated by only liquid-rich
inclusion assemblages and no vapor-rich inclusion, induced rhombic and massive
calcite, zonal, cockade, and comb quartz textures, whereas jigsaw, plumose,
colloform banding, bladed calcite, crustiform, ghost-sphere, and moss textures
indicated boiling-supersaturated solutions. Fluid-inclusion assemblages in the boiling
state consisted of liquid-rich and vapor-rich inclusions. This “flashing” stage induce
amorphous silica precipitation from silica gels that occurs in response to rapid
pressure and temperature decreases. These amorphous silica then (re)crystallized to
quartz and chalcedony. Boiling conditions appear to have led to precipitation of

precious-metal minerals at the Veta Madre deposit in Guanajuato.

2.6 Textural Terminology for This Study

The silica texture classification scheme proposed by Dong et al. (1995) is
essentially adopted for this study to classify and identify silica vein textures in the
Buckskin National and Fire Creek deposits. In these two deposits, veins are composed
of quartz, adularia, and alteration products of adularia including sericite and kaolinite.
Variations in quartz grain sizes or crystal structure, are likely affected by
hydrothermal and crystallization and recrystallization processes. Three main types of

silica textures including primary, (re)crystallized, and replacement occur in the two
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deposits. Thus, the proposed textural terms that are used to describe bonanza vein
textures observed in this study are summarized below.

Crustiform is defined as a group of symmetrical layers formed in open spaces
in fractures and faults. The layers exhibit variable colors, morphologies, and mineral
composition. This texture is commonly best observed in hand specimens. If the layers
exhibit a concentric pattern that was deposited on individual grains or fragments

during earlier vein formation, this is called a cockade texture.

Colloform is a term used to define colloids or nanoparticles. Nanoparticles,
which are less than 100 nm in diameter, do not have requirement to be in an aqueous
state, whereas colloids are mixed substances with properties between solution and
fine suspension (“Colloid”, 2006). This texture refers to a mammillary spherical
banding exhibited on the external surface (e.g., points toward vein center). It consists
of, chalcedony, recrystallized quartz, and fibrous-acicular structures that are generally
perpendicular to vein walls (Dong et al., 1995). Colloform texture is produced by
aggregation of colloidal silica (or nanoparticles) that may also include dendritic
electrum features formed by precipitation and transportation of Au-Ag colloids
(Saunders, 1990; Saunders, 1994). Colloform silica textures are 3-dimensional
coating on vein walls; a 2-dimensional silica (as in a thin-section) through this can
result in circular features in microcrystalline-quartz groundmass. Moss quartz is also a
name for this feature (Dong et al., 1995). If microcrystalline quartz is the groundmass
for the (re)crystallized spheres, then it is called as a ghost-sphere texture (Adams,
1920).

Comb quartz is a term for a euhedral quartz crystals that formed perpendicular

to vein walls occurred with adjacent quartz crystals. It sometimes exhibits teeth-like
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form. Zonal texture also forms in euhedral quartz that contains zones of fluid
inclusions and impurities along the crystal growth zones.

Jigsaw quartz, the most common feature that occurs in the Buckskin National
and Fire Creek deposits, exhibits aggregates of microcrystalline or cryptocrystalline
quartz with irregular and jigsaw-like boundaries (Lovering, 1972; Saunders, 1990). In
Dong et al. (1995), mosaic texture for this jigsaw texture, was interpreted as the result
of a recrystallization process in the veins.

Flamboyant texture exhibits radial-fibrous extinction on outer edges of quartz

crystals. This texture usually occurs when colloform silica layers have recrystallized.
It may also have formed by recrystallization of a fibrous chalcedony (Sander and

Black, 1988). Plumose texture in this study is classified in slightly different way from

Sander and Black (1988). Plumose quartz is used for a texture that exhibits feathery-
extinction only along the rim of coarse-grained quartz crystals. This texture was
called a feathery by Adams (1920).

Silica replacing texture can be found in the Buckskin National and Fire Creek
deposits. These replacement textures mostly exhibit silica pseudomorphs after bladed

calcite. Lattice-bladed texture is a platy form that contains quartz and adularia, also

chalcedony in some cases. This texture is indicated by intersected blades that
distinctly exhibit sets of elongate silicates, which are pseudomorphs after bladed
calcite, and occur with comb, jigsaw, and flamboyant textures (Dong et al., 1995).

Parallel-bladed texture refers to parallel traces surrounded by rectangular-elongate

quartz in space in the pseudomorphs (Dong et al., 1995). This texture was also called

lamellar quartz by Adams (1920). Pseudoacicular texture is a silica replacement of

calcite blades that exhibit radial patterns occurred with silica textures (Adams, 1920;

Dong et al., 1995).
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For this study, a texture called fibrous-acicular commonly forms in colloform

layers. This texture is slightly different from other replacement textures that the
replaced minerals are unknown and formed fibrous-acicular patterns along colloform-
crustiform bands. Fibrous-acicular texture sometimes occurs with opaque ore
minerals in colloform bands.

Textures of precious-metal minerals in this study are described using the
terminology based on Saunders (1994) and Saunders and Schoenly (1995). Fractal

dendritic texture is a texture showing tree-like or dendrite-like structure of electrum,

which was formed by aggregation of electrum colloids. The dendrites are typically
associated with microcrystalline silica phases and even doubly terminated quartz

crystals. Banded structures of metallic minerals also occur with gangue mineral

bands. Additionally, disseminated texture is found as individual grains widespread in

some layers.
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3. METHODOLOGY

3.1 Field work

Prior to this study, an extensive suite of ore samples had been collected by
Saunders, Hames, and Auburn University students from the Buckskin National
deposit over the last 10 years, along with a few samples of Fire Creek deposit
collected in 2015. To argument these for the present study, a field trip was conducted
in late July, 2016 to northern Nevada from the Fire Creek and Buckskin National
deposits to collect addition samples. At the Fire Creek deposit, samples were
collected in the underground mine directly from out-cropping veins (Fig. 18). During
the visit, numerous carbonate-silica veins were observed cross-cutting the basaltic
host-rocks, and coarsely crystalline electrum was observed in-place in the mine
working (Fig. 19). Thirteen samples were collected for further study in the lab.
Additionally, samples were collected on dumps from the Buckskin National mine, and
the adit and dumps are located on eastern flank of the Buckskin peak at an elevation
of around 8,000 feet (Fig. 20). A number of new samples were collected that exhibit
variety of vein textures were collected to prepare for thin-sections and polished-
sections at Auburn University and a commercial lab (Precimat, which is a division of

Precilab, L.L.C.)
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FIG 18. Photograph of Fire Creek underground mine taken from the top of basalt flows as
paleosurface on the Bald Mountain. The Fire Creek deposit is located on the Crescent Valley and
the Tenabo Mountain is on the other side, where is the location of giant Cortex mine operated by

the Barrick Gold Corperation.

FIG 19. Photographs taken underground showing carbonate-silica veins from the Fire Creek
deposit. A: Photograph of a calcite-silica vein (yellowish white color) cutting the country rock
(dark color). The approximately width of the vein is about 30 cm. B: Feathery dendrites of

electrum occurring within calcite-silica replacement texture.
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Buckskin Mtn.
Buckskin National deposit

FIG 20. Photographs of Buckskin National mine. A: Location of Buckskin National underground
mine that is at the southeast of the Buckskin Mountain. B: The mine dumps of the underground

mine, where samples were collected.

3.2 Petrographic Methods

Petrographic analysis of silica veins of the Buckskin National and Fire Creek
deposits was done using a conventional petrographic optical microscope at Auburn
University. Fifty-nine thin sections of Buckskin National and Fire Creek deposits,
along with nine polished-sections, were made for petrographic study.
Microscopically, silica textures and mineral components were observed under plane-
and cross-polarized light and the interpretations and descriptions of these textures
were classified based primarily on the previous work of Dong et al. (1995) as
discussed above. The silica textures that were found in the samples were enumerated
and the most common and least common textures of each deposit were determined.
Reflected light was also used to observe precious-metal minerals associated with
silica/gangue minerals and to identify silica textures that are associated with these

phases.
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3.3 X-Ray Powder Diffraction

Selected gangue minerals exhibiting interesting textures were interpreted for
mineral composition by using X-ray powder diffraction method (XRD) of the Bruker
model. The rock slabs were grounded to powder. These powders then were
interpreted in the D2 PHASER XRD analyzer of the Bruker model using Cu K-alpha
radiation with 1.54184 A (Bragg Brentano geometry) at 30 kV of voltage and 10 mA
of current. The coupled two theta/theta of scan type and the continuous PSD fast of
scan mode were used with effective total time of 3365 seconds or about 56 minutes
per sample. The 2-theta angle was started at 7.001611515° and stopped at 70.001611°
with 0.02021° of increment. After the running processes, the XRD data were acquired
and analyzed by using PC-based Datascan software DIFFRAC.EVA. The data
represented as a graph of counts versus 2-theta and their peaks were recorded for each
sample. Comparison of these peaks on the graphs revealed specific mineral
components associated with those textures. This method was done at the X-ray
Diffraction laboratory of the Department of Geosciences, Auburn University (Fig.
21). Five samples from the Buckskin National deposit and three samples from the Fire
Creek deposit were analyzed. Additionally, a sample from the epithermal Hishikari

deposit in Japan was X-rayed for a comparison.

3.4 Hot-Cathode Cathodoluminescence (CL) Microscope

The hot-cathode CL microscope is a modified optical microscope with a
vacuum system that encapsulates the sample in the stage (Fig. 22). CL serves as an
additional tool to study mineral textures and augments standard petrographic
techniques. Quartz commonly exhibit optical properties using the CL microscope that

are not observable using a standard petrographic microscope. Thus, this CL method is
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a technique that is very useful and effective for studying textural features of quartz
and silica precursor phases. Different internal structures caused by different mineral
growth features can be observed by various visible light wavelengths emitted by the
transition of anions or elements in the minerals in high-energy states to low-energy
states (Marfunin, 1979). For sample preparation, the polished-sections were coated
with carbon, placed in the vacuum chamber, and then bombarded with a defocused
electron beam. As a result, minerals show their luminescence behaviors as different
visible-light colors under a video camera that captures every 7-9 seconds. These CL
images were taken during CL operations by a high-sensitivity, double-stage Peltier
cooled Kappa DX40C CCD camera (Gotze et al, 2001). This work was done under
the supervision of Dr. Thomas Monecke from the Department of Geology and

Geological Engineering at Colorado School of Mines.

FIG 21. Photographs of X-ray powder Diffraction equipment and sample preparation made at
the X-ray lab at Auburn University. [Retrieved from http://www.auburn.edu/cosam/departments
/geosciences /Equipment/XRD-XRF/index.htm: 02/10/2017]
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FIG 22. Photograph of hot-cathode CL microscope in the Fluid Inclusion/Cathodoluminescence
laboratory of Colorado School of Mines, Golden, CO. This system is operated at 14 kV with a
current density of about 10 pA/mm?. [Retrieved from http://geology.mi nes.edu/FI-CL-
Laboratory: 02/01/2017]
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4. RESULTS

Detailed descriptions of gangue-mineral textures and their association to co-
deposited precious-metal minerals in the Buckskin National and Fire Creek deposits are
included in this chapter. In addition, X-ray diffraction (XRD) and cathodoluminescence

(CL) data from the deposits are also included.

