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Abstract: Silica sinters forming at the Wairakei geothermal power plant in New Zealand are
composed of noncrystalline opal-A that deposited rapidly from cooling geothermal liquids flashed
to atmosphere. The sinter is laminated with alternating layers of variably compacted silicified
filamentous microbes encased by chains of fused silica microspheres. Microscopic inspection of
bonanza quartz vein samples from the Buckskin National low-sulfidation epithermal precious
metal deposit in Nevada showed that colloform bands in these veins exhibit relic microsphere
textures similar to those observed in the silica sinters from the Wairakei power plant. The textural
similarity suggests that the colloform bands were originally composed of noncrystalline opal-A
that subsequently recrystallized to quartz. The colloform bands contain dendrites of electrum and
naumannite that must have grown in a yielding matrix of silica microspheres deposited at the same
time as the ore minerals, implying that the noncrystalline silica exhibited a gel-like behavior. Quartz
bands having other textural characteristics in the crustiform veins lack ore minerals. This suggests
that ore deposition and the formation of the colloform bands originally composed of compacted
microspheres of noncrystalline silica are genetically linked and that ore deposition within the bonanza
veins was only episodic. Supersaturation of silica and precious metals leading to the formation of the
colloform bands may have occurred in response to transient flashing of the hydrothermal liquids.
Flashing of geothermal liquids may thus represent a key mechanism in the formation of bonanza
precious metal grades in low-sulfidation epithermal deposits.
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1. Introduction

Low-sulfidation epithermal deposits are an important source of gold and silver. The deposits form
in the shallow (<2 km) subsurface in association with subaerial geothermal systems. Ore formation
takes place from near-neutral chloride waters at temperatures below ~300 ◦C [1–6]. The high-grade
ores of many low-sulfidation epithermal deposits are contained in quartz veins that developed along
subvertical faults [6–8]. It is well established that there is a close association between fluid immiscibility
and mineral deposition in the epithermal environment [2,3,9–14].

The quartz veins in low-sulfidation epithermal deposits exhibit a wide range of textural
characteristics [14–17]. Previous works [16,18–20] have proposed that some of the quartz textures
encountered in epithermal veins are of secondary origin and formed as a result of recrystallization
of a noncrystalline silica precursor phase. In particular, colloform quartz, which is characterized
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by the presence of continuous bands that are rounded or botryoidal, is invoked to represent a
recrystallization texture. Saunders [19,20] showed that gold in low-sulfidation epithermal quartz veins
from the Sleeper deposit in Nevada forms dendrites intergrown with fine-grained colloform quartz.
He proposed that the gold and silica were originally precipitated as colloidal particles in the deeper
part of the system and then mechanically transported upward by the ore-forming hydrothermal fluids.
The presence of sedimentary structures suggests that the silica originally deposited in the vein was
soft and gel-like. Transformation to microcrystalline quartz may have occurred under hydrothermal
conditions immediately after deposition, as suggested by experimental studies [21–24].

This study describes the textural characteristics of silica sinter formed at the Wairakei geothermal
power plant in New Zealand using a combination of optical microscopy and scanning electron
microscopy. It is shown that the noncrystalline silica sinter is composed of high-porosity opal-A
laminae formed by filamentous microbes and alternating low-porosity laminae of densely packed and
merged opal-A microspheres. The textural characteristics of the low-porosity laminae in the silica
sinter are strikingly similar to those of colloform quartz bands in bonanza ore veins from the Buckskin
National low-sulfidation epithermal gold–silver deposit in Nevada. Both silica deposits are composed
of silica microspheres and show a similar distribution of micropores between densely packed spheres.
The textural observations of the present study lend support to the hypothesis that colloform quartz
in low-sulfidation epithermal veins can indeed form through recrystallization of microspheres of a
noncrystalline silica precursor deposited during fluid immiscibility.

2. Silica Sinter from the Wairakei Geothermal Power Plant in New Zealand

2.1. Geological Background

The Wairakei geothermal field is located 8 km north of Taupo in the Taupo Volcanic Zone of North
Island, New Zealand (Figure 1a). Exploration drilling for geothermal power development at Wairakei
commenced in 1949, with development culminating in the commissioning of the Wairakei power
plant in 1958, which at the time was only the second commercial geothermal operation in the world
and the first to exploit a wet geothermal resource. Historically, Wairakei has been exploited in four
production areas (Figure 1b), with today’s installed capacity reaching in excess of ~350 MWe. A total of
54 production wells generate hydrothermal fluids at temperatures of up to ~260 ◦C. About half of the
separated water is reinjected. To the southeast, Wairakei connects to the adjacent Tauhara geothermal
field, which is currently exploited by a binary power station having an additional capacity of 28 MWe.

The Wairakei geothermal field is located over a broad, deep depression in Jurassic basement
graywacke [25] that is filled by Quaternary volcanic and sedimentary rocks [26]. The regional basement
structure [27] and basement drilling in other geothermal fields located to the northeast [28] suggest the
presence of a northeast-striking, westward-deepening basement graben beneath Wairakei [29]. Active
extension in the Taupo Volcanic Zone (2–8 mm/year) and related fault activation may be critical in
maintaining fluid pathways in the basement and the overlying volcanic and sedimentary rocks [30–33].

