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ABSTRACT

Epithermal deposits are an important source of precious metaferimaat shallow
depth by subaerial hydrothermal systems. This study aimed to unrapebtiesses that
result in the formation of high grades in these deposits throughdkituestigations on
epithermal veins.

High-grade vein ores in low-, intermediate-, and high-sulfidation epiledeposits
are typically hosted in specific colloform bands. The ore min&vats dendritic aggregates
that are hosted by a matrix that originally consisted of opal-A isigosvmicrospherical
texture. The opal-A was originally gel-like and could be shaped by thaudydaction of the
hydrothermal fluids. The opal-A in the veins was deposited broadly contangmursly with
the ore minerals although textural evidence suggests that dele@atates could also have
grown within the silica gel. Experimental investigations confinat the growth of mineral
dendrites in silica gels is possible at far-from-equilibrium caeomt The microspherical
opal-A hosting the ore mineral dendrites is thermodynamically unstalllen most deposits
investigated has matured and recrystallized to mosaic quartzthvaed by highly irregular
and interpenetrating grain boundaries. In most deposits, ore miasrassociated with this
mosaic quartz and relic microspheres may or may not be presemtedgnartz matrix. The
mosaic quartz present in mineralized colloform bands is textudeiiinct from quartz
occurring in barren bands in epithermal veins, which includes comb gunatriguartz
pseudomorphs formed after bladed calcite.

It is proposed here that ore mineral formation and deposition offopéhin the veins
occurred as a result of metal and silica supersaturation adldevieg short-lived events of
vigorous boiling of flashing that may have been triggered by seismic e@metsleposition
occurred in the area of two-phase liquid and vapor flow whereby the ddgragor
production varied along the vein and over time. In contrast, barren ime@pishermal veins
formed during periods of gentle boiling or nonboiling. The observation tishirig is the
principal mechanism resulting in high-grade ore formation in tht@epnal environment has
significant implications to exploration as it predicts that thergptone and mineralization
can occur at variable depths below the paleowater table.
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CHAPTER 1
INTRODUCTION

1.1 Epithermal Ore Deposits

Epithermal ore deposits are a major source of gold (~13% of giolthendowment),
silver, as well as copper, lead, zinc, mercury, and antimongégi1995; Frimmel, 2008;
Lipson, 2014). Epithermal deposits range from 0.01 to 100 Mt in siwkkave highly
variable ore grades (John et al., 2018). So-called bonanza-type slepasitin at least 1 Mt
at ore containing at least 30 g/t gold equivalent (Sillitoe and itpdst, 2003). Epithermal
ores include open-space filling veins as well as breccia and stdckwlany epithermal
deposits are also characterized by disseminated or replacenernflogere mineralogy is
complex and includes native gold and silver, precioesatbearing phases, and basetal
sulfide minerals. In many epithermal deposits, quartz, calkiteldspar, rhodochrosite,
barite, fine-grained white mica, mixed-layered clay minegaais, smectite are the most
common gangue minerals, whereas alunite, diaspore, kaolinite, and plitegangldominant
in others (Buchanan, 1981; Heald et al., 1987; Vikre, 1985; White é085). Epithermal
deposits range from Archean to Holocene in age (Noble et al., 198&: &{lail., 1989;
Sherlock et al., 1995; White and Hedenquist, 1995; John, 2001; Leavitt28Gd; Simmons
et al., 2005; Harris et al., 2009

By definition, epithermal deposits represent a group of hydrothermdepsits that
have formed at shallow depths below the surface. Most workerstiengpithermal
environment to the upper 1.5 km of the crust where hydrothermal liquideaeh maximum
temperatures of up to ~320jC at hydrostatic pressure conditions (Lind§¥En,1922, 1933;
Hedenquist and Lowenstern, 1994; Sillitoe and Hedenquist, 2003). Epitliepaaits are
formed in spatial and temporal association with deeper-seatguatia activity and are
typically hosted by volcanic rocks in continental margin arcs, islarsd ancl baclarcs
(Hayba et al., 1985; Izawa et al., 1990; Jannas et al., 1990; é&dnad Kerrich, 1993; Nash
and Trudel, 1996; Sillitoe, 2002; Sillitoe and Hedenquist, 2003). Magmasuplizyportant
role in the formation of epithermal deposits and either représeiteat source of the
hydrothermal system forming these deposits or directly contributdsmetide hydrothermal
liquids forming these deposits (Mitchell and Garson, 1981; White addrdgist, 1990;
Giggenbach, 1992).



1.2 Types of Epithermal Deposits

Based on differences in ore mineral assemblages, associated hydabthléeration,
and sulfidation states of their sulfide mineral assemblagebeemial ore deposits have been
divided into three distinct types, namely high-sulfidation, intermediatfidation, and low-
sulfidation epithermal deposits (Lindgren, 1933; Barton and Skinner, 19719} éted.,
1987; White and Hedenquist, 1990, 1995; Hedenquist et al., 2000; Einaud2603|.,John
et al., 2018). In addition, alkalic-type epithermal deposits have d@esidered to form a
distinct type of epithermal deposits (Richards and Kerrich, 1993; Righ&995; Jensen and
Barton, 2000) but are not further considered in this thesis. The diffgyeed of epithermal
deposits are located in deviating tectonic settings and appear to fiarentigenetic
relationships to deep-seated magmas (Hedenquist and Lowenstern, 1894 ;a8d
Hedenquist, 2003).

Low-sulfidation epithermal deposits are formed from hydrothermal lighiaisare
rock-buffered (Hedenquist and Lowenstern, 1994; Sillitoe and Hedenquist, Z8@3)ein-
forming hydrothermal liquids are dilute (<8wt.% NaCl; Bodnar et al., 2014) and
dominated by meteoric waters. The liquids contain low amounts pa@®traces of 5
(Henley, 1984; Hedenquist et al., 2000; Bodnar et al., 2014). Low-sidhdgpithermal
deposits typically occur in association with calc-alkaline, andeasytalite, tholeiitic, and
bimodal basalt-rhyolite volcanisms related to extensional tectettings in suprasubduction
environments (Lindgren, 1933; John et al., 1999; John, 2001, Sillitoe and Hede2@Q®3t
The host rocks consist of lava flows, pyroclastic rocks, and voleaticideposits (Sillitoe,
1993; Vikre, 1985; Hedenquist et al., 2000). The ore zones include hydrotiveinsabr
veinlets, hydrothermal breccias, stockworks, and disseminated lfdthés and
Hedenquist, 1990; Sillitoe, 1993). Paleosurfaces are commonly markked psesence of
silica sinters (Vikre, 1987; White et al., 1989; Hedenquist.e2@00; Sillitoe, 2016 Low-
sulfidation epithermal deposits are primarily host to gold and sitvassociation with zinc,
lead, copper, arsenic, antimony, and mercury (Vikre, 1987; Saudd8f,1994; White et
al., 1995; Simmons et al., 2009 he deposits typically contain <5 vol% sulfide minerals,
including arsenopyrite, chalcopyrite, cinnabar, galena, marcasites, pyirhotite,
sphalerite, and stibnite (Lindgren, 1933; Vikre, 1985, 1987; John et al., HB88nquist et
al., 2000; Einaudi et al., 2003)he sulfide mineral assemblage suggests that sulfide
formation occurred from hydrothermal liquids having a rel&til@w sulfidation state
(Einaudi et al., 2003). Common gangue minerals include quartz, chalceganiz, adularia,



and calcite (Lindgren, 1933; Hedenquist and Lowenstern, 1994; Dong et al. IB®&&and
Hedenquist, 1995; Hedenquist et al., 2000; Simmons et al., 2005).

Intermediate-sulfidation epithermal deposits share many chasticewith low-
sulfidation epithermal deposits although both types do not typically occpaiials
association with each other. However, these deposits are foromedhydrothermal liquids
that commonly have higher salinities (typicaH$! 4 wt%; Bodnar et al., 2014; Wang et al.,
2019). Isotopic data suggest that the ore-forming hydrothermal liquuossent mixtures of
magmatic and meteoric waters (Vikre, 1989; Echavarria &006; Manning and Hofstra,
2017). The deposits are hosted by volcanic rocks in subduction-relateettargs or post-
collisional orogenic belts and commonly occur distal to porphyritiasnns (Sillitoe and
Hedenquist, 2003; Wang et al., 2019). The ore zones in these deposiypiislly comprise
hydrothermal veins, stockworks, and breccia zones (Gemmell £9&8; Claveria, 2001,
Echavarria et al., 2006; Camprub’ and Albinson, 2007; Wang et al., Zll&.sinters
occur at surface in at least some intermediate-sulfidation i¢peary et al., 2016). The
deposits commonly contain a higher abundance of sulfide minet@8 ¥61.%; Sillitoe,
2015), with pyrite, chalcopyrite, sphalerite, galena, and tetrab&dnhantite being the most
common phases (Kamilli and Ohmoto, 1977; Gemmell et al., 1988; Zia2601; Einaudi
et al., 2003; Camprub’ and Albinson, 2007; Leary et al., 2016; Warng 2089). Einaudi et
al. (2003) showed that the sulfide mineral assemblages in thesésléposed from
hydrothermal liquids that have a sulfidation state intermediatecketthose forming low-
and high-sulfidation epithermal deposits. Similar to low-sulfidatiothepinal deposits,
quartz is the most abundant gangue mineral commonly forming colloform banding
crustiform veins. Other common minerals include adularia and tiudfiany intermediate-
sulfidation epithermal deposits are characterized by abundant Morzde minerals
including rhodochrosite and manganocalcite. In sorseg;aVnsilicate minerals occur
(Barton et al., 1977; Tan, 1991; Foley et al., 1993; Echavarrig @086, Leary et al., 2016;
Wang et al., 2019).

High-sulfidation epithermal deposits are located in volcanic ar@®acur in
association with andesitic to dacitic volcanic edifices, includirgg®/olcanoes, dome
complexes, and any associated maar volcanoes and associated diffiéitoe and
Bonham 1984; John et al., 2018). High-sulfidation epithermal deposits commounlyimc
association with porphyry copper deposits (Hedenquist et al., 1998; Longa2ex8l).
High-sulfidation and intermediate-sulfidation epithermal depositdeanansitional to each
other. The formation of high-sulfidation epithermal deposits appedypically involve two

3



distinct stages of hydrothermal fluid flow (Stoffregen, 1987; Hadtegl., 2017). Early-stage
alteration occurs as a result of magmatic vapor streaming thtbedtost rocks.
Condensation of the magmatic vapor into ambient groundwater generatesacigidy
surface waters that form extensive zones of vuggy quartz and surrouodexaf alteration
containing acid-stable minerals (Stoffregen, 1987; Rye et al., 1%ifErduist and Taran,
2013). Over time, high-sulfidation epithermal systems transition ¥t@mor-dominated to
liquid-dominated magmatic-hydrothermal fluid flow conditions, presumabth@magma
sourcing the fluids cools downwards and crystallizes, which is couptegwleepening
levels of magmatic fluid exsolution (Hedenquist et al., 1998; Pudaak €009; Holley et
al., 2017). Hypogene sulfide mineral deposition primarily occurs fhenhatte hydrothermal
liquids that are moderately saline (Arribas, 1995; Holley eR@ly7). The ores in high-
sulfidation epithermal deposits are commonly confined to replacemeretstarati
hydrothermal breccias developed within the previously altered rockgleSmlineral
abundance can be high (10D80 vol.%; Sillitoe, 2015). Pyrite, enargite tdzoml
famatinite are the dominant sulfide minerals. Common ore minedigle tennantite-
tetrahedrite, covellite, gold, marcasite, chalcopyrite, spit@lend galena. Bornite,
cassiterite, cinnabar, molybdenite, orpiment, realgar, stikamid wolframite also occur
(Jannas et al., 1990; Arribas et al., 1995; Wang et al., 1998udiiet al., 2003; Chouinard et
al., 2005; Longo et al., 2010; John et al., 2018). The hydrothermal liguidsg the
hypogene ore zonesetypified by a high sulfidation state (Einaudi et al., 2003). Fine-
grained quartz is the dominant gangue mineral in high-sulfidation epahdaposits and
elevated precious metal grades commonly occur in zones of satmfic(Stoffregen, 1987,
Arribas et al., 1995; Hedenquist et al., 2000; Holley et al., 2@Qrartz veins or chalcedonic
veins have been documented to occur in some high-sulfidation epithermatsiéposnas et
al., 1990; Arribas et al., 1995; Pudack et al., 2009). Other ganigeeats include barite,
kaolinite, alunite, pyrophyllite, and diaspore (Arribas, 1995; John,e2Gi8).

1.3 Fluid Evolution in the Near-Surface Environment

Ore and gangue mineral deposition in epithermal deposits occuresadtaf the
evolution of the hydrothermal liquids in the near-surface environment. Comrooesses
occurring during the ascent of the hydrothermal liquids include coolingndpodr flashing
(Lindgren, 1933; Buchanan, 1981; Roedder, 1984; Saunders, 1994; Simmons and
Christensen, 1994; Hedenquist et al., 2000). Figure 1.1 shows the pdgrsendof the BD-



NaCl system. Different possible pathways of evolution of hydrothermal ligoitle

epithermal environment are shown.

1.3.1 Cooling

The hydrothermal liquids forming epithermal deposits can cool duringathesnt
without undergoing a phase change (Fig. 1.1, path A). In many deposiiaganay be
minimal during rapid upflow of the liquids in the central upflow zo&swnever, mixing of
the hydrothermal liquids with cool surface waters can occur, pkatig in the periphery of
the upflow (Izawa et al., 1990). Cooling of the hydrothermal liquedsilts in a decrease in
solubility of many metals causing precipitation of ore minerals arehpally self-sealing of
the flow paths (Facca and Tonani, 1967; Vikre, 1985; Keith and Mut®&7; Chigira and
Watanabe, 1994). Elements such as antimony, arsenic, mercurgl@mdma show a strong
temperature control on solubility (Krupp, 1988; Spycher and Reed, 198% Biegie, 2002).
Experimental and mineralogical studies (Wagner and Cook, 2000; ShizaiA), suggested
that, for instance, stibnite precipitation in the epithermalrenment is caused by cooling of
the hydrothermal liquids. Temperature is also an important control ategesition of
quartz, chalcedonic quartz, and noncrystalline silica (Fournier, 1985).

1.3.2 Boiling

Boiling of the hydrothermal liquids results in the generation of caegisjuid and
vapor. Boiling is a common process in upflow zones of modern geothsystams and
likely occurred in many epithermal deposits (Drummond and Ohmoto, 1988nHeist and
Lowenstern, 1994; Moncada et al., 2012). Abundant evidence for boiling conditiong
mineral formation in epithermal deposits is provided by the preseiituid inclusion
assemblages containing vapor-rich and liquid-rich fluid inclusions in hydrogheninerals
and the occurrence of certain mineral textures (Roedder, 1984; Ba@harl885; Simmons
and Christenson, 1994; Roedder and Bodnar, 1997; Albinson et al., 2001; Monabhda et
2012). Previous workers have emphasized that boiling may be the mosveffeechanism
for metal deposition in a majority of epithermal deposits (Bart@h.£1977; Giles and
Nelson, 1982; Drummond and Ohmoto, 1985; Saunders, 1990, 1994; Saunders and Schoenly,
1995; Shimizu, 2014).

Boiling commonly occurs in the upflow zones of hydrothermal liquids withindreds
of meters of the surface. Vapor is produced as the rising hydrothegmds intersect the
boiling-pointto-depth curve (Fig. 1.1, path B; Henley, 1984; Hedenquist and Henley, 1985;
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Fournier, 1987; Driesner and Heinrich, 2007). Under open-system condihiensapor
physically separates and rises more rapidly through the overlying tgluchn forcing the
remaining liquid to remain on the boiling-poitedepth-curve. The liquid cools as a result of
boiling (Fournier, 1989; Moncada et al., 2012).

During boiling, hydrothermal liquids change compositionally (Shettel, 19@Haktl
and Malinin, 1979; Henley, 1984; Drummond and Ohmoto, 1985). Most notably, I6sS of
into the vapor phase during boiling destabilizes the aqueous gold bisulfideezaangl
causes precipitation of gold (Buchanan, 1981; Seward, 1982, 1989; Brown, 1986pAlbt
al., 2001; Steffnsson and Seward, 2004). As a result of boiling, gold stafoain colloids
that can stay in suspension and can then be physically transported huitteduring the
further ascent towards the surface. When deposited, the coljoidiainay contribute to
high-grade gold enrichment in epithermal veins (Brown, 1986; Saunders, 1990, 1994,
Saunders and Schoenly, 1995; Marinova et al., 2014).

In addition to HS, boiling also results in loss of @®om the hydrothermal liquid. In
low-sulfidation epithermal systems, this process decreasesvéd<oD in the solution
causing a decrease in the solubility of calcite in the liquid.hijaeothermal liquid becomes
saturated with respect to calcite and bladed calcite forthgwthe zone of two-phase flow
(Ellis, 1959; Henley, 1984; Fournier, 1989; Simmons and Christensen, 199dndiest et
al., 2000). As calcite shows a retrograde solubility, it gell dissolved during cooling of the
hydrothermal system at the waning stages of the hydrothermal activity

In low-sulfidation epithermal environments, deposition of adularia o@suesresult of
the loss of acid-generating volatile species into the vapor phase 8oriimg (Drummond
and Ohmoto, 1985). The change in acidity stabilizes adularia oter @ooling of the
hydrothermal liquid accompanying boiling increases the aqueous silieiyaethich also
favors adularia precipitation (Drummond and Ohmoto, 1985). The occuwéadelaria in
low-sulfidation epithermal veins is, therefore, widely regarddaktmdicative for boiling,
with the adularia exhibiting rhombic to acicular crystal habite@e and Ellis, 1970; Dong
and Morrison, 1995).

Previous studies (Drummond and Ohmoto, 1985; Fournier, 1989; Simmons and
Browne, 2000) suggest that vapor loss during boiling also promotes silicataepddie
loss of water vapor during boiling combined with cooling induces siliparsaturation in the
remaining liquid with respect to quartz or noncrystalline silldas leads to deposition of
guartz or noncrystalline silica in epithermal veins, at lealstvin and intermediate-
sulfidation deposits. Silica scaling is a common phenomenon in geothowei plants
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representing modern analogues to low-sulfidation epithermal deposits acallyypccurs in
areas characterized by two-phase flow (Rothbaum et al., 1979; B2OWh; Meier et al.,
2014; Zarrouk et al., 2014; van den Heuvel et al., 2018).

1.3.3 Flashing

During boiling, the amount of vapor produced can vary, ranging from gentle boiling
extreme, vigorous boiling, referred to as flashing (Moncada 2(2). Flashing is mainly
caused by a transient fluid pressure drop due to seismic actidtiesinduced faulting and
is accompanied by the propagation of vaporstatic pressure conditions di@etuee or fault
(Fig. 1.1, path C; Sibson, 1987; Rowland and Simmons, 2012; Sanchez-&tltr, 2016).
During flashing, a large amount of the hydrothermal liquid is convertedragor although
conditions of two-phase flow exist (Saunders, 1990, 1994; Dong et al.,NI6fibada et al.,
2012; Weatherley and Henley, 2013; Shimizu, 2014; Saunders et al., 202prtéet of
vapor produced is high when compared to phase separation occurring througlbgdng.

Metal precipitation occurring as a result of flashing has been datechin geothermal
systems where a sharp drop in pressure is induced at the orfie€tplrottle point)
downstream of the well head. High metal grades in sulfide ntipegeipitates formed at the
orifice plate have been documented, for instance, at the Ohaakearetd geothermal
fields in New Zealand (Brown, 1986) or at Reykjanes in Iceland (iHaotta et al., 2010).

In natural geothermal systems, flashing of large amounts of hydrathkgoids in
response to rapid decompression results in hydrothermal eruptions (Hastl@nguHenley,
1985; Nelson and Giles, 1985; White et al., 1988; Fournier et al., 199%tedlspon and
Hayba, 1995; Browne and Lawless, 2001). During vaporization, the hydrotHeyangis
flashed to a large amount of low-density steam. Volume exparesatis in brecciation of
the wall rocks, vertical transport of rock fragments, and thedtom of hydrothermal
eruption craters on surface (Muffler et al., 1971; Hedenquist anty€1985; Browne and
Lawless, 2001).

Flashing in many respects may be similar to high-level boiling bestby Sibson
(1987). This author introduced the concept that flashing events can be ibgumadnsion
of fractures during seismic events. Sanchez-Alfaro et al. (ZMf§)ested that seismically
induced flashing represents an effective mechanism for high-grade golaideps is
likely more effective than gentle boiling. These authors specullastdlashing processes
might be the most effective mechanism to produce high-grade epithdepadits but did not
provide supporting textural evidence.



Temperature (°C)

100 150 200 250 300 350 400
Surface T—— ' ' ' '

200 -

800

Depth (m)

1000

1200

1400

N Y Y O A I v |

1600

Figure 1.1 Phase diagram of thed4dNaCl system for 5 wt.% NaCl (from Driesner and
Heinrich, 2007). The diagram schematically shows three differéimivagis of evolution of
ascending hydrothermal liquids, namely cooling (path A), boiling (patlarg) flashing (path
C). H=halite; L=liquid; V=vapor

1.4 Quartz Textures of Epithermal Veins

In many epithermal deposits, high-grade ores commonly occur in openegEate
veins and in breccia that are cemented by quartz. Quartz veinsrgr@bundant in low-
sulfidation and intermediate-sulfidation epithermal deposit but aseclemmon in high-
sulfidation epithermal deposits, although prominent examples daishds et al., 1990). &h
textural characteristics of quartz in epithermal veins have steelied for decades as they
can be directly related to the mechanisms of vein formation anddbesses of ore
deposition (Adams, 1920; Sander and Black, 1988; Dowling and Morrison, 1989; Saunder
1994; Dong et al., 1995; Rimstidt, 1997; Shimizu et al., 1998; Okamoto 20#0;
Moncada et al., 2012; Marinova et al., 2014; Shimizu, 2014).

The study by Adams (1920) represents one of the first systematidgavests of the
textures of hydrothermal quartz. This author proposed that the tegfures quartz can be



related to the crystallization of quartz from a precursor gelgtowth of quartz in open
space, or quartz replacement and recrystallization. The study bydDahd1995) focused

on the quartz textures of epithermal veins from Queensland in Aasiraese authors
demonstrated that quartz textures can be primary, reflect ta@ltrggion processes, or can be
explained by replacement of a precursor phase. Moncada et al. (20125gshatvquartz
textures in epithermal veins from the Mexican precious-metal de@dl®w conclusions on

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

1.4.1 Primary Textures

Quartz or noncrystalline silica that is directly crystallizedleposited from the
hydrothermal liquids shows primary textures. A range of differemany textures have been
identified that appear to be linked to different processes changjsagsslubility in the
hydrothermal liquids, namely cooling, mixing, the interaction of ttpaidis with the wall-
rocks, or boiling and flashing (Buchanan, 1981; Dong et al., 1995; Marinova, Boitdary
guartz commonly exhibits crustiform, colloform, comb, and zonal tegtur

Crustiform veins consist of discrete layers of quartz or noncnysailica that are up
to several millimeters in widths and can be recognized in handrsges (Adams, 1920;
Lindgren, 1933; Dong et al., 1995). To form crustiform banding, the hydm#hdiquids
experienced repeated physiochemical changes resulting in the ptecipfasuccessive
layers of ore and gangue minerals. The processes formed this tezyee directly related
to cooling or episodic boiling and flashing (Buchanan, 1981; Dong et al., 199%ada et
al., 2012).

Colloform textures are characterized by asymmetric, subsphiribcatryoidal
surfaces. Colloform bands may have formed by coagulation of colldidalfsom silica-
supersaturated hydrothermal liquids (Wherry, 1914; Rogers, 1917; RoedderB3@864r et
al., 1985; Fournier, 1985). Under hydrothermal conditions, the noncrystsillceedeposited
that way is unstable and will have transformed to quartz througystallization (Saunders,
1990, 1994; Saunders et al., 2013; Marinova et al., 2014; Taksavasi2@18).,Colloform
qguartz has previously interpreted to have formed by flashing of thethgdmal liquids and
commonly appears to be host to ore (Dong et al., 1995; Henley and H2@gb@sMoncada
et al., 2012). However, Zeeck et al. (2021) showed that not alfaoiidands are
mineralized and that barren bands are commonly composed of chalcedorac Baimen
colloform banded bands can also exhibit moss-like textures consistiyngugds of spherical



shaped aggregates. The spheres exhibit concentric internal strbomegset al., 1995;
Moncada et al., 2012).

Comb textures consist of groups of clear prismatic to elongate, elit@dubhedral
guartz crystals, which have one side attached to vein wall whbeeagher side shows
crystal faces pointing into open space. The comb quartz is vainabiee and aligns
perpendicular to the vein wall. Zonal quartz is not unlike comb quarzhlwécterized by
multiple growth zones. The growth zones are marked by the occuoktmapped primary
fluid inclusions. Moncada et al. (2012) and Shimizu (2014) suggested thlatacwhzonal
quartz form as a result of slow quartz crystallization duringpdsrof non-boiling or perhaps
gentle boiling.

1.4.2 Recrystallization Textures

In general, quartz appears to be the most stable silica phaggrathermal systems,
and it may commonly form through recrystallization of a noncrystallineyssor phase
(Adams, 1920; Lovering, 1972; Saunders, 1990, 1994; Okamoto et al., 2010¢"aet al.,
2014). Lovering (1972) and Sander and Black (1988) suggested that recgtgtallof
noncrystalline silica to cryptocrystalline chalcedonic quartz oritoaorystalline quartz is
common in epithermal veins. Experimental studies by Ernst and CEl9é0©) showed that
transformation of noncrystalline silica to quartz can indeed occurr inydeothermal
conditions. Quartz formed by recrystallization processes commghilgies mosaic textures
or forms euhedral crystals with plumose and flamboyant extinctiterpa (Adams, 1920;
Lovering, 1972; Saunders, 1990; Dong et al., 1995).

Quartz showing a mosaic texture (Dong et al., 1995), or sometefezsed to as
jigsaw-like texture (Lovering, 1972), consists of anhedral microaltyst to crystalline
quartz showing irregular, interpenetrating grain boundaries. The nwpsaiz commonly
occurs within crustiform layers and colloform bands or forms thexaf hydrothermal
breccias. The mosaic texture of the quartz can only be observedcuvsied-polarized light
(Lovering, 1972; Saunders, 1990; Dong et al., 1995). This texture appdams through
recrystallization of noncrystalline silica at temperatures >1&§6pTirnier, 1985; Saunders,
1994; Dong et al., 1995; Camprub’ and Albinson, 2007). The mosaic textheenmsost
common texture associated with ore minerals in a majority tiepnal deposits such as
Sleeper (Saunders, 1994), Buckskin National (Vikre, 2007), Koryu (Shietial., 1998),
McLaughlin (Sherlock and Lehrman, 1995), and Mexican deposits (CampruBlt@ndon,
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2007). However, Zeeck et al. (2021) showed that mosaic quartz odorasthrough
recrystallization of barren bands of chalcedonic quartz.

Plumose texture (Sander and Black, 1988) or feathery texture (Ad8&%) refers to
fine-grained quartz formed on top of coarse-grained euhedral host duzntam be
distinguished based on differences in extinction positions. The plumose fjequently
forms the outer rims of comb quartz and may have formeddyystallization of fine-grained
or noncrystalline precursor (Adams, 1920; Dong et al., 1995). Flambeyamtes have also
been documented in recrystallized quartz (Adams, 1920; Sander andI88kDong et
al., 1995). This texture shows a radial and fibrous internaltsteiand shows variable
extinction angles. Plumose and flamboyant textures are best observedrosee+

polarized light and typically occur in barren bands in epithermal aenpkes.

1.4.3 Replacement Textures

Replacement textures are formed through replacement of a prezumsoal such as
calcite by quartz. In low-sulfidation epithermal deposits, migrstatline quartz replacing
bladed calcite forms the most common replacement texture. Tdedbtalcite is originally
precipitated during boiling of the hydrothermal liquids as described gBdhie 1959;
Shettel, 1974; Holland and Malinin, 1979; Fournier, 1985, 1989; Simmons aisteGben,
1994; Etoh et al., 2002). The morphology of dissolved calcite is presandefdlly replaced
by quartz forming pseudoblades (Adams, 1920; Dong et al., 1995; Shimizul608,;
Moncada et al., 2012). The replacement texture is indicative lfidpto allow calcite
precipitation and subsequent cooling to allow replacement of theedajcgquartz (Simmons
and Christensen, 1994; Etoh et al., 2002; Simmons et al., 2005). Previdesssuggested
that bladed calcite and pseudobladed quartz occur near zones of high-gdadenggiren,
1933; Simmons and Browne, 1990; Simmons and Christensen, 1994; Simpa%3%)l.

Pseudobladed quartz formed by calcite replacement exhibits sivapast® the
bladed calcite precursor and consists of subparallel to parallét ggams. Each seam
contains anhedral to subhedral quartz grains that are blocky or forma& teossure. The
guartz pseudoblades can form a lattice, are parallel to eachatloecur as acicular
aggregates (Adams, 1920; Dong et al., 1995; Etoh et al., 2002; Moncdd&®612). Lattice
pseudobladed quartz is characterized by a network of intersecting pseedodpleartz seams
with polyhedral cavities, which are filled by comb quartz. Pdratimangements of the
pseudoblades resemble lamellar quartz (Adams, 1920). Acicularrmzasthow fibrous-radial
arrangements of the pseudoblades.
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1.5 Objectives and Significance of This Study

This study focuses on the textural characteristics of high-gratteespal veins, with a
particular emphasis on representative low- and intermediate-sigfidgithermal precious-
and base-metal ore deposits (Table 1.1). The textural chasacseof the vein quartz were
investigated using conventional optical microscopy. Emphasis was placedstraining the
microtextural relationships between the vein quartz and the orealsimean attempt to shed
new light on the processes of ore formation. In addition to opticabscopy, scanning
electron microscopy, micro-X-ray fluorescence spectrometryflaidnclusion petrography
was conducted.

In all deposits investigated, the ore minerals primarily occdeadrites or dendritic-
to-granular aggregates within layers of originally noncrystallineasdieposited as
microspheres formed by homogeneous nucleation in fast-flowing hydrotheymesli
Except for some of the youngest deposits studied, the noncrystallozeisitecrystallized to
mosaic quartz. The microtextural observations of this study arestamtsvith a model that
assumes that rapid silica supersaturation resulting in the depaditioe noncrystalline
silica and the growth of the ore mineral dendrites occurred esuét of fluid flashing. The
textural investigations show that precious metal enrichment insaenples does not
correlate with vein textures interpreted to have formed s eesult of gentle boiling
implying that this process may not be responsible for high-grade precitaisesméchment
in epithermal deposits. The conclusion of the research that faglifig is a common process
in shallow hydrothermal systems and the principal mechanism causifggrttagion of high
ore-grades is important not only from the perspective of understandingetifierming
processes but also the design of exploration strategies for tloeserecally important

precious metal deposits.

1.6 ThesisOrganization

This thesis is composed of six chapters and an appendix. Chapterdeprawi
introduction and summary of previous research. It is followed by four etsaghiat represent
manuscripts that have been prepared as publications that have bekm@submitted to
peer-reviewed science journals.

Chapter 2 of this thesis focuses on the textural charactenétmcrystalline silica in
the modern geothermal sinters and comparison to vein textures in a aoghloyw-
sulfidation epithermal deposit. The paper published in the joMimarals presents evidence
that colloform bands in the crustiform vein samples were origicaltyposed of silica
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microspheres. Microspheres of opal-A in the silica sinteteattarally identical to relic
microspheres in the vein material. This implies that the quatte veins was formed as a
recrystallization product of a noncrystalline precursor phase. Thiealrresearch presented
in this chapter was conducted by the author of the thesis. The mahusxsialso written by
the author of the thesis, with revisions from the co-authors.

Chapter 3 describes the textural relationships between small galdtde and
microspherical silica in opaline veins from the McLaughlin low-sulfidagpithermal
deposit in California. The textural relationships show that the desadanust have grown
within the microspherical matrix that was presumably gel-likh@time of dendrite growth.
A series of laboratory experiments were conducted to demonstaateré mineral dendrite
growth is indeed possible in silica gels.

Chapter 4 of the thesis compares the microtextural chargicen$ high-grade
colloform-banded epithermal quartz veins from the representativeuliagion epithermal
ore deposits with those observed in intermediate- and high-sulfidatibeepal veins. The
manuscript shows that similar dendritic ore mineral texture$eaobserved in the different
epithermal deposit types and that microspherical silica and nupsaitz formed through
recrystallization hosts the ore mineral dendrites in the diffefgmbsits. The study implies
that there is a common process that results in the formatioe afiaeral dendrites and the
accumulation of noncrystalline silica in veins in the shallow hydrathkenvironment,
irrespective of the exact chemical nature of the ore-forming hydroghdéiquids. It is
proposed that ore mineral formation and silica deposition areddiaflashing of the
hydrothermal liquids.