4.1 Vein Textures of the Buckskin National deposit

Samples collected from the Buckskin National deposit typically exhibit
symmetric to asymmetric bandings at the macroscale. These bands are defined by
differences of colors, textures, grain sizes, and thickness. Colors observed include
colorless, white, yellow, black, and grey that likely are primarily the result of variations
in mineralogy and physical properties of materials forming the layers. Some bands have a
fibrous texture, whereas others contain massive granular quartz as well as spherical and
botryoidal forms (Fig. 23). In additional, crustiform bands that consist of mammillary- or
spherical-formed layers are commonly observed in samples from Buckskin National. For
this study, these mammillary features are basically called colloform texture following the
terminology of Dong et al. (1995). Colloform bands from the Buckskin National deposit
exhibit colorless, milky, yellowish-cream, and greyish-black-colored bands ranging from

1 to 5 mm of thickness, and never exceed 1 cm in thickness. The colloform bands exhibit
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asymmetrical forms. Upper surfaces of the bands are characterized by spherical shapes
and formed in open-spaces of the veins. Colloform bands commonly encrust earlier-
formed irregular bands to generate a cockade texture, which is a subtype of colloform
structures (Fig. 24). In another case, colloform textures not only exhibit mammillary or
botryoidal layers but also contain white and colorless round shapes (or circles) that are
likely two-dimensional features of spheres. These spheres are formed by aggregation of
colloidal particles and related to botryoidal layers of colloform textures in the veins.
Some vein samples from Buckskin National exhibit dispersion of round quartz
surrounded by milky microcrystalline quartz, which are called moss textures (Adams,
1920; Dong et al., 1995) (Fig. 25). In some hand specimens, quartz crystals occur as a
group of coarse-grained euhedral clear crystals that are approximately 5 mm in length

radiating out from the vein wall (Fig. 26).

Another vein texture consists of intersected blades that are typically white,
yellowish-white and cream-colored, and form a lattice of blades. This feature is the
pseudomorphic replacement of calcite by silica, where no calcite remains (Fig. 27).
Hand-specimens also contain white and cream-colored clay minerals, which generally
occur as powders covering sample surfaces. Moreover, some colorless colloform layers
contain black metallic-luster grains that likely formed in shadow of paleocurrent

(Saunders et al., 2010).
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FIG 23. Photomicrographs of asymmetrically- and symmetrically-banded crustiform textures from
the Buckskin National deposit. A: Multiple layers showing typical crustiform silica texture. The
layers exhibit different colors (black, white, yellow, and grey). Colorless and white-colored bands are
composed of several layers that were formerly formed by silica colloids and some of them contain
fine-grained black opaque minerals. B: Symmetrical crustiform-colloform textures include varieties
of colloform bands consisting of microcrystalline quartz-adularia layers (white, milky and grey) and

cryptocrystalline chalcedony layers formed near the open spaces (black).
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FIG 24. Photographs of colloform textures from the Buckskin National deposit. A: Colorless and
milky colloform bands that exhibit mammillary or botryoidal structures. Each mound is around 0.5
cm of diameter. The sample’s surface consists of altered materials including clay minerals. B:
Cockade texture that is produced by numerous of colloform bands, one of which contains precious-
metal minerals (grey).
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FIG 25. Photographs of colloform structures in parallel- and perpendicular-oriented directions of the
vein wall. A: (oriented parallel to vein wall), Colorless spheroids are surrounded by milky
background, whereas, in opposite direction, mammillary-formed bands occur within the same
sample. B: Moss texture characterized by disseminated colorless sphere in a white milky

groundmass. These spheres range from 0.1-0.5 cm.
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FIG 26. Photograph of prismatic euhedral quartz in a hand specimen from the Buckskin National
deposit. The scale in this photograph is in centimeters.

Lattice-pseudobladed

Ore minerals

FIG 27. Photograph of lattice-bladed calcite pseudomorphs that are formed above bands of black
Ag-minerals. All the precursor calcite has been replaced by silica.

49



Thirty-nine samples examined for this study from the Buckskin National deposit
commonly contain microcrystalline quartz in various grained-sizes. Optical properties
observed under crossed polars indicate that quartz grains exhibit anhedral shapes divided
by irregular, sutured, and jigsaw boundaries and vary in sizes ranging from 0.01 to 0.1
mm in diameter. Sericite and kaolinite occur rarely around quartz boundaries. Jigsaw
textures mostly occur as intergrowth with other features such as moss, feathery, and in
colloform bands (Fig. 28). Moreover, jigsaw quartz and adularia also occur in

replacement textures that are widely observed in the samples.

Under the microscope, some vein samples exhibit perfectly euhedral clear quartz
crystals (0.5-1 mm in length) that project into open space in the veins and are called
comb quartz for this study. Quartz crystals, which are elongated parallel to the c-axes,
occur mostly as parallel and/or subparallel clusters that can also exhibit radial patterns
(Fig. 29A). Near the center of the open spaces in the vein, sutured boundaries occur,
which indicate the intersection of the growing quartz crystals. Comb-quartz bands also
are intergrown with colloform layers that were subsequently deposited on comb-quartz
bands. Further, spherical-banded structures are commonly coating these comb textures.
These sub-spherical quartz features sometimes exhibit “teeth-like” shapes (Fig. 29B).
Distinguishing layers in this texture is sometimes difficult because of the embedded
boundaries. Encrusting a former vein wall by colloform bands is a process that is
repeated over the time and produce sub-symmetrical complex silica textures that filled in
open spaces. Moreover, under cross-polarized light, at the zone of comb quartz, blocky
euhedral texture are evident that were probably caused by different orientations of the

crystals (Fig. 29C and 29D). Comb quartz also is associated with other silica textures
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such as flamboyant and jigsaw quartz. Another variation of comb-quartz texture involves
quartz crystals with 0.25-0.5 mm of sizes that are candle-shaped euhedral clusters and
coexist with jigsaw texture at the upper part (Fig. 30). Comb-texture is the second-most
common vein feature at the Buckskin National deposit, which occurs in 23 of 39 samples
examined, and is common in many epithermal veins (Lindgren, 1933; Simmons et al.,

2005).

Another texture, which is also found in 23 of 39 samples, exhibits botryoidal and
mammillary layers consisting of chalcedony, (re)crystallized quartz, and amorphous
silica. These colloform layers are likely formerly produced by aggregation of colloidal
particles to precipitate as amorphous silica in the veins. Although, amorphous silica has
commonly crystallized to quartz and chalcedony in the Buckskin National deposit, the
layers of former colloidal silica still can be distinguished. Chalcedonic layers, which are
about 0.05 mm of thickness, occur with fibrous extinction and some of them contain lots
of inclusions and impurities. Spherical-shaped (re)crystallized quartz aggregates are also
observed (Fig. 31). Distinct colloform layers can be easily observed under plane-
polarized light. However, under cross-polarized light, these colloform layers exhibit
(re)crystallized textures, which are mostly changed to form chalcedony and/or
microcrystalline jigsaw quartz. These (re)crystallized colloform layers also vary in crystal
sizes and grained shapes (Fig. 32). Some colloform layers contain spherical-shaped
quartz and these layers locally encrust fragments of wall rocks. This feature is commonly

called a cockade texture (Adams, 1920; Spurr, 1926) (Fig. 33).
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FIG 28. Photomicrographs taken under cross-polarized light of the mosaic or jigsaw texture. A:
Jigsaw quartz in various crystal sizes. B: Coarse-grained jigsaw quartz and moss quartz. C: Jigsaw
texture associated with sericite as an alteration product of adularia. D: Very fine-grained quartz

showing jigsaw texture. [tz = Quartz]
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Teeth-like comb

FIG 29. Photomicrographs of varieties of comb quartz textures. A: Comb quartz growth direction
from opposite sides of the vein and intersecting in the center, which was infilled with fine-grained
quartz. B: Teeth-like structures of comb quartz are caused by rounded-sutured contacts and they are
intergrown with colloform features. C: Photomicrograph (plane-polarized light) of comb and
colloform textures in open space. Comb texture contains euhedral clear crystals of quartz. D: Same
field of view as C taken under crossed polars, photomicrograph showing interface zone and late

mineralization in open space.
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FI1G 30. Photomicrograph (cross-polarized light) of comb quartz at lower part of image, and
multiple-layers of mosaic textures in the upper part of image. Inclusions and impurities were trapped
along the wedges of euhedral comb quartz crystals, as well as within recrystallized textures. Fine to
medium grained quartz exhibit local fibrous structures, which formed perpendicular to the vein
walls.
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FIG 31. Photomicrographs of colloform textures. A: Photomicrograph (plane-polarized light)
exhibiting multiple colloform layers. Lower sides of mounds are formed near the open space of veins.
B: Photomicrograph (crossed polars) showing fibrous chalcedony in the colloform layers occurred

with recrystallized jigsaw textures.
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FIG 32. Photomicrograph (cross-polarized light) of (re)crystallized textures in colloform bands.

Various crystal sizes are observed in these layers. Fibrous chalcedony are also found. [qtz=Quartz]

FIG 33. Photomicrograph (plane-polarized light) showing concentric bands encrust spherical quartz

grains and euhedral quartz crystals. These concentric group (or cockade) range from 0.1 to 0.3 mm

in diameter.
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Eighteen of 39 samples contain many perfectly individual round quartz grains. As
mentioned previously, these rounded shapes appear in two-dimensional spheroidal shapes
within colloform bands. These spherical features also illustrate concentric and partly
radiating patterns that are indicated by fluid inclusions zones and grain boundaries. These
spherical forms range from 0.1 to 0.2 mm of diameter. Spherical quartz grains are
surrounded by jigsaw quartz. It also occurs with other features including chalcedony,
flamboyant extinction, and plumose quartz (Fig. 34). In this study, this texture is called
moss texture, which is named by Adams (1920) and spherical quartz. Moreover, these
spherical features are different to colloform banding structures. Spheres are commonly
found in horizontal dimension or 2D-slice through a circular “mound” of amorphous
silica-forming colloform bands. The spheres sometimes formed along vein walls, which
provided a substrate to allow later colloform bands to encrust. Fluid- and solid inclusions

are also trapped along spherical surfaces (Fig 35).
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FIG 34. Photomicrographs of moss quartz from the Buckskin National deposit. A: Photomicrograph
(plane-polarized light) showing spherical individual grains occurred with cryptocrystalline quartz
(Qcpt). B: Photomicrograph (cross-polarized light) of moss quartz in a jigsaw quartz groundmass.

Some of the moss quartz exhibits flamboyant extinction.
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FIG 35. Photomicrographs of moss-colloform textures. A: Photomicrograph (plane-polarized light)
of spheres with inclusion zones showing concentric rounded grains. No inclusion zone at the middle
of the photomicrograph indicates the open space in this system. B: Photomicrograph (crossed polars)
of A showing completely recrystallized textures in moss structures, containing spherical inclusion

zZones.
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At the Buckskin National deposit, quartz grains typically exhibit undulose
extinction. Seventeen vein samples exhibit plumose features that are caused by different
extinction angles of two-sized quartz that are intergrown. The features typically include
small quartz, which are aggregate grains, and one large quartz. The previously formed
quartz exhibits individual euhedral to subhedral crystal similar to a comb quartz structure.
The group of fibrous chalcedony crystals that were later deposited on this host quartz
exhibit different extinction angles compared to the host crystal. These fibrous shapes of
chalcedony have formed at rims of the host quartz and point out of the center of the
crystal core. Thus, this feature has a similar appearance as a bird feather (Fig. 36A) and it
is called a feathery by Adams (1920). However, this texture has been named by Sander
and Black (1988) as a plumose texture, which is the term used in this study. Microscale
plumose quartz exhibits small plumose zones in host grains that commonly form at the
grain margins. Microplumose also occurs with other silica textures such as jigsaw and
replacement textures (Fig. 36B). Additionally, 11 samples from the Buckskin National
deposit exhibit flamboyant extinction, which is a fibrous radial extinction in rounded
grains and colloform layers of recrystallized quartz. This texture was called a flamboyant
texture by Adam (1920) and Sander and Black (1988). Under plane-polarized light,
multiple colloform layers are visible and contain inclusions and impurities (less than 0.1
mm in thickness) that come after euhedral prismatic grains formed. However, under
cross-polarized light, fan-like extinction of fibrous prismatic grains can be seen. Another
common textural feature includes rounded spherical quartz aggregates ranging from 0.1-
0.2 mm diameter. This texture is found with mostly comb quartz, colloform, moss, ghost-

sphere, jigsaw, and former chalcedonic textures (Fig. 29A and 37).
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FIG 36. Photomicrographs of plumose or feathery textures under cross-polarized light. A:
Photomicrograph of plumose quartz in a background of typical quartz. B: Photomicrograph of

microplumose textures associated with silica replacement and jigsaw quartz.
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FIG 37. Photomicrographs of flamboyant textures under cross-polarized light. A: Photomicrograph
of spherical quartz with fan-like extinction. B: Photomicrograph of fibrous extinction in colloform

layers encrusting prismatic euhedral crystals.
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Vein textures from the Buckskin National deposit exhibit several silica
replacement textures that are divided into two types, including the pseudomorphs of silica
after platy/bladed calcite and fibrous acicular structures of unknown minerals that are
replaced by silica. Quartz, adularia, and chalcedony are the most common replacement

minerals.