The Jurassic greywacke basement at Wairakei is overlain by the Tahorakuri Formation, which
is composed of thick (>650 m) pumiceous lithic tuff with intercalated partially welded ignimbrite
(Figure 1c). These deposits are overlain by the ~0.32–0.34-Ma-old, crystal-rich, moderately welded
Wairakei Ignimbrite [29,34,35]. The Wairakei Ignimbrite is of variable thickness, with one deep well
encountering a thickness of ~1000 m (Figure 1c). The overlying Waiora Formation contains the main
production aquifers of the Wairakei geothermal field. It has a minimum thickness of 400 m but
reaches up to 2100 m in thickness. The volcanic and sedimentary deposits of the Waiora Formation
are host to several large rhyolite units which have high fracture permeability in their brecciated
margins (Figure 1c). The top of the Quaternary volcanic and sedimentary succession at Wairakei
consists of the Huka Falls Formation and superficial deposits (Figure 1c). The Huka Falls formation
comprises up to 300-m-thick lacustrine sediments and water-deposited tuffs that were accumulated in a
long-lived shallow lake stretching northeastward for over 50 km from modern Lake Taupo. Superficial
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deposits include young pyroclastic fall and flows as well as their sedimentary and pedogenetic
derivatives [29,34].
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indicates alteration temperatures <140 °C [37]. Propylitic alteration is the predominant alteration style 
below the argillic cap. Epidote occurs in small veins but is more common as a pervasive replacement 
of primary feldspars and other phenocrysts. The presence of wairakite in the propylitic-altered rocks 
indicates alteration temperatures of above 210 °C [37,38]. The highest rank alteration assemblage 
recognized at Wairakei includes wairakite, epidote, and prehnite, indicating that alteration occurred 
at temperatures above 240–280 °C [34]. 

2.2. Silica Deposits 

At the Wairakei geothermal field, silica sinter is formed at a high-temperature (~99 °C) outlet 
sourced from flash plant 14 and feeds the bathing pool known as Honeymoon Pool. At the outlet, the 
geothermal liquid is flashed to atmosphere and ponds in a steel-lined concrete pool, referred to as a 
weirbox, that drains into a small channel. The silica sinter forms several centimeters thick crusts at 
the bottom and walls of the pool and around the inlet pipe (Figure 2a). Within the channel, tens of 

Figure 1. Wairakei geothermal field in New Zealand. (a) Map of North Island, New Zealand.
The locations of the Taupo Volcanic Zone and the Wairakei geothermal field are highlighted. (b) Map of
electrical resistivity (in Ωm) in the Wairakei geothermal field (modified from Hunt [36]). (c) Geological
interpretation of structural elements at the Wairakei geothermal field based on well stratigraphy and
seismic reflection data (modified from Rosenberg et al. [34]). The location of the section is given in
B. No vertical exaggeration. Ta = Tahorakuri Formation; Wk = Wairakei Ignimbrite; Wa = Waiora
Formation; HFF = Huka Falls Formation; S = Surficial deposits; mRL = meters above sea level.

Hydrothermal alteration of the volcanic and sedimentary succession at Wairakei in general
increases in rank and intensity with increasing depth [34]. Argillic alteration characterized by the
presence of smectite and minor illite/smectite is found in near-surface units. The presence of smectite
indicates alteration temperatures <140 ◦C [37]. Propylitic alteration is the predominant alteration style
below the argillic cap. Epidote occurs in small veins but is more common as a pervasive replacement
of primary feldspars and other phenocrysts. The presence of wairakite in the propylitic-altered rocks
indicates alteration temperatures of above 210 ◦C [37,38]. The highest rank alteration assemblage
recognized at Wairakei includes wairakite, epidote, and prehnite, indicating that alteration occurred at
temperatures above 240–280 ◦C [34].

2.2. Silica Deposits

At the Wairakei geothermal field, silica sinter is formed at a high-temperature (~99 ◦C) outlet
sourced from flash plant 14 and feeds the bathing pool known as Honeymoon Pool. At the outlet, the
geothermal liquid is flashed to atmosphere and ponds in a steel-lined concrete pool, referred to as a
weirbox, that drains into a small channel. The silica sinter forms several centimeters thick crusts at
the bottom and walls of the pool and around the inlet pipe (Figure 2a). Within the channel, tens of
centimeters thick silica deposits have formed (Figure 2b). The channel is cleaned out on a regular
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basis to maintain downhill flow. Representative sampling of the silica sinter formed in the steel-lined
concrete pool was conducted in 2017.

Macroscopically, the sampled silica sinter is layered and consists of alternating laminae of
3–12-mm-thick highly porous and friable white silica showing palisade textures and 1–2-mm laminae
of nonporous, smooth silica that is slightly gray, vitreous, and translucent. The white silica laminae
with palisade textures locally show patchy overprints where the silica is vitreous in hand specimen.
The alternating laminae having different textures are wavy on the hand specimen scale and are laterally
continuous over tens of centimeters (Figure 2c).
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Figure 2. Photographs of silica sinters formed at the Wairakei power plant, New Zealand. (a) High-
temperature (~99 ◦C) outlet at flash plant 14. The geothermal liquid is flashed to atmosphere and ponds
in a steel-lined concrete pool. (b) Drainage channel that is partially filled with silica sinter formed from
the cooling geothermal liquid. (c) Hand specimen of silica sinter showing alternating laminae of highly
porous and friable white silica with palisade textures (Pa) and nonporous, smooth silica laminae that
are gray, vitreous, and translucent (Vi).