Chapter 5 reviews the microtextural characteristics of quatiarren and mineralized
samples from the Permo-Triassic Chatree intermediatelstdin epithermal deposit in
Thailand. The quartz textures of the comparably old and metamorglagaliprinted
Chatree deposit are compared to the textures observed in youngemegditheposits that
have not been subject to a metamorphic overprint. It is shown thédrsiexitural
relationships, including ore mineral dendrites, can be recogniZ&cb#itee despite extensive
recrystallizationThe textures observed are consistent with a model that assumiastiag
was an important process involved in the formation of this epithelepmsit.

The final chapter of this thesis, Chapter 6, provides a brief sayyrwh&ey findings. In

addition, suggestions for future work on epithermal deposits are made.
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As an appendix to the thesis, a manuscript is presented that hagbertly submitted
to Mineralium DepositaThe manuscript describes the textural characteristics ohioreral
dendrites in low-sulfidation epithermal veins and the surrounding siltaxnThe ore
mineral dendrites are hosted by colloform bands that that origraiigisted of
noncrystalline silica microspheres. In two of the deposits stuttiede microspheres are still
isotropic in some of the colloform bands whereas mosaic quartedotimough
recrystallization is the principal host to ore dendrites in theradeposits. It is proposedath
the opal-A that originally formed the silica microspheres depoageadresult of rapid silica
supersaturation caused by flashing of the hydrothermal liquids. The authertbésis
contributed to the design of the study, the petrographic study, and the n@anwustng; and
is a ceauthor of the manuscript. Most notably, all the HF experimentshensubsequent

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

Deposit Age

Ore mineralogy

Grade and tonnage

Gangue mineralogy

Low-sulfidation epithermal deposits

Buckskin-National, Nevada Miocene

Fire Creek, Nevada Miocene
Hishikari, Japan Pleistocene
McLaughlin, California Pleistocene
Sleeper, Nevada Miocene

Intermediate-sulfidation epithermal deposits

Avrista, Mexico Miocene
Chatree, Thailand PermeTriassic
Creede, Colorado Oligocene

High-sulfidation epithermal deposits

El Indio, Chile Miocene

Goldfield, Nevada Miocene

Apy, El, Gn, Miar, Nau, Po, Pyrg, Sp,
Stbn, Tet
Apy, El, Nau, Stbn

Au, Ccp, El, Mrc, Py, Sp, Stbn, Tet

Au, Cin, Ccp, El, Fre, Gn, Miar, Py,
Pyrg, Sp, Stbn
Aca, El, Miar, Mrc, Nau

Ccp, El, Gn, Sp
Aca, Ccp, Gn, Mrc, Nau, Py, Sp

Aca, Ccp, El, Gn, Hm, Mrc, Py, Sp, Te
Ten

Aca, Au, El, En, Gn, Hm, Mrc, Py, Sp

34,000 t @ 20 g/t Au, 250 g/t Ag

0.93 Mt at 18.43 g/t Au, 16.4 g/t Ag

5.2 Mt at 55 g/t Au
33.9 Mt at 3.42 g/t Au, 1.6 g/t Ag

344.7 Mt at 0.46 g/t Au, 3.01 g/t Ag

1.64 Mt at 2.41 g/t Au, 162 g/t Ag
127.6tat 1.6 g/t Au, 13 g/t Ag

3.8 Mt at 1.3 g/t Au, 682 g/t Ag

23.2 Mt at 6.6 g/t Au, 50 g/t Ag

Adl, Chc, Ill, Ms, Qz
Adl, Cc, lll, Qz

Adl, Cc, Chl, Sm, Qz
Adl, Chc, Qz

Adl, Brt, Cc, Qz

Adl, Cc, Qz

Adl, Cc, Chl, Qz

Adl, Cc, Chc, Chl, Rds, Qz

Alu, KiIn, Qz

Au, Bis, Ccp, En, Fm, Gn, Py, Sp, Tel, 7.84 Mt at 16.74 g/t Au, 5.79 g/t Ag, 0.5% C Alu, Brt, Chl, Dck, Kin, Qz

Ten, Tet

Mineral abbreviations: Adl=adularia, Aca=acanthite; Agusitarite; Alu=Alunite; Apy=arsenopyrite; Au=native gold; BBismuthinite; Bn=bornite; Brt=barite; Cal=calcite; Chbatcedonic
quartz; Chl=chlorite; Cin=cinnabar; Ccp=chalcopyrite; Dck=dickleselectrum; En=enargite; Fm=famatinite; Fre=freiberditej=hematite; Gn=galena; Goe=goethite; lll=illite;

Kln=kaolinite; Mrc=marcasite; Miar=miargyrite; Nau=naumde; Po=pyrrhotite; Py=pyrite; Pyrg=pyrargyrite; Qz=quartz;Rbsdochrosite; Sm=smectite; Sp=sphalerite; Stbn=stibnite;
Tel=tellurides; Ten=tennantite; and Tet=tetrahedrite
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CHAPTER 2
TEXTURAL CHARACTERISTICS OF NON®YSTALLINE SILICA
IN SINTERS AND QUARTZ VEINS: IMPLICATIONS FOR THE FORMATIN
OF BONANZA VEINS IN LOW-SULFIDATION EPITHERMAL DEPOSITS
Reproduced with permission from Minerals 2018, published by MDPI.
Tadsuda TaksavasuThomas Moneckg and T. James Reynolé3

Abstract

Modern silica sinters forming at the Wairakei geothermal fireldew Zealand are
composed of non-crystalline opal-A that deposited rapidly from cooling geahkgods
flashed to atmosphere. The sinter comprises laminhigbly porous and friable white silica
showing palisade textures that are caused by erect silicifdeintous microbes encased by
chains of fused silica microspheres. The laminae showing palesedests alternate with
non-porous and smooth silica laminae that are vitreous and translubantispecimen.
Microscopically, these laminae are characterized by a denkmgad fused silica
microspheres. Microscopic inspection of bonanza quartz vein samplethidduckskin
National low-sulfidation epithermal precious metal deposit in Negadaved that colloform
bands in these veins exhibit relic microsphere textures sitnithiose observed in the
modern silica sinters from New Zealand. The textural smtylauggests that the colloform
bands were originally composed of non-crystalline opal-A that subsequectysgtallized to
quartz. The colloform bands contain dendrites of electrum and naumgnatiteust have
grown in a yielding matrix of silica microspheres deposited atahegime as the ore
minerals, implying that the non-crystalline silica exhibited ldige behavior. Quartz bands
having other textural characteristics in the crustiform veirlsdae minerals. This suggests
that ore deposition and the formation of the colloform bands origioathposed of
compacted microspheres of non-crystalline silica are geneticdgd and thabre
deposition within the bonanza veins was only episodic. Supersaturatitinaoésd precious
metals leading to the formation of the colloform bands may have edcurresponse to
transient flashing of the hydrothermal liquids. Flashing of geothdiguadls may thus
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represent a key mechanism in the formation of bonanza preciougynaetas in low-
sulfidation epithermal deposits.

2.1 Introduction

Low-sulfidation epithermal deposits represent an important sourcedagdlsilver.
The deposits form in the shallow subsurface (<1.5 km) is asswciaiih subaerial
geothermal systems. Ore formation takes place from near-hehitvede waters at
temperatures below ~300;C (Lindgren, 1933; Buchanan, 1981; Bodnar et al., 1885; W
and Hedenquist, 1995; Cooke and Simmons, 2000; Simmons et al., 2005). Theatgh-gr
ores of many low-sulfidation epithermal deposits are contained irzqueans that developed
along subvertical faults (Hedenquist et al., 2000; Simmons et al., Ro@dBand and
Simmons, 2012). It is now well established that there is a elsseciation between fluid
immiscibility and mineral deposition in the epithermal environmentfanan, 1981,
Bodnar et al., 1985; Brown, 1986; Clark and Williams-Jones, 1990; Simanans
Christenson, 1994; Simmons and Brown, 2000; Albinson et al., 2001; Moncdd&e12).

The quartz veins in low-sulfidation epithermal deposits exhibiide wange of textural
characteristics (Bobis, 1994; Dong et al., 1995; Moncada et al., 20ih2iz8, 2014).
Previous workers (Sander and Black, 1988; Saunders, 1990, 1994; Dong et al., 1995)
proposed that some of the quartz textures encountered in epithermareenisecondary
origin and formed as a result of recrystallization of a nontallyrge silica precursor phase. In
particular, colloform quartz, which is characterized by thegmes of continuous bands that
are rounded or botryoidal, is invoked to represent a recrystailiztgkture. Saunders (1990,
1994) showed that gold in low-sulfidation epithermal quartz veins frorSlgeper deposit in
Nevada forms dendrites intergrown with fine-grained colloform quBlézoroposed that the
gold and silica were originally precipitated as colloidal pkasien the deeper part of the
system and then mechanically transported upward by the ore-forming hydraitfierds.

The presence of sedimentary structures suggests that thesdically deposited in the vein
was soft and gel-like. Transformation to microcrystalline quagy have occurred under
hydrothermal conditions immediately after deposition, as suggested byneempiad studies
(Ernst and Calvert, 1969; Mitzutani, 1970; Bettermann and Liebau, 197&rOE976).

This study describes the textural characteristics of modeca siliter formed at the
Wairakei geothermal field in New Zealand using a combination of opticabstopy and
scanning electron microscopy. It is shown that the non-crystallina sihter is composed of
high-porosity opal-A laminae formed by filamentous microbes and altegriaw-porosity
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laminae of densely packed and merged opal-A microspheres. ThelteRfanacteristics of

the low-porosity laminae in the silica sinter are strikingly Einto those of colloform quartz
bands in bonanza ore veins from the Buckskin National low-sulfidation epéhgold-

silver deposit in Nevada. Both silica deposits are composeda# siicrospheres and show a
similar distribution of micropores between densely packed spheresextheal observations
of the present study lend support to the hypothesis that colloform quéwtz-sulfidation
epithermal veins can indeed form through recrystallization of microsplo¢ a non-

crystalline silica precursor deposited during fluid immiscibility.

2.2 Modern Silica Sinter from the Wairakei Geothermal Fieldin New Zealand
2.2.1 Geological Background

The Wairakei geothermal field is located 8 km north of Taupo i o Volcanic
Zone of North Island, New Zealand (Fig. 2.1a). Exploration drillorggieothermal power
development at Wairakei commenced in 1949, with development culminatimg in
commissioning of the Wairakei power plant in 1958, which at the tiaseomly the second
commercial geothermal operation in the world and the firekpdoit a wet geothermal
resource. Historically, Wairakei has been exploited in four praslueteas (Fig. 2.1b), with
todayOs installed capacity reaching in excess of ~350 MWe. Aftstaproduction wells
generate hydrothermal fluids at temperatures of up to ~260 jC. Abduwif laé separated
water is remjected. To the southeast, Wairakei connects to the adjacentrd ggadhermal
field, which is currently exploited by a binary power station havingdatitional capacity of
28 MWe.

The Wairakei geothermal field is located over a broad, deep deprésdurassic
basement graywacke (Mortimer, 1994) that is filled by Quaternacanim and sedimentary
rocks (Rogan, 1982). The regional basement structure (Rowland and Sibsorgr001)
basement drilling in other geothermal fields located to the nortffRastet al., 2007) suggest
the presence of a northeast-striking, westward-deepening baseaist geneath Wairakei
(Bignall et al., 2010). Active extension in the Taupo Volcanic Zof& (@m/year) and
related fault activation may be critical in maintaining flpmthways in the basement and the
overlying volcanic and sedimentary rocks (Darby et al., 2000; VillandrBerryman, 2001,
Acocella et al., 2003; Rowland and Sibson, 2004).

The Jurassic greywacke basement at Wairakei is overlain byatteedkuri Formation,
which is composed of thick (>650 m) pumiceous lithic tuff with intixtea partially welded
ignimbrite (Fig. 2.1c). These deposits are overlain by the ~0.32BD@&-&4d, crystal-rich,
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moderately welded Wairakei Ignimbrite (Houghton et al., 1995; Roseebaig 2009;
Bignall et al., 2010). The Wairakei Ignimbrite is of variathiekness, with one deep well
encountering a thickness of ~1000 m (Fig. 2.1c). The overlying Waiora &onncantains
the main production aquifers of the Wairakei geothermal fieltag a minimum thickness of
400 m but reaches up to 2100 m in thickness. The volcanic and sedimentaris adtbe
Waiora Formation are host to several large rhyolite units whicé high fracture
permeability in their brecciated margins (Fig. 2.1c). The tagp®fQuaternary volcanic and
sedimentary succession at Wairakei consists of the Huka Faftafon and superficial
deposits (Fig. 2.1 c). The Huka Falls formation comprises up ter800ck lacustrine
sediments and water-deposited tuffs that were accumulated in-BMedghallow lake
stretching northeastward for over 50 km from modern Lake Taupo. Suiglet@posits
include young pyroclastic fall and flows as well as their sedimgiatad pedogenetic
derivatives (Rosenberg et al., 2009; Bignall et al., 2010).

Hydrothermal alteration of the volcanic and sedimentary successiWiaieakei in
general increases in rank and intensity with increasing depth (Rogeatlzd., 2009).
Argillic alteration characterized by the presence of smeatiteminor illite/smectite is found
in near-surface units. The presence of smectite indicateatmtetemperatures <140 |C
(Browne and Ellis, 1970). Propylitic alteration is the predomia#etation style below the
argillic cap. Epidote occurs in small veins but is more commorpasvasive replacement of
primary feldspars and other phenocrysts. The presence of wairaltie propylitic-altered
rocks indicates alteration temperatures of above 210 jC (Brownellgs)dLE&70; Steiner,
1977). The highest rank alteration assemblage recognized at Wandkdes wairakite,
epidote, and prehnite, indicating that alteration occurred at tetuapesabove 2400280 iC
(Rosenberg et al., 2009).

2.2.2 Silica Deposits

At the Wairakei geothermal field, silica sinter is fornaa high-temperature (~99 iC)
outlet sourced from flash plant 14 and feeds the bathing pool known as HmwrefAool. At
the outlet, the geothermal liquid is flashed to atmosphere and pondseigl-ined concrete
pool, referred to as a weirbox, that drains into a small chahhelsilica sinter forms several
centimeters thick crusts at the bottom and walls of the pool anddthe inlet pipe (Fig.
2.2a). Within the channel, tens of centimeters thick silica despusve formed (Fig. 2.2b).
The channel is cleaned out on a regular basis to maintain downhillRlepvesentative
sampling of the silica sinter formed in the steel-lined coequebl was conducted in 2017.
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Macroscopically, the sampled silica sinter is layered and cemdisiiternating laminae
of 3b12mm-thick highly porous and friable white silica showing palisade texamdslD2-
mm laminae of nonporous, smooth silica that is slightly gray, vitremastranslucent. The
white silica laminae with palisade textures locally show patsigyprints where the silica is
vitreous in hand specimen. The alternating laminae having differ¢ntésyare wavy on the

hand specimen scale and are laterally continuous over tens of eensirfig. 2.2c).
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Figure 2.1 Wairakei geothermal field in New Zealand. (a) Mafdasth Island, New
Zealand. The locations of the Taupo Volcanic Zone and the Wairakbiegewt field are
highlighted. (b) Map of electrical resistivity (inm) in the Wairakei geothermal field
(modified from Hunt, 2009). (c) Geological interpretation of strut¢teiements at the
Wairakei geothermal field based on well stratigraphy and sergfliéction data (modified
from Rosenberg et al., 2009). The location of the section is givenNio vertical
exaggeration. Ta = Tahorakuri Formation; Wk = Wairakei Ignimjvita = Waiora
Formation; HFF = Huka Falls Formation; S = Surficial deposifR]. = meters above sea
level.
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Figure 2.2 Photographs of silica sinters formed at the Waipakeer plant, New Zealand.
(a) High-temperature (~99 iC) outlet at flash plant 14. The geothé&quia is flashed to
atmosphere and ponds in a steel-lined concrete pool. (b) Drainageldhahigepartially
filled with silica sinter formed from the cooling geothermauid. (c) Hand specimen of
silica sinter showing alternating laminae of highly porous and friablte silica with
palisade textures (Pa) and nonporous, smooth silica laminaedlgag, vitreous, and
translucent (Vi).

2.2.3 X-Ray Diffraction Analysis

The sampled silica sinter was cut to be able to better thacalternating bands of
white and gray silica. Using a dentist drill, both types of bande s&mpled. The obtained
material vas powdered and then analyzed by X-ray diffraction analysis at theaGolor
School of Mines. Step-scan XRD data (15802022 step width, 1.0j2/min) of the
powdered material were obtained using a Scintag XDS-2000 theta/ttietatdimeter with a
2.2-kW sealed copper radiation source. An accelerating voltage of 4@&dsed, 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 difrati@ands. The
highly porous and friable white silica showing palisade textures gdifaction band
centered on 22.8#2(3.90 ¢) with a full-width-at-half-maximum value of 4.$j2# (0.80%d
*). The nonporous, smooth silica shows a diffraction band centered on 2 4.7 ) with
a full-width-athalf-maximum of 5.8 2# (1.10%d ¢). The diffraction experiments indicate
that both types of laminae are composed of épal-
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2.2.4 Water Content

The water content of the silica sinter from the Wairakei pgaart was determined by
gravimetry. A powdered aliquot of the silica sinter was dried atCG®vernight. The
sample experienced a weight loss of 2.46 wt. %, which is interpte represent water
absorbed by the noncrystalline material. Following further heating g®&f 12 hours, th
sample experienced an additional weight loss of 5.64 wt. %.

2.2.5 Textural Characteristics

In thin section, the silica sinter is composed of variably comgagiliea laminae. The
highly porous and friable white silica laminae showing palisade tsane composed of
erect, silicified filamentous microbes that range from 10 to 808 um in length and are 2
%n in diameter. Complex arrays of subparallel to slightly radjatonnected, and twisted
filaments define the palisade texture visible in hand speciffignZ.3a). Arrays of oriented
filaments are connected by randomly oriented filaments formingiarépé web-like texture
that exhibit incomplete framework patterns (Fig. 2.3b). Cauliflee patterns are locally
present. Individual filaments of the filamentous microbes are comdmideeavily included,
cloudy cores that are surrounded by a shell of fused microspheres &t. dpgad-filaments
are locally overgrown or cemented by globular aggregates composed of 20D6Qahdi
silica spheres. These spheres are approximately ¥B2irb diameter, with some being <1
% in size.

The nonporous, smooth silica laminae that are gray, vitreous, anddearsn hand
specimen are compositionally similar to the highly porous and frealita laminae.
However, the silicified filamentous microbes are densely paakddemented together by
globular aggregates of opal-A microspheres (Fig. 2.3c). Dense vis#icadayers are
present that are composed of closely packed and fused silica sphéhesvitreous silica
layers, only faint outlines of the former opal-A microspheres caedmgnized as the void
space between the microspheres appears dark in plane-polarize#itigt3d). The
compacted silica laminae contain small plant fragments and abupidaistpollen. The
bisaccate pollen grains measure about 8090 um, with the pollen graiméasiyring
approximately 5060 um. The Pinus pollen most likely derived from thelaingtions
(Pinus radiatg surrounding the sampling site at the Wairakei geothermal powrr plze

pollen grains are overgrown and cemented by aggregates of microspbesieal
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Figure 2.3 Transmitted light photomicrographs of silica sinteutestfrom the Wairakei
geothermal power plant, New Zealand. (a) Palisade texture cmdmf arrays of parallel
silicified filamentous microbes. (b) SpiderOs web-like textomprised of arrays of parallel
silicified filamentous microbes. (c) Low-magnification image stmgnareas of compacted
and noncompacted global aggregaimsiposed of opaA. (d) High-magnification image of
compacted microspheres and globular aggregates. Timesa the microspheres are
highlighted in some cases by void space that appesks

Small pieces of the silica sinter were mounted on aluminum atdsarbon coated for
scanning electron microscopy. Imaging of small-scale texturdioeships was conducted
using a TESCAN MIRA3 LMH Schottky field-emission scanning electraecrescope in
secondary electron mode (FE-SEM) at the Colorado School of Mingsridng distance of
12 mm and an acceleration voltage of 15.0 kV were used.

Scanning electron microscopy showed that the silicified flamentaoursioes are
composed of chains of fused silica microspheres. The chains can beaiabpaform
spiderOs web structures as observed in thin section (Fig. 2ZTe,E)aments are overgrown
by individual microspheres or globular groups of microspheres (Fig. 2.#gn-résolution
imaging showed that the spheres in these globular aggregates areebyesrnall
connection pads that consist of silica nanospheres (Fig. 2.4c). ddresection pads are
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visible where a microsphere has separated from the globular aggregateas of low
porosity, massive zones of silica occur that consist of fused mpleoess. Locally present
void space defines the outline of fused microspheres in thesqRiga3.4d).
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Figure 2.4 Scanning electron images of silica sinter from theal&igeothermal power
plant, New Zealand. (a) Complex arrays of silicified filanoeistmicrobes consisting of
subparallel filaments. The silicified flamentous microbesarergrown by globar
aggregates consisting of a large number of individual silica splfeje3piderOs web-like
structure consisting of silicified filamentous microbes. (kjs€r of silica microspheres.
Individual spheres are connected by pads consisting of small silicagpineres. (d) Fused
silica microspheres. Note the shape of the voids between the fiusedhscrospheres.
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2.3 Epithermal Veins from the Buckskin-National Depositm Nevada
2.3.1 Geological Background

The Buckskin National deposit is located at the ot district of Humboldt County,
Nevada (Lindgren, 1915; Vikre, 1985, 1987, 2007). Géposit 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 eyathein referred
to as the Bell vein (Vikre, 1985).

Located on the eastern slope of Buckskin Mountain, the Buckskin Nationaitdepos
hosted by ~700-m-thick succession of Early Miocene (16.57 + 0.03 to 16.08 Ma; [42])
massive rhyolite and associated volcaniclastic facies (Fig.ThB)top of Buckskin
Mountain is capped by a 30-m-thick carapace of finely laminated siliter and silicified
epiclastic deposits. The reddish to gray-black silica sintgrpang out in an area that is 420
230 m in size contains high Hg concentrations (Roberts, 2MAKk@, 2007). The silicified
epiclastic deposits are stratified and are moderately tosegkd. Individual beds range from
several millimeters to centimeters in thickness. Bedutinige epiclastic rocks dips 15D26j
the northeast (Vikre, 2007).

The silica sinter cropping out on Buckskin Mountain represents the s@afacession
of the hydrothermal system that formed the low-sulfidation epitHeteposit. The Bell vein
strikes N-S and dips 75j to the west. The vein has an average gsaknt8 m. Mining of
the Bell vein has occurred over a strike length of 1.3 km (Vi®85). Based on drilling, the
vein is known to extend to a depth of at least ~790 m below the pebsmes (Vikre, 2007).
The Bell vein consists primarily of quartz with adularia beingstend most abundant
gangue mineralCAr/3°Ar dating of adularia yielded an age of 16.06 + 0.03 Ma (Vikre,
2007). Bladed calcite replaced by quartz is locally present. Theanaiminerals include
electrum, acanthite, miargyrite, pyrargyrite, aguilarite, ¢tealde, naumannite, arsenopyrite,
galena, pyrite, marcasite, sphalerite, and tetrahedrite. ttisrpresent in the vein within
~150 m below the paleosurface (Vikre, 1985, 2007). Fluid inclusion stsiteged that most
of the gold and silver in the Bell vein was precipitated at 200D250@ik@( 1985, 2007).
Gangue mineral textures suggest that the hydrothermal liquids exeeriginase separation
during vein formation (Vikre, 1985, 2007).
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Figure 2.5Geological map of the National district, Nevada (modified fkakre, 1985). The
location of the Buckskin National deposit is highlighted.

2.3.2 Bonanza-Type Quartz Veins

Vein textures were studied in 40 samples archived at the Coloradol®¢ Mines as
well as new samples collected from the waste dumps of therf@uao&skin National mine
in 2016. The vein samples are symmetrically or asymmetricatigdzhin hand specimen.
Most bands are crustiform, consisting of alternating layers ofzjghowing subtle
differences in textures, colors, and grain sizes as describ®al. Géne layers are colorless,
milky, or yellowish-cream to grayish-black in color and 1B5 mrhickbess (Fig. 2.6). In
addition to the crustiform bands, bands of massive gray quartz or elulneahta crystals

occur in some samples. The centers of the veins are sutured or vuggy.
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Figure 2.68Photographs of crustiform quartz veins from the Buckskin National deposit
Nevada. The samples are characterized by the presence of coltpiarta layers that have
spherical, botryoidal, reniform, or mammillary surfaces. No&t dbre minerals only occur in
some of the colloform bands whereas layers showing other quartz tgdesreen. Gq = dark
gray quartz that hosts abundant ore minerals; Pq = pink qoat&réng abundant adularia that
is largely replaced by muscovite; Qcf = colloformagz; Qcf m = colloformmosaic quartz;

Qfb' m = quartz showing fibrous or mosaic microtegs.

2.3.3 X-Ray Diffraction Analysis

Using a dentist drill, one of the colloform bands in a bonanza-typezquert from the
Buckskin National deposit was sampled. The obtained material was galngeng a mortar
and pestle and used for X-ray diffraction analysis. Step-scan ¥RD(5D60i#2 0.02;2¢
step width, 1.0j#/min) were obtained using a Scintag XDS-2000 theta/theta diffr@térm
with a 2.2-kW sealed copper radiation source. An accelerating vaitaifekV was used,
with a filament current of 40 mA and 0.5 and 0.3 mm of receivitg) Sleak-matching
revealed that the colloform band is entirely composed of quaréddition to quartz, the

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

Petrographic inspection on thin sections using an Olympus BX51 microscopedshow
that individual layers in the crustiform bands of the bonanza vein sauexdiéit a wide
range of textural characteristics. Following Dong et al. (1988)pbserved quartz textures
can be classified as being primary growth textures, recrigst#bin textures, and replacement
textures.

Colloform quartz represents the most common primary growth texotform
bands are most commonly asymmetrical with their spherical, botryogfaiorm, @
mammillary surfaces pointing towards the center of the veinslaljees are laterally
continuous and typically 15 mm in thickness. Within the colloform b#melsjuartz
typically appears murky or cloudy and locally is almost opaque in ¢oitios (Fig. 2.7a).
Optical microscopy at high magnification shows that the dark appeac the quartz is
related to the presence of myriads of micropores (Fig. 2.7b). Wnaesed-polarized light,
the fine-grained colloform quartz shows a mosaic texture consistigheidral quartz grains
having irregular and interpenetrating grain boundaries (Fig. 2.7c). Mapgn ultra-thin
(15 pm) sections shows that the dark quartz with the micropocesnposed of globular
aggregates that are 20D30 pm in size (Fig. 2.7b,d). These glapgtagates are composed
of fused microspheres that are 1D3 pm in size. The micropdveselnethese microspheres
and between the globular aggregates have sichel-like shapes oegutarand
interconnected with concave boundaries.

In addition to the colloform quartz, chalcedonic quartz occurs in thesaenples. The
chalcedonic quartz forms spherical, botryoidal, reniform, or maemyilayers that are
texturally not unlike the colloform quartz composed of compacted micresphéowever,
chalcedonic quartz is composed of radiating and sheaf-like bundlesrofib@cs. The
chalcedonic layers show a fibrous extinction in crossed-polarigkd Based on the
observed interference color, the chalcedony fibers are both lengtmthkngth-slow. The
chalcedonic quartz is transparent in thin section and lacks the abumdesypiores that are
characteristic of the colloform quartz layers.

Moss and comb quartz represent other common primary growth textueatgrethe
veins from the Buckskin National deposit. The moss quartz consigtsewgs of spheres that
are 0.1D1 mm in size. The moss-like aggregates include radiaticgrecahtric patterns of
fine-grained quartz. The moss-like quartz is commonly coated by muhipleolloform
quartz layers. Comb quartz is composed of 0.5D1 mm large euhgdtalsciThe quartz
crystals form parallel or subparallel clusters and can exlathiak patterns. Near the center of
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the veins, the euhedral quartz crystals can project into open spgees bf comb quartz are
commonly overgrown by colloform quartz layers.

The crustiform bands in the vein samples from the Buckskin Natiopakdecontain a
range of textures interpreted to be related to the recrystadin or replacement of primary
textures. All samples collected contain mosaic quartz, which stsnsi anhedral grains that
have irregular and sutured grain boundaries. The texture can be bé§edién crossed-
polarized light. The anhedral grains are 0.01D0.1 mm in sizeit&and kaolinite locally are
present along the grain boundaries. Mosaic quartz overprints primaryhgeoires,
including colloform and moss quartz which can be recognized in plane-pdlagkedespite
the recrystallization. Other recrystallization textures idiextinclude feathery and
flamboyant quartz. In addition, replacement textures recognized qu#réz veins from the
Buckskin National deposit include lattice-bladed, ghost-bladed, paboédigéd, and pseudo-
acicular textures. These textures are interpreted to hawedothrough complete
replacement of calcite by quartz.

Precious metal minerals in the vein samples at the Buckskiondadeposit primarily
occur within the colloform bands. Most abundant are naumannite dendritpsititatoward
the center of the veins. Electrum is less abundant and typicallyscasumclusions in
naumannite. Pyrargyrite locally forms part of the naumannite desd8tnders et al.,
2008; Saunders et al., 2010; Saunders, 2012).

2.4 Discussion
2.4.1 Formation and Recrystallization of Noncrystalline Silica ifModern Sinter

Deposits

The sinter studied from the Wairakei geothermal power plant\m Z&aland
represents a young and highly immature silica deposit that is gramelposed of opak.
OpalA represents a noncrystalline hydrated silica phase. Opal-A is nailtngsas it lacks
long-range order (Smith, 1998). Water is present as absorbed whiensiinternal or
surface silanol groups (Smith, 1998; Jones and Renaut, 2004; Day and Jongs, 2008

Young silica sinters from geothermal areas worldwide consistapityrof opal-A and
have similar textural characteristics to those observed irathplss investigated here (Jones
et al., 1997; Herdianita et al., 2000; Campbell et al., 2002; GaittyChafetz, 2003; Lynne
and Campbell, 2004; Rodgers et al., 2004; Fernandez-Turiel et al., 2008) et al. (2003)
studied silica deposits sampled from the discharge drain of thek&eageothermal power
station and the silica sinter terrace of the Orakei Korako geoéhéeld in New Zealand.
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Opal-A textures observed included densely packed silica filanmantded chains of
coalesced spheres forming closely packed mats of silica filamaamd twisted, helical
strands of silica. Similar to the present study, opal-A fronGigsir geothermal area in
Iceland occurs as featureless low-porosity opal-A laminae tieahate with high-porosity
laminae composed of vertical or near-vertical silicified fégtous microbes (Jones and
Renaut, 2007). The loyporosity laminae were formed of polymerized opal-A mspheres, with
porosity being controlled by sphere packing and theumt of opalA cement. Filamentous
microbes were found to have outer mammillary sug#cat are smooth and featureless (Jones
and Reaut, 2007).

9
BB o g

w » L
f W Mt e S L

Figure 2.7 Transmitted-light photomicrographs of colloform banding in bortgpeaquartz
veins from the Buckskin National deposit, Nevada. (a) Low-magnibicathage showing a
colloform quartz layer. (b) Low-magnification image of a collofamuartz layer consisting
globular aggregates. Picture was taken on an ultra-thin secfi@arfe low-magnification
image in crossd-polarized light. The quartz shows a mosaic texture. (d) Higimreation
image of globular aggregates consisting of fused microspheres. §aenlanber of
micropores located between the microspheres gives the quartz gpeskance.
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Previous studies on silica sinters have shown that the thermodyngmitsttble opal-
A matures and transforms over time, forming thermodynamically stalde paracrystalline
(Smith, 1998) opal-CT, then opal-C, and ultimately blocky, microciystauartz
(Herdianita et al., 2000; Campbell et al., 2001; Rodgers and €r&€5¥.; Rodgers and
Hampton, 2003; Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne et al.|. pO0s;
et al., 2007). In the case of the Taupo Volcanic Zone w Raland, microcrystalline quartz
becomes a common phase in silica sinters older®000 years (Herdianita et al., 2000)
Temperature, growlwater interaction, water chemistry, and other environmental $actor
represent important variables controlling the natan time of silica sinters (Lynne et al., 2006;
Jones and Renaut, 2007).