The pseudomorphic replacement of calcite by silica in the Buckskin National
deposit can be subdivided into three textures using the classification of Dong et al.
(1995). These include parallel-pseudobladed, lattice-pseudobladed, and pseudo-acicular
silica textures. Calcite replacement textures also commonly occur with other
recrystallized textures such as jigsaw, microplumose, and flamboyant. Sericite and
kaolinite locally are found along bladed forms (Fig. 38). Parallel relic-bladed texture
exhibits parallel structures of former calcite blades that are completely replaced by silica
minerals such as quartz and chalcedony. The parallel-pseudobladed features mostly occur
with jigsaw quartz and round quartz grains exhibiting radial patterns of inclusion zones
(Fig. 39). The parallel calcite blades sometimes perpendicularly cut across another
parallel-bladed texture, and then exhibit intersected zones showing reticular or net-like
patterns (Fig. 40). Moreover, some silica vein textures exhibit decussate pseudomorphs of
silica after bladed calcite, which are randomly cross-cut by other blades. This intersected
acicular-bladed feature is also called lattice-pseudobladed texture (Dong et al, 1995).
Anhedral to subhedral quartz perpendicularly forms along the acicular-pseudobladed
structures and occurs with other crystallized and recrystallized textures including moss,

jigsaw, and euhedral clear quartz (Fig. 41).
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light. Yellow lines probably illustrate rims or cleavages of blades that are replaced by silica. The gaps

between yellow lines range from 0.2 — 0.5 mm.
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FIG 39. Photomicrographs (cross-polarized light) showing semi-parallel bladed textures. A: Jigsaw
quartz vary in sizes and replace in former bladed minerals or mineral cleavages. Sericite are found
as alteration products of adularia. B: Spherical-shaped quartz grains contained fibrous-radial zones

of inclusions occur between acicular grains. Yellow lines indicate acicular grained boundaries.
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FIG 40. Photomicrographs showing reticular-patterned zones that are indicated by red and yellow
lines. The angles between these lines are approximately 90°. A: Net-like patterns seen in plane-
polarized light are indicated by the cutting of parallel inclusion zones in the central portion of the
image. B: (crossed polars) Quartz and adularia grains ranging from 0.025 to 0.05 mm. replace in the
former blades. Rectangular fibrous are found along with alteration minerals such as clays and

sericite.
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FIG 41. Photomicrograph (cross-polarized light) of intersected lines showing an X-pattern. Acicular
shapes or blades of former minerals are indicated by yellow lines. Orange lines indicate single quartz
crystal boundaries.

The second group of silica replacement texture found in the Buckskin National
deposit exhibits needle-mosaic or fibrous-acicular features. These fibrous-acicular
structures widely occur in crustiform-colloform bands and extend to several bands. The
fibrous-acicular features are subparallel and sometimes contain elongate cavities that are
probably filled by kaolinite. Surrounded jigsaw quartz grains vary in grain sizes and they
probably concurrently formed with the fibrous-acicular features occurred in the bands

(Fig. 42). These structures are easily seen in both plane- and cross-polarized light.
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Moreover, fibrous-acicular bands importantly contain disseminate opaque ore minerals.
In some situations, the former fibrous minerals are removed and then replaced by jigsaw
quartz (Fig. 43). This texture is also difficult to decipher because it commonly forms
within the bands that exhibit crustiform, recrystallized textures as jigsaw textures, and
silica replacement features. Thus, the fibrous-acicular texture is not grouped with the

silica replacement of calcite but unknown minerals found in colloform bands.

FIG 42. Photomicrograph (cross-polarized light) of needle-mosaic structures showing a combination
of three main silica textures including crustiform (macro-texture), mosaic, and replacement textures.
(KI=Kaolinite, Qtz=Quartz, Ad=Adularia)
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FIG 43. Photomicrographs showing needle-jigsaw replacement textures. A: Photomicrograph (plane-
polarized light) of needle or fibrous-acicular shapes (red lines). These acicular shapes formed
perpendicular to the vein wall. B: Photomicrograph (crossed polars) showing jigsaw quartz in

colloform bands and quartz filling elongate cavities that were probably former dissolved crystals.
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Finally, a quartz texture reflecting its growth history common in many epithermal
ores also occurs at the Buckskin National deposit. Euhedral quartz crystal commonly
contains fluid inclusions and impurities parallel to its growth zones (Fig. 44). This texture
can be observed on hand specimens and thin-sections with various sizes ranging from 0.1
mm to 1 mm. The approximately width of zones range from less than 0.01 to 0.1 mm and
the distances between inclusion zones are various and less than 0.1 mm. These zoned
quartz grains are certainly found with other textures such as flamboyant quartz and
spherical quartz. Moreover, fluid inclusions and impurities zones are represented in
colloform layers showing spherical lines, even though, the spherical host materials
already crystallized or recrystallized. Importantly, the fluid inclusions assemblages found
in epithermal veins commonly provide details of hydrothermal conditions that formed
various vein textures. For examples, fluid-rich inclusion assemblages that found in many
textures such as zonal and comb quartz indicate non-boiling stage of hydrothermal event,
whereas vapor-rich and fluid-rich inclusion assemblages indicate boiling stage and only

occur with colloform, moss, and plumose textures (Moncada et al., 2012).
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FIG 44. Photomicrograph (cross-polarized light) of zoned euhedral quartz crystals. Zones of fluid
inclusions appear as bands of black tiny spots. Red line illustrates the interface boundary of crystals
growth lines.
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4.2 Vein Textures of Fire Creek deposit

Vein textures from the Fire Creek deposit are interpreted using the same criteria
as detailed in the descriptions of the Buckskin National textures. Gangue minerals of
Bonanza veins of the Fire Creek deposit predominantly exhibit multiple replacement
textures where quartz and adularia replaced after calcite, and later platy/bladed calcite

also occur.

Hand specimens from the Fire Creek deposit, exhibit multiple colloform bands
that consist of fibrous-acicular structures within the bands. These acicular features
radially formed perpendicular to vein walls and cross-cut some bands. Some layers
contain metallic minerals such as electrum along these acicular structures showing
disseminated pattern. Some fibrous-acicular structures contain clay, which is probably the
alteration product of adularia. The colloform layers also exhibit various distinct colors
including milky, grey, and glassy white (Fig. 45). Another texture showing in hand
specimens is lattice-bladed texture that occurs in colloform layers. This texture represents
intersected blades of replacing minerals such as quartz and adularia. These blades exhibit
white and milky colors that cross-cut other blades showing an “x-shaped” features.
Moreover, the groundmass materials among these blades immediately react to diluted

hydrochloric acid, which indicates it is late calcite (Fig. 46).
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FIG 45. Photograph of fibrous-acicular texture in colloform bands found in the Fire Creek deposit.
Colloform bands contain black tiny metallic minerals such as electrum and Ag-S-Se phases located

along fibrous acicular structures (dashed lines).

FIG 46. Photograph of lattice bladed texture occurring with colloform bands from the Fire Creek
deposit. The bladed calcite cross-cut other blades, forming an “x-shaped” structures. Late stage

calcite (not bladed) is also present along pseudomorphs.
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Under the microscope, the major minerals found in the bonanza veins from the
Fire Creek deposit commonly include quartz, adularia, and calcite. Vein textures were
enhanced by using staining methods to highlight mineral compositions including the
carbonate staining using Alizarin-red S (ARS) for calcite and the cobalt-nitrite staining

for potassium feldspar (adularia).

Under plane-polarized light, red colors during Alizarin-red S method indicate
calcite compositional zones that vary in structures such as blades, platy, and
rhombohedra. Zones of no staining color strongly represent pseudomorphs of quartz and
adularia after blades of unknown minerals. Under cross-polarized light, calcite exhibits
two distinct features including platy calcite and replacement bladed calcite. Bladed
calcite is partially replaced by quartz and adularia that formed parallel seams within that
calcite, whereas platy calcite is not replaced by silica and probably lately formed after the
silica replacement of calcite ended. These late calcite crystals mostly occur perpendicular
to the orientation of former blades. They also exhibit the crystal growth-zoned structures

(Fig. 47).

Adularia is a more common mineral in the Fire Creek veins than was found in the
Buckskin National samples. Adularia, a monoclinic crystal, exhibits euhedral to
subhedral pseudo-rhombic crystal structure and varies in size ranging from less than 0.05
mm to 0.5 mm. Under plane-polarized light, adularia grains can be identified by cobalt-
nitrite staining and its crystal structure. It is indicated by yellow color during the staining,
whereas quartz does not. Adularia typically occur as euhedral pseudo-rhombohedral

crystals and aggregate along former bladed crystals (Fig. 48).
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FIG 47. Photomicrographs of calcite found in the Fire Creek deposit. A: Calcite staining with

Alizarin red S represents calcite that are indicated by red colors. This photomicrograph was taken
under plane-polarized light. Colorless minerals including small grains of quartz and adularia replace
carbonates. B: Photomicrograph taken under cross-polarized light showing blades and platy calcite
partially replaced by silica. Later calcite likely occur perpendicular to these bladed structures

exhibiting crystal growth-zoned patterns.
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FIG 48. Photomicrographs showing adularia encrusting silica replacement texture from the Fire
Creek deposit. A: Photomicrograph (plane-polarized light) exhibits adularia, which are indicated by
yellow colors, during cobalt-nitrite staining. No color zone is exhibited on quartz grains. B:
Photomicrograph (crossed polars) exhibits parallel bladed texture that consists of quartz and

adularia that are replacing bladed minerals (e.g. calcite).
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The most common texture at the Fire Creek deposit is jigsaw texture, which is
similar to that at the Buckskin National. Jigsaw texture found in the Fire Creek deposit
exhibits sharp and straight boundaries among crystal grains. Adularia is also present as
euhedral to subhedral pseudo-rhombic forms that occur with subhedral to anhedral quartz
grains (Fig. 49). Jigsaw features also commonly occur with other textures such as fibrous
acicular structures in colloform bands. These jigsaw textures is composed of adularia or
potassium-rich minerals more than quartz grains that are indicated by yellow colors of the
staining. Adularia also varies in sizes ranging from less than 0.01 mm to 0.1 mm. Relic

colloform features are also present (Fig. 50).