2.3. X-ray Diffraction Analysis

The sampled silica sinter was cut to be able to better trace the alternating bands of white and
gray silica. Using a dentist drill, both types of bands were sampled. The obtained material was
powdered and then analyzed by X-ray diffraction analysis. Step-scan XRD data (15–50◦2θ, 0.02◦2θ step
width, 1.0◦2θ/min) of the powdered material were obtained using a Scintag XDS-2000 theta/theta
diffractometer with a 2.2-kW sealed copper radiation source. An accelerating voltage of 40 kV was
used, with a filament current of 40 mA and 0.5 and 0.3 mm of receiving slits.

The XRD patterns of both sinter bands are typified by broad diffraction bands. The highly porous
and friable white silica showing palisade textures gave a diffraction band centered on 22.8◦2θ (3.90 Å)
with a full-width-at-half-maximum value of 4.7 ∆◦2θ (0.80 ∆d Å). The nonporous, smooth silica
shows a diffraction band centered on 21.7◦2θ (4.01 Å) with a full-width-at-half-maximum of 5.8 ∆◦2θ
(1.10 ∆d Å). The diffraction experiments indicate that both types of laminae are composed of opal-A.
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2.4. Water Content

The water content of the silica sinter from the Wairakei power plant was determined by gravimetry.
A powdered aliquot of the silica sinter was dried at 105 ◦C overnight. The sample experienced a weight
loss of 2.46 wt. %, which is interpreted to represent water absorbed by the noncrystalline material.
Following further heating at 950 ◦C for 12 h, the sample experienced an additional weight loss of
5.64 wt. %.

2.5. Textural Characteristics

In thin section, the silica sinter is composed of variably compacted silica laminae. The highly
porous and friable white silica laminae showing palisade textures are composed of erect, silicified
filamentous microbes that range from 10 to over 300 µm in length and are 2–5 µm in diameter. Complex
arrays of subparallel to slightly radiating, connected, and twisted filaments define the palisade texture
visible in hand specimen (Figure 3a). Arrays of oriented filaments are connected by randomly oriented
filaments forming a spider’s web-like texture that exhibit incomplete framework patterns (Figure 3b).
Cauliflower-like patterns are locally present. Individual filaments of the filamentous microbes are
composed of heavily included, cloudy cores that are surrounded by a shell of fused microspheres of
opal-A. The filaments are locally overgrown or cemented by globular aggregates composed of 20–50
individual silica spheres. These spheres are approximately 1–2.5 µm in diameter, with some being
<1 µm in size.
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Figure 3. Transmitted light photomicrographs of silica sinter textures from the Wairakei geothermal
power plant, New Zealand. (a) Palisade texture comprised of arrays of parallel silicified filamentous
microbes. (b) Spider’s web-like texture comprised of arrays of parallel silicified filamentous microbes.
(c) Low-magnification image showing areas of compacted and noncompacted global aggregates
composed of opal-A. (d) High-magnification image of compacted microspheres and globular aggregates.
The outlines of the microspheres are highlighted in some cases by void space that appears dark.
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The nonporous, smooth silica laminae that are gray, vitreous, and translucent in hand specimen
are compositionally similar to the highly porous and friable silica laminae. However, the silicified
filamentous microbes are densely packed and cemented together by globular aggregates of opal-A
microspheres (Figure 3c). Dense vitreous silica layers are present that are composed of closely
packed and fused silica spheres. In the vitreous silica layers, only faint outlines of the former
opal-A microspheres can be recognized as the void space between the microspheres appears dark
in plane-polarized light (Figure 3d). The compacted silica laminae contain small plant fragments
and abundant Pinus pollen. The bisaccate pollen grains measure about 80–90 µm, with the pollen
grain body measuring approximately 50–60 µm. The Pinus pollen most likely derived from the pine
plantations (Pinus radiata) surrounding the sampling site at the Wairakei geothermal power plant.
The pollen grains are overgrown and cemented by aggregates of microspherical opal-A.

Small pieces of the silica sinter were mounted on aluminum stubs and carbon coated for scanning
electron microscopy. Imaging of small-scale textural relationships was conducted using a TESCAN
MIRA3 LMH Schottky field-emission scanning electron microscope in secondary electron mode.
A working distance of 12 mm and an acceleration voltage of 15.0 kV were used.

Scanning electron microscopy showed that the silicified filamentous microbes are composed of
chains of fused silica microspheres. The chains can be subparallel or form spider’s web structures
as observed in thin section (Figure 4a,b). The filaments are overgrown by individual microspheres
or globular groups of microspheres (Figure 4a). High-resolution imaging showed that the spheres in
these globular aggregates are connected by small connection pads that consist of silica nanospheres
(Figure 4c). These connection pads are visible where a microsphere has separated from the globular
aggregate. In areas of low porosity, massive zones of silica occur that consist of fused microspheres.
Locally present void space defines the outline of fused microspheres in these areas (Figure 4d).
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Figure 4. Scanning electron images of silica sinter from the Wairakei geothermal power plant,
New Zealand. (a) Complex arrays of silicified filamentous microbes consisting of subparallel filaments.
The silicified filamentous microbes are overgrown by globular aggregates consisting of a large number
of individual silica spheres. (b) Spider’s web-like structure consisting of silicified filamentous microbes.
(c) Cluster of silica microspheres. Individual spheres are connected by pads consisting of small
silica microspheres. (d) Fused silica microspheres. Note the shape of the voids between the fused
silica microspheres.
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3. Epithermal Veins from the Buckskin National Deposit in Nevada

3.1. Geological Background

The Buckskin National deposit is located at the National district of Humboldt County, Nevada [39–42].
The deposit was mined intermittently from 1906 to 1941, yielding 24,000 ounces of gold and 300,000
ounces of silver from 34,000 tons of ores. The mine was developed on a bonanza-type, low-sulfidation
epithermal vein referred to as the Bell vein [40].