The transformation from opal-A to opal-CT is typically accompzibie textural
changes (Herdianita et al., 2000; Campbell et al., 2001; Lynne anpb€@i&n2004; Rodgers
et al., 2004; Jones and Renaut, 2007), although the mineralolg@aales may outpace
textural maturation (Lynne et al., 2007; Liesegang et al., 2018)-@paommonly forms
lepispheres that are similar in size to the opal-A microsphéterdianita et al., 2000;
Campbell et al., 2001; Lynne and Campbell, 2004; Rodgers et al., 2004ndrex+leuriel et
al., 2005;Jones and Renaut, 2Q0For instance, opal-CT at the Geysir geothermal area in
Iceland forms <1-um lepispheres that are composed of arrays efyigacked intersecting
thin plates or clusters of tightly packed plates. The plates comgrhamé hexagonal shapes.
In addition to lepispheres, op@lF canalso form complex three-dimensional spindle and
barrel frameworks (Jones and Renaut, 2007). The trangitionopal-A to opal-CT most
likely occurs through a dissolution-reprecipitation process (Lynne, &04l5;Jones and
Renaut, 2007Lynne et al., 2007).

Continued maturation to opal-C and quartz is commonly associated witreantdjor
change in microtextures (Herdianita et al., 2000; Campbell, &Qfl1; Rodgers et al., 2004;
Lynne et al., 2005). At the Roosevelt Hot Springs in Utah, thisitran involved a
reorganization from blades into elongate, randomly oriented nanorods or biygiegates.
Diagenetic quartz forms small euhedral crystals oriented paxatlee sinter surface (Lynne
et al., 2005). In addition to opal-C and quartz, moganite can ocouature sinters (Rodgers
and Cressey, 2001).

The textural characteristics of opal-CT and opal-C have not beervetise the silica
sinter samples investigated from the Wairakei geothermal powsy ptanfirming that
textural maturatiormf the young deposits has not yet commenced. Smith et al. (2003) also
showed that silica deposits of up to 2 years insagepled at the discharge drain of the Wairakei
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power plant still consist of opal-A, although agomyld be demonstrated bdsen the width of
the opalA band measured in XRD patterns.

2.4.2 Preservation of Textural Features in Fossil Silica Sinte

Despite textural changes associated with the transition frormélglgmnamically
unstable opal-A to thermodynamically stable quartz with time, fesgigrs preserve a wide
range of textural characteristics. Fossil sinters have beegmized throughout geological
time, with the oldest being Archean in age (Djokic et al., 2017)

Devonian sinter deposits in Aberdeenshire in Scotland (Trewin, 1993)rghow
massive, vuggy, laminated, lenticular, nodular, and brecciateddsxtantain abundant
silicified plant material. DevonianBCarboniferous sinters of tiuenhond Basin in
Australia exhibit a wide range of microfacies ranging from heghgerature apparently
abiotic geyserites through various forms of stromatolitic sinteasrtbient temperature marsh
deposits. The sinters contain well-preserved microfossils incluyiagobacterial sheaths
(White et al., 1989; Walter et al., 1996). A detailed study orssizrainters in the Deseado
Massif of Argentina showed that these deposits contain smallstoateatolitic columnar
structures, molds of stems and roots of plants, and desiccataks ¢Gzuido et al., 2002).

Upper Miocene to Pliocene Waitaia sinter on the east CoromanuekBk is the
oldest known sinter deposit in New Zealand. The sinter exhibits-p&dmnand plant-poor
facies as well as detrital-rich vitreous and detrital-ricdcbiated facies. In places, the silica
sinter is interbedded with swamp deposits. Snails trapped imtiee Bave become silicified
(Rodgers et al., 2004). The lower to mid-Pliocene Whenuaroa sirtez Puhipuhi
geothermal field in Northland, New Zealand exhibits stromatdhiiges including columnar
structures and palisade mats. Quartz and moganite occur aspheressthat represent
pseudomorphs of a noncrystalline precursor phase (Rodgers and Hampton, 2003 &odger
al., 2004).

Preservation of delicate macroscopic and microscopic textufessihsinters enables
their identification in ancient volcanic successions. Informatiothempresence and location
of fossil sinters is used in mineral exploration to locatedo¥idation epithermal vein
deposits and to constrain the location of the paleowater taltle tutrte of mineralization
(Hedenquist et al., 2000; Sillitoe, 2015). The presence of rédimspherical textures proves
that these deposits formed by processes analogous to modern siateegebsvith active
geothermal systems, which originally involved the precipitation of oplafsubsequently
recrystallized to quartz through intermediate, metastable pitiaaes such as ofaF.
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2.4.3 Formation and Recrystallization of Noncrystalline Silica irEpithermal Veins

This study shows that some colloform quartz bands in the vein safrgtethe
Buckskin National deposit in Nevada are composed of mosaic quartadaby preserves
densely packed microspheres texturally resembling those observedinténesamples from
the Wairakei geothermal power plant in New Zealand. Based onxthealesimilarity, these
microspheres are interpreted to have been originally composed of a talhoeysilica
phase.

This interpretation is consistent with previous works focusing onrthenmeralogy of
deposits in the same district. Lindgren (1915) described the occuonkgokl at the
National deposit and noted that the gold forms elongated rod-likelniiké aggregates that
are up to 3 mm in length. The gold aggregates commonly resemble dertdeitsuggested
that the gold formed in a yielding medium, implying that the surroundiiog sifiginally
was gelatinous mass that slowly crystallized to a fine-grainedzoaggregate subsequent to
gold deposition. Lindgren (1915) also pointed out that the dendritic nature gbkd must
represent a primary growth texture and that the gold and the surroutidengnass must
have been deposited at the same time. Detailed petrographic investidley Saunders et al.
(2008), Saunders et al. (2010), and Saunders (2012) showed that naumannitaeza eima
samples from the nearby Buckskin National deposit forms dendritie@ags pointing
towards the center of the veins. The naumannite dendrites probably foyraesimilar
process as the gold dendrites described by Lindgren (1915).

The noncrystalline silica precursor to the colloform bands may havesiedar in
nature to gel-like silica deposits recovered after a hydrothexraption at Porkchop Geyser
in Yellowstone (Fournier et al., 1991, Keith, 1992). Porkchop Geysethvessite of a small
eruption in 1989. Ejected blocks were coated by a siliceous gel-litexialdhat was up to 1-
cm thick and showed botryoidal textures. Within several days of thearuihte gelatinous
material lardened and became no longer pliable (Fournier et al., 1991; Keith, 1992).

Although the colloform bands in the vein samples from Buckskin Natroagl
originally have been composed of noncrystalline opal-A, they today consist\eof
quartz, as confirmed by the XRD experiments. In the vein mhtevisstigated, areas
showing densely packed microspheres can only locally be recognized through optic
microscopy. Under crossed-polarized light, the microspheres arsotratpic, confirming
that they are no longer composed of a noncrystalline silica phassili€aen the vein
samples from Buckskin National has fully matured. This maturgirocess may have
involved the formation of intermediate, metastable silica phasgdsas opalT.
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Investigations by Saunders (1990) showed that silica in colloform babdsamza-grade
samples from the Sleeper deposit in Nevada are virtually isotaopiXRD investigations
confirmed the presence of opal-CT. The silica in the veinnmahfeom this low-sulfidation
epithermal deposit has not been fully transformed to quartz. Theedefgmeaturation may
perhaps be related to the evolution of the hydrothermal system follgiizaydeposition.
Laboratory studies show that transformation of opal-A to quartz undesthgdmal
conditions may occur within days to months (Ernst and Calvert, 196tz 1970;
Bettermann and Liebau, 1975; Oehler, 1976).

In the samples investigated, quartz formed through recrystallizaftitie
noncrystalline precursor phase in the colloform bands is mostly charadt by a mosaic
texture, which can be easily recognized under crossed-polarizedTigbtexture is
characterized by highly irregular and interpenetrating grain boundarielsetty mosaic
textures are known to develop as a result of recrystallizationdrooncrystalline silica
precursor (Lovering, 1972). A similar origin has been inferred foamagiartz in
epithermal veins (Saunders, 1990; Saunders, 1994; Camprub’ and Albinson, 200&gda&onc
et al., 2012).

2.4.4 Implications for Ore-Forming Processes

The observation that colloform banding exhibiting relic microspheres weihe at the
Buckskin National was originally composed of compacted and merged spdecagidjregates
of a noncrystalline silica precursor phase is in agreemehtpsgtvious observations by
Saunders (1990, 1994) on bonanza-type vein material from the Sleeper eldesida.
Based on careful textural observations, Saunders (1990, 1994) showedtratingd
colloform bands in this deposit formed from coagulated silica. Irrasinto this colloform
guartz, bands composed of other textural types of quartz are bam@arlgj Sherlock and
Lehrman (1995) demonstrated that colloform bands in crustiform veimstfire McLaughlin
deposit in California consist of compacted microspheres of quattioth@ed through
recrystallization of a noncrystalline silica precursor phase.b@hes contain gold as
dendrites or as particles that are concentrated in the ins&tigtace between the
microspheres. At Guanajuato in Mexico, gold grades correlatequirtz vein textures, with
the highest gold grades occurring in samples containing abundant colloform(ldandada
et al., 2012). At the Koryu deposit in Japan, Shimizu (2014) also denaeassthat colloform
bands are the main host to precious metal minerals. The evidemeblafaom these
deposits collectively suggests that the formation of colloform bangmalty composed of
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noncrystalline silica is directly related to the process of puscimetal deposition in
epithermal vein deposits.

In hydrothermal systems, silica supersaturation with respect ttzdeading to the
deposition of opal-A can be accomplished as a result of fluid infmisc(Drummond and
Ohmoto, 1985; Fournier, 1985). Fluid inclusion evidence from Buckskin Nafiohsvada
(Vikre, 1985, 2007), Sleeper in Nevada (Saunders and Schoenly, 1995), Mchanghli
California (Sherlock and Lehrman, 1995; Sherlock et al., 1995), Guamajuislexico
(Buchanan, 1979; Moncada et al., 2012), and Koryu in Japan (Shimizu, 20itéjpseted
to indicate that phase separation of the hydrothermal liquids ocaured vein formation,
even though the exact conditions of noncrystalline silica deposition canastérained due
to the lack of primary fluid inclusions in the colloform bands composedliof
microspheres. Additional evidence for the occurrence of boiling s¢ ttheposits includes the
presence of platy calcite which is replaced by quartz pseudomorphad8gmand
Christensen, 1994).

Moncada et al. (2012) suggested that two end-member types of flmidarhility can
be distinguished in hydrothermal systems based on the OintensityO of adpctiqor.

During OgentleO boiling, a small proportion of the hydrothermal lgjghiverted to vapor
as the ascending hydrothermal liquid intersects the liquid plus vapastemee boundary.
The small amount of vapor produced this way rises slowly through tttereanetwork. The
remaining liquid cools as a result of boiling and continues tarridee presence of vapor.
During OviolentO boiling, referred to as flashing, vapor is produced deartinstantaneous
vaporization of a large amount of hydrothermal liquid. Thi€@ss may occur in response to a
seismic event or dike-induced faulting (Rowland andnsams, 2012). Propagation of
vaporstatic conditions in the fracture will cause any liquid prestetpth or withirthe
surrounding wall rock to flash to vapor (Henley &hahes, 2000). Flashing may be associated
with theformation of extensive zones of brecciation at ddp¥furothermal eruption craters may
develop at surface (Muffler et al., 1971; Hedencamsl Henley, 1985; Browne and Lawless,
2001; Monecke et al., 2012).

Flashing of the hydrothermal liquids would result in the near-instantaepasition
of silica, as silica solubility in the vapor phase is signifilgalawer than in the liquid. The
colloform bands composed of compacted silica microspheres may recbrevaunts of
transient fluid flashing as extreme silica supersaturationr@#ipect to quartz could be easily
achieved by this process (Henley and Hughes, 2000). This camclasionsistent with the
observation that fluid inclusion evidence for gentle boiling can be re@dymz range of
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different textural types of quartz, many of which are not diyexgtbociated with ore minerals
(Moncada et al., 2012).

Deposition of noncrystalline silica in the veins may be concomitahtttwe formation
of the precious metal minerals because flashing results preferential partitioning of 6
into the vapor phase, reducing the amount 43 I solution in the coexisting liquid (Brown,
1986). This process of metal deposition is observed in modern geothgsteals where
sharp decreases in pressure occur such as on back-pressure platesénpipes of
geothermal power plants (Brown, 1986). Sanchez-Alfaro et al. (2016) dhibaieflashing is
a more effective mechanism of gold precipitation than gentle boiling

2.4.5 Exploration Implications

The textural observations on crustiform quartz vein samples froBuitleskin
National deposit in Nevada suggest that the precious metal miasggdsimarily contained
in colloform bands containing relic silica microspheres. Delicdatrgrowth between the ore
minerals and the microspherical silica in these bands (Smith, $888gers et al., 2010;
Saunders, 2012) strongly supports the hypothesis that deposition of both wetklmatise
same process and flashing of the hydrothermal fluids representeshékaly process
allowing rapid co-deposition. Therefore, textural analysis on epitilerens could be used
to identify hydrothermal systems that underwent transient periodsiofshing. These
systems are likely to be associated with veins having high gold gesdibsid flashing
represents the most efficient process of gold deposition in the repathenvironment
(Brown, 1986; Sanchez-Alfaro et al., 2016). Conversely, hydrothermahsys$h which
fluid ascent is only accompanied by gentle boiling or cooling (Albinsoh, &0®1;

Camprub’ and Albinson, 2007) are more likely to form lower-grade prenetel vein
deposits.

The conclusion that gold precipitation in bonanza-type low-sulfidation epitie
deposits is linked to fluid flashing also has implications for thetdapivhich economic ore
zones can be expected to occur below the water table. In systpargencing transient fluid
flashing, the depth at which the first gentle boiling occurs doespotsent the main control
on the location of the ore zone (Cline et al., 1992; Simmons and Br@@o@). The ore zone
will occur at the depth at which fluid flashing has occurred causirdysyglersaturation or,
alternatively, at a shallower depth if colloidal precious metsdsmechanically transported
upward during the flashing event. This has significant implicationthédesign of drilling
programs aimed at finding high-grade ore zones in low-sulfidation epigh&ein deposits.

47



2.5 Conclusion

Textural comparison between silica sinters from the Wairgéeihermal power plant
in New Zealand and bonanza vein samples from the Buckskin Nationaltdepdsvada
revealed that the precipitation of noncrystalline silica in hydrotaksystems can occur over
a range of temperatures and pressures. Precipitation in tiHergverature surface
environment occurred in response to rapid cooling (<100 C) of thetmgmal liquid
flashed to atmospheric pressure. Deposition of noncrysadilica in hydrothermal veins took
place as a result of rapid pressure changes causing reaatangous vaporization of a large
amount of hydrothermal liquid at temperatures of 200254 géveral hundred meters below
surface at subhydrostatic conditions (<15.5D40 bar). In both casdsjeppsition inhibited
quartz precipitation resulting in a high degree of silica supeegainmwith respect to quartz
in the hydrothermal fluids.

The observation that mineralized bands in bonanza veins from the Buclaiona
deposit in Nevada were originally composed of a noncrystalline pilexaursor has
significant implications for the understanding of ore-forming proceasée epithermal
environment and the design of exploration strategies for low-sulfidgtittimemal veins.
The results of this study suggest that supersaturation of siligaracidus metals only
occurred episodically, as other texturally distinct quartz layettse crustiform veins lack
ore minerals. Transient flashing of the hydrothermal liquids, whiay Ioe seismically
induced, represents a key mechanism in the formation of bonanza grade hydrothermal
veins. Ores may form at the depth of flashing or closer to ther wable, as colloidal
precious metals may have been mechanically transported upward dwmgdla
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CHAPTER 3
NATURAL GROWTH OF ORE MINERALS WITHIN SILICA GELS

Abstract

High-grade ores in low-sulfidation epithermal precious-metal depasitede banded
guartz veins. Ore minerals occur at high concentrations withinfgpleands of these veins.
The processes by which metal deposition and ore mineral growthpiakeshas been subject
to debate for decades, especially as these deposits are known foofordilute
hydrothermal liquids that contain only trace amounts of metalssiiown here that dendritic
growth of ore minerals in epithermal veins at the McLaughlin deposialifornia originally
took place within bands of gel-like microspherical noncrystallineasilThe microspheres
composing the gel provided a framework for the delicate ore mirteredsm. The high
permeability of the gel allowed the diffusion and advection of solubes the hydrothermal
liquids flowing across the top of the microspherical silica lay@tbe sites of crystal growth
within the gel. Over time, the noncrystalline silica matureddynegl distinct quartz and ore
mineral textures that can be observed in epithermal deposits cdalages and geological
settings.

3.1 Introduction

Mineral deposition in low-sulfidation epithermal precious metal déposicurs in the
shallow subsurface, typically within hundreds of meters below therwatdtle, from
hydrothermal liquids that have temperatures of up to 250;C. The or@fpfimids are dilute
aqueous solutions with low (<2 mol %) e€bntents (Hedenquist et al., 2000; Simmons et
al., 2005). The deposits include banded quartz veins, some of whichdraareza-type (>30
grams per tonne Au) grades (Hedenquist et al., 2000; Sanemalts2€06; Shimizu, 2014;
Tharalson et al., 2019). Gold dendrites having fractal geometities \wigh-grade, banded
qguartz veins have been recognized for over a century (Lindgren, 1915) bumé¢icbianism
of formation has remained enigmatic (Saunders, 1990, 1994; Saundechardl$s 1995;
Sherlock and Lehrman, 1995; Saunders et al., 2020).

One widely advocated model links the formation of bonanza-type gold veins in
epithermal deposits to physical processes of metal enrichment tethethe chemical
deposition of gold from the hydrothermal solutions (Saunders, 1990, 1994; Saamdlers
Schoenly, 1995). The model assumes that gold colloids are formed irethex garts of the
hydrothermal system as a result of supersaturation, perhaps frang E8dunders, 1990)
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Indeed, hydrothermal liquids sampled in the production wells of the R®&@geothermal
field in Iceland have gold concentrations that exceed the maxirolutilgy of this element,
supporting the concept of colloidal gold transport in geothermal systemaifigéon et al.,
2016). It is assumed that the gold colloids are then mechanicaligpworted by the hydraulic
action of the hydrothermal liquid and grow through physical aggregation duriraywpfl
the hydrothermal liquids from the deep reservoir (Saunders, 1990; Saumdi&shmenly,
1995). Ultimately, the nanoparticles are thought to deposit along thevalethrough
density accumulation or scavenging from the liquid by charged surfaces iotetifigce
between the vein and the hydrothermal liquid (Saunders, 1990). It isgedithat upward
growth of the dendrites at the tips of the dendrite branches exmotealtydrothermal liquid
(Saunders et al., 2020) occurs simultaneously with the deposition o¥/statine silica
along the vein walls, successively building up a silica layer thas hargte gold dendrites
(Saunders, 1990; Saunders and Schoenly, 1995; Saunders et al., 2020). Nomersista,
which commonly forms scales in geothermal power plants (Simmonsrameh&, 2000;
Reyes et al., 2002; Taksavasu et al., 2018), coprecipitating wigoltievould hereby
provide a framework for the growing gold dendrites and assists ing¢kerpation of the
delicate ore textures (Saunders, 1990; Saunders and Schoenly, 1995).

A new hypothesis is put forward for how ore mineral dendrites could ifothe
epithermal environment. This hypothesis is based on textural evidencericugt-grade
ores from the McLaughlin deposit in California, which represegtsuag (<2.2 Ma;
Sherlock et al., 1995) and outstandingly well-preserved low-sulfidationeepial deposit
that has not been subjected to tectonic or metamorphic overprint.

3.2 Geological Setting

McLaughlin is located approximately 120 km north of San Francisco atribton
between Napa, Yolo, and Lake counties within the Coastal Rangeifoirda.
Mineralization is located in the structural footwall of the StongeR fault separating the
Middle Jurassic Coastal Range ophiolite in the southwest fromJugdssic sedimentary
rocks of the Great Valley sequence to the northeast (Sherlock¥35; Tosdal et al.,
1995). The deposit was mined by open pit between 1983 and 1996 by Homestake Mining
Company. It contained a total pre-mining mineral resource of 24.@mitnnes of ore
grading 4.49 grams per tonne gold (Tosdal et al., 1995). The main orevhedypipe-like
sheeted vein complex that developed within a dilatant zone betweeitithbbesalt and a
mZlange consisting of sedimentary rocks and serpentinite. The shéatedmuplex is a
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zone, up to 100 m in width, that is composed of crosscutting veins wieideiatimeters to
meters in width (Sherlock and Lehrman, 1995; Sherlock et al., 1995;ITetsda 1995).

3.3 Methods

Detailed field work at McLaughlin included representative samplinggif-grade ores
(Sherlock et al., 1995). Three opaline vein samples used for thisvetudyaken from the
1580 bench of the sheeted vein complex (ca. 130 m below the paleosurfaee)polished
thin sections were obtained for petrographic interpretation usindyampQOs BX53 optical
microscope at the Colorado School of Mines. Semiquantitative cheamialises of ore
minerals were performed on a TESCAN MIRA3 LMH Schottky fiehdission-scanning
electron microscope equipped with a single-crystal YAG backsedétetron detector and a
Bruker XFlash 6|30 silicon drift detector for energy-dispersivayspectroscopy at the
Colorado School of Mines. The instrument was operated at 15 kV usiogkegvdistance
of 10 mm.

3.4 Textural Relationships

Microscopic analysis shows that the opaline veins at McLaughlin enany
composed of opal-A(cf. Smith, 1998), which is isotropic under crossed-polarized. lig
opaline material consists of tightly packedb28n sized microspheres. The microspheres are
variably fused together and adjacent bands of microspherical silicassith differences in
color and the packing density. Due to the spherical shapes of the micessawities
between the microspheres have sickle-like shapes. Individual bands-&coaad of
variable thicknesses, frequently exhibiting botryoidal and wavy surf&ags3(1a).

The opaline veins contain many bands of opati#at are host to ore minerals. The ore
minerals occur as single crystals or polycrystalline aggreugatieis the microspherical silica
matrix. Most notable are fibrous, skeletal, and dendritic aggegdtgold (millesimal
fineness of 5913790, n = 70). The gold dendrites form as up to @0ong aggregates,
which are intergrown with sphalerite and minor pyrargyrite.(Bi@ja,b). Large dendritic
gold aggregates are oriented approximately perpendicular to the phiermsl bands,
whereas smaller dendrites can be randomly oriented (Fig. 3.Maneyalized bands also
contain delicate sphalerite dendrites, as well as euhedral todsabbwystals of pyrargyrite
that are up to up to 20%@n in size. In some cases, the opal#Aatrix surrounding the
dendrites and some of the larger stubby pyrargyrite crystals is notrar(iFig. 3.1b),
possibly suggesting that the microspherical matrix was yielding durystatgrowth and
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pushed aside by the growing crystals. In addition to pyrargyrite, minoe gyyistals ranging
up to 100%n are present, some of which contain galena inclusions.

The opal-As forming the opaline veins is variably recrystallized, exhibitimgrage of
recrystallization textures. This includes concentrically bandex sipheres having a
heterogeneous turbid appearance (Fig. 3.1c). In plane-polarizedHigkt50%m sized sica
spheres differ in color from the surrounding opal#Aatrix, and some may have matured to a
degree where small doubly-terminated quartz crystals have nudiedbedcores. When near
to one another, these evolve to complex quartz aggregates of doublyateahguartz
crystals that are suspended in the microspherical matrix (BEig). 31 some locations, growth
of the quartz crystals resulted in the formation of masseer uartz (Fig. 3.1c¢). In crossed-
polarized light, these zones exhibit a mosaic texture in whichzogieins have irregular and
interpenetrating grain boundaries and differ in orientations (Fig..3Ruiic microspheres
are common in the mosaic quartz and can be identified by high-magariioptical
microscopy. In many cases, clear quartz aggregates and crgstadslfthrough
recrystallization of the opal-&Aencapsulate ore mineral dendrites or small complexly shaped

aggregates of ore minerals (Fig. 3.1c,d).

3.5 Mechanism for Dendritic Growth

The textural relationships at McLaughlin suggest that the ore rotemdrites have
grown within the layers of noncrystalline, microspherical sile#, solely at the interface
between the silica host and hydrothermal liquid. The delicate dendaterr throughout the
opal-Ag layers and not preferentially at the top of the bands. They anmaoiyn oriented
perpendicular to the bands and appear to have grown towards the topnafrtiepherical
matrix that hosts them based on the shape of the dendrite branchimayighl some of the
larger ore mineral aggregates are oriented, many of the demaltites are randomly
oriented, arguing against a model that dendrite growth only took plawg @hs being
exposed in the open part of the vein. The opapfovided a framework in which the delicate
ore mineral aggregates grew.

The high abundance of ore minerals in the mineralized opddyfers at McLaughlin
can be explained only by metal addition following initial gel deposi#r230;C and a
salinity of 2.5 wt.% NaCl (Sherlock et al., 199Bydrothermal liquids have a quartz
solubility of 0.0463 mol (0.278 g) per liter at 27.6 bar (cf. Akinfaand Diamond, 2009),
which is the minimum pressure that a hydrothermal liquid can hdwaledstatic conditions
at this temperature and salinity. At a content of 2 ppb Au (Simmbals, 2016), one liter of
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hydrothermal liquid contains 0.556 x'19 Au. At a depositional rate of 100%, one liter of
hydrothermal liquid would form 0.133 émof opal-As (specific gravity of 2.1 g/cand a
grain of gold that is 0.288 x £0cn? in size (specific gravity of 19.3 g/&nOn the scale of
Fig. 4.1b, this would mean that a cube of opalhaving a dimension of 100 by 100 by 100
%mn would contain a gold grain that is 0.06 by 0.06 by 0#d6n size. The observed
abundance of gold is much higher (Fig. 3.1b). Even if the gold content lbydnethermal
liquid would be ten times higher through colloidal gold transport (cf. Haronnggt al.,
2016), the high concentration of gold cannot be explainesbpyecipitation of silica and
gold.

It is proposed here that the ore minerals hosted within individuafaotidoands of
noncrystalline silica at McLaughlin formed by a mechanism of drgstavth analogous to
the synthesis of crystals in silica gels under laboratory conditiresiger et al., 1966; Kotru
et al., 1986; Oaki and Imai, 2003; Raj et al., 2008). In crystal syistleesilica gel is
obtained through slight acidification of sodium metasilicate (wgltess) following
impregnation with one of the reactants. An overhead feed solution id.atldhin days,
downward diffusion of the feed solution causes the growth of miintetcentimeter-sized
crystals in the chemically inert silica gel matrix which prosidehree-dimensional structure
in which the crystals grow and are held in position of their formation.

In a simple laboratory experiment, delicate silver iodide dersdnwere synthesized at
the Colorado School of Mines (Fig. 3.2). Analogous to this crystal gremggteriment, bands
rich in ore minerals at McLaughlin formed through deposition ofieasgel of opal-A
microspheres along the vein walls, followed by subsequently growth afinezal dendrites
within the gel layer through diffusion or advection of solutes through thespaces
between the microspheres from hydrothermal liquids flowing acrosspha the gel.
Depending on the degree of cementation, the silica layer may hab&exk plastic behavior
during ore formation, explaining the presence of soft-sediment teXiiges3.1a).

3.6 Recrystallization

Following growth of the ore mineral dendrites in the yielding gel matie opal-A
must have started to mature and recrystallize. Investigationboandeposits formed by hot
springs (Herdianita et al., 2000; Lynne and Campbell, 2004; Rodgers2aGd; Lynne et
al., 2005) and silica scales in geothermal power plants (Reges 2002; Raymond et al.,
2005) confirm that opal-Ais highly unstable thermodynamically. Maturation typically
involves the transformation of noncrystalline opaliAto opal-CT, which in turn
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recrystallizes into opal-C and then into quartz. Laboratory expersnhane shown that the
maturation of noncrystalline silica to quartz can occur within daysanths under
hydrothermal conditions (Bettermann and Liebau, 1975; Oehler, 1976). Textural
reequilibration is heterogeneous in the opaline vein samples invedtigath some
colloform bands still being isotropic in crossed-polarized light, wvdseoghers are largely
recrystallized. Complete textural reequilibration resulthenformation of quartz mosaic
textures, which is the most common quartz texture encountered@naized bands in
epithermal deposits worldwide (Dong et al., 1995; Moncada et al., .2@aR)ration to
quartz appears to be concentrated around ore mineral dendritesygaawtncapsulated ore
minerals within quartz crystals (Fig. 3.1c).

3.7 Implications

The textural observations made at the McLaughlin deposit suggestehatraral
dendrites contained in low-sulfidation epithermal veins can form throwayttly in silica
gels. This has significant implications to the understanding of how atiregtion is formed
in epithermal precious metal deposits. Initial deposition of thergstadline silica required
the hydrothermal liquids to periodically reach extreme supersatmnaith respect to qrtz
(Saunders, 1990; Simmons and Browne, 2000). In the epithermal envirosoanhigh
degrees of silica supersaturation are most likely achieved throughlespaissociated with
faulting and catastrophic pressure drops. It is envisaged herbedhaitial rapid deposition
of the microspherical opallayers along the vein walls during such flashing events was
followed by sustained periods of non-violent two-phase liquid plus vapor fl@talNaden
hydrothermal liquids flowing through the open spaces of the veins provideduhee of
gold and other elements for diffusion or advection of elements through #spaue
between the silica microspheres in a layer of gel, enabling gaivtie delicate dendrites of
ore minerals. Repetition of this process through time results ietreopment of banded
epithermal veins having high precious metal grades such as thosedatlglcLaughlin.
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Figure 3.1 Microtextures in opaline veins from the McLaughlin deposialifornia. (a)

Gold and sphalerite dendrites within an opal+Aatrix. The opal-& band hosting the
dendrites has a wavy upper surface indicative of hydraulic shaping )afogvlarge opaque
crystals are pyrargyrite. (b) Gold dendrite grown within an opalatrix. The silica matrix
surrounding the large pyrargyrite crystal appears to be slightly dedqiam®w). (c)
Recrystallization textures developed in the silica matrix.dnc@ntrically banded silica
spheres having a heterogeneous turbid appearance occur in thesopatrik. 2: Doubly
terminated quartz crystals are present within the cores ebtieentric features. 3: Zones of
completely recrystallized quartz are present. 4. Some of theagdldphalerite dendrites as
well as the pyrargyrite crystals are surrounded or encapsulated by. gdarmage of the
same field of view in crossed-polarized light showing that theaspdrerical matrix is
isotropic. The mosaic texture is caused by intergrowth of anhedndt guains having
interpenetrating grain boundaries.
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¢ Agl crystals

‘5:4:5:

Figure 3.2 Delicate Agl crystals grown in silica gel. Thieaigel was prepared from 20 ml
sodium metasilicate solution and 10 ml 1 N acetic acid. The agklen mixed with 10 ml 3
M AgNOs3 and allowed to mature at room temperature for one week. Aéterration, 10 ml
3 M KI solution was poured over the top of the gel. Chemical @achi AQNG and Ki
initially started at a slow rate to precipitate small edt-colorless Agl crystals near the
boundary between the gel and the Kl solution. Over the next seventdaysattion front
migrated down in the beaker and the gel behind the reaction front belzmeT he large
Agl crystals in the image grew within the clear silica gehimi that period of time. The
experiment is based on Brenner et al. (1966) and Halberstadt (1967).
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CHAPTER 4
PRECIOUS AND BASE-METAL ENRICHMENT IN SHALLOW HYDROTHERMAL
SYSTEMS BY FLUID FLASHING

Abstract

High-grade gold ores in epithermal precious metal deposits includdammsteins
and breccias containing bands of ore minerals and intervening bandsrifadigsbarren
gangue. The processes that control the development of these banded iexshallow
subaerial hydrothermal systems have been subject to debate for despdemlly as several
subtypes of epithermal deposits exist that form from fluids havinigtileg chemical
characteristics in different volcanotectonic settings. Despéset geological differences, it is
shown here that the ore minerals in crustiform veins of depositdwide occur as
aggregates hosted by a matrix of originally microspherical nondmgstallica. As a result of
maturation and recrystallization, the thermodynamically unstable noaliines silica
transformed into mosaic quartz that only rarely preservesmatiospheres. The colloform
silica bands hosting the ore mineral dendrites are interpreted tddnenaxl during short-
lived events of flash vaporization of the mineralizing hydrotherrmgalds. These violent
events of flashing are caused by a drop in fluid pressure withim#lew parts of the
hydrothermal systems forming epithermal deposits and punctuated stai@dfjusd flow
during which gangue mineral deposition prevailed. Repeated flashing and idepafsttre
minerals at far-from-equilibrium conditions causes the developnidananza-type
epithermal gold deposits.