FIG 49. Photomlcrograph ofjlgsaw texture that are found in the Fire Creek samples. This
photomicrograph was taken under cross-polarized light. Pseudo-rhombic adularia and quartz grains
are present. The crystal boundaries exhibit sharp and straight patterns more than irregular and
interpenetrated boundaries.
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FIG 50. Photomicrographs of jigsaw texture that occurs with other textures in the Fire Creek

deposit. Fibrous-acicular structures that likely formed in colloform layers occur with jigsaw textures.
A: Photomicrograph (plane-polarized light) represents yellow staining colors of adularia, which is a
major mineral in this texture. B: Photomicrograph (crossed polars) of A represents jigsaw features in

colloform layers exhibiting various grain sizes.
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In another sample exhibiting fibrous-acicular jigsaw texture, adularia is much
more abundant and exhibits pseudo-rhombic crystal forms, and is associated with quartz.
The adularia crystals vary in sizes ranging from less than 0.01 mm to 0.1 mm and occur
as same-sized zones. In this sample, calcite blades rarely occur. Inclusions and impurities

are found along the needle-like structures, which aid in defining this texture (Fig. 51).

oy
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FIG 51. Photomicrograph (crossed polars) of fibrous-acicular structures and jigsaw texture from the
Fire Creek deposit. Adularia is present as a pseudo-rhombic crystal associated with quartz grains.
The crystals vary in sizes and shapes. Needle-like shapes containing aligned inclusions and impurities

are found through the crystals.
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The second-most common silica texture observed at the Fire Creek deposit is a
replacement texture that occurs in 13 of 20 samples. Calcite blades are commonly
partially or completely replaced by quartz and partially crystallized amorphous silica. The
quartz grains exhibit euhedral to subhedral structures and recrystallized textures (such as
plumose) encrusting on replaced calcite. Inclusions also occur with some of these
euhedral quartz. Another phase, which likely is chalcedony, encrust the euhedral quartz
and exhibit (re)crystallized textures that are probably the result of precursors of

amorphous silica (Fig. 52).

Some replacement texture can be subdivided into three typed-zones using forms
of bladed calcite and mineral composition including; 1) the blades cross-cut others
forming an *“x-shape” morphology; 2) euhedral to subhedral quartz crystals found in open
spaces ranging from 0.1 to 0.5 mm; and 3) the remaining of calcite and/or later calcite.
This texture indicates a lattice-bladed texture that occurs with jigsaw and zonal euhedral

quartz crystals (Fig. 53).

The last common replacement texture is a parallel-bladed texture. This texture
exhibits multiple parallel-bladed forms that are composed of different feature such as
bladed calcite and quartz grains formed in the bladed boundaries. Fine-grained quartz
with less than 0.1 mm of sizes are found along the rims of bladed calcite. Adularia is
probably found to occur with quartz. This replacement texture also occurs with jigsaw,

comb, and plumose textures (Fig. 54).
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FIG 52. Photomicrographs of precursor amorphous silica and quartz replacement of calcite found in
the Fire Creek deposit. A: Photomicrograph (plane-polarized light) exhibits calcite (high-relief) and
quartz (low-relief). B: Photomicrograph (crossed polars) represents some perfectly euhedral crystals
and elongated quartz surrounded by crystallized and recrystallized silica that are found in platy

calcite. [Qtz = Quartz, Cb = Carbonates such as calcite]
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FIG 53. Photomicrographs (crossed polars) of lattice-bladed textures. A: Photomicrograph
represents calcite plates that are partially replaced by euhedral quartz. Quartz crystals contain
inclusions and impurities along growth zones. B: Photomicrograph exhibits intersected blades
separated by quartz grains. Amorphous silica are also found in some platy calcite as replacement

materials. [Cb = calcite blades, Qtz = Quartz]
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FI1G 54. Photomicrograph (crossed polars) showing parallel-bladed texture found in the Fire Creek
deposit. Quartz and adularia rang from less than 0.1 to 0.2 mm that are found along grain
boundaries of calcite. Quartz also form in multiple textures such as jigsaw and plumose.

A less-common texture observed at the Fire Creek deposit, which is found in 4 of
20 samples, exhibits multiple thin layers that define spherical colloform bands. Some of
these bands encrusted large euhedral quartz crystals and also older colloform layers. The
layers can be separated by black, brown, and yellow color zones. Radial fibrous
structures are found in some spherical forms as well as concentric spheres. Some spheres
have euhedral clear quartz crystals formed at the crust of spheres pointing out to open
space (Fig. 55). These features are similar to “agate”, which is typically formed from

layers of fibrous chalcedony (Hart, 1927).
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FIG 55. Photomicrograph (plane-polarized light) of amorphous silica layers formed as spherical and
colloform structures. The layers are separated by inclusions and subtextures exhibiting black, dark

brown, or pale yellow color zones.

Some samples contain multiple crystallized and recrystallized layers of apparent
former amorphous silica bands deposited along rims of flower-shaped aggregates of
quartz and adularia crystals. Most of these layers include elongate and jigsaw quartz, and
some of them exhibit fan-like extinction. Comb quartz crystals range from 0.3 to 0.5 mm
in width and approximately 1 cm long that radially formed as flower-like shapes. Some
comb quartz exhibit zone of inclusions indicated by very tiny dark spots along the crystal
rims that are met with colloform bandings. These colloform layers were probably

subsequently (re)crystallized and grown together with the comb crystal (Fig. 56).

84



FIG 56. Photomicrographs showing flower-like structures and colloform-recrystallized bands from
the Fire Creek deposit. A: Photomicrograph (plane-polarized light) shows radially euhedral quartz
covered by very thin colloform layers. B: Photomicrograph (crossed polars) of A exhibits inclusion
trapping zones between the rims of comb quartz and colloform layers. Flamboyant extinction and

(re)crystallized textures are present along colloform structures.
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Crystallized or recrystallized features in colloform bands found in the Fire Creek
deposit can be subdivided into two features including 1) multiple concentric layers and 2)
fibrous chalcedony. The concentric layers exhibits groups of colloform bands ranging
from 0.01 to 0.02 mm of thickness that individually formed around a single grain of
quartz and adularia, which is approximately 0.1 -0.2 mm of diameter. These colloform
bands distinctly exhibit discrete (re)crystallized textures that are not related to other
bands. This texture then mostly occurs as elongate jigsaw quartz in these colloform bands

(Fig. 57).

Another feature consists of radial structures of fibrous chalcedony, which
replaced colloform bands formed in the veins. The colloform bands that contained these
fibrous structures are around 0.1 - 0.2 mm of layered thickness and they also encrust
previous colloform layers and coarse-grained crystals. These fibrous features are
indicated by flamboyant extinction that formed perpendicular to the walls of layers. Thus,
this texture probably indicates that amorphous silica precursors likely crystallized to

chalcedony (Fig. 58).

Additionally, some colloform bands exhibit a semispherical shape. This structure
has radial-flamboyant extinction and it exhibits a feature that is similar to a handheld
folding fan. Some flamboyant-colloform bands are subsequently recrystallized to
microcrystalline quartz, yet their fan-shaped structures still remain. Zonal quartz, which
ranges from 0.2 to 0.3 mm of diameter, is commonly encrusted by flamboyant-colloform

features and occurs with jigsaw quartz (Fig. 59).
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FIG 57. Photomicrographs of same area showing colloform textures found in the Fire Creek deposit.
A: plane-polarized light; multiple concentric bands have encrusted larger crystals of mostly quartz
and adularia along the vein walls. The open space is present at the middle between the vein walls. B:
crossed polars; concentric layers individually exhibit (re)crystallized textures as elongate jigsaw

quartz.
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FI1G 58. Photomicrographs (crossed polars) of fibrous chalcedony found in the Fire Creek deposit. A:
Three colloform bands exhibit fibrous features that have encrusted other colloform layers and a
crystal of adularia, which is approximately 0.5 mm of diameter. B: Fibrous chalcedony exhibiting

flamboyant extinction occurs with a single quartz crystal and microcrystalline quartz.
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FIG 59. Photomicrographs (crossed polars) showing flamboyant textures in colloform bands. A: Fan-
shaped structure perfectly exhibits flamboyant extinction, also visible is another fan-like shape that
likely recrystallized to jigsaw quartz, yet still occurs with flamboyant extinction. B: Zonal euhedral

quartz is encrusted by colloform textures showing flamboyant extinction. [Qtz = Quartz]
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Moss quartz found in 3 of 20 samples are similar to that same at Buckskin
National, and occurs as rounded quartz grains ranging from approximately 0.1 to 0.2 mm
of diameter. These widespread rounded shapes and layers are possibly caused by the two-
dimensions slicing through three-dimensions of colloform bands. These colloform layers
have crystallized or recrystallized to form quartz. Inclusions and impurities are also found
along banding boundaries. Spherical forms also exhibit radial and partly concentric
patterns that are caused by different extinctions angles. Jigsaw quartz texture commonly

occur as background (Fig. 60).

The final vein texture found in the Fire Creek deposit, is a plumose or feathery
texture that consists of small elongated quartz crystals formed in a larger quartz crystals.
This texture is rarely found in this deposit compared to other silica textures. It usually is a
minor feature that associates with other textures such as comb, flamboyant, and zonal
quartz. Quartz crystals that have plumose features are coarser grained than others, and
range from 0.3 to 0.5 mm. They also can be found as micro-scaled plumose quartz that
formed at the end of euhedral crystals showing small feathery features radiating out from

a central crystal core (Fig. 61).
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FIG 60. Photomicrographs of moss quartz or ghost-sphere texture found in the Fire Creek deposit.
A: plane-polarized light; perfectly spherical forms in 2D slice with nucleuses that are accumulated by
colloform bands. B: crossed polars; moss quartz in 0.1 — 0.2 mm of diameter. These moss quartz have

radial structures typical of (re)crystallized textures, which occur with jigsaw quartz.
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FIG 61. Photomicrograph (crossed polars) showing rare plumose textures in the Fire Creek deposit.
Large crystals of euhedral clear quartz occur with group of smaller elongate quartz, which are
subdivided by different extinction angles, has formed by encrusting the large euhedral crystals.

Flamboyant and jigsaw quartz also occur.
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4.3 Precious-Metal Minerals

Precious-metal minerals can be observed in both hand specimens and under the
microscope at the Buckskin National and Fire Creek deposits. In hand sample, they
exhibit metallic dark grey and black colors disseminated within silica veins. The
identification of precious-metal minerals is beyond the Sleeper of this study are, although
reconnaissance conclusion on the mineralogy are based on optical properties, and
previous works of Vikre (1985 and 1987), Saunders (1990 and 1994), and Unger (2008).
Common Au-Ag minerals in all of the middle Miocene epithermal ores include electrum,
acanthite, naumannite, aguilarite, and silver sulfosalts. However, the ore minerals can be
classified into three textural types in this study, including dendritic structure, needle-like

texture, and disseminations.

Some vein samples collected from the dumps of the Buckskin National mine
contain precious-metal minerals associated with gangue minerals such as quartz and
adularia. They exhibit aggregation of black tiny spots and needle-like forms that have
disseminated in silica layers. In the polished-sections, precious-metal minerals distinctly
exhibit dendritic- or tree-shaped structures formed along the silica bands perpendicular to
the vein walls. Dendritic features also occur with disseminated minerals that are found as
black individual tiny grains. Moreover, some colloform layers contain numerous ore
minerals and appear as metallic-colored layers (Fig. 62). Using a hand lens, these ore
minerals exhibit bright silvery to bright pale yellow reflections. Some electrum grains

reflect very strongly bright golden yellow. Disseminated ore minerals are found in
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fibrous-acicular cavities of silica veins. The common silica textures exhibit glassy milky

quartz to translucent quartz in colloform-crustiform bands.

Using the combinations of reflected and transmitted lights, we can clearly
separate ores from gangue minerals. Under reflected light, the most reflective minerals
are precious-metal minerals such as electrum, silver-selenides, and silver-sulfides. These
precious-metal minerals are also found at Fire Creek but are more abundant than at

Buckskin National.