Located on the eastern slope of Buckskin Mountain, the Buckskin National deposit is hosted by
~700-m-thick succession of Early Miocene (16.57 ± 0.03 to 16.11 ± 0.03 Ma; [42]) massive rhyolite and
associated volcaniclastic facies (Figure 5). The top of Buckskin Mountain is capped by a 30-m-thick
carapace of finely laminated silica sinter and silicified epiclastic deposits. The reddish to gray-black
silica sinter cropping out in an area that is 420 × 230 m in size contains high Hg concentrations [42,43].
The silicified epiclastic deposits are stratified and are moderately to well-sorted. Individual beds range
from several millimeters to centimeters in thickness. Bedding in the epiclastic rocks dips 15–20◦ to the
northeast [42].

Minerals 2018, 8, x FOR PEER REVIEW  7 of 18 

 

3. Epithermal Veins from the Buckskin National Deposit in Nevada 

3.1. Geological Background 

The Buckskin National deposit is located at the National district of Humboldt County, Nevada  
[39–42]. The deposit was mined intermittently from 1906 to 1941, yielding 24,000 ounces of gold and 
300,000 ounces of silver from 34,000 tons of ores. The mine was developed on a bonanza-type,  
low-sulfidation epithermal vein referred to as the Bell vein [40]. 

Located on the eastern slope of Buckskin Mountain, the Buckskin National deposit is hosted by 
~700-m-thick succession of Early Miocene (16.57 ± 0.03 to 16.11 ± 0.03 Ma; [42]) massive rhyolite and 
associated volcaniclastic facies (Figure 5). The top of Buckskin Mountain is capped by a 30-m-thick 
carapace of finely laminated silica sinter and silicified epiclastic deposits. The reddish to gray-black 
silica sinter cropping out in an area that is 420 × 230 m in size contains high Hg concentrations [42,43]. 
The silicified epiclastic deposits are stratified and are moderately to well-sorted. Individual beds 
range from several millimeters to centimeters in thickness. Bedding in the epiclastic rocks dips 15–20° 
to the northeast [42]. 

 
Figure 5. Geological map of the National district, Nevada (modified from Vikre [40]). The location of 
the Buckskin National deposit is highlighted. 

The silica sinter cropping out on Buckskin Mountain represents the surface expression of the 
hydrothermal system that formed the low-sulfidation epithermal deposit. The Bell vein strikes N-S 
and dips 75° to the west. The vein has an average thickness of 1.8 m. Mining of the Bell vein has 

Figure 5. Geological map of the National district, Nevada (modified from Vikre [40]). The location of
the Buckskin National deposit is highlighted.

The silica sinter cropping out on Buckskin Mountain represents the surface expression of the
hydrothermal system that formed the low-sulfidation epithermal deposit. The Bell vein strikes N-S
and dips 75◦ to the west. The vein has an average thickness of 1.8 m. Mining of the Bell vein has
occurred over a strike length of 1.3 km [40]. Based on drilling, the vein is known to extend to a depth
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of at least ~790 m below the paleosurface [42]. The Bell vein consists primarily of quartz with adularia
being the second most abundant gangue mineral. 40Ar/39Ar dating of adularia yielded an age of
16.06 ± 0.03 Ma [42]. Bladed calcite replaced by quartz is locally present. The main ore minerals include
electrum, acanthite, miargyrite, pyrargyrite, aguilarite, clausthalite, naumannite, arsenopyrite, galena,
pyrite, marcasite, sphalerite, and tetrahedrite. Stibnite is present in the vein within ~150 m below the
paleosurface [40,42]. Fluid inclusion studies showed that most of the gold and silver in the Bell vein
was precipitated at 200–250 ◦C [40,42]. Gangue mineral textures suggest that the hydrothermal liquids
experienced phase separation during vein formation [40,42].

3.2. Bonanza-Type Quartz Veins

Vein textures were studied in 40 samples archived at the Colorado School of Mines as well as
new samples collected from the waste dumps of the former Buckskin National mine in 2016. The vein
samples are symmetrically or asymmetrically banded in hand specimen. Most bands are crustiform,
consisting of alternating layers of quartz showing subtle differences in textures, colors, and grain sizes
as described below. The layers are colorless, milky, or yellowish-cream to grayish-black in color and
1–5 mm in thickness (Figure 6). In addition to the crustiform bands, bands of massive gray quartz or
euhedral quartz crystals occur in some samples. The centers of the veins are sutured or vuggy.
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Figure 6. Photographs of crustiform quartz veins from the Buckskin National deposit in Nevada.
The samples are characterized by the presence of colloform quartz layers that have spherical, botryoidal,
reniform, or mammillary surfaces. Note that ore minerals only occur in some of the colloform bands
while layers showing other quartz types are barren. Gq = dark gray quartz that hosts abundant
ore minerals; Pq = pink quartz containing abundant adularia that is largely replaced by muscovite;
Qcf = colloform quartz; Qcf−m = colloform-mosaic quartz; Qfb−m = quartz showing fibrous or
mosaic microtextures.