4.1 Introduction

Throughout history, gold has been one of the most saftgrtmetals, with much of
todayOs economy being underpinned by the importance of gold as an invesehdBaelss
year, mining adds 2,508,000 metric tons (t) to the global gold inventory, with about ~13%
of global endowment of this metal being contained in epithermal gold deflagison,
2014). These deposits form in association with subaerial volcanignmwhe shallow crust
(normally <1 km below the water table), with the ore being pretgd from relatively low-
temperature (typically <300;C), low- to moderate-salinity (typycatlO wt. % NaCl equiv.)
hydrothermal liquids (White and Hedenquist, 1995; Hedenquist et al., 30080jons et al.,
2005; Bodnar et al., 2014). Based on deposit characteristics suchsaffittagion state of
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the hypogene sulfide mineral associations (Einaudi et al., 2003) armhetdctonic setting,
three subtypes of epithermal deposits are distinguished (Sillitodeaehquist, 2003).

Epithermal deposits can be mined economically in bulk where dissechigald
occurs in large zones of altered host rocks or ores are composhkjbfadoundance of
moderate-grade veins. However, high grades (>30 g/t Au equiyvadenany deposits occur
in banded, so-called crustiform, quartz veins and related hydrothemasaldy making them
amenable to selective underground mining. A long-standing question relaias such
high-grade ores can be formed in the epithermal environment given thieatagold
solubility in hydrothermal liquids is extremely low (<0.1 to%%kg; Simmons et al., 2016),
requiring the concentration and deposition of metals from an exydangé volume of
liquid within veins of limited sizes. Previous research hadbbksited that the processes
involved in deposit formation can be unraveled through petrographic investigagians
range of vein mineral textures exists that are diagnostic qgftty&cal and chemical
conditions at which they formed (Dong et al., 1995; Moncada et al., 30i@jzu, 2014).

To better constrain the processes resulting in precious- and bedeenmrehment in
bonanza-type epithermal veins, this study focused on the microtexturattenstics of
crustiform veins from a series of well-known epithermal depdsiisdiffer in the sulfidation
state of the hypogene mineral associations and volcanotectonic se¢tisrghdwn that the
high-grade veins in these deposits have common textural characehaticecord mineral
deposition at far-from-equilibrium conditions. Based on the texturdeece, it is
hypothesized that high-grade ore deposition in shallow hydrothermal systerhe celated
to flash vaporization of the hydrothermal liquids.

4.2 Materials and Methods

Representative samples of high-grade epithermal veins weretedli@uring field
work at eight epithermal deposits (Table 4.1). Following thin segtieparation, optical
microscopy was conducted using an Olympus BX51 optical microscope. Thenemralogy
of the samples and the microtextural relationships were als@dtusing a TESCAN
MIRA3 LMH Schottky field emission-scanning electron microscopé@iMineral and
Materials Characterization Facility in the Department of Ggphand Geological
Engineering at Colorado School of Mines. The microscope was operate@atelerating
voltage of 20.0 kV using a working distance of 10 mm. Semiquantitdtemical analysis of
the ore minerals was performed by energy-dispersive X-ray spampsoasing a Bruker
XFlash 6|30 silicon drift detector.
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Table 4.1 Geological characteristics of epithermal depositsestudi

Deposit Age Tonnage (metric tons) and grade References

Low-sulfidation epithermal deposits

Buckskin-National, Nevada, US/ Miocene 34,100t at 24 g/t Au, 305 g/t Ag Lindgren (1914), Vikre (1985, 1987, 2007)
(~16.1 Ma)

Hishikari, Kyushu, Japan Pleistocene 7.4 Mt at 46.5 g/t At Izawa (1990), Ibaraki and Suzuki (1993), Faure et
(1.110.73 Ma) (2002), Sanematsu et al. (2005)

McLaughlin, California, USA Pleistocene 33.9Mtat3.42 g/t Auand 1.6 g/t Ag Sherlock and Lehrman (1995), Sherlock et al. (199
(2.20.75 Ma) Tosdal et al., (1996)

Sleeper, Nevada, USA Miocene 344.7 Mt at 0.46 g/t Au and 3.01 g/t Saunders (1990, 1994), Conrad et al. (1993), Nasf
(16! 14 Ma) Ag? al. (1995)

Intermediate-sulfidation epithermal deposits

Arista, Oaxaca, Mexico Miocene 2.27 Mt at 2.16 g/t Au, 121 g/t Ag, 4.4 Devlin (2016)
(17 15 Ma) wt. % Zn, 1.6 wt. % Pb, 0.4 wt. % €u

Creede, Colorado, USA Oligocene 3.84 Mt at 1.3 g/t Au, 682 gAg, 4.1 Bethke et al. (1976), Plumlee (1994), Hayba (1997
(~25.1 Ma) wt. % Pb, 1.3 wt. % Zn, and 0.06 wt. ¢

Cvw

High-sulfidation epithermal deposits

El Indio, Chile Miocene 23.2 Mt at 6.6 g/t Au, 50 g/t Ag, and 4 Jannas et al. (1990)
(7.86.2Ma) wt. % Cd

Goldfield, Nevada, USA Miocene 7.84 Mt at 16.74 g/t Au, 5.79 g/t Ag, 0 Ransome et al. (1909), Ashley (1974), Vikre (1989

(21120 Ma)  wt. % C@

Notes:! Tonnage and grade of Bell vein (Vikre, 20G7Jonnage and grade from John et al. (201Byoven and probable reserves as of December 2020 (Gold Resource
Corp. 2020).
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4.3 Results

Epithermal veins and associated breccia studied in this contributrerchastiform
textures that consist of bands having different mineralogical cormgusitolors, or textures
(Fig. 4.1). In the crustiform veins investigated mineralized baftdemnate with barren bands.
Mineralized bands commonly contain macroscopically identifiable dendtitictures or
dendrite-like set displaying dark gray, dark brown, or black colosgiageous matrix. Barren
bands exhibit a range of textures, which includes subhedral to euhmdiabad zonal

qguartz or bladed calcite that is replaced by quartz.

4.3.1 Low-Sulfidation Epithermal Veins

Vein samples from the Buckskin-National deposit in Nevada showdse#ioped
crustiform banding, with individual bands having variable colors. Oreostopy shows that
Ag-sulfoselenide minerals are present in gray to silver black hhatisange up to several
millimeters in thickness. The ore minerals form multi-brancliegdritic aggregates (Fig.
4.2a) that consist of electrum, Ag-sulfoselenides minerals, gy, and minor
chalcopyrite. The ore minerals are located in a microcrystajliiaetz matrix showing a
mosaic texture that is characterized by the presence of higgdylar and interpenetrating
grain boundaries (Fig. 4.2b). At high-magnification, relic microsphemnaging from 15" m
in size can be observed within the mosaic quartz (Fig. 4.2c).

Delicate dark gray to silver black bands are present in crustieins from the
Hishikari deposit in Japan. These dark bands host abundant ore minenatg femall
dendrites. The dendrites are mostly composed of native gold (Fig. @rgdhands are
interlayered with barren quartz bands. Inspection under crossed-pblagltereveals that
the ore-rich colloform layers consist of very fine-grained microatlysé quartz showing
mosaic textures, whereas barren bands show relative coarsedgnaistalline quartz with
comb, mosaic, and moss-like microtextures (Fig. 4.3b). Retimspheres are abundant in
the quartz matrix ranging up td'2n in size (Fig. 4.3c). Adularia forming rhombic crystals is
present in the mineralized bands.

The McLaughlin veins are opaline in nature and contain abundant ore Incieedaites
in a brownish silica matrix. Abundant leaf- or spinifex-like demdrivf sphalerite and native
gold occur in a noncrystalline silica matrix that is isotropicrimssed-polarized light (Fig.
4.4a,b). Some of the larger dendrites have grown across the layetiregnioncrystalline
silica. Wellpreserved silica microspheres are present in the silicaxrhasting the ore
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minerals. The microspheres afe21 m in diameter (Fig. 4.4c). In some areas, the
noncrystalline silica is recrystallized to quartz that showssam texture (Fig. 4.4d).

Figure 4.1 Hand specimen photographs of representative high-grade oolgginermal
vein samples. (A) Colloform vein from the Buckskin-National depoditevada. The
dendritic ore minerals are hosted in gray quartz bands that erayetred by whitée-
pinkish white barren quartz bands. (B) Colloform banding of a vein fnenttshikari
deposit in Japan displaying delicate layering of ore and barren b@&d3péline vein from
the McLaughlin deposit in California. The ore minerals are |lacetelark brown layers. (D)
Vein sample from the Sleeper deposit in Nevada showing collofornslaytr large gold
dendrites (arrow). (E) Vein sample at Arista exhibiting collofdtrands that are gray to black
and contain ore minerals (arrows). (F) Vein sample from Criee@elorado exhibiting
layers of alternating ore minerals and quartz. (G) High-gradesaenple from the El Indio
deposit in Chile displaying mounds of dendritic native gold (arrows) lofoain quartz
layers. (H) Breccia sample from Goldfield in Nevada that ¢osteolloform quartz cement.
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Figure 4.2 Photomicrographs of microtextures in an epithermal vaipledrom the Buckskin-National deposit, Nevada. (a) Low-magnidicat
image showing dendritic ore minerals (arrows). The dendrité&imin in length and is roughly perpendicular to the vein wall. (b)
Corresponding image in crossed-polarized light showing that the oretdaadrosted by microcrystalline quartz showing a mosaic teXt)re.
High-magnification image of an individual branches of the ore dentateate hosted by quartz. Relic microspheres are present ihdae s
matrix (arrows).
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Figure 4.3 Photomicrographs of microtextures in an epithermal veiplesdrom the Hishikari deposit, Japan. (a) Low-magnification image
showing mounds of opaque ore dendrites (arrows) within colloform banded dueetdendrites are composed of native gold. (b)
Corresponding image in crossed-polarized light showing that the hosbeaailgliartz exhibits a mosaic texture. Barren bands are composed of
comb quartz. (c) High-magnification image of and electrum grainschbgta quartz matrix that also contains adularia. Relic microsplaee

present (arrows). Adl = adularia; El = electrum; Qz = quartz
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Figure 4.4 Photomicrographs of microtextures in an epithermal v@ipledrom the
McLaughlin deposit, California. (a) Low-magnification image showirag-ler spinifex-like
ore mineral aggregates. The aggregate ore minerals have grown pairlagndithe vein
wall and hosted in the silica matrix. (b) High-magnification imagelectrum dendrite. The
tips of the dendrite crosscut banding in the silica host. The msitomposed of silica
microspheres (arrows). (c) High-magnification image showing a derafrelectrum that is
surrounded by a microspherical silica matrix. The matrix isopat. Some of the
noncrystalline silica has recrystallized to quartz as can leisd¢lee loweleft part of the
image. (d) Corresponding image in crossed-polarized light showinthéhguartz formed
through recrystallization exhibits mosaic textures. El = alettiPyrg = pyrargyrite; Qz =
quartz.

Veins from the Sleeper deposit are high grade and contain abundaninelect
dendrites in colloform silica layers that are separated beméands (Fig. 4.5a). The
mound-shaped electrum dendrites occur in noncrystalline silica tisatnspic or fine-
grained mosaic quartz (Fig. 4.5b). In some of the isotropic bah?s,m large silica
microspheres are present (Fig. 4.5¢). that are commonly fusébdegngeome of the bands

contain abundant adularia (Fig. 4.5c).
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Figure 4.5 Photomicrographs of microtextures in an epithermal veipledrom the Sleeper deposit, Nevada. (a) Low-magnification image
showing colloform bands containing large mound-shaped electrum dendnitegsja The electrum dendrites are up to 0.6 mm in height. (b)
Corresponding image in crossed-polarized light illustrating that thergblctolloform layers are made of microcrystalline mosaictquér)
High-magnification image of an ore band containing silica microspliaresvs) and rhombic-shaped adularia. The ore band is isotropie. Adl

adularia; El = electrum; Qz = quartz
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4.3.2 Intermediate-Sulfidation Epithermal Veins

Crustiform veins from the Arista deposit in Mexico are charamtd by fine banding
that vary in color from white to green, gray, and black. Ore rails@re found in the dark
gray-black layers that are up to several millimeters thick. Digevtlke aggregate sphalerite
that are up to 5 mm in size can be recognized in some of tiegatized bands (Fig. 4.6a,b).
Ore minerals such as chalcopyrite, galena, and sphalerite fstinctidendritic aggregates.
The ore minerals are hosted in fine-grained §00' m) mosaic quartz forming distinct
colloform layers. At high-magnification, relic microspheres rand@iom 1! 5" m in diameter
are present in the ore-bearing colloform layers (Fig. 4.6¢c)mibespherical shapese
fused and tightly packed together forming"3f-sized globular aggregates. Small euhedral
fluorite crystals occur throughout the quartz matrix. These mimethbands alternateth
barren bands that are composed dfZ8D-' m-large subhedral to euhedral comb quéig.
4.6a,b).

Gold-rich crustiform veins sampled in the northern part of tlee@ district in
Colorado at the North Amethyst deposit exhibit bands that range frowa tetgray, purple,
green, or black in color. Ore minerals form complex dendriticexgges within specific
colloform layers (Fig. 4.7a). In addition to native gold, chalcdpyand sphalerite dendrites
occur. The ore occurs in colloform layers of fine-grained quartatiegpresent between
barren layers of subhedral to euhedral comb and zonal quartz (Fitp) 4Utader crossed-
polarized light, the fine-grained (120" m) quartz shows a well-developed mosaic
microtextures (Fig. 4.7b). Remnant microspheres are presdw quartz matrix thare
~2.5" m in diameter (Fig. 4.7¢).
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Figure 4.6 Photomicrographs of microtextures in an epithermal v@ipledrom the Arista deposit, Mexico. (a) Low-magnification gma
showing ore bands interlayered with barren bands. The ore bands congistigfraicrocrystalline quartz (arrows). However, the barren bands
are composed of relatively clear quartz. Chalcopyrite and spkadbioiv a dendritite-aggregate morphology. (b) Corresponding image in
crossed-polarized light showing that the ore minerals are host@gkebgrained quartz exhibiting a mosaic texture. The barren bands show
crystalline mosaic quartz having coarser grain sizes. (c) Magnification image showing that the matrix to the ore mineralsstsrms cloudy
quartz with locally preserved relic microspheres. Ccp = chaldepr = quartz; Sp = sphalerite.
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Figure 4.7 Photomicrographs of microtextures in an epithermal v@ipledrom the North Amethyst deposit within the Creede district,
Colorado. (a) Low-magnification image showing a colloform quartz legetaining ore minerals (arrows) that is draped over a laysvavke-
grained zonal quartz. (b) Corresponding image in crossed-polarizeghighing that the ore band is composed of fine-grained microcrystalline
guartz. (c) High-magnification image showing the occurrence of remmardspherical quartz (arrows) in the ore-rich colloform lay@&zs=

quartz; Sp = sphalerite.
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4.3.3 High-Sulfidation Epithermal Veins

Vein samples from El Indio in Chile are characterized by mete high gold grades
and contain dendrites of native gold and enargite that can be up td sewtiraeters in size.
Bands containing the ore minerals are interlayered with barrete whpale gray quartz
bands. The ore minerals form complexly shaped aggregates and cartideanahing or
dendritic-skeletal (Fig. 4.8a-c). The ore minerals arensatmatrix of cloudy mosaic quartz
(Fig. 4.8b), whereas barren bands are composed of coarse-grainequantabRelic
microspheres are present in the cloudy mosaic quartz and are ir3size (Fig. 4.8c).

At Goldfield in Nevada, silicified ledges occur that are composettioge, fine-
grained quartz, or exhibit a breccia texture consisting of antpkarbangular rhyolite clasts
that are cemented by fine-grained, locally banded quartz. Orealsimecur in black-colored
colloform quartz layers (Fig. 4.9a,b). Famatinite, bismuthig@najuatite, and minor
goldfieldite form dendritido-aggregate structures that are up to 2 mm in size (Fig. 4.9a
Under crossed-polarized light, the ore-rich colloform bands are cothpb4€' 401 m-sized
microcrystalline quartz exhibiting a mosaic texture (Fig. 4.8b¥ome cases, thin (<50n)
colloform layers of mosaic quartz decorate layers of subhedrahtdeal comb quartz. At
high-magnification, relic microspheres that até Pm in size are present in cloudy mosaic
quartz (Fig. 4.9c).

4.3.4 Correlation Between Ore Mineral Distribution and Quariz Textures

To quantify the relationship between the ore minerals and gangue hextuees,
detailed petrographic logs were prepared perpendicular to the <htethick banding
using representative thin sections from the various epithermal degtosiiisd. The
distribution of ore minerals was recorded along with the grainofitee quartz and its
microtextural characteristics (Fig. 4.10).

The petrographic logs prepared for the different deposits show that deadgtegates
of the precious-metal minerals (native gold, acanthite, naumaasitggll as the basuetal
minerals (chalcopyrite, sphalerite, enargite, famatinite phm®st exclusively hosted by
colloform bands of mosaic quartz. In some of the bands, reliwspheres can be noted.
However, not all layers of mosaic quartz contain ore mindviday of the barren bands of
mosaic quartz are coarser grained than the adjacent mineralisaic quartz bands. In other
barren bands, subhedral to euhedral comb and zonal quartz occurgj@titetextures
encountered in barren bands include moss-like quartz and quartz extphitmgse-
flamboyant extinction in crossed-polarized light.
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Figure 4.8 Photomicrographs of microtextures in an epithermal v@ipledrom the El Indio deposit, Chile. (a) Low-magnification image
showing native gold present in a colloform silica layer. The ngie aggregates are hosted by cloudy quartz. (b) Corresponding image in
crossed-polarized light showing that the native gold is hosted by midatnesmosaic quartz. Relatiyecoarser-grained quartz forms the
barren bands. (c) High-magnification image showing gold in a retoospherical quartz matriAu = native gold; Qz = quartz.
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Figure 4.9 Photomicrographs of microtextures in an epithermal veipledrom the Goldfield deposit, Nevada. (a) Low-magnificationgena
showing dendritic-aggregate ore minerals (arrows) hosted by a collgtaarte layer. The colloform band is draped over a layer of oteab c
quartz. (b) Corresponding image in crossed-polarized light showinthéhailica matrix is composed of fine-grained mosaic quartHigt)-
magnification image of ore minerals located in a cloudy layerasfaic quartz. Relic microspheres are present in the matron@. Bis =
bismuthinite; Qz = quartz.
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Figure 4.10 Petrographic logs across representative banded veirdiffesant epithermal
deposits. The logs illustrate the distribution of ore minerals amdatbsociation with the
different quartz textures.
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4.4 Discussion
4.4.1 Ore Mineral Dendrites

Textural observations show that the ore minerals in the epitheemmatieposits form
dendrites that range in shape from multi-branching, wiry, or gpHtilke to more massive,
blocky, and cauliflower-like aggregates. Prominent examples incluge d¢gld or electrum
dendrites from the McLaughlin and Sleeper deposits, naumannite defrdme3uckskin-
National, sphalerite dendrites from Arista and Creede asawelative gold and enargite
dendrites from El Indio. In all epithermal vein samples, tigenoinerals occur in discrete
colloform silica bands. In many cases, these bands can be recaogizexscopically due to
the size of the ore mineral dendrites. Dark gray to black bamdaining abundant ore
minerals such as Ag sulfoselenides occur at Buckskin-National, ashsphalerite is
abundant at Arista and Creede. Historically, these bands have beead & as ginguro in
reference to the Japanese word for silver black (Mukaiyama, 195%)mie samples, native
gold is present in unassuming, light gray to white silica bands thatdeen referred to as
gankin bands by Tharalson et al. (2019).

Over the past decades, the occurrence of ore mineral dendritesemasoted by many
previous workers in low-sulfidation epithermal veins (Lindgren, 1915; YVike85, 2007,
Saunders, 1990, 1994, 2012; Sherlock and Lehrman, 1995; Marinova et al., 2012y $him
al., 1998; Burke et al., 2017), whereas only some studies repdre ocd¢urrence of
dendrites in intermediate-sulfidation epithermal d#saShimizu and Morishita, 2012;
Leary et al., 2016; Slater et al., 2021). In high-sulfidation epithedeposits these complex
crystal aggregates appear to be rare, presumably because modt aépbs subtype are
predominantly comprised of disseminated ores in large zones obs#iedteration.
However, native gold dendrites are present in high-grade ore zo@kslapech in Bulgaria
(Bonev et al., 2002) and have been identified at El Indio as pdmisafttidy suggesting that
ore mineral dendrites can be present in all subtypes of epitheemasits. Despite their
frequent occurrence in epithermal veins, the processes resultingforrteion of ore
mineral dendrites are currently not well understood.

Previous workers suggested that dendrite formation, especially thhog®sed of
native gold, is a result of colloidal metal transport (Saund®@0), 1994; Sherlock and
Lehrman, 1995). Saunders (1990) proposed that gold colloids form in thpatéepf the
hydrothermal system due to vapor production from the hydrothermal liquidsollbelal
gold would then be transported upward by the hydrothermal liquids, veitballoids
becoming bigger during transport through aggregation. Finally, deposition gblthe
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nanoparticles occurs along the vein walls through density accumulatioavenging of the
gold by charged surfaces. In the model by Saunders (1990), upward grolergofd
dendrites takes place at the tips of the dendrite branchesasienuisly to the deposition of
silica, with the ore minerals and the silica collectively dini up the ginguro or gankin
bands along the vein walls. Based on computer modeling of the fractabtgg of gold
dendrites, Saunders and Schoenly (1995) proposed that the shape of the gdksdsrdr
result of diffusion limited aggregation of gold nanoparticles having ©i£&Q 100 nm.
However, recent textural observations made at the McLaughlin dep@satifornia are
consistent with micrometer-sized ore mineral dendrites having gcomparably deep
within a previously deposited silica matrix and not at the intertsetween the vein and the
hydrothermal liquid as proposed by Saunders (1990). The solvents requidetdoite
growth were presumably supplied to the site of nucleation by diffusionghrthe permeable
silica matrix (see Chapter 3). Irrespective of the reldtmeng of dendritic growth with
respect to the silica host, dendrites in epithermal veinsdexrgstal growth conditions at far-
from-equilibrium conditions where instability of the growing surfaeesurs in a diffusion
field (Saito and Ueta, 1989; Oaki and Imai, 2003).

In modern geothermal systems, sulfide mineral scaling primardyre@s a result of
vapor formation in the hydrothermal liquids (Brown, 1986; Clark and &iki-Jones, 1990;
Christenson and Hayba, 1995; Reyes et al., 2002; Hardard—ttir et al.C20is6enson and
Hayba (1995) demonstrated that the degree of vaporization of hydrotheyunds icontrols
mineral solubility. Based on modeling of isothermal vapor loss at 230¢Se authors
showed that sphalerite and pyrite precipitation in hydrothermal liqaidsnences with the
onset of vapor production. Sphalerite is stable throughout the process ot atpo,
whereas pyrite is replaced by chalcopyrite at only ~3 wt. % vager Chalcopyrite is in turn
replaced by bornite and chalcocite at 47 wt. % and 70 wt. % vapordgpectively. Galena
saturation is reached at 3 wt. % vapor loss, with galenagptegolg throughout the process
of vaporization. Christenson and Hayba (1995) proposed that Au preciptatronences at
~6 wt. % vapor loss and continues to ~90 wt. % vapor loss. The stuyrisyenson and
Hayba (1995) implies that ore mineral dendrite growth in epitheveias occurred under
conditions of two-phase liquid plus vapor with a significant portion ofitfued being

vaporized.
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4.4.2 Silica Matrix in Mineralized Bands

The ore mineral dendrites in the epithermal deposits studied aesl host silica
matrix. In gankin bands in vein samples from McLaughlin and Sletgesjlica matrix is
noncrystalline and isotropic in crossed-polarized light. The siiaaix shows a
microspherical texture, with individual microspheres consisting 6f'In sized
microspheres. The noncrystalline silica in these bands can biéiethas opal-A (Smith,
1998).

Saunders (1990, 1994) suggested that the noncrystalline silica matmghmsti
mineral dendrites in epithermal deposits must have originally bedikeyand soft at the
time of deposition. Soft-sediment textures such as rippled sarfacsed by hydraulic
shaping, or other textures formed by gravity-induced sagging, have been daiment
crustiform veins from low-sulfidation epithermal deposits (Saund®%0), 1994; Saunders et
al., 2008, 2011; Unger, 2008; Aseto, 2012; Shimizu, 2014). In the vein samssgated
the top surfaces of the ginguro and gankin bands are commonly wavy, whickfleetthe
originally gel-like nature of the silica bands.

In modern geothermal systems, silica scaling is ubiquitous (Rothbiaalm ¥979;
Brown, 2011; Meier et al., 2014; Zarrouk et al., 2014; Mroczek €2@17; van den Heuvel
et al., 2018; Chambefort and Steffnsson, 2020), with opal-A beinginicgal silica phase
(Reyes et al., 2002, Raymond et al., 2005; Brown, 2011). Depositidicafssiales in
geothermal systems typically occurs in areas of two-phase liquidghas flow as vapor
generation causes silica supersaturation in hydrothermal liquids (EQura85; Brown,
2011). During vapor generation, silica colloids are formed within theoktyekmal liquids
through homogeneous nucleation (Brown, 2011; van den Heuvel et al., 2018). Following
nucleation, the silica colloids grow in the supersaturated liquiditimdiately deposit as
microspheres along the pipe walls (Brown, 2011). The rate o sitialing in geothermal
systems is controlled by a number of factors, including the pH, atahwmposition, and
ionic strength of the hydrothermal liquids as well as temperatgdé@v regime (Chan et
al., 1989; Thomas and Gudmundsson, 1989; Yokoyama et al., 1989; Brown, 2011etMeier
al., 2014). Exceptionally fast silica scaling occurs where praaluétiids are decompressed
to atmospheric pressure (Henley, 1983). Experimental studies cahétriarge amounts of
spherical nano- to micron-scale particles of noncrystallimeadibrm essentially
instantaneously as via nucleation and aggregation during the evaporatioerofiroptets at
hydrothermal conditions (Amagai et al., 2019).
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4.4.3 Maturation and Recrystallization

The thermodynamically unstable opal-A forming the matrix of the gingadogankin
bands matures and recrystallizes over time. The opal-A igitr@hsforms into opaGT,
which in turn is followed by recrystallization into opal-C and theo guartz (Campbell et
al., 2001; 2002; Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne2&0al, 2007,
Jones, 2021). Investigations on modern silica sinters show that theobgeattz formation
under surface conditions typically occurs within ~10,000 years of diipasition
(Herdianita et al., 2000). Under hydrothermal conditions, maturatiomexrystallization of
opal-A to quartz may take place at even shorter time frammsygested by experimental
studies (Ernst and Calvert, 1969; Bettermann and Liebau, 1975; Oehler, 1976)

Lovering (1972) demonstrated that noncrystalline opal-A recrystaihzresjuartz
showing a mosaic texture. The polycrystalline quartz shows highly ieregnd
interpenetrating grain boundaries, which can be best identifiedssent-polarized light.
Individual quartz grains in mosaic quartz differ slightly in crysgaphic orientation. In
epithermal vein samples from the McLaughlin deposit in Californtathe Sleeper deposit
in Nevada, microspherical silica is present in the minerabzedls that is still isotropic
silica. A textural progression occurs from the microsphericalAgalmosaic quartz. In the
high-grade epithermal vein samples of the other epithermal depasiiisdstmosaic quartz is
ubiquitous in mineralized ginguro or gankin bands suggesting that recrgdtati of the
originally noncrystalline silica has progressed to completion. Retoospheres can locally
be observed at high magnification in plane-polarized light. Identidicaif these relic
microspheres is critical to unravel the nature of the precursopsaic quartz (Taksavasu et
al., 2018).

Recrystallization of the noncrystalline silica has resulted imtbdification of the
contact relationships between the ore mineral dendrites and the. imabands now
consisting of mosaic quartz, small euhedral quartz crystals calpskeeved along the contacts
with the ore minerals. These are interpreted to have formauydercrystallization of the
noncrystalline silica (Zeeck et al., 2021) as can be observed iy ngartystallized gankin
bands in veins from the McLaughlin and Sleeper deposits. At the wadeoshe textural
relationship between the ore minerals and the small euhedral grartisleading as opaque
grains surrounded by small euhedral quartz grains could be misinteroréi@ee formed as

vug infill.
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4.4.4 Flashing in Shallow Hydrothermal Systems

The textural evidence of this study indicates that high-grade epiéhgeins are the
product of a set of common ore-forming processes occurring in deviatitogic setting,
despite differeoesin relationships to igneous activity, the source of metals, anchémaical
composition of the hydrothermal liquids transporting the metals. In adisits, ore minerals
which are frequently dendritic in nature, occur in distinct collofsilica bands within the
crustiform veins. The mineralized bands are interlayered with drgdmgue minerals. This
implies that metal and silica supersaturation in the hydrotheipals leading to the
deposition of bonanzipe epithermal ores was only achieved intermittently during the
lifetime of the hydrothermal systems with much of the mineralipitation leading to
deposition of bands that are for the most part barren.

Numerous studies indicate that boiling in an important process iormation of
epithermal deposits. It is emphasized here that the amount ofprayplaiced during boiling
is key to the development of bonanza-type ore formation. Comparison to gealthgstems
(Brown, 1986; Hedenquist and Henley, 1985; Hardard—ttir et al., 2010; SAtliaheet al.,
2016) where thermal energy of the hydrothermal liquids is mined suggatsiedtal and
silica supersaturation in hydrothermal liquids can be most effectatlieved by vigorous
boiling of the hydrothermal liquids, referred to flashing (Saunders, 1990, iRfvtada et
al., 2012; Marinova et al., 2014; Shimizu, 2014; Taksavasu et al., PBagalson et al.,
2019). In geothermal power plants, banded deposits consisting of altefagéirgyof ore
minerals and barren silica occur at the silencer where tuigtion fluid is flashed to
atmospheric pressures (Christenson and Hayba, 1995). In naturalssystesmic events and
fault dilation (Sibson, 1987; Rowland and Sibson, 2012) can trigger vaportsapara
hydrothermal liquids that are initially close to vapor saturatirsing a pressure drop along
the structure controlling the upflow of the hydrothermal liquids. Tleesure drop rapidly
propagates through the interconmeldracture network towards depth (Henley and Hughes,
2000). The buoyant low-density vapor produced rises quickly along the host stoactsirey
the development of vapor-dominated flow in the shallow subsurface whigmifeads to
extensive breccia formation and possibly a hydrothermal eruption facsMuffler et al.,
1971; Hedenquist and Henley, 1985; Browne and Lawless, 2001). Deeper albpgtthe
structure, two-phase liquid plus vapor flow conditions will develop. Metd silica
deposition occurs because the composition of the liquid changes rapidily iegion of two-
phase liquid plus vapor flow, with the amount of vapor produced controllexghoreral
deposition (Christenson and Hayba, 1995). At greater depths, the twolighabkplus vapor
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conditions transition into liquid-dominated flow. Continuous replenishmemydriothermal
liquid from a deep reservoir into the zone of vapor generation is rdqiiine metal
concentrations of hydrothermal liquids are low (Simmons et al., 2@@6yaporization of a
limited amount of liquid could not feasibly yield metal enrichment nlegkin bonanza-type
ore deposits. Over time, high-grade veins develop as a result ateepshort-lived events
of fluid flashing punctuating steady-state flow during which gangue alsare precipitated
by gentle boiling (Browne and Ellis, 1970; Hedenquist, 1990; Simmons andebkas,
1994; Etoh et al., 2002) or nonboiling (Fournier, 1985; Dong et al., 1995; Canapidib’
Albinson, 2007Moncada et al., 2012) of the hydrothermal liquids.

It is proposed here that flashing of hydrothermal liquids is the pringipahanism
leading to the formation of bonanza-type precious metal deposits ipitherenal
environment. Flashing causes growth of ore mineral dendrites in a naticrgsopalA
matrix at farfrom-equilibrium conditions, with the opal-A matrix maturing and
recrystallizing to mosaic quartz subsequent to vein formatiorhiRtass unique to shallow
hydrothermal systems as decompression to below hydrostatic conditions loameasily
achieved in other ore-forming environments. For instance, quenchinglofdrehermal
liquids is the principal mechanism of ore deposition in seafloor hydro#iesystems
forming polymetallic volcanic-hosted massive sulfide deposit asalldewater column of the
oceans prevents pressure changes to below hydrostatic conditions in the hydiatip#ow
zone (Hannington et al., 2005; Monecke et al., 2014). In sedimentaryHgudtedeposits
such as those of the Carlin trend in Nevada, interaction of the hgdmdl liquids with
highly reactive host rocks causes precious metal deposition at cegtht where vapor
saturation is not reached in the liquid phase (Hofstra and Cline, 2066;et al., 2005;
Muntean, 2018). However, dendritic gold is common in orogenic gold depositertinaat
the bottom of the seismogenic zone in the continental crust. Defatritation in these
deposits is associated with the decompression of hydrothermal lfquiddithostatic to

hydrostatic conditions (Taylor et al., 2021).