The most common texture of precious-metal minerals is a dendritic structure that
formed along colloform bands associated with (re)crystallized textures of gangue
minerals. Quartz and adularia exhibit dull reflected light, whereas electrum has strongly
bright silvery to bright yellow reflected colors. Other metal minerals, which are found in
the veins, exhibit bright pale grey to silvery reflected colors. These minerals consist of
Ag-S-Se phases that are typically silver-selenides, silver-sulfides, and silver-sulfosalts.
The silica textures occurred with these ore minerals include microcrystalline quartz,
which vary in grained-sizes, and colloform bands that are hosts to these metallic minerals
(Fig. 63). Some precious-metal minerals are disseminated in cavities and pores of the
veins and they range from 0.1 to 0.3 mm of diameter. These ore minerals exhibit zones of
distinct and variable compositions that are indicated by different reflected colors. More
bright yellow color exhibits higher gold ratio than less-bright pale-yellow color. Silvery
and bright grey colors represent the Ag-S-Se phases with lower gold ratio. Euhedral and
elongate quartz grains are commonly found with precious-metal minerals along the

colloform bands. Jigsaw quartz in colloform bands are also present (Fig. 64).
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FIG 62. Photographs of precious-metal minerals found in Buckskin National samples. A: Ore minerals
are indicated by dark fibrous-needle structure at the lower part of bands occurred with banded milky
guartz. B: Ore minerals form along colloform bands. C: Polished-section of Buckskin National deposit
shows dendritic and disseminated metal minerals. D: Polished-section exhibiting dendritic textures,
disseminate minerals and banded ore minerals associated with colloform bands and milky glassy

quartz.
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FIG 63. Photomicrographs of dendritic-banding structures of precious metals (electrum and silver-

minerals) found at the Fire Creek deposit. A: Photomicrograph taken under plane-polarized
(transmitted) light showing a dendritic band of silica and opaque ore minerals in colloform bands. B:
Photomicrograph taken under reflected light of the same view as that of A. These opaque ore minerals
exhibit bright yellow reflecting colors. C: Photomicrograph under reflected light exhibits bright yellow
individual grains and bright pale grey minerals that indicate as electrum and Ag-S-Se phases. D:
Photomicrograph under the combination of reflected and transmitted lights of the same view as that C

showing colloform bands and microcrystalline textures occurred with these precious metal minerals.
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FIG 64. Photomicrograph (reflected light) of grains of silver-selenides (grey) electrum (yellow)
associated with gangue minerals from the Fire Creek deposit.

In the Fire Creek deposit, some samples exhibit a relationship between
precipitation of ore-minerals and gangue minerals, which occurred essentially of the same
time as the Fire Creek deposit. Precious-metal minerals including electrum and Ag-S-Se
phases commonly occur with euhedral and elongate quartz, which probably co-
precipitated. On the other hand, these precious-metal minerals are also encrusted by

calcite that exhibits a platy structure (Fig. 65).
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FIG 65. Images of ore minerals from the Fire Creek deposit and associated gangue minerals (silica
and calcite). A: Photomicrograph (reflected light) showing precious metals form together with quartz
and adularia that represent transformed textures. B: Photomicrograph (reflected light and crossed

polars of transmitted light) showing precious metals are encrusted by calcite.

In addition, other precious-metal minerals including acanthite and pyragyrite
(ruby silver) were observed in the Buckskin National deposit by Vikre (1987). Acanthite,
which is a silver sulfide mineral, is present as elongated and pseudocubic structure with
bright grey color (weakly anisotropic). It commonly occurs with other metal-sulfides
minerals. Associated gangue minerals include colloform bands and milky glassy quartz

(Fig. 66).
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FIG 66. Photomicrograph (reflected light) of metal-sulfides found in the Buckskin National mine.
Pseudocubic crystals indicate acanthite (Ag2S) and associate with other sulfides in silica veins.

Gangue minerals as quartz exhibit jigsaw-microcrystalline quartz in colloform banding.

Pyragyrite or ruby silver, a silver-bearing sulfosalt mineral, consist of silver,
sulfur, and arsenic. It exhibits hexagonal structure with dark red to black colors and
adamantine to sub-metallic lusters. It also occurs with other silver-bearing minerals as
same as acanthite at the Buckskin National deposit. Pyrargyrite grains are found along
bands of ore minerals associated with colloform bands. Milky glassy quartz to translucent

texture occurred as gangue minerals in the ore veins (Fig. 67).
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FIG 67. Photomicrographs (reflected light) showing pyrargyrite or ruby silver minerals found in the
Buckskin National deposit. A: Ore mineral band consisting of pyrargyrite (red color) and Ag-S-Se
phases (black and silvery reflected colors) occurs with colloform bands of gangue minerals such as
milky quartz. B: Individual grains of pyrargyrite exhibit sub-hexagonal structure and red to black
colors with adamantine to submetallic lusters. These grains are surrounded by jigsaw quartz in
colloform bands.
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4.4 Cathodoluminescence (CL) images

Silica textures exhibit various colored patterns using the CL microscope. Quartz
crystals have three characteristic luminescence manifestations, including yellow, orange
and blue emitted colors. These colors can be continually captured by a video camera

during a given time after the electron bombardment process started.

The CL colors observed in this study come from silica phases that consist of three
CL characteristics. 1) A blue CL color indicates the shortest-lived emitted CL color,
which commonly disappears approximately 7 to 10 seconds after the bombardment. 2) A
long-lived yellow CL color are visible longer time than blue, but it continually decreases
in brightness. 3) Another CL color is an orange or reddish brown CL color that is come as
the last color after black CL colors. The three types of CL emitted colors can occur
together to show variable silica phases in vein textures of Buckskin National and Fire

Creek deposits (Fig. 68).
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FIG 68. Photomicrographs of the CL emissions showing various colors that were emitted by silica
phases in the same view. A: Photomicrograph (plane-polarized light) showing a replaced blade
associated with clear quartz crystals and zones of inclusions that are the darker zones. B:
Photomicrograph (crossed polars) of jigsaw and replacement quartz textures. C: CL
photomicrograph taken at 11:58:14:734 (hr:min:sec:millisec), this is a beginning period after the
electron bombardment started. There are blue, yellow and dark purple bands in this texture. D: CL
photomicrograph taken for 9.469 seconds later showing the disappearance of blue band.
(11:58:24:203) E: After the bombardment had been started for 18.922 seconds, the brightness of
yellow band was decreased and dark band became brighter (11:58:33:656). F: Dark bands
completely changed to be reddish brown for a minute later (11:59:20:953).
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The CL system provides a different view of silica textures, which cannot be seen
with the conventional microscope. Jigsaw texture contains various quartz sizes ranging
from 0.01 to 0.1 mm in diameter associated with needle-like or fibrous-acicular structure.
The jigsaw quartz grains emit two colors including long-lived yellow and short-lived blue
CL emission. The quartz grains formed among and/or within needle-like structures still
remains visible and exhibit long-lived yellow CL emission. Short-lived blue CL color
likely represents a homogenous texture in all quartz sizes (Fig. 69). Approximately 8
seconds after the bombardment, blue emitted light mostly disappears and turns into
reddish purple along with decreasing of yellow color. Later existence of bright blue color

indicates epoxy filling in pores.

Clear quartz crystals distinctively emit short-lived blue color showing
homogenous texture. Blue-colored CL emission is rapidly removed, after it was present
for 9-10 seconds long. Carbonate minerals such as calcite are characterized by stable

bright orange and red CL colors (Fig. 70).

Comb quartz sometimes contains impurities and inclusions that exhibit feather-
like forms. These inclusion zones mostly release yellow CL color surrounded by blue CL
emission. The non-inclusion zones in quartz only exhibit short-lived blue CL color. These
euhedral comb quartz grains also represent various shades of blue CL color that were

probably caused by irregular grained surfaces (Fig. 71).
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FIG 69. Images showing jigsaw-acicular texture from the Buckskin National deposit in same view.

A: Photomicrograph (plane-polarized light) showing a needle-like structure. B: Photomicrograph
(crossed polars) contains various sizes of microcrystalline-jigsaw quartz. C: Photomicrograph
after the bombardment was started at 09:39:27:468, two CL colors were shown including blue and
yellow. D: Photomicrograph taken on 7.657 seconds later, blue CL color is mostly disappeared

and yellow band remains visible with lower brightness (at 09:39:35:125).

104



FIG 70. Images showing (re)crystallized texture including jigsaw and plumose quartz from the

Buckskin National deposit in same view. A: Photomicrograph (plane-polarized light) showing clear
quartz crystals and small particles of impurities. B: Photomicrograph (crossed polars) showing
coarse- to fine-crystal sizes occurred with euhedral to subhedral crystal forms. C: Photomicrograph
taken after the bombardment started (11:34:57:734), blue band is emitted showing a homogenous
texture. D: Photomicrograph taken 9.437 seconds later (11:35:07:171), blue band is partly gone.

Spots of bright reddish orange and blue colors represent calcite and pores, respectively.
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FIG 71. Images showing euhedral comb-plumose quartz crystals from the Buckskin National deposit.
A: Photomicrograph (plane-polarized light) exhibits euhedral quartz containing inclusions and
impurities. B: After electron bombardment started, short-lived blue CL emission occurs with long-

lived yellow CL color, which is found in zones of inclusions and impurities.
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Colloform textures observed under the petrographic microscope typically exhibit
crystallized and recrystallized textures where amorphous silica and colloidal particles
produced these colloform bands. Under the CL system, these colloform textures firstly
exhibit dark purple or black CL colors, which indicate no CL emission. After the
bombardment has progressed for a minute, each colloform band is indicated by distinct
shade of reddish-brown CL colors. Short-lived blue and long-lived yellow CL emissions

simultaneously occur, especially in the inclusion and impurities zones (Fig. 72).

Some colloform-recrystallized textures, which are only found under cross-
polarized light, exhibit different details than from the CL system. For example, under
cross-polarized light, quartz crystals clearly exhibit jigsaw and replacement textures.
However, under the CL system, these quartz exhibits colloform layers and no jigsaw
texture exists. Another luminescence behavior of colloform bands is a short-lived yellow
CL emission. The short-lived yellow CL color feature mostly occurs with flamboyant
quartz and fibrous chalcedony, whereas jigsaw quartz in colloform bands is indicated by
dark CL color. After the bombardment has progressed for approximately 18 seconds, the
yellow CL color was replaced by dark-cream CL color. The yellow colloform bands also
encrust euhedral quartz crystals, which exhibit short-lived blue CL emission. Surrounded
jigsaw textures exhibit dark CL color and consequently emit reddish-brown CL color.
Different CL behaviors are likely caused by variations of textures that are described in

the discussion (Fig. 73).
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FIG 72. Images of colloform bands and jigsaw texture found in the Buckskin National deposit in

same view. A: Photomicrograph (plane-polarized light) showing zones of inclusions and a needle
structure cut across clear quartz crystals. B: Photomicrograph (crossed polars) of replacement and
jigsaw textures. C: CL photomicrograph after the bombardment started (11:55:09:125), non-
luminescence is occurred together with yellow and blue CL colors. D: CL Photomicrograph at 1
minute and 15 seconds after the process (11:56:24:750), multiple shades of reddish brown CL colors

exhibit colloform bands.
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FIG 73. Images of colloform textures from the Fire Creek deposit in same view. A: Photomicrograph
(plane-polarized light) showing numerous colloform layers that encrust euhedral quartz crystals. B:
Photomicrograph (crossed polars) represents jigsaw, flamboyant, and zonal quartz. C: CL image
taken at 14:09:46:296 exhibits yellow CL colors that mostly emit from colloform layers and these
layers are separated by non-luminescence boundaries. Euhedral individual crystals contain blue CL
color at the cores and yellow at rims. D: CL image taken at 18.922 seconds later (14:10:05:218),

yellow CL colors decrease in brightness to cream as well as blue. Black zones become brown to
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Individual crystals of euhedral quartz exhibit crystal growth-banding textures
under CL. Short-lived blue emitted colors indicate crystal growth zones, whereas the
crystal itself mostly does not release any CL colors. The quartz crystals are also encrusted
by colloform layers, which have luminescence behaviors similar to that found in quartz
crystals. (Fig. 74). The textures including colloform, zonal quartz, comb, and other
recrystallized textures, as well as CL behaviors that are mentioned above can be found in
both epithermal deposits, however, calcite are more common in the Fire Creek deposit

than at the Buckskin National deposit.