3.3. X-ray Diffraction Analysis

Using a dentist drill, one of the colloform bands in a bonanza-type quartz vein from the Buckskin
National deposit was sampled. The obtained material was powdered using a mortar and pestle and
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used for X-ray diffraction analysis. Step-scan XRD data (5–60◦2θ, 0.02◦2θ step width, 1.0◦2θ/min) were
obtained using a Scintag XDS-2000 theta/theta diffractometer with a 2.2-kW sealed copper radiation
source. An accelerating voltage of 40 kV was used, with a filament current of 40 mA and 0.5 and
0.3 mm of receiving slits. Peak-matching revealed that the colloform band is entirely composed of
quartz. In addition to quartz, the sample contained small amounts of K-feldspar and muscovite.

3.4. Quartz Textures

Petrographic inspection on thin sections using an Olympus BX51 microscope showed that
individual layers in the crustiform bands of the bonanza vein samples exhibit a wide range of textural
characteristics. Following Dong et al. [16], the observed quartz textures can be classified as being
primary growth textures, recrystallization textures, and replacement textures.

Colloform quartz represents the most common primary growth texture. Colloform bands are
most commonly asymmetrical with their spherical, botryoidal, reniform, or mammillary surfaces
pointing towards the center of the veins. The layers are laterally continuous and typically 1–5 mm in
thickness. Within the colloform bands, the quartz typically appears murky or cloudy and sometimes
is almost opaque in thin section (Figure 7a). Optical microscopy at high magnification shows that
the dark appearance of the quartz is related to the presence of myriads of micropores (Figure 7b).
Under crossed-polarized light, the fine-grained colloform quartz shows a mosaic texture consisting of
anhedral quartz grains having irregular and interpenetrating grain boundaries (Figure 7c). Microscopy
on ultra-thin (15 µm) sections shows that the dark quartz with the micropores is composed of
globular aggregates that are 20–30 µm in size (Figure 7b,d). These globular aggregates are composed
of fused microspheres that are 1–3 µm in size. The micropores between these microspheres and
between the globular aggregates have sichel-like shapes or are irregular and interconnected with
concave boundaries.

In addition to the colloform quartz, chalcedonic quartz occurs in the vein samples. The chalcedonic
quartz forms spherical, botryoidal, reniform, or mammillary layers that are texturally not unlike the
colloform quartz composed of compacted microspheres. However, chalcedonic quartz is composed
of radiating and sheaf-like bundles of microfibers. The chalcedonic layers show a fibrous extinction
in crossed-polarized light. Based on the observed interference color, the chalcedony fibers are both
length-fast and length-slow. The chalcedonic quartz is transparent in thin section and lacks the
abundant micropores that are characteristic of the colloform quartz layers.

Moss and comb quartz represent other common primary growth texture present in the veins
from the Buckskin National deposit. The moss quartz consists of groups of spheres that are 0.1–1 mm
in size. The moss-like aggregates include radiating and concentric patterns of fine-grained quartz.
The moss-like quartz is commonly coated by multiple thin colloform quartz layers. Comb quartz is
composed of 0.5–1 mm large euhedral crystals. The quartz crystals form parallel or subparallel clusters
and can exhibit radial patterns. Near the center of the veins, the euhedral quartz crystals can project
into open space. Layers of comb quartz are commonly overgrown by colloform quartz layers.

The crustiform bands in the vein samples from the Buckskin National deposit contain a range
of textures interpreted to be related to the recrystallization or replacement of primary textures.
All samples collected contain mosaic quartz, which consists of anhedral grains that have irregular and
sutured grain boundaries. The texture can be best identified in crossed-polarized light. The anhedral
grains are 0.01–0.1 mm in size. Sericite and kaolinite locally are present along the grain boundaries.
Mosaic quartz overprints primary growth textures, including colloform and moss quartz which can
be recognized in plane-polarized light despite the recrystallization. Other recrystallization textures
identified include feathery and flamboyant quartz. In addition, replacement textures recognized in the
quartz veins from the Buckskin National deposit include lattice-bladed, ghost-bladed, parallel-bladed,
and pseudo-acicular textures. These textures are interpreted to have formed through complete
replacement of calcite by quartz.
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Precious metal minerals in the vein samples at the Buckskin National deposit primarily occur
within the colloform bands. Most abundant are naumannite dendrites that point toward the center of
the veins. Electrum is less abundant and typically occurs as inclusions in naumannite. Pyrargyrite
locally forms part of the naumannite dendrites [44–46].
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Figure 7. Transmitted-light photomicrographs of colloform banding in bonanza-type quartz veins from
the Buckskin National deposit, Nevada. (a) Low-magnification image showing a colloform quartz layer.
(b) Low-magnification image of a colloform quartz layer consisting globular aggregates. Picture was
taken on an ultra-thin section. (c) Same low-magnification image in crossed-polarized light. The quartz
shows a mosaic texture. (d) High-magnification image of globular aggregates consisting of fused
microspheres. The large number of micropores located between the microspheres gives the quartz a
dark appearance.