4.5 Implications
The findings of this research have far-reaching implications tdepesit studies and
the design of exploration programs. Previous work on epithermal delpasipgdaced much
emphasis on microthermometric investigations on fluid inclusions hostadhgdral or
euhedral quartz in epithermal veins (cf. Bodnar et al., 1985, 20iglshown here, however,
that ore-bearing ginguro or gankin bands were originally composed of nonorgstalal A
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and that the gel-like microspherical silica could not have entrappetgy fluid inclusions
during its deposition. Comb or zoned quartz contained in interlayereah lames did not
form at the same conditions as the ore mineral dendrites qurtero and gankin bands. As
such fluid inclusions hosted in this type of quartz only record the conddfdhse steady-
state hydrothermal fluid flow that resulted in gangue mineral deposiiot the intermittent
events of flashing leading to bonanza-type precious metal enrichment.

Knowledge on the possible depth of the ore zones below the paleowatastady in
mineral exploration and the design of drilling programs. Thermodyneonisiderations
suggest that >90% of gold in hydrothermal liquids deposits as a regaitth boiling or
nonboiling over a temperature range of 260j to 180;C (Simmons and Browne, 2a@b),
corresponds to a depth of ~560 to 100 m below the paleowater table undgdiostatic
conditions. If erosion since deposit formation has been substantigbitimerenal
paleosurfaces (Sillitoe, 2015) cannot be recognized in outcrop, epalhaezones formed
by gentle boiling could be located close to the current surface gaghweposit discovery by
shallow drilling. However, bonanza-type ore zones formed by flashing dfythethermal
liquids could be located at a much larger depth range and could belldeatmer below the
paleowater-table than those formed by gentle boiling. The depth to wigohzation occurs
during flashing cannot be easily predicted and primarily relatégetpermeability of the
controlling host structure.
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CHAPTER 5
MICROTEXTURAL CHARACTERISTICS OF CRUSTIFORM QUARTZALCITE
VEINS AT THE CHATREE EPITHERMAL GOLBSILVER DEPOSIT,
CENTRAL THAILAND: IMPLICATIONS TO ORE FORMATION
BY FLUID FLASHING

Abstract

The textural characteristics of mineralized quartz-cal@ias from the Early Triassic
Chatree epithermal Au-Ag deposit in central Thailand were studiesdtablish the processes
that resulted in precious-metal enrichment at this world-clepssit. The Chatree deposit is
hosted by a volcanic host rock succession that formed as a resuitiobatal margin arc
volcanism during the closure of the Paleotethys and is part of thedloanic belt
stretching from Laos through north and central Thailand into Cambodiamifileealized
guartz-calcite veins and their volcanic host rocks have been overgdrintedional
metamorphism at sub-greenschist facies metamorphic conditiohsugh macroscopic
textures suggestive of an epithermal origin such as the crustiodrtocally brecciated
nature of the veins are preserved, the metamorphic overprint baly labliterated the
primary textural relationships between the ore and gangue miaéthks microscopic scale.
The ore minerals are unevenly distributed within the veins and plyroacur in distinct
dark gray to black bands containing a high proportion of sulfide minetaseTginguro
bands are separated by bands of gangue minerals that are largely ®aemical mapping
of the vein samples by micro-X-ray fluorescence revealed thatexdj ginguro bands can be
chemically distinct and that thick ginguro bands vary compositionallyemirection of
growth. In many vein samples, ore minefalsning dendritic aggregates can be recognized,
which includes acicular sphalerite dendrites that are up to seesrtaineters in size. The
dendritic ore minerals are hosted by quartz exhibiting a mosaigéethat is interpreted to
have formed through recrystallization of a noncrystalline silicaupsec. The metamorphic
overprint has resulted in the modification of the textural @atiips between the silica and
ore minerals and coarsening of the ore minerals, with raathe opaque phases now being
encapsulated by quartz or forming recrystallized grains along grain baesdathe mosaic
qguartz. The formation of the ore mineral dendrites, which repirésefrom-equilibrium
mineral textures, and the originally noncrystalline silica matnggest that mineralization at
Chatree occurred from hydrothermal liquids that were supersadurametals and silica.
Based on comparison to Cenozoic epithermal deposits that have not bgemtadcby
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regional metamorphism and observations in modern geothermal systesnssiggested that
metal and silica supersaturation in the hydrothermal liquids wasva&chduring short-lived
events of vigorous boiling or flashing. The degree of vapor production varied atorgins
and over time explaining the observed compositional variations in the gingds. Events
of vigorous boiling were separated by periods of gentle boiling or nonbodungng the

formation of the alternating mineralized and barren bands in théferosteins at Chatree.

5.1 Introduction

Epithermal deposits are an important source of precious metafetmaat shallow
depth by subaerial hydrothermal systems (Hedenguait,2000; Simmongt al.,2005).
The ore zones in these deposits are typically located within ~1,@d@ha paleosurface
(Hedenquistt al.,2000). Many epithermal deposits are typified by zones of bonanza-type
ore grades confined to crustiform quartz veins that range frommestetis to several meters
in widths (Takeuchi and Shikazono, 1984; Brathwaite and Faure, 2002; lezali{P004;
Spsrli and Cargill, 2011Shimizu, 2014).

Detailed textural studies suggest that much of the quartz prasgpithermal veins
may have formed as a result of recrystallization of originally rystalline silica (Donget
al., 1995; Camprub’ and Albinson, 2007; Moncadal.,2012). Recrystallization of the
original silica deposits appears to commonly result in the formafibands of fine-grained
guartz showing interpenetrating grain boundaries, referred to ascngosaitz (Donget al.,
1995; Moncadat al.,2012). In many deposits, bands of mosaic quartz are the principal host
to ore minerals (Saunders, 1990, 1994; Scott and Watanabe, 1998; Hudson, 2@#8pCam
and Albinson, 2007; Moncaadd al.,2012; Sonntagt al.,2012; Taksavaset al.,2018;
Tharalsoret al.,2019; Zeeclet al.,2021) implying that silica deposition and mineralization
can be linked to a common process causing silica and metal supsreatin the liquid
(Christenson and Hayba, 1995; Simmons and Browne, 2000; 2eatk?021). The
inference that epithermal veins were originally largely composedmdrystalline silica is
supported by observations in modern geothermal systems where opal-An@ithsilica
phase occurring as a scaling (Regeal.,2002; Raymonet al.,2005; Brown, 2011). Sinters
in modern geothermal systems are also primarily composed of thermodgigmnstable
opal-A. The opal-A matures over time and transforms into opal@ich is followed by
recrystallization into opal-C and then into quartz (Campdtedll.,2001, 2002; Lynne and
Campbell, 2004; Rodgegt al.,2004; Lynneet al.,2005, 2007; Jones, 2021). The onset of
guartz formation typically occurs within ~10,000 years of siligaodéion (Herdianitaet al.,
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2000). Experimental studies at hydrothermal conditions (Ernst and C4l96®; Bettermann
and Liebau, 1975; Oehler, 1976) suggest that maturation and recrgttailiaf
noncrystalline silica in veins may take place at even shorterftanmees.

Modification of the textural relationships between ore mineralgtagidhosts durig
maturation and recrystallization complicates interpretation @fgeanetic relationships and
the reconstruction of the processes that resulted in the depositretadé in these deposits
(Zeecket al.,2021). Although the vast majority of epithermal deposits is hosted by @enoz
volcanic rocks (Simmonet al.,2005; Kesler and Wilkinson, 2009), precious-metal deposits
classified as being of epithermal origin exist throughout the geolagicatd, dating back to
the Archean (Harrist al.,2000; Hustoret al.,2002). In some pre-Cenozoic deposits, textural
relationships have been obscured to a degree where not even the foohtteweins in the
epithermal environment can be ascertained (Penczak and Mason, 1997ahtétaal.,

2007; Gardeet al.,2012).

This study focused on the description of microtextural relationships erecednh
guartz-calcite veins at the Early Triassic Chatree deposgntral Thailand, which
represents a prominent example of an epithermal deposit tha¢da®verprinted by
regional metamorphism (Cumming, 2004; Salam, 2013). Vein samplesHeoteposit were
examined using a combination of mapping micro-X-ray fluorescence anahg high-
magnification optical microscopy. Scanning electron microscopy wasrpexfl to study the
ore mineralogy and the microtextural relationships between theinegals and the
surrounding quartz. The results of the textural investigations showetitaprimary textural
relationships can still be identified in the quartz-calcite vdagpite pervasive
recrystallization. Based on a comparison with the texture of ueymunger epithermal
deposits and those of scalings from active geothermal systems, ¢nmeeabextural
characteristics of the ore and gangue minerals are linked to ti@mem of precious metal

enrichment.

5.2 Geological Setting

The Chatree epithermal Au-Ag deposit is located 27 km north of thredb¥hao Sai
in Phetchabun Province in the central Thailand, 280 km north of Bangkok. Tthediasof
the Chatree deposit form part of the Loei volcanic belt (Fig, @hich stretches from
northwestern Laos through the provinces of Loei and Phetchabun in centlfah@ha Sra
Kaeo in southeastern Thailand and into Cambodia (Intasopa and Dunn, 19%t;@8arr
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2000; Panjasawatworeg al.,2006; Boonsoongt al.,2011; Salanet al, 2014; Jianget al.,
2021; Shiet al.,2021).

The Loei volcanic belt is located along the western margin ohth@china continental
block that covers much of eastern Laos and Thailand as well emhiend Cambodia. To
the west, the Sukhothai arc terrane separates Indochina fronbtimeaSu continental block,
which occupies eastern Myanmar, western Thailand, western Néglapsl northeastern
Sumatra. Tectonic reconstructions suggest that the collision aidbeHina and Sibumasu
continental blocks occurred as a result of the closure of the Elgo(Metcalf, 2013; Zaw
et al.,2014; Wanget al.,2020; Jianget al.,2021; Shiet al.,2021). In the Permd¥iassic,
gradual approach of the Sibumasu continental block and eastward Palepsethgaction
caused volcanism in the Sukhothai arc terrane as well as ehstasure of the Nan back-
arc basin and related continental margin arc volcanism in thevbtminic belt (Wangt al.,
2020; Jianget al.,2021; Shet al.,2021).

Within the Chatree area, the Carboniferous volcanogenic siltstorsaadsgtone with
interbedded limestone occur within N-S-trending basement highs. Therfarous rocks
are overlain by a thick succession of massive to thickly-beddediféwssis limestone of
Permian age that is interbedded with shale, siltstone, and(8la¢aitm, 2013; Salaset al.,
2014). The Chatree deposit is hosted by a 550-m-thick Permo-Tragsanic succession
(Cumming, 2004; Salam, 2013; Salatal.,2014) that rests unconformably on the
Carboniferous volcanogenic sedimentary rocks and the Permian limeStdamét al.,
2014). The Carboniferous and Permian rocks are moderately folded \ephystgping
beds, whereas the Permo-Triassic volcanic succession is gaddg £xhibiting shallow to
moderate dips (Salam, 2013; Salathal.,2014).

The lower section of the Permo-Triassic volcanic host sucteasChatree is
dominated by coherent andesite lava and associated monomict bféesea.are
conformably overlain by a polymictic andesitic breccia unit thalh@&acterized by the
presence of porphyritic andesite clasts and minor clasts of mudstdisarzdstone. The
breccia grades into fine-grained volcanogenic sedimentary rocks incladnngated
siltstone, mudstone, and carbonaceous to calcareous siltstonegoaltir bccurring feldspar-
phyric rhyolite The thickness of this unit varies from 30 to 150 m. The upper sectibe of
PermaTriassic volcanic succession is dominated by lithic-rich fiarbneecia interbedded
with flamme-rich sandstone and thin beds of accretionary lamHigiltstone and polymictic
mudstone-matrix breccia (Cumming, 2004; Salam, 2013; Setiai, 2014). In the
northeastern part of the Chatree area, these rocks are unconjoovexttdin by Late
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Triassic to Cretaceous siltstone, sandstone, shale, and cong(&aiam, 2013; Salaet
al., 2014).

The epithermal precious ore zones in the 7.5-km by 2.5-km-largee€ldsposit area
(Salam, 2013; Tangwattananulatlal.,2014 are mostly located within the polymict
andesitic breccia and the overlying fine-grained volcanogenic sedimeotks. The
epithermal ores occur as veins, stockworks, and breccia in nimetdisce lenses, the
distribution of which is controlled by I$; NESW, and NW-SE to WNWESEoriented,
moderate to steeply dipping faults. The location of mineralized \®&Btsongly controlled by
host rock competency. The deposit has been exploited by open pit miningroBlawessnber
2001 and December 2016, yielding over 1.8 Moz of Au and 10 Moz of Ag. Usimigodf
grade of 0.3 g/t Au, Chatree still contains a mineral resourt86 million tonnes of ore
grading 0.65 g/t Au and 5.59 g/t Ag for a total of 3.42 Moz Au and 29.4AdaKingsgate
Consolidated, pers. commun., 2020).

The highest precious metal grades at Chatree are confined tbbonusfuartzealcite
veins and local zones of hydrothermal breccia formed in ~250 MangS2D13). These
crustiform veins vary from 100 to 3®9in length and are typically 0.5 t&Bwide. The
veins dip from 65; to 85; to the west and have vertical extensions of Z03n (Salam,
2013; Tangwattananuket al.,2014). Based on macroscopic observations, different vein
stages have been distinguished by Salam (2013). The main stage naheratizcurs in
veins that contain pyrite, sphalerite, chalcopyrite, galena and i@qsulfoselenides,
boulangerite, native gold, pyrargyrite, and tennantite-tetrahediaigg@ minerals include
quartz, calcite, adularia, chlorite, and minor rhodochrosite 1Itfg&813). Available fluid
inclusion evidence from quartz and calcite suggests that mineiaiizeds formed from
hydrothermal liquids having salinities of up to 5.6 wt. % NaCl eq@salam, 2013;
Tangwattananukudt al.,2014). Adularia from a mineralized vein yielded an Ar/Ar age of
250 = 0.9 Ma (Salarat al.,2007). The veins appear to be only slightly younger that the
PermaTriassic volcanic host rocks, which have been dated at 258.6 + 22BdV260 + 6
Ma (Salamet al.,2014). Both, the ore deposit and the host rocks have been affected by
regional metamorphism at sub-greenschist facies conditions (Cunizfidy, Salam, 2013),
which presumably predated the deposition of the Late Triassic tacéoeis sedimentary
rocks that unconformably overlay the Permo-Triassic volcanic ssioogsosting the Chatree
deposit. Based on the inferred tectonic setting and the deposittehiatas, the Chatree has
been classified as an intermediate-sulfidation epithermal dépokitet al.,2018).
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Figure 5.1Geological map of the Chatree deposit located in the centradfpBingiland.

5.3 Materials and Methods

Initially, field work was conducted at the Chatree deposit to ciotland specimens and
drill core intercept of mineralized vein matesiddamples collected originated from different
parts of the deposits, including the A, C, D, H, and S ore leAflesamples collected for this
study belong to the main stage of mineralization as defined by $204r8).

Chemical mapping of representative high-grade vein samples was performed using
a bench-top Bruker M4 TornadXRF at the Mineral and MateraCharacterization Facility
within the Department of Geology and Geological Engineering at Colorado SxfHdoies.
The instrument was equipped with dual 30 siticon drift detectors and a Rh X-ray tube
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with polycapillary optics permitting analysis at a spot size of'~B5Mapping was
performed under a vacuum of 20 mbar at 50 kV and 600 nA. A'12.BIl primary
excitation filter was used. Data acquisition was performediae spacing of 35m and a
dwell time of 35 ms per pixel. The X-ray peaks for individual eletmgere manually
checked and used to generate element distribution maps displaying natroalire rates.
Data processing was conducted with the Bruker M4 ESPRIT software.

Based on hand specimen inspection and chemical mapping, billets waretbet
preparation of standard polished thin sections (n = 10). Transmitteefteated light
microscopy was conducted using an Olympus BX51 optical microscope. Follcavioane
coating, the ore mineralogy of one sample and their microtextleglanships between the
ore minerals and the surrounding quartz were studied using a TESCRN3IMH
Schottky field emission-scanning electron microscope $EB4) at the Mineral and
Materials Characterization Facility within the DepartmenGeblogy and Geological
Engineering at Colorado School of Mines. The FE-SEM was operatachatalerating
voltage of 20.0 kV using a working distance of 10 mm. Semiquantitativeichleanalysis of
the ore minerals was performed by energy-dispersive X-ray spampgoéEDX) using a
Bruker XFlash 6|30 silicon drift detector.

5.4 Results
5.4.1 Macroscopic Vein Textures

Most of the studied vein samples exhibit a crustiform textureistorg of variably
thick alternating bands of ore and gangue minerals whereby adjacent beerds di
mineralogical composition, texture, or color (Fig. 5.2). Individugdta are up to several
millimeters thick and are colorless-vitreous, yellowish-whitkite, dark-brown, palés-dark
gray, or black. In many crustiform vein samples, the laydrib# colloform textures and
show botryoidal or mammillary-like surfaces (Fig. 5.2a-c). The beauge from concentric
and cockade to wavy or planar (Fig. 5.2a-c). Macroscopically, reagainre minerals are
primarily present in the dark-colored bands. In rare cases, batatg®facicular sphalerite
dendrites occur (Fig. 5.2d). Chlorite can be present in minedasiamples. Light colored
bands in the crustiform samples are barren or contain only fewineeais visible in hand
specimen. The light-colored bands are white and massive consisting-gfdined quartz or
granular calcite (Fig. 5.2a-c). Fine-grained colloform bands of qoactizr in some samples
(Fig. 5.2d). Subhedral to euhedral comb and zonal quartz crystal§illevepen spaces in
the veins (Fig. 5.2e). In addition, quartz pseudomorphs formecdbédisked calcite can be
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observed. The banding in the crustiform veins is commonly crosscut lmaleite veinlets
(Fig. 5.2c). Breccia zones or brecciated veins are relatieehnon (Fig. 5.2f). In these
veins, the clasts of earlier formed vein material, someho¢h contain ginguro bands (Fig.
5.2f), range from jigsaw-fit to rotated. The breccia can beixasupported or clast-
supported. The matrix between the clasts consists of smalldragrof earlier formed vein

material, rock flour, or quartz cement. The cement may ornoagontain ore minerals.

5.4.2 Composition of Mineralized Bands

Chemical mapping by-XRF confirms the observations made in hand specimen that
ore minerals are primarily present in the dark-colored bandseafrustiform veins. In some
samples, the colloform dark bands containing the ore mineraltsargypified by elevated
concentrations of Si, suggesting that the mineralized bands represetdgrgrowth of ore
minerals and quartz (Fig. 5.3a). Intervening bands that are barrerhgtoeoncentrations
of Ca and essentially lack detectable Si. This implies thantheralized bands alternate
with barren bands predominately composed of calcite (Fig. 5.3a)niffegalized bands are
defined by high concentrations of Fe, Zn, Cu, and Pb, presumably duegteskace of
pyrite and baseaetal sulfide minerals such as sphalerite, chalcopyrite, and galeyta.
concentrations of Ag correlate with high Ag count rates, suggestihédghsulfoselenide
minerals may represent a major host to this precious metal5Bia). The distribution of Au
could not be mapped confidently by the technique due to peak overlap witthi€h,aecurs
in high concentrations in the samples.

Careful inspection of the-XRF maps reveals that adjacent mineralized bands can vary
in composition. Some bands primarily show enrichment in Fe due togkenme of pyrite,
whereas other bands are characterized by enrichment of base Zmesaid Cu (Fig. 5.3a). In
samples with thick ore mineral bands chemical gradients acrobartds can be noticed.
Chemical zoning is pronounced in bands characterized by the presdsgeacicular
sphalerite dendrites (Fig. 5.3b). The base of the large denshites a relative enrichment in

Cu and comparably low count rates of Pb.
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Figure 5.2 Examples of crustiform vein specimens from the Ghap#hermal deposit. (a)
Crustiform quartz-calcite vein containing dark gray to black bandseominerals and silica
that have a cockade texture. The ore bands are separated by alitenThe specimen
contains 86.6 ppm Au, 1410 ppm Ag, 980 ppm Zn, 430 ppm Pb, and 190 ppm Cu. (b)
Crustiform vein with well-defined dark gray to black bands of ongenals that are separated
by milky massive quartz. Drill core sample from RD3158 at 245.@nCrustiform vein
sample consisting of dark gray to black mineralized bands tha¢paeased by barren quartz.
The banding is crosscut by late calcite veinlets. Surface sdropiehe H pit. (d) Ore band
consisting of acicular-shaped sphalerite dendrites that have grown pegpanttie contact
with the wall-rock. The sphalerite dendrite is hosted by fine-gdaguartz. Younger bands
of colloform banded quartz can be noted towards the center of th&Sueiace sample from
the S pit. () Narrow vein containing large zonal quartz crydtalge aggregates of calcite
are present along the wall rock contact. Drill core sample R@827 at 53.9 m. (f)
Brecciated vein containing variably-sized clasts. Some of tkesatantain mineralized
bands. The quartz cement is light-colored. Drill core sample RB®27 at 65.2 m. Cc =
calcite; Op = Opaque phases; Qz = quartz; and Sp = sphalerite.
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Figure 5.3 Elemental distribution maps of representative crustivein samples from the
Chatree epithermal deposit. (A) Mineralized bands in a crust@imsample. Ore minerals
occur in dark gray to black bands that also contain quartz. (B) Mimegtddand containing
acicular sphalerite dendrites that have grown from contact witiwaheock towards the
center of the vein. Enrichment of Cu occurs at the base of the @snditie maps were
obtained by' XRF mapping.

5.4.3 Textures in Mineralized Bands

Bands that are dark-colored in hand specimen consist of ore mithatadse set in a
variably fine-grained quartz matrix. The ore minerals occur as tientdrgranular
aggregates. In some samples dense, cauliflower-like ore mitesratites are present in the
mineralized colloform layers that are up to 0.5 mm large &#n). The lower part of the
dendritic aggregates is dominated by pyrite. The pyrite forms sulbhe@wshedral grains

that individually range from 1 to 10m in sizes. Along the top, the dendrites are primarily
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composed of sphalerite (Fig. 5.4b). Electrum occurs at the edtges adéndrites and within
the dendritic structures. The electrum grain sizes range<dota 25" m in size (Fig. 5.4c).
The dendrites are hosted in fine-grained micro- to cryptocrystajlingz (Fig. 5.4a,b).
Individual quartz grains are <Im in size. The fine-grained micro- to cryptocrystalline
guartz exhibits a mosaic texture in crossed-polarized lightsigpified by highly irregular
and interpenetrating grain boundaries.

Some of the mineralized mosaic quartz bands host delicate branchingicendr
aggregates of Ag-sulfoselenide minerals (Fig. 5.4d-f) that areupniy 50" m in size. In
these aggregates, the opaque phases occur as small grainsgeetria enatrix that are not
typically interconnected (Fig. 5.4d,e). Small ore mineral gram&acapsulated within
quartz grains or occur along grain boundaries between adjacent quarsz igranany cases
small opaque grains infill triple junction grain boundaries of polychystaquartz that
consists of grains that range from 100" m in size. The location of the ore mineral grains
appears to relate to the deformation and recrystallizatidmeafjuartz matrix although the
overall branching shape of the dendrites can still be recognized isetttion. In addition to
the Ag-sulfoselenide minerals, electrum and small amount of spibatalena, and pyrite
are present in the dendrites (Fig. 5.4f). Sphalerite commonly costaglkinclusions of
chalcopyrite.

Some mineralized bands consist of large acicular sphalerite gsnithat can be over 1
cm in size (Fig. 5.4g-i). These dendrites are predominantlyosed of sphalerite and
associated galena, chalcopyrite, and pyrite (Fig. 5.4i). At the, ltlae sphalerite is commonly
massive and transparent in transmitted light, whereas needkphiéerite predominates in
the center and top of these aggregates. The needle-like spradgriéggates have grown
from the walls of the veins towards their centers. Individual sptealeeedles are 0.00.2
mm in width and 0.11.25 mm in length (Fig. 5.49,h). Quartz hosting the acicular epteal
exhibits large variations in grain sizes and ranges from micrtadlige quartz with a mosaic
textures coarse granular with a grain size ¢f300" m. Fine-grained native gold is

intergrown with the sphalerite.
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Figure 5.4 Photomicrographs of ore mineral textures in crustiforns ¥em the Chatree
epithermal deposit. (a) Massive, cauliflower-like ore mindealdrite observed under
crosed-polarized light. The dendrite is hosted by fine-grained mosaic qUdmzvein center
is towards the top of the image. (b) Reflected light imagetiiting that the lower part of the
dendrites is primarily composed of pyrite whereas the upper mhotisated by sphalerite.
Small grains of native gold occur. (c) High-magnification imageofesl under reflected
light showing the occurrence of native gold associated with pyrite itethdrite. (d)
Delicatebranching dendrites of Ag sulfoselenides observed under plane-polarizedHight.
image shows three branches. Vein center pointing towards the topimfae. (e) Crossh
polarized light image showing that the host quartz of the dendritenseegeained and
exhibits a mosaic texture. The ore mineral grains occur al@ig lgoundaries of the quartz.
(f) Reflected light image demonstrating that the dendrite is cordpiis&g sulfoselenides,
but also contains sphalerite and native gold. (g) Acicular sphatientérite hosted by coarse-
grained mosaic quartz observed under plane-polarized light. The veinisdotated to the
top left of the image. The acicular dendrite is crosscut bybkten quartz veinlets as can be
seen on the right side of the image. (h) Gedgmlarized light illustrating that the mosaic
guartz between the ore mineral dendrite is relatively coargeedrdi) Reflected light image
showing the acicular nature of the sphalerite and intergrowthoresatps with minor galena,
chalcopyrite, and pyrite. Aca-Nau = acanthite-naumannite, Céaksapyrite; El =

electrum; Gn = galena; Py = pyrite; and Sp = sphalerite.
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5.4.4 Textures in Barren Bands

The light-colored barren bands in the crustiform veins contain no oreatsirmgronly
rare, disseminated grains of opaque minerals. Many of the barrendyerasnmposed of
relatively coarse-grained (>0.1 mm) quartz. Comb and zonal quarte@rgnizable in the
centers of many veins and are characterized by euhedral ceystaldtions pointing into
former vug space. These grains range froch@A&.mm in length. Growth zones in zonal
guartz are defined by the presence of primary fluid inclusions. diiné end zonal quartz
commonly show undulose extinction patterns (Fig. 5.5a,b). Along the grain b®snda
between adjacent comb or zonal quartz grains, small networks of secqndez grains are
present (Fig. 5.5c) that appear to have formed through a recratahi process of bulging
(cf. Passchier and Trouw, 2005) as the quartz grain boundariesedigrat

Latticebladed quartz is present in some of the barren bands. This ezt

consists of a network of intersecting quartz pseudoblades with polyhaditeés The quartz
pseudoblades are compose of multiple parédksiibparallel quartz seams that aré 2H
"m thick and >0.5 mm long. Calcite in the barren bands is fineedcse-grained, ranging
from 0.2 mm to 1 mm in size (Fig. 5.5d). Polysynthetic twinningkankl bands are well
developed (Fig. 5.5d).

5.5 Discussion
5.5.1 Distribution and Textures of Ore Minerals

At Chatree, the ore minerals occur in specific bands withiertgtiform quartzalcite
veins. These bands can be easily identified in hand specimen bet#use distinct dark
gray to black color. Only minor amounts of ore minerals forming aissged grains occur
in the intervening bands that have a lighter color. However, most bfjtiteolored bands
only consist of quartz or calcite and are entirely barren. Thiskdison of ore minerals in
crustiform epithermal veins is common in epithermal deposits (iIcdk@nd Shikazono,
1984; l1zaweet al.,1990; Matsuhisa and Aoki, 1994; Shimital.,1998; Fauret al.,2002;
Leavitt et al.,2004; Shimadat al.,2005; Sanematset al.,2006; Saunderst al.,2008;
Shimizu, 2014; Tharalsoet al.,2019; Zeeclet al.,2021). Historically, the mineralized bands
are referred to as ginguro bands, which is the Japanese worddéordiick. One of the
earliest descriptions of the occurrence of ore minerals in gpesefic bands is a report by
Mukaiyama (1950) on the Sado deposit in Japan.
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Figure 5.5 Photomicrographs of calcite and quartz textures in orastfein samples from
the Chatree epithermal deposit. (a) Subhedral zonal quartz tnasssut by myriads of
healed microfractures that contain secondary fluid inclusions and ha@gpyaappearance.
Faint growth zoning can be identified under plane-polarized light. (be8wrnding image
in crosgd-polarized light. (c) Small grains of quartz (arrows) occurrimg@lthe boundaries
of large subhedral comb quartz crystals. These grains are inéerpodtave formed by
bulging. Crossd-polarized light. (d) Large single crystals of calcite exhiwihhing under
plane-polarized light. Some calcite crystals contain kink or bendbaads (arrows).

Ore microscopy and chemical mapping'¥RF demonstrate that adjacent ginguro
bands at Chatree are not compositionally identical. In some casegositional variations
from bottom to top were documented. Similar variations in the claramnposition of
adjacent mineralized bands were documented by Tharalsd(2019) and Zeeckt al.
(2021) for crustiform quartz veins in low-sulfidation epithermal depadithe Omu camp in
Hokkaido, Japan. At the Omu camp, Ag sulfoselenides form the prionamineral in the

dark gray to black ginguro bands. However, native gold is present bbibsm dark bands
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with the Ag sulfoselenides as well as in unassuming light gresite bands that do not
contain Ag sulfoselenides.

The observation that ginguro bands in crustiform quartz-calcite aei@dbatree are not
compositionally homogeneous and even show chemical zoning from bottom to tog can
related to the occurrence of boiling during mineral deposition. Chsisteand Hayba (1995)
showed that the degree of vaporization of hydrothermal liquids exstrtsrey control on
mineral solubility. Based on modeling of isothermal vapor loss at 2&hstenson and
Hayba (1995) demonstrated that sphalerite and pyrite precipitatiorhfrdrathermal liquids
starts with the onset of vaporization. Sphalerite was found $tabée throughout the process
of vaporization, whereas pyrite is replaced by chalcopyrite at @&wt~% vapor loss.
Chalcopyrite is in turn replaced by bornite and chalcocite at 4%and 70 wt. % vapor
loss, respectively. Galena saturation is reached at 3 wtp®6 lass, with galena
precipitating throughout the process of vaporization. Christenson and H®8% &lso
showed that Au precipitation commences at ~6 wt. % vapor lossoatdues to ~90 wt. %
vapor loss. Their modeling suggests that high Au grades are formad theiearly stage of
vapor loss (~10 wt. %) although extensive (20D40 wt. %) vapor lesgused to cause the
precipitation of large amounts of Au.

The model developed by Christenson and Hayba (1995) implies that thetpteripf
the ginguro bands at Chatree is related to the boiling of the hydrotheyunds, with
different amounts of vapor produced during the formation of each gingurabahi$ would
explain that differences in chemistry between consecutive bands withoegsitating
dramatic changes in the composition of the hydrothermal liquid prionliadh@bserved
compositional gradients from bottom to top within individual ginguro bands suggasges
in vapor loss as these bands formed. These variations in the amgapboproduced attest
to the dynamic nature of the ore-forming process.

The observation that ore minerals in the ginguro bands at Chatreeasabemdrites
can be directly related to the formation of the ore from hydrothldiquids experiencing
boiling. In modern geothermal systems, sulfide mineral scaling congrooaulrs in pipes of
two-phase liquid plus vapor flow as metal precipitation is caused by sugtarsaturation
achieved through vapor loss. Growth of the dendritic crystal aggrdgkessplace at far-
from-equilibrium conditions due to instability of the growing crystafees (Oaki and Imai,
2003). During dendritic growth, the hydrothermal liquid must have been contiguousl
replenished. Near-instantaneous vaporization of the hydrothermal ligiinisutv
replenishment would not likely result in the observed concentration ofinezahdendrites

11z



in the ginguro bands at Chatree as metal concentrations in hydrothgtnas are low
(Simmonset al.,2016). The evidence suggests that ore mineral growth occurred under far
from-equilibrium conditions in two-phase liquid and vapor flow through the yveiris the
degree of vaporization changing along the veins and with time during edinly buent.

Dendritic ore minerals are indeed common in epithermal depogitging that far-
from-equilibrium processes of mineral precipitation are not unig@hatree. In low-
sulfidation epithermal deposits, dendrites of gold (Lindgren, 1915; Saut86f%,1994,
2012; Sherlock and Lehrman, 1995; Saundéed.,1996; Perez, 2013; Marinoea al.,
2014; Milliard et al.,2015; Burkeet al.,2017) and Ag sulfoselenides (Vikre, 1985, 2007;
Saunderet al.,2008, 2011; Unger, 2008; Saunders, 2012; Mas@h.,2015) are common.
In addition, dendritic aggregates of sphalerite (Simpson, 2017) and ¢8lanazuet al.,
1998) have been documented. Dendritic acanthite (Smith, 2008), native galgédtal.,
2016) and sphalerite (Shimizu and Morishita, 2012; S&dtat.,2021) have been described
from intermediate-sulfidation epithermal deposits.