Other interesting CL silica textures at Fire Creek deposit include crystal growth
zones and colloform features. The crystal growth zonal textures are indicated by
intergrowth zones of yellow, blue, and black CL colors. They also occur with colloform
layers and two-dimensions of spherical forms that are produced by colloidal particles.
The colloform features exhibit yellow CL colors and present as jigsaw quartz under
cross-polarized light. The distinct features found under CL probably show the original

vein textures before they have (re)crystallized (Fig. 75).

A final feature observed involves opaque minerals that are found associated with
fibrous-acicular or needle-like structures. After the bombardment has progressed, these
fibrous-acicular structures are indicated by scatters of short-lived blue CL colors
surrounded by cream or pink CL colors. Opaque minerals are probably related to blue
quartz precipitation. Rounded quartz and colloform features are indicated by cream CL

colors (Fig. 76).

110



Colloform ;

0.425 mm 0.425 mm

FIG 74. Images showing crystal growth zones in quartz and colloform textures in same view. A:
Photomicrograph (plane-polarized light) exhibits a single quartz encrusted by colloform bands.
Zones of inclusions and impurities are occurred. B: Photomicrograph (crossed polars) exhibits
similar features found in A. Colloform bands (re)crystallized to jigsaw quartz. C: Photomicrograph
(CL) at the beginning of bombardment (14:23:06:593), crystal growth zones are indicated by short-
lived blue emitted colors. Note that: colloform bands do not emit any CL colors. D: Photomicrograph
(CL) taken 18.969 seconds later (at 14:23:25:562), dark zones in colloform texture and in a single

crystal show brown bands. Yellow and blue colors are completely disappeared.
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FIG 75. Images showing many crystal growth zonal textures from the Fire Creek deposit. A:
Photomicrograph (crossed polars) contains likely large grains and various sizes of jigsaw quartz.
B: Photomicrograph (CL) of same sample as A and CL brings out a new texture not observed
under crossed polars. Yellow, blue, and dark CL colors are present. C: Photomicrograph (crossed

polars) showing euhedral crystals associated with jigsaw quartz. D: Photomicrograph (CL) of C
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FIG 76. Images of fibrous-acicular textures from the Fire Creek deposit. A: Photomicrograph taken
under plane-polarized light exhibiting acicular structures that contain opaque minerals, likely
including precious-metal minerals. B: Photomicrograph (CL) of A represents reddish pink
background associated with scatters of short-lived blue emitted colors that are caused by different

quartz formations.
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4.5 X-Ray Powder Diffraction Data

After microscopic studies were conducted, XRD was then applied to better
characterize gangue-mineral composition in the veins. Five vein samples from The
Buckskin National and three samples from the Fire Creek deposit were used. These
selected samples exhibit various vein textures and their textural details as well as

photographs of samples are attached in the appendix 2.

XRD data are interpreted using DIFFRAC.EVA and MS-Excel software to identify
mineral components and produce the XRD graphs. The results showing in this study can
be grouped into four types of X-ray diffraction patterns reflected their mineral
compositions of the sample BN1, BN5, FC6, and a sample from Hishikari deposit, Japan
(Fig. 77). Major minerals, which are clearly found in the vein samples, include quartz,
kaolinite, and calcite. Adularia and sericite are found as minor minerals. The X-ray

diffraction patterns are individually presented and described in the following paragraphs.

Results of this analysis indicate that the Buckskin National samples are primarily
composed of low-quartz or alpha-quartz in undetermined quantities (Fig. 78). Selected
samples exhibited recrystallized-jigsaw textures and chalcedony in black-colored
colloform bands represent distinct quartz peaks. Another sample, which exhibits white to
cream-colored layers that occur with fibrous-acicular structures, shows small peak of
kaolinite at about 12.7 of °26. Sericite can be found by the matching process of the

DIFFRAC.EVA software.
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FIG 77. X-ray diffraction patterns of the epithermal veins at the Buckskin National, Fire Creek
deposits, Nevada, and one sample from the Hishikari deposit in Japan. Quartz peaks occur in all
samples indicated by red lines. Kaolinite peak (green color) exhibits small numbers than quartz and
are found only in the Buckskin National samples. Calcite indicated by blue peaks only show in the

Fire Creek and Hishikari samples.
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FIG 78. X-ray diffraction patterns of the Buckskin National samples showing almost similar
patterns. (Top): XRD pattern of sample BN1 exhibits distinct quartz peaks (Q). The sample exhibits
chalcedony and recrystallized-jigsaw textures in colloform layers observed by the microscope.
(Bottom): XRD pattern of sample BN5 represents quartz peaks and very small kaolinite peak (K).

This sample exhibits fibrous-acicular textures on hand specimen and under microscope.
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According to petrographic analysis, the Fire Creek samples contain slightly
different mineral components compared to Buckskin National. Results of this analysis
indicate that the Fire Creek samples are primarily composed of quartz and calcite. This

sample exhibits lattice-pseudobladed silica texture and late platy calcite.

A sample from the Hishikari epithermal deposit in Japan is also used for
comparison to the Fire Creek sample. This sample contains white-colored bladed crystals,
which are previously determined as truscottite (J.A. Saunders, pers. commun., 2016).
Truscottite ((Ca,Mn)14Si240s8(OH)s2H20) is a phyllosilicate mineral and commonly
found in low-sulfidation epithermal environment in Japan (Izawa et al., 1990; Watanabe,
2005). By the XRD technique used in this study, truscottite should be found at 28.39,
31.47, and 21.08 of °20 with I =100, 80, and 70, respectively. These results are depended
on its inter-atomic spacing (“Truscottite Mineral Data”, 2017). As a result, the XRD
pattern of the Hishikari sample exhibits peak of quartz and calcite, which are similar to
the Fire Creek sample, and no truscottite peak is found. However, truscottite is probably
not considered enough during sample-preparation processes. The XRD pattern of the
Hishikari sample then represents distinct quartz and calcite peaks similar to the Fire
Creek sample, and no truscottite peak occurs (Fig. 79). Thus, truscottite minerals found in
the Hishikari deposit in Japan do not occur in the Fire Creek deposit in Nevada but their
vein samples still exhibit identical XRD pattern and similar gangue-mineral bladed

textures.
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FIG 79. X-ray diffraction patterns of the samples from Fire Creek (top) and Hishikari (bottom)
deposits. Top: XRD pattern exhibits quartz and calcite peaks found in the Fire Creek sample. The
sample also exhibits lattice-pseudobladed silica texture occurred with late platy calcite. Bottom: XRD
pattern showing peaks of quartz and calcite in a sample from the Hishikari deposit in Japan similar

to Fire Creek. Probably, no truscottite peak distinctively occurs.
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5. DISCUSSIONS

5.1 Gangue-Mineral Textures

Gangue-mineral textures formed as a consequence of ore-fluid geochemistry,
presence or absence of boiling, and also the original nature of silica and other gangue
deposited in earlier hydrothermal events. In particular, crystallization-recrystallization,
and replacement processes are important in epithermal ores in general, and at the
Buckskin National and Fire Creek deposits in particular. Principal silica textures
exhibited at the Buckskin National and Fire Creek deposits include jigsaw quartz and
colloform banding. As was mentioned in the introduction, jigsaw textures are
microcrystalline and crystalline quartz assemblages that are separated by irregular
boundaries. These features are induced by crystallization and/or recrystallization of silica
solutions and colloidal silica particles that previously formed colloform bandings (Dong
et al., 1995). Textures of silica in epithermal veins also vary in response to evolving
hydrothermal fluid conditions. For examples, at the Koryu gold-silver deposit,
microcrystalline and colloform quartz formed during intense boiling, which also causes
precipitation of ore minerals. In contrast, comb quartz formed during non-boiling to
gentle boiling, which induce transportation processes of ores and gangues to deposition

areas (Shimizu, 2014). After deposition of amorphous silica, the temperature of ore
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forming solutions apparently decreased, and perhaps had a different of chemical
composition. As a result, silica bands in the veins are characterized by textures such as
flamboyant, plumose, zonal, comb, and ghost-sphere as a function of the initial

depositional history and subsequent (re)crystallization or replacement.

Different CL colors emitted by quartz crystals are evidence of different formation
and structures (Ramseyer et al., 1988). Gotze et al. (2001) reviewed previous
interpretation of CL-color characteristics of quartz in different forms. They suggested that
short-lived blue CL color indicates alpha quartz and amorphous silica that were
precipitated by low-temperature hydrothermal fluids, whereas long-lived yellow, orange
and red CL colors were detected in silica colloidal precursors, agates, and
cryptocrystalline quartz found in hydrothermal veins. Additionally, dark CL color or
weakly luminescent emissions indicate authigenic quartz that formed in its present
morphology. In this study, most of microcrystalline crystals exhibited (re)crystallized
features probably include either alpha-quartz or silica colloidal precursors. The short-
lived blue CL emission in this study commonly occurs with jigsaw, plumose, comb, and
zonal textures. On the other hand, the long-lived yellow CL emission exhibits multiple
colloform bands, spherical shapes, and needle-like structures associated with flamboyant,
moss, and colloform layers that are found under the microscope. Long-lived yellow CL
color also occurs in zones of inclusions and impurities trapped along crystal growth
zones. The dark- or weakly CL color firstly occurs in jigsaw textures with free-inclusions
observed on the microscope. These dark CL colors eventually emit reddish brown color
and exhibit colloform bands, which are totally dissimilar textures to that observed on the

microscope. Demars et al. (1996) suggested that the short-lived or unstable CL behaviors
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is likely related to the original hydrothermal solutions, rather than diagenetic process (as
cited in Gotze et al., 2001). Calcite is not useful for the CL system used in this study
because it commonly emits strong bright color and it disrupts other luminescent colored
bands of quartz textures that are the focus of this study. Bladed shapes of replaced
minerals can emit by both blue and yellow CL colors. These features are probably caused
by multiple cycles of hydrothermal solutions that induce replacement and

recrystallization events.

Although silica textures of this study are mostly identified as recrystallized
textures, the CL technique likely provides original silica textures in the veins. This
method is very useful to observe on the origins of some significant recrystallized-
replacement textures such as fibrous-acicular features in crustiform-colloform bands,
which is commonly found in the Buckskin National and Fire Creek deposits. In these
ores, silica colloids apparently aggregated to form spheroidal structures and colloform
layers. These colloidal spheres consequently coalesced with other spheres, which
produced botryoidal or mammillary layers. Surface tension, surface forces, and/or
intermolecular forces, which are properties of colloids that have a high ratio of surface
area to mass, affected the deposition of the amorphous precipitates (Aveyard and
Haydon, 1973; Landmesser, 1984;). At least, some of the fibrous-acicular shapes appear
to have filled up these tension cracks in colloform bands. Unknown minerals then
probably formed along these fibrous-acicular features associated with other
(re)crystallized silica. The unknown minerals were then removed and replaced by later
silica precipitation (Fig. 80). These fibrous-acicular features formed in original colloform

bands are distinctively observed by the CL system (Fig. 81). Next generations of
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hydrothermal fluids then induce alteration of materials at porous zones that cause the
elongated cavities and silica replacement. Precious-metal minerals are sometimes
disseminated in these structures, based on original micro-scale features. Additionally,
alpha-quartz and silica colloids appear to have precipitated together in the veins, and they
can be separated by intergrowth zones of CL colors. Alpha-quartz that emits blue CL
color exhibits trigonal euhedral crystals, whereas yellow-colored layers exhibit
mammillary-colloidal forms. These features represent multiple varieties of silica

formations that episodically precipitated in this vein (Fig. 82).