4. Discussion

4.1. Formation and Recrystallization of Noncrystalline Silica in Modern Sinter Deposits

The sinter studied from the Wairakei geothermal power plant in New Zealand represents a
young and highly immature silica deposit that is entirely composed of opal-A. Opal-A represents a
noncrystalline hydrated silica phase. Opal-A is noncrystalline as it lacks long-range order [47]. Water is
present as absorbed water or forms internal or surface silanol groups [47–49].

Young silica sinters from geothermal areas worldwide consist primarily of opal-A and have
similar textural characteristics to those observed in the samples investigated here [50–56]. Smith et
al. [57] studied silica deposits sampled from the discharge drain of the Wairakei geothermal power
station and the silica sinter terrace of the Orakei Korako geothermal field in New Zealand. Opal-A
textures observed included densely packed silica filaments, tangled chains of coalesced spheres
forming closely packed mats of silica filaments, and twisted, helical strands of silica. Similar to the
present study, opal-A from the Geysir geothermal area in Iceland occurs as featureless low-porosity
opal-A laminae that alternate with high-porosity laminae composed of vertical or near-vertical silicified
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filamentous microbes [58]. The low-porosity laminae were formed of polymerized opal-A microspheres,
with porosity being controlled by sphere packing and the amount of opal-A cement. Filamentous
microbes were found to have outer mammillary surfaces that are smooth and featureless [58].

Previous studies on silica sinters have shown that the thermodynamically unstable opal-A matures
and transforms over time, forming thermodynamically more stable paracrystalline [47] opal-CT,
then opal-C, and ultimately blocky, microcrystalline quartz [51,54,55,59–63]. In the case of the Taupo
Volcanic Zone in New Zealand, microcrystalline quartz becomes a common phase in silica sinters older
than ~20,000 years [51]. Temperature, groundwater interaction, water chemistry, and other environmental
factors represent important variables controlling the maturation time of silica sinters [58,64].

The transformation from opal-A to opal-CT is typically accompanied by textural
changes [51,54,55,58,59], although the mineralogical changes may outpace textural maturation [63,65].
Opal-CT commonly forms lepispheres that are similar in size to the opal-A microspheres [51,54–56,58,59].
For instance, opal-CT at the Geysir geothermal area in Iceland forms <1-µm lepispheres that are
composed of arrays of loosely packed intersecting thin plates or clusters of tightly packed plates.
The plates commonly have hexagonal shapes. In addition to lepispheres, opal-CT sometimes also
forms complex three-dimensional spindle and barrel frameworks [58]. The transition from opal-A to
opal-CT most likely occurs through a dissolution–reprecipitation process [58,62,63].

Continued maturation to opal-C and quartz is commonly associated with another major
change in microtextures [51,55,59,62]. At the Roosevelt Hot Springs in Utah, this transition involved
a reorganization from blades into elongate, randomly oriented nanorods or blocky aggregates.
Diagenetic quartz forms small euhedral crystals oriented parallel to the sinter surface [62]. In addition
to opal-C and quartz, moganite can occur in mature sinters [60].

The textural characteristics of opal-CT and opal-C have not been observed in the silica sinter
samples investigated from the Wairakei geothermal power plant, confirming that textural maturation
of the young deposits has not yet commenced. Smith et al. [57] also showed that silica deposits
of up to 2 years in age sampled at the discharge drain of the Wairakei power plant still consist of
opal-A, although aging could be demonstrated based on the width of the opal-A band measured in
XRD patterns.

4.2. Preservation of Textural Features in Fossil Silica Sinters

Despite textural changes associated with the transition from thermodynamically unstable opal-A
to thermodynamically stable quartz with time, fossil sinters preserve a wide range of textural
characteristics. Fossil sinters have been recognized throughout geological time, with the oldest being
Archean in age [66].

Devonian sinter deposits in Aberdeenshire in Scotland [67] showing massive, vuggy, laminated,
lenticular, nodular, and brecciated textures contain abundant silicified plant material. Devonian–
Carboniferous sinters of the Drummond Basin in Australia exhibit a wide range of microfacies ranging
from high-temperature apparently abiotic geyserites through various forms of stromatolitic sinters
to ambient temperature marsh deposits. The sinters contain well-preserved microfossils including
cyanobacterial sheaths [68,69]. A detailed study on Jurassic sinters in the Deseado Massif of Argentina
showed that these deposits contain small-scale stromatolitic columnar structures, molds of stems and
roots of plants, and desiccation cracks [70].

Upper Miocene to Pliocene Waitaia sinter on the east Coromandel Peninsula is the oldest
known sinter deposit in New Zealand. The sinter exhibits plant-rich and plant-poor facies as well as
detrital-rich vitreous and detrital-rich brecciated facies. In places, the silica sinter is interbedded with
swamp deposits. Snails trapped in the sinter have become silicified [55]. The lower to mid-Pliocene
Whenuaroa sinter of the Puhipuhi geothermal field in Northland, New Zealand exhibits stromatolitic
facies including columnar structures and palisade mats. Quartz and moganite occur as microspheres
that represent pseudomorphs of a noncrystalline precursor phase [55,61].
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Preservation of delicate macroscopic and microscopic textures in fossil sinters enables their
identification in ancient volcanic successions. Information on the presence and location of fossil sinters
is used in mineral exploration to locate low-sulfidation epithermal vein deposits and to constrain the
location of the paleowater table at the time of mineralization [7,71]. The presence of relic microspherical
textures proves that these deposits formed by processes analogous to modern sinters associated with
active geothermal systems, which originally involved the precipitation of opal-A that subsequently
recrystallized to quartz through intermediate, metastable silica phases such as opal-CT.