5.5.2 Origin of Mosaic Quartz in Mineralized Bands

The ore minerals within the colloform ginguro bands at Chatee@sted by quartz
that has a mosaic texture under crossed-polarized light. Individuét guains have highly
irregular and interpenetrating grain boundaries. The grain sthe ohosaic quartz is
variable with the microdendritic ore minerals typically occurrinfine-grained quartz,
whereas the large acicular sphalerite dendrites are commonlyl lhystearse-grained
mosaic quartz. In addition, mosaic quartz may contain variable asholme-grained
adularia.

Mosaic quartz is widely regarded to be a product of recrystadiiz of chalcedonic
quartz or noncrystalline silica (Lovering, 1972). Based on textural \wdigams made on
crustiform vein samples from the low-sulfidation epithermal depas$ithe Omu district in
Japan, Zeeckt al.(2021) showed that vein quartz with this texture can indeed famm fr
both precursor phases. Colloform bands of chalcedonic quartz showedrditfegrees of
recrystallization. Chalcedonic fibers that were up to "L®0in length could be identified in
layers showing incipient development of mosaic textures. In crgesadzed light, these
layers commonly exhibited radial or plumose extinction patterns. e mtensely
recrystallized layers, chalcedonic fibers were difficult tontdg or only locally preserved as
relics. Bands of chalcedonic quartz and mosaic quartz formed threagistallization of this
precursor were barren. In contrast, mosaic quartz contained inaliaedrbands was found
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to have formed through recrystallization of silica microspherdsatieal D5 m in size Zeeck
et al.,2021). Variations in the degree of recrystallization were alsaax$én the
mineralized bands, ranging from mosaic quartz containing reliospberes to mosaic
quartz surrounding the ore minerals that shows no relics of microspheres

Microspherical silica in mineralized bands has also been recognintiter Cenozoic
deposits that have not been overprinted by regional metamorphism. Th3lb.Bla
(Conradet al.,1993) Sleeper deposit in Nevada (Nashl.,1989, 1995) is a prominen
example of a low-sulfidation epithermal deposit where some ofdledam silica bands in
crustiform veins are still isotropic (Saunders, 1990, 1994). High-rhegtion optical
microscopy showed that these isotropic bands are composed of silfcaphieres
(Tharalsoret al.,2021). Relic microspherical silica in ginguro bands was also docudhante
the ~16 Ma (Vikre, 2007) Buckskin-National deposit in Nevada (Taksatadu2018) At
the <2.2 Ma McLaughlin deposit in California (Sherlock and Lehrman,;18®9&rlocket al.,
1995; Tosdakt al.,1996), ore mineral dendrites are also hosted by bands of isotropic
microspherical silica (Sherlock and Lehrman, 1995; Shertek ,1995; Tharalsoet al.,in
prep.).

The noncrystalline silica forming the host to the ore minenallse mineralized bands
in epithermal veins can be classified as opal-A (Smith, 1998)-Makso forms scalings in
geothermal power plants (Rothbaetal.,1979; Brown, 2011; Meiezt al.,2014; Zarroulet
al., 2014; van den Heuvel al.,2018) and is abundant in sinters forming the surface
expressions of modern geothermal systems (Jetnals, 1997; Herdianitat al.,2000;
Campbellet al.,2001, 2002; Guidry and Chafetz, 2003; Lynne and Campbell, 2004; Rodgers
et al.,2004; Fernandez-Turiek al.,2005). Studies on these young silica deposits have
established that opal-A is thermodynamically unstable and matures@austallizes over
time (Campbellet al.,2001, 2002; Reyest al.,2002; Lynne and Campbell, 2004; Rodgetrs
al., 2004; Raymonet al.,2005; Lynneet al.,2005, 2007; Jones, 2021). This involves the
transformation of the noncrystalline opal-A to opal-CT, which in teonystallizes into opal-
C and then into quartz. The quartz formed through this process exhdstsc textures
similar to those observed in the ginguro bands at Chatree (Lovering,[1@7@et al.,1995).

In geothermal power plants, the formation of silica scalegposed of opal-A occurs
primarily in pipes characterized by two-phase liquid plus vapor flowagorization results
in silica supersaturation in the hydrothermal liquid (Fournier, 1985; Bra@@l11; van den
Heuvelet al.,2018). During boiling, silica colloids are formed within the hydratiedr
liquids through homogeneous nucleation (Brown, 2011; van den Hetuake]2018).
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Following nucleation, the silica particles grow in the supersaddajuid and ultimately
deposit as microspheres along the pipe walls (Brown, 2011). When ddptiste
noncrystalline silica may form spiculose or dendritic deposits Witeret al.,2014; Mroczek
et al.,2017; van den Heuvet al.,2018; Chambefort and Steffnsson, 2020). In epithermal
veins, the microspherical silica also appears to form gehtiasses that can have rippled
surfaces caused by hydraulic shaping (Saunders, 1990, 1994; Sairade?®08, 2011;
Unger, 2008; Aseto, 2012; Shimizu, 2014). Relic wavy banding in the sampiehatree

could be explained if the silica deposits in the veins were inolegitally soft and gel-like.

5.5.3 Textural Modification

The regional metamorphic overprint of the Early Triassic Chatepesit at sub-
greenschist facies conditions (Cumming, 2004; Salam, 2013) has causadtsallisitural
changes in the crustiform quartz-calcite veins. Many of the priteatyral relationships that
can be observed in Cenozoic epithermal deposits (Bbaf,1995; Shimizwet al.,1998;
Moncadeet al.,2012; Shimizu, 2014; Etoét al.,2002; Zeeclet al.,2021) cannot be
identified at Chatree as they have been obliterated as aotsedtrystallization of the ore
and gangue minerals.

Most notable is that the occurrence of ginguro bands and intervening bandsis
largely preserved in the crustiform samples from the ChatigesdeMacroscopically, the
vein samples are not unlike those in Cenozoic deposits, which presum@ein important
criterion used in classifying Chatree as an epithermal deposé &8 discovery in 1988
(Diemar and Diemar, 1999). However, at the microscale tleetsfbf recrystallization are
obvious and the intergrowth relationships between the ore and gangue nuastedst
markedly to those observed in younger deposits that have not been affected by a
metamorphic overprint such as those studied by Daeteal.(1995), Shimiziet al.(1998),
Moncadaet al.(2012), Shimizu (2014), Etcodt al.(2002), and Zeeckt al.(2021).

Most notably, the ginguro bands at Chatree do not contain isotropicasilicelearly
identifiable relic microspheres are not present. Maturation amgstallization of the original
noncrystalline silica to quartz has been completed. In many chsds)d-grained mosaic
guartz has even recrystallized further by a processes oflgranary area reduction
resulting in an adjustment of the shape of the grain boundaries andeaser grain size.
Polygonal quartz aggregates are formed that are characterizgoldyunctions with
interfacial angles of ~12C. Ore minerals have been coarsened and, in many cases, small
opaque grains occur along the grain boundaries or triple junctions of yfgopal quartz
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aggregates. Although massive ore mineral dendrites and the larguasphalerite

dendrites can still be easily identified, dendrites that wersuonably originally more
delicate are difficult to recognize due to recrystallizatiothefsurrounding quartz matrix and
realignment of small opaque grains along the newly formed grain boundaries

Tharalsoret al.in prep. (see Appendix A) demonstrated that ore minerals are
commonly in direct contact with silica microspheres in bands contpisotropic
microspherical silica at Sleeper in Nevada and at McLaughliraliiothia. However, even at
these comparably young and undeformed deposits, the textural progression from
noncrystalline silica to mosaic quartz containing relic microsghened euhedral quartz
overgrowths is not obvious in all cases. At Chatree, small eulepdigl crystals commonly
occur along the contact between the matrix of mosaic quartz anceth@raral dendrites.
This overgrowth by euhedral quartz is interpreted to have formedessilaof the
recrystallization of the originally microspherical matrix €¢ket al.,2021) and can also be
observed in vein samples from Cenozoic deposits that contain weliyaeselic
microspheres (Zeecalt al.,2021; Tharalsoet al.,in prep.).

Large euhedral or subhedral comb quartz crystals common in the ban@smshow a
range of textures that can be related to metamorphic recizegiath. Particularly common is
undulose extinction in the quartz and the formation of clustersall guartz grains
originating at grain boundaries. The quartz is crosscut by myriads lefiha&rofractures
defined by secondary fluid inclusions forming wispy arrays. Many of tenskary fluid
inclusions are highly irregular in shape and assemblages consistepitited inclusions
and variable liquid to vapor volumetric proportions. This secondany ithaglusion overprint
is not a primary characteristic of epithermal quartz (Boéhat.,1985).

5.5.4 Implications to Processes of Ore Formation

Salam (2013) previously proposed that ore deposition at Chatree likelyred as a
result of boiling of the hydrothermal liquids. Both liquid-rich and vapaoh-fiuid inclusions
were observed along growth zones in subhedral to euhedral comb quaretradsaphic
evidence indicated that the variable liquid to vapor ratios in thekesions could not be
explained by necking, Salam (2013) suggested that the fluid inclusiognagtng points to
the occurrence of boiling during vein formation. This finding is suppdoyetie observation
that the mineralized veins at Chatree contain pseudomorphs of pp@azing bladed
calcite. Following the studies by Keith and Muffler (1978) ad a®ISimmons and
Christenson (1994) on modern geothermal systems, the presence of bladednc

117



epithermal veins is widely regarded to be a reliable textadatator for boiling (deRonde

and Blattner, 1988; Donet al.,1995; Simoret al.,1999; Etolet al.,2002; Moncadat al.,
2012, 2017). Additional support for this conclusion is provided by the abundant oceurrenc
of adularia in the mineralized crustiform veins. Based on obsenganh modern geothermal
systems, Browne and Ellis (1970) and Hedenquist (1990) showed thatadutari
mineralogical indicator for boiling. This observation is strongly suppdyethermodynanic
considerations (Drummond and Ohmoto, 1985; Cathles, 1991).

The conclusion of Salam (2013) that boiling of the hydrothermal fluidsawas
important control on gold mineralization at Chatree is supported by stadies on
epithermal systems (Kamilli and Ohmoto, 1977; Bodrtal.,1985; Saunders, 1990, 1994;
Sherlocket al.,1995; Brathwaite and Faure, 20@&20het al.,2002; Johret al.,2003;
Camprub’ and Albinson, 2007; Vikre, 2007; Moncadal.,2017). It is well established that
H>S strongly partitions into the vapor phase during boiling, which significeeduces the
amount of HS in solution in the coexisting liquid. As a result of gas loss tana lesser
extend changes in acidity, gold bisulfide complexes (Seward, 197A8jrigeand Seward,
1996; Steftnsson and Seward, 2004) are destabilized and gold is peztifBtawn, 1986;
Drummond and Ohmoto, 1985; Hedenquist and Henley, 1985; Spycher and Read, 1989;
Christenson and Hayba, 1995; Simmons and Browne, BX);hez-Alfarcet al.,2016).
This process of metal deposition is common in modern geothermal systphaining high
gold grades in sulfide mineral scales formed under two-phase liquidagos flow
conditions (Brown, 1986; Clark and Williams-Jones, 1990; Christenson aytahiH1995;
Reyeset al.,2002; Hardard—tet al.,2010).

The results of this study, however, suggest that the degree of vaportgnodiucing
boiling could have been an important controlling factor on gold mineralizati Chatree.
Moncadaet al.(2012), Shimizu (2014), and Sanchez-Alfatal.(2016) showed that two
fundamentally different types of boiling need to be distinguished. As hydneahéquids
decompress under hydrostatic pressure conditions, they intersect teligguvapor
coexistence boundary, causing the generation of vapor. In open fratitareapor produced
is physically separated from the hydrothermal liquid and rises mpidiyrdo the surface.
This process of vapor production is generally referred to as geniilegodi contrast to this
type of boiling, a seismic event or a dike injection (Sibson, 1987; Rovdad Simmons,
2012) may trigger an event of vigorous boiling along the structure that otiteolipflow of
the hydrothermal liquids. As vapor is produced by boiling, it may accuenmahe upper
part of the structure causing pressures deeper along the struatuwp telow hydrostatic
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conditions. As the lower pressure regime migrates downward, mora@ediquid converts
to vapor at depth and within the surrounding wall rock (Henley and Hughes, Z030).
process of vaporization caused by pressure changes along the host stwatlely referred
to as flashing.

Mineralization at Chatree can be related to the occurrendasbirig as a high degree
of supersaturation of metals and silica is required to form the @irunds and variations in
the amount of vaporization are required to explain the chemical gtadieserved. In
contrast to the ginguro bands, bands containing pseudomorphs of quartz repkab#og bl
calcite are typically barren, suggesting that gentle boiling mayspemsible for the
formation of bladed calcite, but not the precipitation of large anscafiire minerals.
Similarly, barren quartz bands can contain abundant adularia, impihgentle boiling is
not the principal process responsible for mineralization at Chdinéeis consistent with a
number of studies highlighting the importance of flashing as the primoipethanism of ore
formation in the epithermal environment (Christenson and Hayba, 199%;a88d Watanabe,
1998; Moncadat al.,2012; Shimizu, 2014; Sanchez-Alfagbal.,2016; Taksavaset al.,
2018; Tharalsomet al.,2019; Tharalson et ain prep; Slateret al.,2021; Zeeclet al.,2021).

In a simplistic model of flashing, vapor flow will predominatehi shallow
subsurface although the vapor may carry droplets of the liquid. Violeshtadge of vapor on
surface may result in hydrothermal eruptions (Muféieal.,1971; Hedenquist and Henley,
1985; Fournieetal., 1991, Christenson and Hayba, 1995; Browne and Lawless, 2001), the
surface expressions of which are not preserved at Chatree dositmeWith increasing
depth, the vapor-dominated flow transitions into a region of two-phgse plus vapor
flow. At even greater depth, flow is dominated by hydrothermal ligétd€hatree,
deposition of the ore minerals and silica host in the ginguro bandsisaged to have
occurred within the region of two-phase liquid plus vapor flow wherehbenistry of tle
ascending hydrothermal liquids changed most rapidly due to the vapor Idtssihhsg is a
highly dynamic process (Henley and Hughes, 2000), the degree of vapor prodwetidn w
have varied with depth along the host structure and over time. Refleateng events
would have been necessary to form crustiform veins that contain iegjiqguro bands.

The results of this study have important implications to exploratitime epithermal
environment. If ore deposition occurred through gentle boiling, the depth ofdlz®ne
below the paleowater-table can be easily predicted at Chatrestnaifad deposits.
Thermodynamic considerations suggest that >90% of gold in liquids undergoitey gent
boiling deposits over a temperature range of 260j to 180;C (Simmons and B&DA0Oe, In
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the pure HO system, this temperature range corresponds to a depth of ~Bntbelow
paleosurface at cold hydrostatic conditions and ~560 to 100 m below ¢dosyrdéce at hot
hydrostatic conditions. However, the ore zone could be located aicagtlf greater depths
if flashing caused mineral deposition. The downward migration of thetegsure
conditions along the controlling structure during flashing would cause theadrisating to
occur progressively deeper below the paleosurface.

5.6 Conclusion

Crustiform veins in the Early Triassic Chatree intermedatédation epithermal
deposit are characterized by the presence of ginguro bands containing abuvadainerals
that alternate with barren bands of gangue minerals. The oreatsiimethe ginguro bands
form dendritic aggregates that are hosted by mosaic quartz that feorgdse- to coarse-
grained. The bands of mosaic quartz, which range from planar to waeplkofdrm, are
interpreted to have formed through recrystallization of originally rystalline silica. Ore
mineral precipitation at far-from-equilibrium conditions resultinglendrite formation and
concomitant deposition of noncrystalline silica that later rectizs#dlto mosaic quartz is
interpreted to have occurred as a result of metal and silpErsaturation achieved in the
hydrothermal liquids during short-lived events of vigorous boiling or flaslidgng these
events, the degree of vapor production varied with depth along the veinsearohay
explaining the observation that individual ginguro bands exhibit chemicakgtadrom
bottom to top and that adjacent bands can be compositionally distinenBands of
gangue minerals separating the ginguro bands are interpreted to hage thummg periods
of gentle boiling or nonboiling. At the thin-section scale, the migtotal relationships
between the ore minerals and the silica host have been extgmsodified during a
subsequent metamorphic overprint and only relic primary relationsl@mtetectable. The
study at Chatree illustrates how these relationships can be Sfutlgadentified in
epithermal deposits that have been overprinted by metamorphism, pramgiogant

constraints on the processes of ore formation.
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CHAPTER 6
CONCLUSIONS

As part of this thesis, the textural characteristics of higlagores from epithermal
deposits were studied to unravel the processes that result in pregidusasenetat
enrichment in shallow subaerial hydrothermal systems. The redearsed on epithermal
vein material collected from low-, intermediate-, and high-suifteepithermal deposits
worldwide. In addition, silica sinter formed in a modern geothesystem was investigated
to better understand textures that develop in silica deposits thahbianreatured or
recrystallized.

6.1 Research Findings

The following section summarizes the main findings of this rebeand provides a

brief discussion on the implications of the research findings:

1.! High-grade ore zones in low- and intermediate-sulfidation state apdhdeposit
are commonly confined to veins having crustiform textures typified teyraite
bands of ore and gangue minerals having different mineralogical coropssiti
textures, or colors. Similar veins can be found in high-sulfidagmthermal
deposits although most deposits of this type are characterized bemtifféyles of
mineralization. Within crustiform epithermal veins, ore miteese located within
distinct, commonly colloform bands. In many deposits the ore minegmfgesent
in dark gray to black bands that are historically referred toregig bands.
However, native gold can be present in unassuming light-colored lag¢ae
referred to as gankin bands.

2. Ore mnerals in ginguro and gankin bands commonly have dendritic shapes. Ore
mineral dendrites range from micrometers to several centisnetsize and
typically are composed of multiple intergrown opaque minerals. Theatkeli
shapes of the ore mineral dendrites suggest that these aggregatasdgefar-
from-equilibrium conditions where crystal growth was controlled byffasion-
limited process.

3. The ore mineral dendrites in epithermal veins are hosted inr&tinatt originally
was composed of noncrystalline opal-A. The noncrystalline silica olligina
exhibited a microspherical texture with individual microspheres ngnigom 1 5
"m in size. The microspherical silica hosting the ore mineradites in
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5.

epithermal veins has textural characteristics dnatsimilar to #ica sinter deposits
Extensive research by previous workers has established thatsitieesare
composed of opal-AT he textural similarities further substantiates the inference
that the silica matrix of ginguro and gankin ban@swariginally composed of
noncrystallinesilica
Different relative timing relationships may exist betweenateeminerals and the
matrix of opalA. At the <2.2 Ma McLaughlin deposit in California, primary
textural relationships are well preserved. Micrometer-sizedrneral dendrites
occur between microspheres of opalf he textural relationships suggest that
these dendrites must have grown within the preexisting silicaxn@rowth of the
dendrites may have occurred by diffusion of nutrients through the silite sites
of ore mineral growth. Experiments were conducted to show that gofwth
mineral dendrites can indeed occur in silica gels. However, oltiegryan modern
geothermal systems suggest that ore minerals and opal-A can alsoiitgte
from hydrothermal fluids. In this case, the silica microsphpregide a framework
for the ore mineral dendrites as these grow during continued deposittoa of
silica microspheres.
Microtextural relationships between the ore minerals and tica sibserved in
high-grade veins from low-, intermediate-, and high-sulfidation epithkdeposits
suggest that the processes resulting in the growth of ore minadaltds at far-
from-equilibrium conditions and the deposition of noncrystalline silica in
hydrothermal liquids are universal in the epithermal environment dabgitfact
that these deposits show different relationships with associagpuasaand that
metals transported by the hydrothermal liquids may be of different arigins
It is suggested here that ore mineral dendrite formation in the giaguargankin
bands at far-from-equilibrium conditions and deposition of opal-A astixna
the ore mineral dendrites can be related to metal and silprsaturation in the
hydrothermal liquids caused by flashing. Induced by a seismic event or dike
emplacement, a fluid pressure drop along the host structure nesihkése short-
lived events of violent vaporization of hydrothermal liquids. At surface
hydrothermal eruption of dominantly vapor may occur. Deeper along the host
structure, a region of two-phase liquid plus vapor flow develops. @rerahand
silica deposition are thought to occur in this region where the congositihe
liquid changes rapidly due to vaporization. As the degree of vaporizatson i
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7.

fundamental control on metal supersaturation, variations in the amovayp@f
produced along the controlling structure and over time can explain thecahem
differences between ginguro and gankin bands as well as observed comalositio
gradients within individual bands.

Barren bands in epithermal veins show textures that differ signtficfrom
mineralized ginguro and gankin bands. A wide range of textures can vesabse
barren bands. This includes colloform chalcedonic quartz bands, bands of comb
guartz, and quartz pseudomorphs replacing platy-bladed calcite. Theab$®re
minerals in these layers and the occurrence of different gangueahtea¢ures
suggest that these bands have formed by processes that deviate f®em tho
governing the formation of ginguro and gankin bands. It is proposed here that
barren bands are formed during periods of gentle boiling or nonboiling of the
hydrothermal liquids.

Geochronological information suggests that hydrothermal activity leaalitig t
formation of epithermal deposits lasts for several tens of thousyesrs
(Sanematsu et al., 2006; Rowland and Simmons, 2012) up to nearlioa yehrs
(Mauk et al., 2011). Steady-state flow during this period of timginvolve

gentle boiling or nonboiling conditions depending on the reservoir temperature a
the path of fluid flow through the subsurface. However, depositiomgs la
amounts of metals occurs intermittently during short periods giifig that are
presumably seismically triggered. Over time, repeated shortdwvexts of

flashing are required to cause the deposition of multiple ginguro orrgbakds,
which result in the development of high-grade ore zones. These fundamental
processes are common to all shallow hydrothernsésysin which upflow of the
hydrothermal liquids is structurally controlled and where pressurtée

subsurface can temporarily degrease below hydrostatic conditions througgtt viol
decompression and vaporization of hydrothermal liquids.

In most of the samples studied, primary textural relationships be@en modified
by recrystallization. The thermodynamically unstable noncrystalline/ pals
matured and recrystallized to quartz. The quartz formed throughratiah and
recrystallization of the noncrystalline silica has a mosaitite. Polycrystalline
quartz of this texture is characterized by highly irregular andpetetrating grain
boundaries. In some deposits, relic microspheres can be observediostie
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quartz by high-resolution optical microscopy attesting to the original -
the silica hosting the ore minerals.

10! Textural studies on vein samples from the Early Triassic Ghapithermal
deposit in Thailand show that observations made in Cenozoic depositscae a
applied to deposits that have been overprinted by regional metamorphism.
Although recrystallization has obliterated many textural relatigsslginguro
bands consisting of ore mineral dendrites and mosaic quartz cdre siltlserved.
The study at Chatree provides important guidelines for how primatyorehips
can be reconstructed in metamorphosed deposits.

The findings of this thesis have significant implications to minexploration. Existing
models for the formation of epithermal deposits assume that gertfeghwas the principal
process responsible for the deposition of metals in the epithermabnment. In this case,
the boiling-pointto-depth curve can be used to constrain the depth below the paleowater-
table at which vapor formation commences in hydrothermal liquidgivea temperature.
According to this model, the boiling zone is most favorable for mire@lbration and its
depth can be easily determined from fluid inclusion studies or gedladpsarvations
constraining paleoelevation such as the occurrence of siliceous.dit@rsver, if flashing
is the principal process responsible for high-grade ore depositidoctimn of the ore
zones is more difficult to constrain. During flashing, the presalong the host structure is
lowered and vaporization may occur to larger depth than during gentle baidicgrdingly
high-grade ore zones may occur at greater depth than previously thoughingegchange
in exploration paradigm.

This study further highlights the importance of careful textutalies on epithermal
veins. A wealth of information on the processes of ore formatorbe gained through high-
magnification optical petrography and selection of representative aaufnpin epithermal
ore deposits. The study provides insights into how petrographic investigediote used to

derive critical information required in mineral exploration.

6.2 Recommendations for Future Work
Based on the results of this study, the following recommendatiofistéme work are
made:
1.! In modern geothermal systems, opal-A can also form by heterogeneoestioncl
on solid surfaces. Literature data suggests that this typeaaf déposit is
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texturally distinct and that the rates of silica deposition igrafecantly lower
(Brown, 2011; van den Heuvel et al., 2018). It is recommended here to tanduc
in-depth study on the textural characteristics of these silitiagsao clarify
whether similar deposits also occur abundantly in epithermal vegignhary

work conducted as part of this thesis (see Appendix) suggestbdbatdpalA
deposits are also present in epithermal veins but are typicalnbarr

Calcite formed in the epithermal environment can exhibit bladed aty qlystal
habits that are indicative of gentle boiling (Simmons and Christerd994). It is
proposed to conduct a comprehensive study of samples showing this texture to
conclusively determine how frequent the occurrence of ore mineratsaanbe
linked to this texture. Preliminary work conducted as part of thidyssuggests

that bands of bladed calcite are typically barren or only contssewmhinated ore
mineral grains. A comprehensive study would shed light on the questmwof
important gentle boiling is in the formation of low-grade epithemegosits where

ore minerals may not be concentrated in ginguro or gankin bands.

I A wealth of new information could be obtained by using the resultssfitesis as

a basis for modeling two-phase fluid flow and associated geochgmozasses. It

is proposed here that future research focusing on modeling should be conducted to
expand on the work by Christenson and Hayba (1995). Renewed modeling efforts
would need to take mineral stabilities of other important ore nalisiénto account,
especially commonly occurring Ag-bearing ore minerals such as the Ag
sulfoselenides.
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APPENDIX A

TEXTURAL CHARACTERISTICS OF ORE MINERAL DENDRITES IN BANDED
QUARTZ VEINS FROM LOW-SULFIDATION EPITHERMAL DEPQOSITS:
IMPLICATIONS FOR THE FORMATION OF BONANZATYPE PRECIOUS METAL
ENRICHMENT
Erik R. Tharalsort, Tadsuda TaksavaduThomas Moneck& T. James Reynoldg, Nigel
M. Kelly *3 Katharina Pfaft, Aaron S. Belf, and Ross Sherlock

Abstract

Quartz veins in bonanza-type ore zones of low-sulfidation epithermal teposi
frequently contain ore mineral dendrites. Gold and naumannite deridr#tesl by colloform
silica bands from four deposits located in California and Nevada stedied to bette
understand the processes by which these delicate ore mineral aggergdormed. High-
magnification optical petrography revealed that the colloform bands hoséraye mineral
dendrites originally consisted of noncrystalline silica microsph@eedural relationships
suggest that the microspherical silica provided the structurakfs@rk for the delicate ore
mineral aggregates to grow. The ore mineral dendrites eith@ragr@emporaneously with
the deposition of the microspherical silica along the vein waligter their deposition within
permeable gel-like layers of microspheres. Etching in hydrofluciitshowed that the ore
mineral dendrites exhibit complex surface morphologies. The surfagghology of the ore
mineral dendrites and their textural relationships with theasimst were modified as a result
of post-depositional maturation and recrystallization processes cdlisingnversion of the
noncrystalline silica to quartz. It is proposed here that ore nhidenarite formation in the
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low-sulfidation epithermal veins occurred from hydrothermal liquidsndupieriods of two-
phase flow associated with short-lived events of vigorous boiling dritiigswhich caused
supersaturation of silica in the liquid and the deposition of the orerats.

Introduction

Low-sulfidation epithermal deposits form in the shallow subsurfaté km) from
near-neutral hydrothermal waters having temperatures of up to Zb@#edquist et al.,
2000; Simmons et al., 2005). The ore-forming hydrothermal liquidsakehuffered and
typically have a low (<3D4 wt% NaCl equiv.) salinity (Hedenquiat.e2000; Bodnar et al.,
2014). Many low-sulfidation epithermal deposits have zones of bonanza-tygedes
confined to crustiform quartz veins that range from centimetessveral meters in widths.
Within these crustiform veins, the ore minerals typically ocdthimspecific colloform
bands (Takeuchi and Shikazono, 1984; Leavitt et al., 2004; Sanemats2@d@j Shimizu,
2014; Tharalson et al., 2019).

The ore minerals within crustiform quartz veins in low-sulfidlatepithermal deposits
commonly have complex dendritic shapes. In some deposits, macrodgopsshle ore
mineral dendrites occur. Most notable is the occurrence of lardedgobrites in bonanza-
type ore zones at the Jumbo, Fire Creek, Midas, National, Round Mous¢aen Troughs,
Sleeper, and Tenmile deposits in Nevada (Lindgren, 1915; Saunders, 199®01994
Saunders and Schoenly, 1995a; Saunders et al., 1996, 2020; Perez, 2018; étldlia
2015; Burke et al., 2017; Saunders and Burke, 2017), McLaughlin in Cali{&imealock
and Lehrman, 1995), and Khan Krum in Bulgaria (Marinova et al., 2014nthAite,
aguilarite, and naumannite dendrites have been described from thenBeMountain and
War Eagle Mountain deposits in Idaho (Mason et al., 2015) and the Bud¥akonal,
Hollister, Fire Creek, and Seven Troughs deposits in Nevada (\8&&, 2007; Saunders et
al., 2008, 2011; Unger, 2008; Saunders, 2012; Saunders et al., 2020). kepmsies, base
metal sulfide minerals also form dendrites. For instance, @bylite encrusting and
replacing naumannite has been documented at Buckskin-National (SaundersAR@1e)
Waihi and Karangahake in New Zealand, sphalerite is fine-grairgehtlritic (Simpson,
2017). Dendritic galena has been recorded at the Koryu deposit in $ypaz( et al.,
1998).

The processes involved in the formation of ore mineral dendritesiaently not fully
understood. Previous workers suggested that the formation of gold decdnites linked to
colloidal gold transport in the hydrothermal liquids (Saunders, 1990; SaumuiSchoenly,
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1995a,b; Sherlock and Lehrman, 1995). Saunders (1990) suggested that gold fiordss col
in the deeper parts of the hydrothermal system as a result of coplaging of the
hydrothermal liquids. In this model, colloidal gold would then have beehanemally
transported by the hydraulic action of the ore-forming hydrothermal lionaidyeown
through aggregation. Gold deposition of the nanoparticles would have ocdomgdre
vein walls through density accumulation or scavenging of the gold by chardcksur
Ultimately, upward growth of the gold dendrites would have occurréeedtps of the
dendrite branches simultaneously to the deposition of the silica bostthle vein walls,
successively building up a silica layer that hosts large dendrdaaad8rs et al. (2011)
suggested that colloidal transport is not restricted to gold anddbatannite dendrites may
have formed by a similar process. Nevertheless, the textélasibnships between the ore
mineral dendrites and the colloform bands have not been describedilinatietshe question
as towhy adjacent colloform bands in these crustiform veins commonly dtitakent ore
mineralogy (Taksavasu et al., 2018; Tharalson et al., 2019) has noubgenidressed yet.
To better constrain the processes by which ore mineral dendwmibesif shallow
hydrothermal systems, vein material from four low-sulfidation epitlaédeposits was
selected for this study. The distribution of ore minerals ircthstiform veins and chemical
zoning of the ore mineral dendrites was studied by micro-X“rZfRF) fluorescence
mapping. The microtextural characteristics of ore mineral desdaind their textural
relationships to the silica host were identified by optical asicopy. In addition to the study
of textural relationships in thin sections, the morphologies of aneral dendrites were
determined by scanning electron microscopy following etching of samptesaentrated
HF. Based on the textural observations, it is suggested that tbfeulbands hosting the
ore mineral dendrites originally contained non-crystalline micrasgdesilica. Ore mineral
dendrites could have grown during stacking of the silica microsphegeswiwithin the
originally permeable, gel-like layers of microspheres deposited dhengein walls during
short periods of vigorous boiling or flashing of the hydrothermal liquids.néaemodel of
dendrite growth has significant implications to the current undersigmdihow bonanza-

type precious metal enrichment occurs in low-sulfidation epitherystgss.
Geological Setting
Vein samples containing ore mineral dendrites were obtained from fotgulbdation

epithermal deposits located in the western United States (Hiy. Pis included gold
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dendrites from McLaughlin in California and Sleeper in Nevada #sag@aumannite
dendrites from the Buckskin-National and Fire Creek deposits in Nevada

The Pleistocene (<2.2 Ma) McLaughlin deposit is located in thet@d@ange of
California, ~120 km north of San Francisco at the junction betihega, Yolo, and Lake
Counties (Gustafson, 1991). McLaughlin is a well-preserved low-stitfidapithermal
deposit that underwent little erosion since its formation as theralized vein system is
capped by hydrothermal eruption deposits and a subaerial sinter tdfnaeralization is
located in the structural footwall of the Stony Creek fault séiparéhe Middle Jurassic
Coastal Range ophiolite in the southwest from Late Jurassic esetdiry rocks of the Great
Valley sequence to the northeast (Sherlock et al., 1995; Tosdall&96). High-grade ores
occur in a pipe-like sheeted vein complex that developed within arttilabne at the margin
of a basalt block within a tectonic mZlange consisting of sedinyenizcks and serpentinite.
The sheeted vein complex consists of centimetandterwide subparallel siliceous veins
(Sherlock and Lehrman, 1995; Sherlock et al., 1995; Tosdal et al., T9@6Jleposit was
mined between 1983 and 1996, with a total resource of ~3.5 million o(iMoe$ Au
contained in 24.3 million metric tonnes (Mt) of ore grading 4.49Tgtdal et al., 1996).