Bladed calcite, which is formed during boiling of the hydrothermal solutions
(Simmons and Christensen, 1994), and pseudomorphic replacement by silica occurs in
both deposits, especially the Fire Creek deposit. Amorphous silica likely replaced calcite
blades along their cleavage planes. Thus, replacement textures including pseudo-parallel
bladed, pseudo-acicular, and lattice-bladed are found in the calcite pseudomorphs. The
amorphous silica in calcite blades then crystallize or recrystallize to microcrystalline
quartz and chalcedony. Calcite blades are completely replaced by silica in the Buckskin
National deposit, whereas calcite blades are generally not replaced at the Fire Creek
deposit. The differences in calcite replacement processes are probably caused by the

different host-rocks, hydrothermal fluid compositional pathways, and boiling history.
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FIG 80. Diagrammatic sketches of interpreted agate-forming processes from top to bottom. Spherical

layers are accumulated by surface tensional forces of colloidal particles. When these spheres are
connected, the fibrous-acicular structures appear to have filled tension cracks (red lines) and cross-

cut colloform bands (adapted from Landmesser, 1984).
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FIG 81. Photomicrograph (CL) of the Fire Creek sample showing hypothetical fibrous-acicular
structures highlighted by red lines that are perpendicular to the colloform bandings. Colloform
layers emit yellow CL color, whereas blue and dark CL colors exhibit alpha-quartz crystals.
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FIG 82. Photomicrograph (Fire Creek sample) of interlayers of alpha-quartz and recrystallized silica
colloid showing progressive growth directions of vein-forming hydrothermal fluids. Alpha-quartz
(blue colors) represent trigonal structures perpendicular to wall rocks and vein direction. Silica

colloids (yellow colors) repeatedly precipitated to form colloform layers.
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The Buckskin National veins (refers to the Bell veins) occur within Miocene
igneous rocks that vary in composition from basalt to rhyolite and hosted by rhyolite ash-
flow tuff in older age (Vanderburg, 1938; Willden, 1964; Vikre, 1985), whereas the Fire
Creek veins are hosted by basalts (Klondex Mines Ltd., 2015). These distinct magmatic
composition forming the veins are probably caused some different features in the vein
textures from the Buckskin National and Fire Creek deposits in this study. Basalts, which
have higher Ca than rhyolites, and it provides to the hydrothermal solutions that formed
calcite in the veins at the Fire Creek and Buckskin National deposits. Calcite found in the
veins can be subdivided into two features including pseudomorphs of silica after calcite
and a later stage calcite. Samples from Buckskin National exhibit only silica replacement
of bladed calcite, and no calcite is found. Moreover, the amount of the former calcite at
Buckskin National is reflectively minor compared to Fire Creek, which perhaps is related
to rhyolites being the principal wall rocks there. On the other hand, the Fire Creek deposit
is hosted by basalts, and has two abundant stages of calcite deposition. Thus, the various
epithermal vein textures and their mineral composition are likely influenced by the
composition of host-rocks formed by specific magmatism. Moreover, the occurrence or
absence of calcite, perhaps is also dependent on amount dissolved COzqj, in the
hydrothermal solutions. Loss of CO2 due to boiling can increase the pH of hydrothermal
solutions and consequently induce calcite precipitation and silica solubility, whereas low-
pH solutions in low temperature allow calcite to dissolve and is replaced by silica
(Shettel, 1974; Fournier, 1985). The processes caused by boiling and subsequent cooling

appear to control the silica vein textures that are observed on the Buckskin National and
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Fire Creek deposits, such as silica replacement textures including lattice-pseudobladed,

parallel-pseudobladed, and pseudoacicular.

Additionally, according to the XRD interpretation, truscottite peaks are not found
in the Fire Creek and Buckskin National samples. It also unclearly exhibits in the
Hishikari sample, which is previously determined that it is composed of truscottite. These
results are probably caused by lack of truscottite powder during sample preparation of
Hishikari sample. However, the XRD patterns of Fire Creek and Hishikari samples
identically exhibit peaks of quartz and calcite in different intensities. These are probably
caused by variations in the chemistry of the low-sulfidation hydrothermal fluids, which
are dependent on the magmatic or volcanic contributions to the meteoric-water
dominated ore-forming solutions, and also their respective country-rock compositions as
well as their country rocks. Otherwise, the mineral assemblages of these epithermal
deposit in Nevada and Japan are quite the same including quartz, adularia, and calcite

(Shimizu et al., 1998; Sanematsu et al., 2004; Watanabe, 2005; Shimizu, 2014).

5.2 Comparisons of Silica Textures to Sleeper, Midas, and Mule Canyon Deposits

The Sleeper deposit located 45 km northwest of Winnemucca, is similar in several
ways to the Buckskin National and Fire Creek deposits. For example, all show evidence
of the common deposition of amorphous silica to form microcrystalline textures. At the
Sleeper deposit, deposition during vein formation, which bladed calcite has been
completely replaced by silica, and thus no calcite remains. Moreover, dendritic, banded,
interconnected, and disseminated textures of precious-metal mineral are observed at the
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Sleeper deposit. From previous studies by Wood (1988), Sander and Black (1988),
Saunders (1990), Nash et al. (1991), and Saunders (1994), hydrothermal veins in the
Sleeper deposit are hosted by the upper sequence of bimodal magmatic assemblages,
which consist of rhyolite porphyry dykes, flows, and domes (as cited in Romberger,
1991). Vein textures at the Sleeper deposit commonly contain many colloform bandings
that contain bonanza ores rich in electrum. Recrystallization of opaline silica to quartz is
widely observed. The co-deposition of opal and dendritic electrum and naumannite
indicates all 3 phases were transported together in the hydrothermal solution as colloids
(Saunders et al., 2010). Silica gels and opal layers then partly crystallized to very fine-
grained jigsaw quartz. Other gangue textures also occur in the Sleeper deposit, such as
elongated quartz, euhedral quartz crystals, and chalcedonic silica, as well as pseudo-
rhombic adularia (Saunders, 1994). However, the Sleeper deposit also exhibits features
not observed at the Buckskin National and Fire Creek deposits, such as opaline bands,
and reticular quartz. As we discussed above, silica vein textures from the Sleeper deposit
are generally more similar to the Buckskin National than Fire Creek deposit. This is
probably due to the similar country-rock composition. On the other hand, the Fire Creek
deposit contains a much higher (original) calcite content than Sleeper. The Fire Creek ore
minerals include higher amount of electrum than Ag-S-Se phased minerals like at
Sleeper, whereas at Buckskin National, silver-selenides, silver-sulfides, and silver-

sulfosalts are much more common than electrum.

Hydrothermal veins from the Midas deposit are generally composed of calcite
blades, adularia, and jigsaw quartz that form a banded texture. Precious-metal minerals

including electrum, aguilarite, and naumannite occur in dark bands (Leavitt et al., 2004).
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Leavitt and Arehart (2005) also found layers of quartz, calcite, and adularia associated
with precious-metal minerals that formed in crustiform bands. Midas samples described
by Unger (2008) are used to compare to Buckskin National and Fire Creek deposits at
Midas. Silica replacement of calcite textures is commonly found as well as jigsaw quartz
in colloform-crustiform bandings. Unreplaced bladed calcite commonly remains at
Midas, and thus is similar to the Fire Creek deposit. Electrum and naumannite occur as
disseminations and dendrites within jigsaw silica at the Midas deposit. These vein
textures of the Midas deposit are similar to the Fire Creek deposit than the Buckskin

National deposit.

The close proximity of Fire Creek to the Mule Canyon deposit, with their similar
age and host-rock composition (basalts) invites a comparison of vein ores between the
two deposits. However, there are some differences in the wall rocks between the Mule
Canyon and Fire Creek deposits. In the Mule Canyon deposit, ore minerals including
electrum, Ag-selenides, and sulfide minerals were found in weakly and intensely altered
rocks with high As and Fe-oxides, but these oxidized features are not found in both Fire
Creek and Midas (Wallace and John, 1998). Gangue minerals found in Fire Creek and
Mule Canyon are similar that include adularia, quartz, chalcedony, calcite, and opal (John
et al., 2003). Moreover, the rock sequence of Fire Creek exhibits numerous joints and
faults (Kassos et al., 2015) (Fig. 12), whereas joints and faults are uncommon in the Mule
Canyon deposit (John et al., 2003). These features in Fire Creek appear to be induced by
absence or lack of extensive water-rock reactions within host-rocks, in contrast to Mule
Canyon where such reactions are extensive. Although these two deposits were formed in

the same tectonic setting, they were probably formed under different stress conditions of
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basin extensions, and then separate these deposits into two distinct systems (note: Mule

Canyon = wet condition, Fire Creek = dry condition) (A. Wallace, pers. commun., 2017).

Adularia can be found in bonanza ore veins associated with quartz and exhibit
colloform-crustiform bands in all 5 deposits considered in this study, especially in Midas,
Mule Canyon and Fire Creek deposit. Adularia occurs in the high-grade ores, colloform
quartz, opal, and chalcedony found in the Sleeper deposit (Nash et al., 1989). Samples
from the Buckskin National deposit observed in this study rarely contain adularia grains
under the microscope, yet kaolinite, which can be an alteration product of adularia, is also
found under the microscope and by the XRD method. John et al. (2003) also noted that
adularia is rare at Mule Canyon but occurs with other silicate phases in open-space filling
in the ore veins there. Adularia from the Midas deposit was also reported by Unger
(2008) as shown in Fig. 83. At Fire Creek, adularia is easily observed by cobalt-nitrite
staining, which was confirmed by the XRD, and under the microscope shows pseudo-

rhombic crystals associated with more common quartz.

On a large scale, the host-rock geology seems to be important in explaining some
differences in the low-sulfidation epithermal ores studied here. For example, Sleeper and
Buckskin National deposits are hosted primarily by rhyolitic rocks, whereas Midas, Fire
Creek, and Mule Canyon deposits occur in predominantly basaltic host-rocks.
Chalcedony and amorphous silica replaced in bladed calcite are observed in both Fire
Creek and Midas deposits, and parallel-pseudobladed textures are found in the Buckskin
National and Sleeper deposits. On the other hand, Mule Canyon and Fire Creek deposits

exhibit slightly different vein features perhaps as a result of variable amounts of meteoric
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water (e.g. precipitation) available (A.R. Wallace, pers. commun., 2017). The middle
Miocene was in general much wetter from higher amounts of precipitation than today, but
topography could have affected its availability for the hydrothermal systems (Vikre,
1987). Thus, vein textures in the deposits appear to be affected by the host-rocks

compositions, tectonic settings, and water-rock reactions.

FIG 83. Photograph and photomicrographs of samples from the Midas deposit showing adularia (A),
and bladed calcite (B and C) found in the hydrothermal veins (from Unger, 2008).