4.3. Formation and Recrystallization of Noncrystalline Silica in Epithermal Veins

This study shows that some colloform quartz bands in the vein samples from the Buckskin
National deposit in Nevada are composed of mosaic quartz that locally preserves densely packed
microspheres texturally resembling those observed in the sinter samples from the Wairakei geothermal
power plant in New Zealand. Based on the textural similarity, these microspheres are interpreted to
have been originally composed of a noncrystalline silica phase.

This interpretation is consistent with previous works focusing on the ore mineralogy of deposits
in the same district. Lindgren [39] described the occurrence of gold at the National deposit and
noted that the gold forms elongated rod-like or club-like aggregates that are up to 3 mm in length.
The gold aggregates commonly resemble dendrites. He suggested that the gold formed in a yielding
medium, implying that the surrounding silica originally was gelatinous mass that slowly crystallized
to a fine-grained quartz aggregate subsequent to gold deposition. Lindgren [39] also pointed out
that the dendritic nature of the gold must represent a primary growth texture and that the gold
and the surrounding silica mass must have been deposited at the same time. Detailed petrographic
investigations by Saunders et al. [44,45] and Saunders [46] showed that naumannite in bonanza vein
samples from the nearby Buckskin National deposit forms dendritic aggregates pointing towards
the center of the veins. The naumannite dendrites probably formed by a similar process as the gold
dendrites described by Lindgren [39].

The noncrystalline silica precursor to the colloform bands may have been similar in nature to gel-like
silica deposits recovered after a hydrothermal eruption at Porkchop Geyser in Yellowstone [72,73].
Porkchop Geyser was the site of a small eruption in 1989. Ejected blocks were coated by a siliceous
gel-like material that was up to 1-cm thick and showed botryoidal textures. Within several days of the
eruption, the gelatinous material hardened and became no longer pliable [72,73].

Although the colloform bands in the vein samples from Buckskin National may originally have
been composed of noncrystalline opal-A, they today consist entirely of quartz, as confirmed by the XRD
experiments. In the vein material investigated, areas showing densely packed microspheres can only
locally be recognized through optical microscopy. Under crossed-polarized light, the microspheres are
not isotropic, confirming that they are no longer composed of a noncrystalline silica phase. The silica
in the vein samples from Buckskin National has fully matured. This maturation process may have
involved the formation of intermediate, metastable silica phases such as opal-CT. Investigations by
Saunders [19] showed that silica in colloform bands in bonanza-grade samples from the Sleeper deposit
in Nevada are virtually isotropic and XRD investigations confirmed the presence of opal-CT. The silica
in the vein material from this low-sulfidation epithermal deposit has not been fully transformed to
quartz. The degree of maturation may perhaps be related to the evolution of the hydrothermal system
following silica deposition. Laboratory studies show that transformation of opal-A to quartz under
hydrothermal conditions may occur within days to months [21–24].

In the samples investigated, quartz formed through recrystallization of the noncrystalline
precursor phase in the colloform bands is mostly characterized by a mosaic texture, which can be
easily recognized under crossed-polarized light. This texture is characterized by highly irregular
and interpenetrating grain boundaries. In chert, mosaic textures are known to develop as a result
of recrystallization from a noncrystalline silica precursor [74]. A similar origin has been inferred for
mosaic quartz in epithermal veins [14,19,20,75].
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4.4. Implications for Ore-Forming Processes

The observation that colloform banding exhibiting relic microspheres in the veins at the
Buckskin National was originally composed of compacted and merged sphere-like aggregates of a
noncrystalline silica precursor phase is in agreement with previous observations by Saunders [19,20] on
bonanza-type vein material from the Sleeper deposit in Nevada. Based on careful textural observations,
Saunders [19,20] showed that mineralized colloform bands in this deposit formed from coagulated
silica. In contrast to this colloform quartz, bands composed of other textural types of quartz are barren.
Similarly, Sherlock and Lehrman [76] demonstrated that colloform bands in crustiform veins from the
McLaughlin deposit in California consist of compacted microspheres of quartz that formed through
recrystallization of a noncrystalline silica precursor phase. The bands contain gold as dendrites or
as particles that are concentrated in the interstitial space between the microspheres. At Guanajuato
in Mexico, gold grades correlate with quartz vein textures, with the highest gold grades occurring
in samples containing abundant colloform bands [14]. At the Koryu deposit in Japan, Shimizu [17]
also demonstrated that colloform bands are the main host to precious metal minerals. The evidence
available from these deposits collectively suggests that the formation of colloform bands originally
composed of noncrystalline silica is directly related to the process of precious metal deposition in
epithermal vein deposits.

In epithermal systems, silica supersaturation with respect to quartz leading to the deposition
of opal-A can be accomplished as a result of fluid immiscibility [77,78]. Fluid inclusion evidence
from Buckskin National in Nevada [40,42], Sleeper in Nevada [79], McLaughlin in California [76,80],
Guanajuato in Mexico [14,81], and Koryu in Japan [17] is interpreted to indicate that phase separation
of the hydrothermal liquids occurred during vein formation, even though the exact conditions of
noncrystalline silica deposition cannot be ascertained due to the lack of primary fluid inclusions in the
colloform bands composed of relic microspheres. Additional evidence for the occurrence of boiling
at these deposits includes the presence of platy calcite which is replaced by quartz pseudomorphs
(cf. [11]).