The Sleeper deposit is located at the western flank of the Slungt4Hs of Humboldt
County, Nevada, ~45 km northwest of Winnemucca (Wood and Hamilton, Eééper is
hosted by early Miocene volcanic rocks, which were deposited on foldsolzbie
metasedimentary basement rocks. The volcanic succession inckdi@<80-m-thick basal
volcaniclastic unit that is overlain by a 150-m-thick unit of bas#dtandesitic flows and
associated breccias. A pumiceous lapilli tuff unit separatesatbadtic to andesitic lavas from
an overlying, over 300-m-thick porphyritic rhyolite unit that is the main teogold
mineralization at Sleeper (Nash et al., 1995). Bonanza-type veigsustiform and range
from 2 cm to 5 m in width, with typical grades oft 300 g/t Au. The veins occur in a zone
that is 300 m wide and 1,200 m in strike length. Four continuous high-geadehave been
identified that each can be traced over a strike length of ~288ch with a den-dip extent
of over 300 m. These bonanza-type veins are surrounded by narrow (<5 g boees,
typically grading 335 g/t Au, that grade outward into brecciated wall rock cut by stoékwor
veins, with low gold grades extending up to 200 m in the structural hangihgfthe veins
(Nash et al., 1989, 1995PAr/°Ar dating of adularia from Sleeper suggests that the
mineralization formed between 16.2 £ 0.4 and 14.1 + 0.6 Ma (Conehd £993). Mining of
the deposit between 1986 and 1996 produced ~1.7 Moz Au and ~2.3 Moz Ag (Wilson and
Brechtel, 2017).
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Figure A.1 Map showing the locations of the low-sulfidation epithedepbsits studied.

The Buckskin-National deposit forms part of the National distri¢dwhboldt County,
Nevada (Lindgren, 1915; Vikre, 1985, 1987, 2007). The deposit was mined irgatlyitt
from 1906 to 1941, yielding 24,000 oz of Au and 300,000 oz Ag. Located onstieenea
slope of Buckskin Mountain, the Buckskin-National deposit is hosted by am#0k
succession of early Miocene (16.57 £ 0.03 to 16.11 + 0.03 Ma; \2@6%,) massive rhyolite
and associated volcaniclastic rocks. The mine was developed on a btypenvein referred
to as the Bell vein. Mining of the Bell vein has occurred overikedength of 1.3 km. The
vein strikes N-S and dips 75j to the west. It has an average thsoh&s8 m (Vikre, 1985).
Based on drilling, the vein is known to extend to a depth of at4&&§t m below the
paleosurface (Vikre, 2007). The Bell vein consists primarily oftquaith adularia being the
second most abundant gangue minéfak/3°Ar dating of adularia yielded an age of 16.06 +
0.03 Ma (Vikre, 2007). The top of Buckskin Mountain is capped by a 30gk-thrapace of

finely laminated silica sinter and silicified epiclastic de{sos he reddish to gray-black silica
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sinter cropping out in an area that is 42230 m represents the surface expression of the
hydrothermal system that formed the Buckskin-National deposit (\2Ki@&7).

The Fire Creek deposit is located in the Argenta mining digtrichnder County,
Nevada, ~100 km west of Elko. The basement in the area is compdeeaioPaleozoic
siliciclasticrocks that are complexly deformed. These rocks are unconformablyiovsrla
basal conglomerate, and Eocene crystal-rich rhyolite ash-flowhtatffs moderately to
densely welded. The rhyolite tuff is overlain by a ~150-m-thick Oégedo Miocene
succession of tuffs, basalt to andesite sills, dikes, rardl@ava, lacustrine deposits, and rare
epiclastic tuffs. Miocene porphyritic basaltic andesite to arelésitvs and associated
volcaniclastic rocks form the main host to mineralization a Eireek. Lava flows in this
120 220-m-thick unit are marked by distinctive, multi-directional hacklgtjaog. The lava is
overlain by tan to buff colored tuff and lapilli tuff that is &y intruded by vitreous
aphanitic basalt sills. A ~200-m-thick succession of andesiesftap the volcanic
succession at Fire Creek (Milliard et al., 2015; Odell e&l18). Miocene mineralization at
the deposit predominately occurs as bonanza-type (up to 30,000 g/t Au) weltpdd
along faults or dike contacts. The crustiform veins range from <tbdnb m in thickness. In
total, over 70 individual veins or mineralized structures have beenfidétt Fire Creek,
forming a mineralized vein array extending for over 1,500 m along stnd from near
surface to a depth of over 300 m (Perez, 2013; Milliard et al., ZDdélj et al., 2018). In
addition to the bonanza-type veins, lower grade breccia zones and dissdrauiide zones
are present in the hackly-jointed basaltic andesite and andesite(iilliard et al., 2015).
Between 2015 and 2019, Fire Creek produced 385,000 oz Au and 599,000 oz Agerat the
of 2019, a proven and probable reserves of 53,500 metric tonnes of org@adi g/t Au
and 30.8 g/t Ag were identified, totaling 54,000 oz Au and 51,000 oz Ag. Ihcedi
measured and indicated resources of 233,000 metric tonnes of ore @&a8igdt Au and
24.0 g/t Ag for a total of 182,000 oz Au and 176,000 oz Ag were definbth(ha, pers.
commun., 2020).

Materials and Methods
Initially, chemical mapping of the cut samples was performewjusibench-top Bruker
M4 Tornado' XRF at the Colorado School of Mines. The instrument was equippbdivat
30 mnf silicon drift detectors and a Rh X-ray tube with polycapillaryagptillowing spot
sizes of ~25 m. All measurements were performed under a vacuum of 20 mbak¥t&tl
600 nA using a 12.5m Al primary excitation filter. Data acquisition was conddci¢ a line
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spacing of 35 m and a dwell time of 35 ms per pixel. The X-ray peaks for individual
elements were manually checked and used to generate element distntap®sshowing
normalized count rates using the Bruker M4 ESPRIT software.

Polished thin (3645" m thick) sections were obtained to study the dendrite mineralogy
and the textural relationships between the ore minerals and th®ptisal petrography was
conducted using an Olympus BX53 optical microscope. The composition of meeaini
dendrites was subsequently determined by electron microprobe (EMisuadlthe
Department of Geological Sciences at CU Boulder. A JEOL 8Z2fireh microprobe
equipped with five wavelength dispersive X-ray spectrometers wasksethe analysis of
gold, the instrument was operated at an accelerating voltage of dackleam current of 20
nA, measured on the Faraday cup, with a focused electron beatmofCount times of 20
seconds were used on the peak for Ag, As, Cu, Hg, Pb, S, SindSks.aA count time of 30
seconds was employed for Au. The off-peak count time was 20 secomdlsstements.
Analyses were performed usind KK-ray emission lines for As, Cu, S, and Sg;llnes for
Ag, Sb, and Te; and the!Mines for Au, Hg and Pb. All analyses were performed witlpelar
area LIF (As, Cu, and Se) or PET (Ag, Au, Hg, Pb,l§,88d Te) analyzing crystals. The use
of the large area crystals generated improved counting stalistaiag to lower detection
limits and analytical uncertainties. Standards used included puagsrfatAg, Au, Cu, Pb,
Sb, and Te, arsenopyrite for As and S, and cinnabar for Hg. Sillfeselenides were
analyzed using a 15 kV accelerating voltage and a reduced beam cuemt.ofhe
reduced beam current was used along with a defocused beam dian3eter td mitigate
beam damage issues that occur in silver sulfoselenide phasexpoture to high current
densities (cf. Cocker et al., 2013).

Small subsamples (~0.5 énof the crustiform vein material containing ore mineral
dendrites were obtained using a micro-saw. These subsamplesterezd in 45 ml of 48 %
HF atroom temperature without agitation within 15 ml polypropylene tubekwiolg seven
days, the samples were decanted and rinsed. The etched ore dendraks were then
hand-picked under a binocular microscope and mounted on aluminum sample sigbs usi
carbon tape. Following Au coating, the samples were studied usiB§@AN MIRA3 LMH
Schottky field emission-scanning electron microscope (FE-SEMgatolorado School of
Mines. The instrument was operated at working distances1ldf /im and an accelerating
voltage of 15.0 kV.
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Results
Gold Dendrites From McLaughlin

As shown by Sherlock and Lehrman (1995), amber-colored opaline veins occurring
within the sheeted vein complex contain abundant gold dendrites that areath@<0.5
mm) to be visually recognizable (Fig. A.2). Chemical mappin¥RF shows that elevated
Ag and Au count rates occur throughout the vein sample and that macrasdepie such
as the color of the opaline material is only a poor predictor ofeyh@cious metal minerals
occur. The maps show that the distributions of Ag, Au, Cu, Se, masdfiewhat differ from
each other suggesting that gold dendrites do not always occur togeth#renather ore
minerals (Fig. A.2).

Petrographic investigations on the amber-colored veins conducted a$tpaststudy
show that the opaline material forming these veins consists diytjgdtked 1D5m
microspheres (Fig. A.3a). The microspheres are well-preseneedaa be easily recognized
at high magnification. Cavities between the microspheres have-igkishapes outlining
the microspheres. The proportion of voids is high which may contribute tatheray to
brownish color of the opaline material in transmitted light. Theio@ahaterial is colloform
banded, with adjacent bands showing subtle differences in color and kimegp@ensity of
the microspheres. The surfaces of individual bands are wavy or botriyostelpe.

Various degrees of recrystallization of the microsphericalsidan be observed. In
some of the opaline bands, the microspheres are densely packed andcabpdased
together. Groups of concentrically banded silica spheres having a hatsyageurbid
appearance occur. In plane polarized light, these silica sph#e¥srdcolor from the
surrounding microspherical matrix. Individual spheres range up ‘torbix size. In many
cases the silica spheres are interconnected, with the outemmasintric bands surrounding
entire amalgamated aggregates (Fig. A.3b). The microspheratakns locally
recrystallized to quartz. The quartz can form complex aggre@@tesA.3b) or doubly
terminated quartz crystals (Fig. A.3c) that are suspended inithespherical matrix. Where
the quartz aggregates or crystals occur in close proximity otieentric zoning around the
crystals resembles colloform banding (Fig. A.3c). Dense occurrehties quartz crystals
grown in the microspherical matrix locally resulted in the foraratf zones of massive clear
quartz crystals (Fig. A.3c). In crass$polarized light, these zones exhibit a mosaic texture in
which quartz grains have irregular and interpenetrating grain boundadediffer in their
crystallographic orientations (Fig. A.3d).
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Ore minerals occur throughout the variably recrystallized microsghenatrix (Figs.
A.3, A.4). Most notable are curviplanar, spinifex-like aggregateg;h mostly consist of
gold and sphalerite, with minor pyrargyrite, tetrahedrite, anchéitgacanthite (Fig. A.4a).
These up to 500m-long aggregates are oriented approximately perpendicular to the
colloform banding. Ore minerals also occur as small dendritégwtite microspherical
opaline matrix that radiate in different directions (Fig. A.dbare branching and tree-like
(Fig. A.4c). The gold in these dendrites have a millesimal fseen€593 to 790, averaging
734 (n = 70; Fig. A.5). Electron microprobe analyses show compositig@ddbfound in all
studied samples (Table A.1). Euhedral to subhedral crystals ofjpsitar which are up to
~200" m in size, are present throughout the microspherical matrix surrautigd gold
dendrites (Figs. A.3a, A.4a-d). The microspherical matrix surrognsbme of the larger
stubby pyrargyrite crystals appears deformed (Fig. A.4d). In additipyré&wgyrite, minor
pyrite crystals ranging up to ~100n are present, some of which contain galena inclusions.
In many cases, clear quartz aggregates and crystals formed theonggtallization of the
microspherical matrix encapsulate ore mineral dendrites fH4g,) or small complexly
shaped aggregates of ore minerals (Fig. A.3b and A.4e,f).

Gold dendrites also occur within crustiform quartz veins as showméydsk and
Lehrman (1995). The dendrites range from several hundred micromesersetal
centimeters in size and are hosted by colloform quartz ldyatrste dark gray in color. The
gold dendrites have complex branching morphologies that taper towarehtiee af the vein,
and commonly terminate in dome shapes. Chemical mappihXR§ shows that the
centimeter-sized gold dendrites are characterized by elevateduA@e, and Zn count rates
(Fig. A.6), suggesting that the gold occurs in small-scale intetgsowith other ore
minerals. The dendrites are chemically and mineralogically zoviddelevated
concentrations of these elements primarily occurring in the topptme dendrites (Fig.
A.6). In the samples investigated, the gold dendrites represemtiticgal host to gold and
little fine-grained gold is present in the colloform quartz baite. gold has a millesimal
fineness of 647 to 748, averaging 693 (n = 45; Fig. A.5).
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Figure A.2 Sample image and corresponding element maps of gold dehdsited in an
amber-colored opaline vein sample from the McLaughlin deposit inoQ@hkf The dendrites
are small (<0.5 mm) and cannot be recognized macroscopically apafiae host. The
element maps were obtained by pXRF mapping.



Figure A.3 Photomicrographs of silica textures in opaline vein mafsym the McLaughlin
deposit in California(a) Ore minerals within a matrix of silica microspheres, som&hich
are highlighted by the arrows. One location with microspheres ia givan inset. Plane
polarized light(b) Silica recrystallization textures within a matrix of nuspheres. Circular
and concentric bands surround quartz nucleation sites and quartz crysta@scapsulated
ore minerals. Ore minerals are locally encapsulated withinatsysf quartz grown in the
microspherical matrix. Plane polarized ligf@) Doubly terminated quartz crystals that have
grown within the microspherical matrix. Some isolated crystassurrounded by concentric
bands. Dense packing of quartz caystesulted in the formation of zones of massive clear
quartz (arrow). Plane polarized ligd) Crosedpolarized light image of the same field of
view. The image shows that the microspherical silica isistitropic. The densely packed
quartz crystals exhibit a mosaic texture (arrow). Pyrg =rgyrde; Qz = quartz; Sp =
sphalerite.

14¢



Figure A.4 Photomicrographs of ore mineral textures in opaline veierialgrom the
McLaughlin deposit in Californiga) Curviplanar, spinifextk e aggregates within a
microspherical silica matrix. The aggregates consist mostiplofand sphalerite, with
minor pyrargyrite and tetrahedrite. These aggregates have grown appebxima
perpendicular to the vein wall. Circular and concentric banding caeelpevgthin the
microspherical matrix(b) High-magnification image of gold and sphalerite dendrites
suspended in a microspherical silica matrix. The larger crgspgirargyrite(c) Delicate
gold dendrite grown in a microspherical matrix. The dendrite égndbwn with some larger
euhedral pyrargyrite grains. A dendritic aggregate in the upper I¢fofoae image is
surrounded by clear quartz that is interpreted to have formed througstaflization of the
non-crystalline silica in the matrix. (d) High-magnification image& large pyrargyrite
crystal. The microspherical matrix surrounding the crystal isrdedd (arrows), which is
interpreted to have occurred as a result of crystal growth igetHéke material(e)
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Pyrargyrite encapsulated by euhedral quartz grown through recrysiatlin&the non-
crystalline silica in the matrix. The pyrargyrite forms dnsamplexly shaped grains and
dendrites (arrows). The microspherical matrix surrounding the eulgpdrdk crystals shows
concentric banding, interpreted to have formed as a result ofatatuof the non-crystalline
microspherical silica(f) Pyrargyrite grains surrounded by quartz grains that formed through
recrystallization of the non-crystalline silica in the matflike pyrargyrite occurs in the

center of the euhedral quartz and along grain boundaries between agjeséncrystals.
Complexly shaped gold dendrites are present in the microspheata&.nAll images were
taken in plane polarized light. Au = gold; Pyrg = pyrargyrite; Sp =lepka
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Figure A.5 Millesimal fineness of gold contained in the low-sutiaaepithermal vein
samples analyzed. Compositional analyses were conducted on theneteicttoprobe and
by scanning electron microscopy.

Optical microscopy shows that the centimeter-scale gold dendittéa the
crustiform veins have variable morphologies. The dendrites have cobrpleching shapes.
Spiculose deposits or dome-shaped aggregates are common (Fig. Raadomly
dispersed subhedral pyrargyrite crystals can occur in the upper poftibesgold dendrites
(Fig. A.7a), which may account for some of the chemical zoningoddén the' XRF
maps. Relic microspheres are only locally present within thezyoetrix hosting the large
gold dendrites. Small euhedral quartz crystals impinge on the gold\(FFig). Under
cros®d-polarized light, the quartz matrix surrounding the gold dendrites éxlailtnosaic
texture (Fig. A.7d).

Some of the smaller gold dendrites in the crustiform veins aeawarrower colloform
bands characterized by finer-grained mosaic quartz under crossedgublaght. In some
cases, globular aggregates of relic microspherical quartz oatuonwithout gold. The
colloform bands can be interlayered with bands of clear quartz showengdncentric
layering in transmitted light (Fig. A.7b), distinct blocky extinctipatterns in crossed-
polarized light.
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Table A.1Representative electron microprobe analyses of gold (in wt%).

Ag As Au Hg Pb S Se Te Total Fineness
McLaughlin (opaline vein)
1 24.05 ! 74.64 0.55 ! 0.07 ! ! 99.31 752
2 27.25 | 68.89 3.91 ! 0.11 ! ! 100.16 688
3 30.11 ! 59.76 9.21 ! 0.25 ! ! 99.33 602
4 24.30 ! 74.40 0.55 ! 0.17 ! ! 99.41 748
5 32.40 ! 61.64 5.05 ! 0.15 ! ! 99.24 621
6 27.33 ! 67.40 4.77 ! 0.21 ! ! 99.71 676
7 24.27 ! 74.25 0.40 ! 0.18 ! ! #H#3%H# &'#
8 30.62 ! 59.22 9.79 ! 0.19 ! ! 99.82 593
9 25.22 | 73.07 0.52 ! 0.31 ! ! 99.12 737
10 25.19 ! 73.74 0.62 ! 0.21 ! 0.07 99.83 739
McLaughlin (crustiform vein)
1 3241 ! 66.96 0.29 ! 0.15 ! ! 99.81 671
2 33.47 ! 65.33 0.37 ! 0.12 ! ! 99.28 658
3 32.97 | 65.80 0.37 ! 0.08 ! ! 99.23 663
4 31.74 ! 67.34 0.43 ! 0.08 ! ! 99.60 676
5 34.10 ! 65.32 0.28 ! 0.11 ! ! 99.80 655
6 34.28 ! 64.50 0.34 ! 0.14 ! ! 99.26 650
7 34.63 ! 64.64 0.35 ! 0.11 ! ! 99.73 648
8 32.09 ! 66.75 0.42 ! 0.10 ! ! 99.36 672
9 30.77 ! 68.87 0.28 ! 0.08 ! ! 100.00 689
10 34.03 ! 65.09 0.35 ! 0.08 ! ! 99.55 654
Sleeper
1 30.77 ! 69.79 ! ! 0.10 ! ! 100.66 693
2 30.46 ! 69.37 ! ! 0.06 ! ! 99.89 694
3 30.95 ! 69.46 ! ! 0.06 ! 0.07 100.54 691
4 31.96 ! 68.34 ! ! 0.17 ! ! 100.47 680
5 33.33 0.26 66.62 ! ! 0.14 ! ! 100.35 664
6 31.35 ! 68.82 ! ! 0.11 ! ! 100.27 686
7 32.16 0.48 67.33 ! 0.14 0.22 ! ! 100.34 671
8 5.66 0.29 94.84 ! ! 0.04 ! ! 100.83 941
9 31.50 0.33 67.96 ! 0.22 0.13 ! ! 100.14 679
10 36.23 ! 62.93 0.10 0.16 0.21 ! ! 99.62 632
Buckskin National
1 43.27 | 56.19 ! ! 0.11 ! ! 99.57 564
2 44,15 | 55.78 ! ! 0.20 ! 0.09 100.22 557
3 41.82 ! 57.08 ! ! 0.14 ! ! 99.04 576
4 42.37 ! 56.58 ! ! 0.14 ! 0.07 99.16 571
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Ag As Au Hg Pb S Se Te Total Fineness

Buckskin National (continued)

5 42.17 ! 57.58 0.14 ! 0.11 ! ! 100.00 576
6 42.87 0.27 56.18 ! 0.22 0.22 ! 0.07 99.83 563
7 42.52 ! 56.64 ! ! 0.12 ! ! 99.28 571
8 42.48 ! 56.77 ! ! 0.11 ! 0.09 99.45 571
9 43,25 ! 56.43 ! ! 0.10 ! ! 99.78 566
10 44,39 ! 55.91 ! ! 0.12 ! 0.06 100.48 556
Fire Creek

1 36.02 ! 63.49 ! ! 0.04 0.74 ! 100.28 633
2 40.82 ! 59.17 ! ! 0.06 0.00 ! 100.05 591
3 25.67 ! 73.80 ! ! 0.08 ! ! 99.54 741
4 35.64 ! 63.93 ! ! 0.07 0.40 ! 100.04 639
5 40.41 ! 59.46 ! ! 0.10 ! ! 99.97 595
6 30.60 ! 69.12 ! ! 0.05 ! 0.11 99.87 692
7 37.95 ! 61.61 ! ! 0.04 0.50 0.10 100.19 615
8 40.27 ! 59.11 ! ! 0.05 ! 0.06 99.49 594
9 35.19 ! 64.22 ! ! 0.08 ! 0.06 99.54 645
10 22.10 ! 78.02 ! ! 0.09 ! ! 100.21 779

Note: Cu and Sb were not detected in any of the point analy$esn¢t detected
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Figure A.6 Sample image and corresponding element maps of a gold denadrnieistiform
vein sample from the McLaughlin deposit in California. The elememsnshow that the
dendrite is chemically zoned from bottom to top. The element mepesabtained by uXRF

mapping.
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Figure A.7 Photomicrographs of ore mineral textures in crustiforns\J¥eom the

McLaughlin deposit in Californiga) Large gold dendrite hosted in mosaic quartz. The silica
forms a spiculose deposit (arrows) that hosts individual branches adénideite. Some
pyrargyrite crystals are present along the tips of the gold derfelig®e polarized light. (b)
Domal shaped ore mineral dendrites hosted by mosaic quartz. Pyeaigyiné most
abundant ore mineral. Unmineralized, banded silica layers (artbatd)ave a smooth
appearance occur on top of the mineralized silica layer. Plaagzeal light.(c) High-
magnification image of gold forming part of a large dendrite. The gadurrounded by
quartz crystals that formed through recrystallization of the éognmicrospherical matrix.
Some small quartz crystals impinge on gold along euhedral crystal(&acew). Plane
polarized light(d) Crosedpolarized light image of the same field of view showing that the
guartz hosting the gold dendrite exhibits a mosaic texture. Au =gid;= pyrargyite.

Etching of one of the centimeter-sized gold dendrites hosted by dammstein
confirmed that the gold aggregate is of dendritic morphology (Fig. A.8eh)gold is
intergrown with minor pyrargyrite and pyrite (Fig. A.8a). Withir@ tmore continuous and
massive inner portions of the dendrite the gold shows casts ofcamadtt crystals that were
dissolved during the HF treatment (Fig. A.8c). Some of the gold shopger surfaces (Fig.
A.8d). The hopper surfaces may be primary but may also have foa@eckault of

recrystallization.
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Figure A.8 Morphology of a gold dendrite from the McLaughlin deposit iff@ala. (a)

Outer portion of a multi-branching gold dendrite. Individual branches éoadeand have
dendritic shapes. The gold is intergrown with pyr(g.Delicate branches of a gold dendrite.
(c) Massive portion of a gold dendrite showing casts of quartz cryatatsvs) that were
dissolved during HF treatment. (d) Surface of massive gold showing hdpperss). The
secondary electron images were obtained on a FE-SEM followingedfrtent of the gold
dendrite to dissolve the silica host. Py = pyrite.

Gold Dendrites From Sleeper

Crustiform vein samples from Sleeper contain abundant visible goédgdld occurs
in discrete bands and is hosted by silica that ranges from darkogsényté in color (Fig.
A.9). Element mapping bYXRF shows that the distribution of Ag is similar to that of Au at
the hand specimen scale although high Ag contents do not always overldpawithhest
Au contents. The distributions of Ag and Se are not highly correlatiggesting that much
of the Ag in the samples occurs in gold and not as Ag sulfoselefide#(9). The samples
do not contain detectable amounts of other metals such as Cu and Zn.
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Figure A.9 Sample image and corresponding element maps of gankin barndsistiform
vein sample from the Sleeper deposit in Nevada. The element hwapshat much of the
silver in the vein occurs within the gankin bands. The element weqgsobtained by uXRF

mapping.

The gold distribution varies between individual colloform bands with ston&ining
coarse dome-shaped gold dendrites that are spaced out along the lzarAld Q&). Other
bands consist of nearly continuous ribbons of gold (Fig. A.10b). Microsplrergarably
preserved in many of the colloform bands, with the degree of praservatying between
adjacent bands. In some bands, well-preserved microspheres arg fir@seange from 1D5
"m in size. Individual microspheres are outlined by cavities that $iekke-like shapes. In
crossed-polarized light the well-preserved microspheres arepgotin other bands, only
relic microspheres exist as they have recrystallized to fiagep quartz (Fig. A.10c,d). In

crossed-polarized light, these bands with relic microspherebieahmosaic texture
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consisting of anisotropic, microcrystalline quartz having irregulair@edoenetrating grain
boundaries (Fig. A.10d). The size of the quartz grains in the mgsaitz varies between
different colloform bands, ranging fromh 25" m. Zones of mosaic quartz having different
grain sizes locally define folds. In some of the bands, doubly temwimpiartz crystals occur
that appear to have grown within the recrystallized, microsphenigtlx, forming textures
identical to those observed at McLaughlin.

The colloform bands consisting of variably preserved microspheresaaéevith
bands that have other textural characteristics. This includes abunasaist composed of
microcrystalline adularia and quartz. Adularia in these bandssfeuhedral, rhomb-shaped
grains that are!20" m in size that are surrounded by recrystallized quartz showing acmosa
texture. Relic microspheres are locally present. The adurssals in these bands are
randomly distributed and show no preferred orientation. They appeard@tavn within
the originally microspherical matrix that is now recrystatlize mosaic quartz. The top
surfaces of some of the adularia-bearing bands are wavy and magnégessions through
mammillary or ripplemarklike band surfaces as described by Saunders (1990). Rare bands
of comb quartz and colloform bands comprised of chalcedony also occursantipées. The
chalcedony can be recognized as it is composed of crystal fibersedrparpendicular to the
colloform bands. The chalcedonic colloform bands consist of alternatits lod
chalcedonic fibers, each having a thickness of up to't#20The chalcedonic colloform
bands are partly recrystallized forming a mosaic texture irsedsgolarized light.

In the samples investigated, gold occurs exclusively within theospberical
colloform bands and bands of fine-grained mosaic quartz. Gold dendetep o 1.0 mm in
size and are dome-shaped or resemble small porous mounds (Fig. A30md)of the
domal or mound-shaped dendrites protrude into adjacent colloform bands.tiAdong
margins, the branches of the gold dendrite are delicate in natgré(EOc,d) and the gold is
encapsulated within quartz or occurs between euhedral quartz cfifggals.10e,f). Gold in
the central portions of the dendrites is more massive in thilosemnd this coarse gold can
be up 75' m across. The gold dendrites haves a millesimal fineness of 462 taveraging
708 (n = 60; Fig. 3.5).

Similar to McLaughlin, textural relationships between the goldthednicrospherical
matrix appear to have been modified as a result of recrystiahzaf the non-crystalline
silica microspheres to quartz. Some bands of relic microsphsitica contain aggregates of
mosaic quartz that host small (<1f) encapsulated dendritic aggregates of gold (Fig.
A.10e,f). Recrystallization is also widespread in colloform baagaining the gold ribbons.
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The gold ribbons are typically parallel to the colloform bands and $h@50' m) euhedral
quartz crystals are commonly present within the gold (Fig. AJLOené small euhedral
quartz crystals show irregular extinction patterns resembling tfosesaic quartz. The
small quartz crystals lack primary growth zoning and do not contain nyrifoa inclusions.
The textural relationships suggest that quartz growth occurreteasltof the
recrystallization of the microspherical matrix. During recryigetion, the original dendritic
gold has been deformed and is now in some places encapsulated witrewhpéormed
quartz crystals.

A dome-shaped gold dendrite hosted in microspherical silica waseskfec etching
with HF. The multi-branching dendrite displays abundant dimples andofamstsrospheres
or fused microspheres that were dissolved during the HF treatRignf\(11a). Casts of
quartz crystals dissolved by acid treatment are present (HijaA.The gold surfaces are
typically smooth (Fig. A.11a-c). At high magnification, a distinctmoiopography consisting
of steps and terraces can be observed (Fig. A.11c,d).

Naumannite Dendrites From Buckskin-National

Crustiform vein samples from Buckskin-National contain spectacelaiimeter-sized
naumannite dendrites. The dendrites appear to have grown approximapelydieular to
colloform bands and persist through multiple bands (Fig. A.12). Theyivangrphology
from having narrow bases and wide tops to being more uniform witbpseand bottoms
having similar widths. The larger dendrites are spaced |atedalhg the colloform host
bands (Fig. A.12). Elemental mapping'¥RF reveals that naumannite is also present in the
ginguro bands that occur between the colloform bands hosting the dendgtes. {2). The
dendrites exhibit chemical zoning, with Au and Zn occurring in higheresdrations at the
base of the dendrites than at the top. In addition to the large natendendrites, some
small freibergite dendrites occur that are characterized bgrashment in Cu in the XRF
maps (Fig. A.12).
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Figure A.10 Photomicrographs of ore mineral textures in crustifomns vem the Sleeper
deposit in Nevadga) Colloform bands containing dome-shaped gold dendrites (arrows) that
occur in approximately equal spacing along the bands. Reflectedlig@olloform band
containing nearly continuous ribbons of gold. The top of the band is wavy (arrows)
Reflected light(c) Gold dendrites located in a colloform band of quartz. The margitie of
dendrites are delicate in shape and intergrown with the m@tare polarized light. (d)
Cros®dpolarized light image of the same field of view showing that the-d@rained quart
matrix of the gold dendrite shows a mosaic text(eeHigh-magnification image (location
highlighted in c) showing the contact relationship between gold and the surrogodiniz
matrix. Relict microspheres can be observed in the matrheitotver portion of the image
(lower arrow). However, the gold is mostly in contact with euHegirartz (upper arrow)
interpreted to have formed through recrystallization of the nonatlipst precursor. Plane
polarized light(f) Cros®dpolarized light image of the same field of view showing the fine-
grained matrix containing relic microspheres and small euhedrakqugstals in contact

with gold. Plane polarized light. Au = gold.
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Figure A.11 Morphology of a gold dendrite from the Sleeper deposit inddefeg Surface

of the gold dendrite showing abundant dimples and casts of microsphé&ssscr
microspheres (arrows) dissolved during HF treatment. In addibome sasts of quartz
crystals are presenb) High-magnification image of the surface of the gold showing a
dendritic growth structuréc) Dendrite branches showing a distinct microtopography
consisting of steps and terraces (arrow). (d) High-magnificatiagenof the gold dendrite
exhibiting a microtopography of steps and terraces (arrows). Thedsy electron images
were obtained on a FE-SEM following HF treatment of the gold deridrdessolve the silica

host.
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Figure A.12 Sample image and corresponding element maps of naumannitesemadr
crustiform vein sample from the Buckskin-National deposit in NevBda.elemental maps
show that the naumannite dendrites are chemically zoned from bottom the element
maps were obtained by pXRF mapping.
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Optical petrography shows that the large naumannite dendrites anmpleg shapes
and multi-branching. The wiry naumannite interfingers with the fiségd quartz matrix,
with quartz forming ~50% of the area occupied by the dendrite (Figgad The colloform
bands hosting the dendrite are entirely recrystallized and show &redare in crossed-
polarized light (Fig. A.13b). The grain size of the anhedral qumatins forming the mosaic
texture is commonly smaller within the naumannite dendrites thédoe isurrounding matrix.
At high magnification, relic microspheres can be observed in thezquattix showing the
mosaic texture (Fig. A.13c,d). Similar to McLaughlin and Sleagerystallization of the
originally microspherical matrix appears to have modified the sbiibee naumannite.
Dendrite branches consist of naumannite aggregates with smalliiisegsartz crystals
(Fig. A.13c,d). Ore minerals occur, including small dendritepbékerite (Fig. A.13c) and
isolated or composite grains of chalcopyrite, fischesseriteXd$e), galena, pyrite, and
gold.