5.3 Relationships of Silica Textures and Precious-Metal Minerals

A variety of silica textures are common in the epithermal Buckskin National and
Fire Creek deposits, but only a limited number of textures are associated with precious-

metal minerals. Precious-metal minerals observed in this study include electrum, Ag-S-Se
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phases (aguilarite and naumannite), and silver-sulfides (acanthite) identified using
reflected light and its crystal habits (Fig. 84). At the Buckskin National deposit, sulfide-
minerals are also found including pyrite, pyrrhotite, chalcopyrite, sphalerite, arsenopyrite,
marcasite, stibnite and galena (Vikre, 1985). These ore minerals occur as coarse-grained
(interconnected), disseminated, sub-dendritic, and banded patterns within crystallized
colloform layers. Although colloform textures are formed by deposition of colloidal silica
particles as gels and opal, these materials are probably (re)crystallized to microcrystalline
quartz over time by episodic introduction of hydrothermal fluids. The precious-metal
minerals are also found with euhedral and elongated quartz crystals (Fig. 85). These
quartz crystals were probably (re)crystallized from amorphous silica formed by colloidal
particles that were transported upward together with precious-metal minerals from deeper
sources and deposited within the veins (Saunders et al., 2013; Shimizu and Saunders,
2013). Late calcite also encrusts the metallic minerals found in the Fire Creek deposit.
Bladed calcite appearance probably relates to boiling event occurred after the precious-
metal minerals formed (Fig. 86). Thus, precious-metal minerals clearly occur within

amorphous precursor to form colloform bands that is now jigsaw texture (Fig. 87).

Previous works by Shimizu et al. (1998) from Japanese epithermal ores and
Saunders (1994) from the Sleeper deposit, found that silica textures, which are closely
related to co-deposited precious-metal minerals, include colloform bands as primary
structures and (re)crystallized textures such as jigsaw, moss, and flamboyant. In contrast,
other silica textures such as comb, plumose, zonal, and silica replacement of bladed
calcite do not directly contain gold-silver minerals. However, these textures are still

useful for understanding the conditions of hydrothermal events such as boiling and non-
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boiling stages, composition of solutions, and relative periods of precious-metal minerals
precipitation (Moncada et al., 2012). Moreover, the Buckskin National deposit provides
many examples of silica colloidal precursors, which were co-deposited with precious-
metal minerals in veins. Additionally, opaline-silica colloform bands are also observed
together with bands of electrum and silver-minerals at the Fire Creek deposit (Fig. 88).
This observation is consistent with a previous study by Saunders (1990), who proposed
that silica and electrum colloids could both be transported by ore-forming hydrothermal

solutions in epithermal systems.

Silver minerals

|
[
i

FIG 84. Photographs of precious-metal minerals are associated within spherical colloform bands A:
Photograph showing silver-mineral band found in the Fire Creek deposit occurs with colloform
bands. B: Photograph showing mammillary-colloform layers contain clearly comb euhedral quartz
and milky quartz found in the Buckskin National deposit. Silver minerals also occur along colloform

textures.
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FIG 85. Sketch showing coarse-grained aggregates of precious-metal minerals (light grey) occur with
guartz crystals (dark grey) found in the Fire Creek deposit. These features are surrounded by

microcrystalline jigsaw quartz.

0 mm 0.05mm 0.1mm

FIG 86. Sketch of precious-metal minerals (grey) in late platy calcite (indicated by blue color) from
the Fire Creek deposit. Yellow particles indicate electrum. These features are surrounded by

microcrystalline jigsaw quartz.
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FIG 87. Sketch showing precious-metal minerals and multiple colloform bands in a high-grade
sample from the Fire Creek deposit. Each number indicates specific feature including; 1 = Large
quartz crystal, 2 = Cryptocrystalline quartz bands with disseminated electrum, 3 = Microcrystalline
quartz band slightly contains coarse-grained silver minerals, 4 = Dendritic precious-metal minerals
associated with euhedral and elongated crystals, and 5 = Jigsaw quartz disseminated by electrum

(yellow particles).
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FIG 88. Photomicrographs (crossed polars) of (re)crystallized-colloform bands A: Photomicrograph
of Buckskin National sample showing an ore-mineral-rich band is formed between microcrystalline
bands. B: Photomicrograph of Fire Creek sample exhibits opal bands interlayered with

cryptocrystalline and microcrystalline colloform layers that occur below ore-rich bands (black).
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6. CONCLUSIONS

Banded epithermal veins at the Buckskin National and Fire Creek deposits
exhibit a variety of silica textures such as colloform-crustiform-comb bands,
(re)crystallized textures, and bladed calcite pseudomorphs replaced by silica phases.
Jigsaw silica textures found in most bands are caused by (re)crystallization of
colloidal precursors such as amorphous silica, gels, opal, and cryptocrystalline silica.
Other features including comb, moss, ghost-sphere, zonal, plumose or feathery,
flamboyant, and pseudobladed structures are observed within colloform-crustiform
layers. Present-day silica textures evolved by (re)crystallization due to time,
temperature effects, and subsequent introduction of new hydrothermal solutions after
initial silica deposition. Precious-metal minerals in both deposits include electrum,
Se-bearing silver minerals such as aguilarite, naumannite, Se-rich acanthite, acanthite,
and pyrargyrite (ruby silver). The Au-Ag minerals typically occur in dendritic bands
associated with euhedral and elongated quartz or colloform silica, the latter formed by
deposition of colloidal silica particles. Precious-metal minerals also occur as
disseminated grains in the Buckskin National and Fire Creek deposits.

Although similar in many respects, there are significant differences in the
banded veins from the Buckskin National and Fire Creek deposits. Samples from the
Buckskin National deposit typically consist of quartz, kaolinite, and sericite, which
are more abundant than adularia and calcite. In contrast, Fire Creek samples are

predominantly composed of calcite, quartz, and adularia. Vein mineralogy of the two
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deposits probably reflect their respective host-rock compositions (Saunders et al.,
2008). The Buckskin National deposit is hosted by rhyolitic ash-flow tuffs, but overall
middle Miocene igneous rocks at Buckskin National deposit vary in composition from
basalt to rhyolite. In contrast, the veins from Fire Creek deposit are hosted by basaltic
to andesitic rocks including flows, tuffs, dikes, and sills.

Enigmatic fibrous-acicular textures are common in both deposits, and are
mostly observed in the colloform bands, and they appear to have a complex genesis.
In this study, samples exhibiting that texture were investigated using optical
microscope, cathodoluminescence imaging, and XRD analysis. The fibrous-acicular
structures can cross-cut several colloform bands. There are also surface tension
cracks, which possibly is not related to fibrous crystal growth. These cracks are
induced by weak intermolecular forces, which is a property of colloidal surfaces, and
hold colloidal particles together within a colloidal system. These particles then
formed initially by aggregation of silica colloids that (re)crystallized to
microcrystalline quartz and chalcedony. Alpha quartz, kaolinite, and sericite are
commonly found in these acicular cavities as probably replacing minerals, which
suggests they may have locally replaced a precursor phase or filled shrinkage cracks.
These fibrous-acicular textures do not occur in all colloform bands at the Buckskin
National and Fire Creek, suggesting that they might be caused by specific chemical
compositions of the hydrothermal fluids that formed them. Furthermore, fibrous-
acicular textures can sometimes exhibit similar features to pseudo-acicular bladed,
which is silica replacement of calcite texture, but the fibrous-acicular texture mineral
appears to have silica replaced another (unknown) mineral, and they only occur

within colloform bands.
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CL imaging is a powerful method to observe the details of silica textures and
augments standard petrography, as varying morphologies of silica phases emit
different luminescent colors. Colloform-crustiform bands observed in this study
consist of amorphous silica (yellow color emitted) interlayered with alpha-quartz
(short-lived blue color emitted). Short-lived luminescent bands can be captured using
only this hot cathode-CL technique, whereas the scanning electron microprobe-CL
cannot detect these short-lived CL emissions. Textures observed under CL system can
show original vein textures prior to (re)crystallization that cannot be seen using the
petrographic microscope, and different CL colors emitted from colloform bands
demonstrate the episodic nature of the vein-forming solutions, which formed both
alpha-quartz and silica colloids in colloform bands. Moreover, fibrous-acicular
structures and surrounded colloform textures observed under CL system were filled
and formed by different silica phases.

Comparisons of the deposits studied here to the Sleeper, Midas, and Mule
Canyon deposits indicate that vein gangue textures are generally similar, with Sleeper
most similar to Buckskin National, and Midas most similar to Fire Creek. However,
the ore mineralogy (great predominance of electrum) at Sleeper is much more similar
to Fire Creek than Buckskin National. The general origins of all four of these deposits
are probably very similar: deep basaltic magma chambers releasing Au, Ag, S, etc. to
the shallow hydrothermal system (Kamenov, 2007, Saunders et al., 2008). Thus,
differences in vein gangue textures are more likely the result of the variations in the
chemical composition of the host rocks (note: Buckskin National = rhyolites, Fire
Creek = basalts). The Mule Canyon deposit (15 km from Fire Creek deposit) is
essentially the same age and is hosted by similar composition wall rocks, but

significant differences in vein gangue and ore minerals are observed. For examples, 1)
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high As, sulfides and Fe-oxides in wall rocks at Mule Canyon but they are not
common in Fire Creek, 2) weak and highly altered host rocks in Mule Canyon, which
are absent in Fire Creek, and 3) numerous amount of joints and faults in Fire Creek
but less in Mule Canyon (John et al., 2003; Kassos et al., 2015). These discrete
differences between two deposits, which are located in the same area, are probably
caused by differing climatic conditions in the rock sequences during ore-forming
processes related to volcanic activities in northern Nevada rift.

Electrum, silver-selenides, and silver-sulfides usually occur in spherical layers
of colloform-jigsaw bands. Other textures such as comb, zonal, flamboyant, plumose,
and silica replacement textures are commonly observed in these deposits, and other
low-sulfidation epithermal deposits, but they are not useful predictors of the
occurrence of precious-metal minerals. Although gangue minerals have no economic
value, they can be used constrain the physicochemical conditions of the ore-forming
solutions, both during and subsequent to Au-Ag mineral deposition. In general, the
Buckskin National deposit and the Fire Creek deposit in northern Nevada contain
silica textures similar to other epithermal deposits including the Sleeper, Midas, and
Mule Canyon deposits in the US, Koryu and Hishikari deposits in Japan, and
epithermal deposits in Queensland, Australia. Because of complexity of hydrothermal
events and processes, these epithermal veins can exhibit variable characteristics.
Results from this study still have implications for understanding ore-forming
processes in other low-sulfidation epithermal deposits around the world.

More study of the gangue mineral textures in low-sulfidation epithermal ores
appear to be warranted to better understand the origins of the observed textures
associated with both ore-mineral deposition and also the “barren” bands that

intervene. In particular, more research is required to determine the original precursor
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and/or origin of the fibrous-acicular texture common in bonanza ores from the
Buckskin National and Fire Creek deposits. Laboratory studies should be conducted
to try to reproduce both original silica depositional features and subsequent

(re)crystallization processes.
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Appendix 1: Silica Textural Counts of the Buckskin National (BN)
and Fire Creek (FC) Samples.
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Appendix 2: The XRD Samples from the Buckskin National and Fire

Creek Deposit in Nevada, and additionally Hishikari Deposit in Japan.

Sample No.

Note

BN-1

Photograph

BN-2

Dark grey transparent
colloform layers like
smoky quart,
Petrographical details:
recrystallized and fibrous
chalcedonic textures.

BN-3

White milky colloform
layers showing jigsaw
and spherical textures.

BN-4

Fibrous-acicular
spherical colloform
bandings, some layers
include black metals.

Yellowish cream
colloform layer, soft and
loosed materials.
Kaolinite are mostly
found intergranular
among quartz under an
optical microscope.
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Sample No.

Photograph

BN-5

Note

FC-6

Fibrous-acicular
recrystallized band
including white soft and
loosed materials.

FC-7

White platy calcite with
lattice-bladed texture.

FC-8

Greenish white granular
texture of carbonates and
quartz.

White to yellowish
brown bladed calcite
formed lattice-bladed
texture. Glassy lusters

can be observed by these
blades.

Hishikari

Truscottite in the sample
are indicated by white
bladed minerals like
calcite. Radial forms are
common.
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