Moncada et al. [14] suggested that two end-member types of fluid immiscibility can be
distinguished in epithermal systems based on the “intensity” of vapor production. During “gentle”
boiling, a small proportion of the hydrothermal liquid is converted to vapor as the ascending
hydrothermal liquid intersects the liquid plus vapor coexistence boundary. The small amount of
vapor produced this way rises slowly through the fracture network. The remaining liquid cools as a
result of boiling and continues to rise in the presence of vapor. During “violent” boiling, referred to as
flashing, vapor is produced due to near-instantaneous vaporization of a large amount of hydrothermal
liquid. This process may occur in response to a seismic event or dike-induced faulting [8]. Propagation
of vaporstatic conditions in the fracture will cause any liquid present at depth or within the surrounding
wall rock to flash to vapor [82]. Flashing may be associated with the formation of extensive zones of
brecciation at depth. Hydrothermal eruption craters may develop at surface [83–86].

Flashing of the hydrothermal liquids would result in the near-instantaneous deposition of silica,
as silica solubility in the vapor phase is significantly lower than in the liquid. The colloform bands
composed of compacted silica microspheres may record such events of transient fluid flashing as
extreme silica supersaturation with respect to quartz could be easily achieved by this process [82].
This conclusion is consistent with the observation that fluid inclusion evidence for gentle boiling can
be recognized in a range of different textural types of quartz, many of which are not directly associated
with ore minerals [14].

Deposition of noncrystalline silica in the veins may be concomitant with the formation of the
precious metal minerals because flashing results in the preferential partitioning of H2S into the vapor
phase, reducing the amount of H2S in solution in the coexisting liquid [9]. This process of metal
deposition is observed in modern geothermal systems where sharp decreases in pressure occur such
as on back-pressure plates in surface pipes of geothermal power plants [9]. Sanchez-Alfaro et al. [87]
showed that flashing is a more effective mechanism of gold precipitation than gentle boiling.
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4.5. Exploration Implications

The textural observations on crustiform quartz vein samples from the Buckskin National deposit in
Nevada suggest that the precious metal minerals are primarily contained in colloform bands containing
relic silica microspheres. Delicate intergrowth between the ore minerals and the microspherical silica
in these bands [45–47] strongly supports the hypothesis that deposition of both were caused by the
same process and flashing of the hydrothermal fluids represents the most likely process allowing rapid
codeposition. Therefore, textural analysis on epithermal veins could be used to identify hydrothermal
systems that underwent transient periods of fluid flashing. These systems are likely to be associated
with veins having high gold grades, as fluid flashing represents the most efficient process of gold
deposition in the epithermal environment [9,87]. Conversely, hydrothermal systems in which fluid
ascent is only accompanied by gentle boiling or cooling (cf. [13,75]) are more likely to form lower-grade
precious metal vein deposits.

The conclusion that gold precipitation in bonanza-type low-sulfidation epithermal deposits is
linked to fluid flashing also has implications for the depth at which economic ore zones can be expected
to occur below the water table. In systems experiencing transient fluid flashing, the depth at which
the first gentle boiling occurs does not represent the main control on the location of the ore zone
(cf. [12,88]). The ore zone will occur at the depth at which fluid flashing has occurred causing gold
supersaturation or, alternatively, at a shallower depth if colloidal precious metals are mechanically
transported upward during the flashing event. This has significant implications for the design of
drilling programs aimed at finding high-grade ore zones in low-sulfidation epithermal vein systems.

5. Conclusions

Textural comparison between silica sinters from the Wairakei geothermal power plant in New
Zealand and bonanza vein samples from the Buckskin National deposit in Nevada revealed that the
precipitation of noncrystalline silica in hydrothermal systems can occur over a range of temperatures
and pressures. Precipitation in the low-temperature surface environment occurred in response to
rapid cooling (<100 ◦C) of the hydrothermal liquid flashed to atmospheric pressure. Deposition
of noncrystalline silica in hydrothermal veins took place as a result of rapid pressure changes
causing near-instantaneous vaporization of a large amount of hydrothermal liquid at temperatures
of 200–250 ◦C at several hundred meters below surface at subhydrostatic conditions (<15.5–40 bar).
In both cases, rapid deposition inhibited quartz precipitation resulting in a high degree of silica
supersaturation with respect to quartz in the hydrothermal fluids.

The observation that mineralized bands in bonanza veins from the Buckskin National deposit
in Nevada were originally composed of a noncrystalline silica precursor has significant implications
for the understanding of ore-forming processes in the epithermal environment and the design of
exploration strategies for low-sulfidation epithermal veins. The results of this study suggest that
supersaturation of silica and precious metals only occurred episodically, as other texturally distinct
quartz layers in the crustiform veins lack ore minerals. Transient flashing of the hydrothermal liquids,
which may be seismically induced, represents a key mechanism in the formation of bonanza grades in
the hydrothermal veins. Ores may form at the depth of flashing or closer to the water table, as colloidal
precious metals may have been mechanically transported upward during flashing.
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