Electron microprobe analysis showed that the naumannite from Buckakionil
contains in average 74.47 wt% Ag, 22.92 wt% Se, and 2.04 wt% S (n=g26.14).
Concentrations of up to 0.15 wt% Cu, 0.22% Hg, and 0.41 wt% Pb veereleel (Table
A.2). X-ray diffraction analysis was used to confirmed that the ritesdrom Buckskin-
National are composed of orthorhomBtoaumannite (cf. Roy et al., 1959). The gold at
Buckskin-National has a millesimal fineness of 522 to 822, aver&gihdn = 30; Fig. A.5).

One naumannite dendrite treated with HF shows the complex, maiciing
morphology (Fig. A.15a,b) that is consistent with the observations is¢ciions. At high
magnification, the etched naumannite dendrite shows variable suréapbatogies ranging
from smooth and rounded to crystalline (Fig. A.15c,d).

Naumannite Dendrites From Fire Creek

Crustiform veins at Fire Creek also contain silver-grey naumadaeitdrites. The
dendrites occur scattered along certain colloform quartz bandswtHak, ribbon-like
bands that are almost exclusively composed of naumannite (Fig. Bai&]rites have
grown nearly perpendicular to the colloform bandsamedP3 mm in size. The colloform
guartz bands hosting the dendrites are distinctly white. Chemical mggappi XRF shows
that Au enrichment occurs in a narrow zone immediately below theob#se ribbon-like
naumannite as well as in discrete grains towards the top of tineanaite dendrites. The
distribution of Se mimics the one of Ag. The top of the naumanmaite is characterized by
an enrichment in Cu and Zn (Fig. A.16).
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Figure A.13 Photomicrographs of ore mineral textures in crustifomns yem the Buckskin-
National deposit in Nevadéa) Top of a large naumannite dendrite located in quartz that
shows a ghost-bladed texture. The backbones of three dendrite bramobws)(are clearly
visible. Plane polarized lightb) Corresponding cross-polarized light image showing that
the ghost-bladed quartz exhibits a mosaic texture. The graiofdize quartz is variable and
generally smaller within and around the naumannite dendrite than sartte@inding matrix.

(c) High-magnification image showing the contact relationship betwsenaumannite and
the surrounding quartz matrix. Relic microspheres can be identifie@diately adjacent to
the naumannite (arrow). (d) Correspondingseed-polarized light image showing the mosaic
texture of the quartz. Nau = naumannite; Sp = sphalerite.
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Figure A.14 Ternary diagram (in at. %) illustrating compositimaalations of the Ag
sulfoselenides in low-sulfidation epithermal vein samples from BucKsktional and Fire
Creek. Compositional analyses were conducted on the electron micrepbbg scanning
electron microscopy.
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Table A.2 Representative electron microprobe analyses of naum@nnitgo).

Ag Au Cu Hg Pb S Se Te Total

Buckskin National

1 75.89 ! ! ! ! 225 2288 ! 101.02
2 74.09 ! ! ! ! 2.00 2312 ! 99.20

3 74.92 ! ! 0.22 ! 229 2121 ! 98.64

4 73.87 ! ! ! ! 1.89 2296 ! 98.73

5 74.92 ! ! ! ! 2.02 2314 ! 100.08
6 72.80 ! ! ! 0.41 2.07 2276 ! 98.04

7 74.70 ! 0.15 ! ! 2.18 22.08 ! 99.11

8 74.40 ! ! ! ! 2.11 24.60 ! 101.12
9 73.10 ! ! ! 0.33 1.84 2293 ! 98.20

10 74.83 0.21 ! ! ! 1.86 2282 ! 99.73

Fire Creek

1 73.63 0.34 ! ! ! 0.78 24.77 0.17 99.68

2 73.33 ! ! ! ! 0.81 25.74 0.15 100.04
3 73.68 ! ! ! ! 0.79 25.10 0.15 99.72

4 72.71 ! ! ! ! 0.84 25.71 0.22 99.48

5 73.27 ! ! ! ! 0.83 25.81 ! 99.91

6 73.61 ! 0.12 ! ! 0.71 25.06 0.13 99.63

7 73.26 ! ! ! ! 0.83 25.43 0.17 99.70

8 74.44 ! ! ! ! 0.82 24.95 0.18 100.39
9 73.59 ! ! ! ! 0.71 2497 0.16 99.43

10 73.23 ! ! ! ! 0.83 25.74 0.14 99.94

Note: As and Sb were not detected in any of the point analy3esn6t detected.
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Figure A.15 Morphology of a naumannite dendrite from the Buckskin-Natotapadsit in
Nevada(a) Low-magnification images showing the dendritic nature of the nauma(bjite
Dendritic naumannite consisting of delicate brancf@®endrite branch containing small
naumannite crystals (arrows). (d) High-magnification image showingdmae branches
consist mostly of small naumannite crystals (arrows). The segoaltatron images were
obtained on a FE-SEM following HF treatment of the naumannite dendrtissolve the

silica host.



Figure A.16 Sample image and corresponding element maps of ginguro barzsstiform
vein sample from the Fire Creek deposit in Nevada. The elenspd show that the band of
dendritic naumannite is chemically zoned. The element maps welieatbby uXRF

mapping.
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The naumannite dendrites in thin section are comparably massivetasl delicate as
those from the Buckskin-National deposit (Fig. A.17a). Individual brache be
recognized but are only up to 256 wide. More delicate textures can be observed at the
base of the naumannite dendrites and the top of individual branchestidhasimannite
interfingers with the surrounding quartz matrix (Fig. A.17a). Thetgumatrix is rich in
cavities and shows a mosaic texture under ecbgslarized light. At high magnification,
relic microspheres can be recognized (Fig. A.17b). Clear eultpdrdk crystals occur
abundantly throughout the recrystallized quartz matrix. Both relicospéreres and the
euhedral quartz crystals are in direct contact with the naumahmdteidual quartz crystals
are typically 20b30m in size and lack growth zoning or fluid inclusions (Fig. A.17b).
Euhedral quartz grains also occur within the massive parts of theanailendendrites (Fig.
A.17Db). Pyrite, sphalerite, and gold are common and occur astdisahkisions or larger
composite grains with the naumannite. Parts of the naumannite deadnitedl as individual
naumannite grains are encapsulated in calcite. The calcite éstimct halos around the
naumannite that contains no quartz (Fig. A.17c,d).

Electron microprobe analysis showed that the naumannite from Ee& Contain on
average 73.49 wt% Ag, 25.24 wt% Se, and 0.80 wt% S (n = 20; Fig. Alid)le
concentration of the naumannite ranges up to 0.30 wt% (Table A.2pd3dmnal analysis
showed that gold at Fire Creek has a millesimal fineness ofo4288; averaging 623 (n =
65; Fig. A.5).

A naumannite dendrite etched by HF shows textural charactedstissstent with
those observed in thin section. The dendritic grain appears moreenagh fewer delicate
branches. Many of the smaller branches of the dendrite are longstadd are composed of
small intergrown naumannite grains (Fig. A.18a,b). Casts of &argedral quartz crystals
dissolved during HF treatment are present in more massive nauengfigitA.18a-d).



Figure A.17 Photomicrographs of ore mineral textures in crustiforns yem the Fire

Creek deposit in Nevadg) Naumannite dendrites located within a colloform quartz band.
Plane polarized light. (b) High-magnification image illustratingdbetact relationships
between the naumannite and the surrounding quartz matrix. The quaezcwllbform band
contains relic microspheres (arrow). Small euhedral quartzatsystcur. Plane polarized

light. (c) Colloform quartz band containing dendritic naumannite aggregates. Sahee of
naumannite grains are encapsulated by calcite (arrows). Planiegublaght.(d)

Corresponding crosstpolarized light image showing that the colloform quartz band exhibits
a fine mosaic texture. Calcite forms a halo around some ofan@annite grains (arrows).

Nau = naumannite.
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Figure A.18 Morphology of a naumannite dendrite from the Fire Creek depd&vada(a)
Naumannite dendrite intergrown with sphalerite. More massive naitaahows casts of
quartz crystals (arrows) dissolved during HF treatm@jtDelicate branch of the naumannite
dendrite that consists of intergrown crystals, some of which shdvdexeloped crystal
faces. (cMassive naumannite aggregate that shows casts of quartz cfgstales)

dissolved during HF treatment. (d) Casts of quartz crystals (gymigsolved during the HF
treatment within a massive naumannite aggregate. The naumannieegsown with minor
pyrite. The secondary electron images were obtained on a FE-@BMihg HF treatment

of the naumannite dendrite to dissolve the silica host. Py = p8pte; sphalerite.

Discussion
Colloform Bands Hosting Ore Mineral Dendrites

In the low sulfidation epithermal vein samples investigated, onenali dendrites are
located within specific colloform bands that have unique microtdxtbheaacteristicsAt
McLaughlin and Sleeper, electrum dendrites are located in thdzaeds that primarily
contain gold, referred to as gankin bands by Tharalson et al. (2019)ckskn-National
and Fire Creek, naumannite dendrites are located in distinct leyhgetallic bands,
referred to as ginguro bands by previous workers (Takeuchi and ShikazondShp8izu et
al., 1998; Leauvitt et al., 2004; Saunders et al., 2008; Shimizu, ZDd& gankin and ginguro
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bands are composed of noncrystalline microspherical silica or nopsaitz that commonly
contains relic microspheres and has formed from this noncrystaleeargor through a
process of maturation and recrystallization.

Well-preserved 1B5 m silica microspheres are common in the minei@igdrm
bands in the samples from McLaughlin and Sleeper. They are stillystaidtne as they are
isotropic in crossd-polarized light. Noncrystalline silica microspheres form sindéeosind
hot springs (Jones et al., 1997; Herdianita et al., 2000; Camphbéll 2002; Guidry and
Chafetz, 2003; Lynne and Campbell, 2004; Rodgers et al., 2004; Fernandéz{Tairje
2005) and scaling in geothermal power plants (Rothbaum et al., 1979; B@ixdn,Meier et
al., 2014; Zarrouk et al., 2014; van den Heuvel et al., 2018) nfibi®spherical form of
noncrystalline silica is classified as opal-£smith, 1998).

Studies orsilica sinters (Campbebtal., 2001, 2002; Lynne and Campbell, 2004;
Rodgersetal., 2004; Lynneetal., 2005, 2007; Jones, 2021) and geothesnaleqdReyest
al., 2002; Raymonetal., 2005) have shown that opakAs thermodynamically unstable and
matures and recrystallizes owane. The maturation and recrystallization process involve the
transformatiorof noncrystalline opal-A into opalCT, whichin turn recrystallizes into opal-
C and then into quart&mallroundto equantelic microspheresanbe petrographically
identifiedin many of the gankin and ginguro bands, espedialtiie crustiform vein samples
from Buckskin-National anéire Creek.Theserelic microspheres have fully matured and
recrystallizedand arenow composedf quartz. Further maturation and recrystallization
resultsin the formatiorof coarser grained quartz having interpenetragiragn boundaries
and a mosaic textuia crosgd-polarized lightasdescribed by Lovering (1972) and Doesly
a. (1995). This mosaic quarizcommonin gankin and ginguro bands samplegrom all
deposits studied.

It is proposed here that the colloform gankin and ginguro bands in theilbeason
epithermal vein samples formed by accumulation of microspheres efAgpak previously
suggested by Sherlock and Lehrman (1995) and Taksavasu et al. (2018)ic&luegosits
could have varied in nature. Some of the microspherical mateayghave formed spiculose
or dendritic deposits resembling spiculose silica sinters (Sohietail., 2007) or scales in
geothermal wells (Hawkins et al., 2014; Mroczek et al., 2017; vaiidawel et al., 2018
Chambefort and Steftfnsson, 2020). The microspheres may also have farikedngasses
that were highly permeable due to the amount of water presentdnetiaeesilica
microspheres. Soft-sediment textures such as rippled surfasesiday hydraulic shaping, or
other textures formed by gravity-induced sagging, have been previoushbddstam low-
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sulfidation epithermal deposits (Saunders, 1990, 1994; Saunder2608l.2011; Unger,
2008; Aseto, 2012; Shimizu, 2014). As proposed by Saunders (1990), theses texgigyest
that the colloform bands originally consisting of opal+#Aay have been gel-like and yielding
at the time of deposition, perhaps similar to gel-like stiweering wall-rock clasts blown to
surface during the 1989 hydrothermal eruption of Porkchop Geyser in Yealmwv$tournier
et al., 1991, Keith, 1992).

Formation of Ore Mineral Dendrites

The textural observations suggest that ore mineral dendrite girotth investigated
sampless closely linkedto the formation and deposition of microsphersiéita. Chemical
mapping using XRF demonstrated that tloge mineralsareonly presenin specific bands of
the crustiform veins and only ocaurbands that contaisilica microspheres or their
recrystallized equivalent@re-bearing colloform bands commonly alternaiiéh colloform
bands thaarebarren and commonly show other microtextural characteriaBgggeviously
noted byZeecketal. (2021).Two different models have been previously proposed explaining
how ore mineral dendrites forim colloform silica bandsn low-sulfidation epithermal
deposits (Saundg, 1990; Monecketal.,in prep.). Both models diffarith respecto the
timing relationships between tloee minerals and the surroundisdica host.

Saunders (1990) originally proposed that electrum dendrites contained in low
sulfidation epithermal veins at Sleeper grew from colloids parted by the hydrothermal
liquids. He envisaged that colloids were formed in the deepergfatte hydrothermal
system, perhaps as a result of boiling. The colloids were then mealhatransported by the
hydrothermaliquid and grew through physical aggregation during upflow of the
hydrothermdaliquids from the deep reservoir (Saunders, 1990; Saunders and Schoenly,
1995b). The gold particles would have deposited through density accumulatiorfiwidere
velocity decreased in wider parts of open fractures, or througlersgiag of gold from the
liquid by charged surfaces at the interface between gold deposited walt of the vein and
the hydrothermdiquid (Saunders, 1990). The model proposed by Saunders (1990) assumes
that gold dendrites grew contemporaneously with the deposition of tteetsilst, with the
silica microsphere providing the structural support for the growing dead8aunders et al.
(2011) suggested that colloidal transport is not restricted to gold anthtiraannite
dendrites in low-sulfidation epithermal veins may have formed byasimibcesses.

Primarytextural relationships observedthe opaline vein samples from McLaughlin
supportan alternative hypothesis whereby ongneralgrowth occurred entirely within the
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bands of opal-A microspheres and natthe interface between the microspherical opal-A
host and the hydrothermiguid in the vein (Monecketal., in prep.).In thiscase dendrite
growth within thesilica host wold have occurred by diffusion or advectiomoétalsfrom
the liquid flowing through the vein above the surface of the layer abspberes. Monecke
etal.,in prep. suggested that the hsiica bands would have been permeable endgagh
allow chemical exchange between the interstitial liquid withimtierospherical opal-A
and the hydrotherméfuid within the central vein opening. Growth the ore mineral
dendrites probably occurréd asilica host thatvasgel-like and couldtill be deformeds
thereis evidence for hydraulic shaping of the microspherical bands. This intiptiegheore
minerals formed prioto maturation and hardening of the noncrystaliiiea.

Saunders and Schoenly (1995a) determined the fractal dimensions fnelect
dendrites from the National and Sleeper deposits in Nevada in twemsiions. They showed
that the morphologies and measured fractal dimensions of these deoduiid be best
explained by a rapid diffusion-limited process. The textural obsengabf this study are
consistent with a model of dendrite growth whereby crystal growtHfisdin-limited.

Given the low concentrations of metals in hydrothefligalds (Simmons and Brown, 2007),
growth of the dendrites requires replenishment of the liquid attdhefsmineral formation
over the duration of crystal growth. In the case of the sampmles $ieeper, it is striking that
the electrum dendrites form small, equally spaced domes or mouthas thve
microspherical host. Similarly, the large naumannite dendritielsest from the Buckskin-
National deposit are relatively equally spaced along the vein andhkkarge dendrites are
stacked on top of each other. A diffusion-limited process growtthamesm could explain
the spacing between the dendrites that ultimately grew large ermbgmtacroscopically
visible. A diffusion-limited growth process may also explain whyetkeedral pyrargyrite
grains occurring randomly throughout some of the colloform bands in the opaiine
samples from McLaughlin deposit are of relatively uniform graa.si

Moneckeetal., in prep. proposed that tloee mineral dendrites the opaline vein
samplesat McLaughlin formed within gel-like bands of opakAwith the microspherical
silica providing a framework for the delicate growth of the ore minefdisis analogouso
crystal synthesis silica gels. Experimental studies have long made usdich gelasa
medium for the growtlof crystalsat laboratory conditions (Holmes, 1917; Fisher and
Simons, 1926)ln these experiments, tisdica gelis obtained through slight acidification of
sodiummetasilicatgwaterglass) ands impregnatedvith oneof the reactants. Depending on
the pH, thesilica gel £tswithin 30min to 10 days. Once gellednoverheadeedsolutionis
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added. Downward diffusion causes the growftthe crystalsn the chemically inert gel
matrix which provides a three-dimensional structargvhich the crystals grow arate held
in position of their formation. Within days, crystasnbe synthesized that ranffem
millimetersto centimetersn size.A wide range omaterialshave been grown this way,
including cadmium oxalate hydratRaj etal., 2008), calcium carbonate (McCauley and Roy,
1974), copper (Holmes, 1917), gold (Holmes, 1917; M&akd&l., 2006), lanthanurtartrate
(Kotru etal., 1986),leadiodide (Holmes, 1917; Fisher and Simons, 19@&)]sulfide
(Brenneretal., 1966),mercuryiodide (Holmes, 1917), silver dichmate(Holmes, 1917),
silver iodite (Halberstadt, 1967), and silver sulfate (Holmes, 1918 growth experiments
yield single crystals or polycrystalline aggregates closely resegntblose observeid the
vein materialinvestigatedn this study, ranginfrom skeletalto dendritic.

The crystal growth experiments show that the control on nucleataysiélsin the
gelis of greatimportance because the growitrystalscompetewith one another for
reactants and competition reducesdizeand perfection of the synthesized crystals (Brenner
etal., 1966;Rajetal., 2008). The relative amount of nucleatsitescanbe controlled by
adding the overhead solutiafter variabletimesof silica gel maturationln general, the
nucleationratedecreaseasthe age of the gét increasedrior to placing the overhead
solution on top of the géRajetal., 2008). Thigs relatedto a reductiorof the poresize of
the gel during maturation, which reduces diffusion of the upperamadhrough the gel. The
density of the gel has a substantial influence on the morphology ofyitalsrgrownwith
skeletal and dendritic morphologies tendiadgorm atincreased gel density. This indicates
that diffusionlimited crystal growth dominataa the gel media. Diffusiors relatively
predominantor the transformation process of the solsthe viscous nature of tisdica
gel suppresses convection (Oaki &amai, 2003).

The experimental studies establish that ore mineral dendraeshgwithin silica gels
accumuéhtedalong veinwalls is a viable process occurrinmg low-sulfidation epithermal
deposits, particularly for thick accumulations of microsphdresontrast, growth of ore
mineral dendrites contemporaneousiyh the accumulation ddilica microspheresight be
likely where onlylimited amounts ofilica aredeposited from the hydrothermal fluids
originally envisaged by Saunders (1990). Tdrgeore mineral dendrites the crustiform
vein samples from the four low-sulfidation epithermal depositsestitremay have formed
asthe microspherical opal&hostwasaccumulating.

As proposed by Saunders (1990), colloidal metal transport in the hydrolteurts
may have played a role in dendrite growth in low-sulfidation veirikiasvould allow the
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hydrothermal liquids to have metal concentrations exceeding theictegpsaturation

limits. Indeed, hydrothermal liquids sampled in deep drill holesefahd were found to

contain colloidal gold and were about ten-times oversaturated in gafth{ftyjton et al.,

2016; Hannington and Garbe-Schsnberg, 2019). In addition, Sherlock and Lehrman (1995)
previously reported that some gold dendrites at McLaughlin are partycabaindant in

samples also containing hydrocarbons. They suggested that hydrocarbons conthined w
the noncrystalline silica may have been important in scavenging goldhehydrothermal
liquids flowing over the top of these microspherical opalbands. The importance of
hydrocarbon-bearing fluids in ore formation at McLaughlin was recelstlyraghlighted by
Crede et al. (2020).

Textural Changes Resulting From Maturation and Recrystallization

Petrographic investigations suggest that timaentypes of quartz vein textureanbe
encounteredh low-sulfidation epithermal deposits (Bobis, 1994; Dengl., 1995; Etolet
al., 2002; Moncada&tal., 2012). This includes primary textures formed through growth of
guartz crystals into open space or direct precipitatiailioh from the hydrothermdiquids,
replacement textures originating from partial or complete repiaat ofearlierformed
gangue minerals su@scalciteand adularia by quartz, and maturation and recrystallization
textures resulting from the transitioha metastablsilica precursoito thermodynamically
steble quartz.

The vein samples from the four low-sulfidation epithermal depaoditibie a wide
range of maturation and recrystallization textunesamples from McLaughlin, Monecle¢
al.,in prep. showed how doubly terminated quartz crystals have grown withopahés
matrix asa result of the transformation of noncrystalline opaltéquartz, which
commenceavith the developmentf the concentrically bandeslica spheres. When these
smalleuhedral crystals occur abundance, they competed for space forming aggregates of
guartz typified by interpenetrating grain boundaries, yielding the mtseure described by
Lovering (1972) and Dongtal. (1995). This texture characterized by anhettrauhedral
quartz grains having irregular and interpenetrating grain boundaries afplearfie most
common result of the maturation and recrystallization of the getadlinesilica precursor,
asit is recognizedn all four deposits studiedlh samples wherall opal-Ac is matured and
recrystallizedo quart, grainsizevariationsin the mosaic quartz defirfermer colloform

banding.
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With the developmerdf the mosaic texture through maturation and recrystallization,
the original textural relationships between the ore minerals argillittehostaremodified.
Primaryrelationshipsanonly be observed when tsdica microspherearepreserved and
arestill isotropic under crosstpolarized light. Howevelin recrystallized colloform bands
characterized by the presence of mosaic quartz, the ore lmic@m@monlyarelocatedin
vugs thatarelined by the fine-grained euhedral quartz crystals. These euloesrét
crystals have formedfter theore minerals during maturation and recrystallization of the
opal-Ac matrix. The etched ore mineral dendrites from the four deposits stuchdaltex
abundantastsof these euhedral quartz crystals.

The maturation and recrystallization of the noncrystaBihea hostalsoappearso
have resulteth changeso the appearance and distributioithe ore minerals.n some
areaspre mineral grainarerandomly distributed throughout the opat-matrix. In other
areaswhere mosaic quarts present, ore mineral grains occur preferentially along the
interpenetrating grain boundaries of the mosaic quardzemncapsiatedwithin the quartz.
This suggests that maturation and recrystallization ofrieix could have been
accompanied bgmallscaleredistribution of there minerals. A progression the textural
appearance of electruwasobservedn the sample from Sleeper. Whereas some of the
delicate gold dendritemre presentn well-preserved microspherical opakAdands, coarser
gold aggregates and patclaspresenin bands where microspheradifficult to identify
and where abundasialleuhedral quartz crystadsepresent along the contacts between the
silica host and the electrum. The maturation and recrystallizatidreofatrix appearso
have resulteth grain coarsening and morphological changes of the gold.

At Sleeper, the degred maturation and recrystallization of the non-crystalsitiea
precursor commonly varies between adjacent colloform bands. Wisereasof the bands
containwell-preservedilica microspheres tharestill isotropic, adjacent bandseentirely
composed of mosaic quarfThese variations atihe samplescalemay suggest that the
maturation and recrystallization of opat-Ariginally containedn the colloform bands
commenceat hydrothermal conditions immediately followisdica deposition. Depending
on kinetic factors, different microspherical banasy have matured and recrystallized
different degrees, whicmayalsoaccount for the variations grainsizein the mosaic
gquartz. Laboratory investigations demonstrate that the maturdtimoncrystallinesilicato
guartzcantake place within day® months under hydrothermal conditions (Ernst and
Calvert, 1969; Bettermann and Liebau, 1975; Oehler, 1976).
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Flashing of Hydrothermal Liquids

The presence of abundant colloform bands of opab#of the mosaic quarttormed
through maturation and recrystallizatimnthe vein samples from the four low-sulfidation
epithermal deposits studied suggests that the hydrothkgoids forming these veins
periodically reached saturatiovith respect to opak. In the epithermal environment,
saturation of opal-An hydrothermdliquids canbe achieved due the vapor loss associated
with vigorous boiling of the hydrothermiguids, whichis referredto asflashing (Saunders,
1990, 1994; Moncadet al., 2012; Saunders and Burke, 2017; Taksaeaal, 2018).

The textural evidence observed here suggests that the ore mineréakbdegrém during
deposition of the opal-Amatrix or immediatelyafter the depositiorf the noncrystalline
silica microspheres along the veaalls whereas the opaldwasstill highly permeableOre
mineral formation appeats be directly linkedo the occurrence of the short-lived flashing
events, and mineral deposition most likely took place under conditions afthgdnaliquid
plus vapor flow through the veins. Vapor loss from the hydroth&tmdlduring dendrite
growth would represeran effectivemetaldeposition mechanisasdissolved HS s lost into
the vapor phase causing supersaturation ofmals(Weissberg, 1969; Brown, 1986; Krupp
and Seward, 1987; Christenson and Hayba, 1995; Simmons and Browne, 2000).

Thermodynamic modeling by Christenson and Hayba (1995) suggested that the degree
of vaporizations a key control on which ore minerasedeposited. Modelingf isothermal
vapor loss from a hydrothermauid at 230 jC showed that sphalerite and pyrite
precipitation commencasith the onsebf vaporization of the hydrothermigjuid. Sphalerite
is stable throughout the process of vaporizaiwereagyrite is replaced by chalcopyriat
~3 wt% vapor loss. Galena saturatgs-3wt% vapor loss and continués precipitate
throughout the process of vapor generation. The modeling by Christenson and 1#®&#)a (
further suggested thatu precipitationstartsat ~6 wt% vapor loss and continués ~90wt%
vapor losswith peak precipitation occurringt ~10wt% vapor loss.

The modeling of Christenson and Hayba (1995) conceptually explains why mhiffere
colloform silica bands in the samples contain different ore msaral why ore mineral
dendrites are mineralogically zoned from bottom to top. The degreof loss from the
liquid may have been different for ore minerals forming at dffetimes in successive silica

bands. Either gankin or ginguro bands were formed. Similarly, theedefx@por loss may
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have changed over time as dendrites were growing in individual bandsniexpthe
observation that the dendrites changed in composition during growth.

Implications

One of the key implicationsf this studyis that the formation of bonanza-type ore
zonesn low-sulfidation epithermal depositsinbe linkedto the occurrencef short-lived
flashing events. Flashing eveirtsgeothermal systenae commonly triggered bgeismic
activity (Rowland and Simmons, 2012} surface, these everdasemanifested by
hydrothermal eruptions and the formatiorcodtersthat range from tert® hundredf
metersin diameter an@resurrounded by lowelief walls formedby excavation of host rocks
during the eruption (Muffleetal., 1971;NairnandWiradiradja, 1980; Hedenquist and
Henley, 1985; Marinetal., 1993).

This studyalsocastsdoubt on previous models assuming that mineralizatiomohas
occurat a particular depth below the paleosurface. Mineral precipitatitbroccurin the
deeper subsurfage the region otwo-phase liquid and vapor flow; however, pressure
conditions along the structure controlling the upflow of the liqmdg be variable during
hydrothermal eruptiong\s moreandmorevaporis produced during the onset of the
eruption, pressur@ the structure drops from hydrostaticvaporstatian the upper parof
the structure, and the lower pressure regime migrates dowawkgdid flashego vaporat
depth and within the surroundimeall rock (Henley and Hughes, 2008 a resultfwo-
phase flow and associated ore depositi@y occur over a substantial vertical depth interval,
with the nature and permeability of the controllstgrcture determiningo which depth
flashing occurs. The maximum degtwhich mineralization below the paleosurfase
formedis difficult to predict.Ore grademetalenrichmenmay existat greater depthim some
systems that flashed when compa@dystensthat simply cooled or perhaps experienced
only gentle boiling.

Conclusions

Ore mineral dendrites present in bonanza-type ore samples frotovesulfidation
epithermal deposits were investigated to better constrain thespescef metal enrichment in
this deposit type. The ore mineral aggregates have complex multhbrgmaorphologies
and are present in specific types of colloform bands that wigiealty composed of non-
crystalline opal-A microspheres. The textural evidence suggests that the dendnites gre
contemporaneously to the accumulation of the opatricrospheres or formed within these
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originally permeable, gel-like opalgfands. The deposition of the ore mineral dendrites
within these bands can be linked to the occurrence of two-phasedtalitions within the
veins following short-lived events of fluid flashing. The observatiorntkiefstudy lend
strong support to models emphasizing the importance of seismicgdjgred events of
flashing in shallow hydrothermal systems as a mechanism foforenation and ore
deposition.
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APPENDIX B
SUBMITTED ABSTRACTS

Petrographic analysis of bonanza epithermal vein textures at Biskin National and

Fire Creek deposits, Northern Nevada

Tadsuda TaksavasuJames A. Saundetsand Thomas Monecke

!Center for Mineral Resources Science, Department of Geology emiddgical Engineering,
Colorado School of Mines, Golden, Colorado USAciburn University, Auburn, Alabama
USA

Geological Society of America 2017 Annual Meeting; Seattle, Washington USA

The Buckskin National and Fire Creek epithermal deposits logatbé Northern Great Basin
in northern Nevada exhibit a variety of gangue-mineral vein texturegjudaminerals commonly
include quartz, chalcedony, adularia, and calcite, and occur wiiaerals in the veins. In this
study, petrographic analysis was conducted of gangue textures and assoeiateterals in two
deposits in both transmitted and reflected light. The petrograpladsdetre then compared to
Sleeper and Midas deposits, which are well-known epithermalroresthern Nevada. In addition,
the hot-cathode CL data augmented petrographic interpretations.\@ilicgextures found in the
Buckskin National and Fire Creek deposits generally exhibit jigsawres in colloform-bands,
replace calcite, and also define enigmatic fibrous-aciculactsties. This fibrous-acicular texture
appears to be composed of pseudomorphs after unknown mineral. Otherteéestthat also found
in two deposits include comb, flamboyant, plumose, and groups of pseudonftepbtaded calcite
such as lattice-bladed, parallel-bladed, and pseudoacicular. Thec@iscope provides interesting
data of original silica textures and as silica phases emitcti€IL colors that indicate hydrothermal
origins of quartz in the veins of this study. The CL technique alstsdigint on textures of colloidal
precursors that have already (re)crystallized to quartz and chalcedsmye colloform bands. The
Buckskin National deposit and the Fire Creek deposits contain ssifitar textures to other
epithermal deposits and exhibit specific characteristics thatamntrolled by the complexity of
hydrothermal events, ore-fluid evolution, and water-rock chemicaloeaaf varying composition.
However, results from this study have implications for intenpgetiein textures in other epithermal
deposits around the world including the Sleeper, Midas, and Mule Cangositdan the US, Koryu
and Hishikari deposits in Japan, and the epithermal deposits im€)ared, Australia.



Significance of colloform quartz in low-sulfidation epithermal deposits
Tadsuda Taksavasu and Thomas Monecke
Center for Mineral Resources Science, Department of Geology emiddical Engineering,
Colorado School of Mines, Golden, Colorado USA
GE/GP Student Research Fair 2018 sponsored ConocoPhillips; Golden, Colorado USA
Hydrothermal processes of bonanza-type vein formation in epithermabyseunetal
deposits can be unraveled through the study of quartz textures. Pdyticolamon are
colloform textures, which consist of bands of fine-grained quartz gisidhand specimens
and under the optical microscope. The present study focused on theaifidextures from
the Buckskin National and Fire Creek deposits, northern Nevada, asingntional
petrographic and hot-cathode CL microscopy. Petrographic investigations\airthe
samples show that colloform textures in these deposits have bflgrgraystallized into
mosaic (jigsaw) quartz. However, relict colloform banding in dueystallized quartz can be
identified by hot-cathode CL microscopy, suggesting that colloform textuere originally
abundant in the veins. The microscopic investigations also show thatltiferen textures at
these deposits differ from chalcedonic quartz forming similar botriyagtfregates. The
colloform textures are interpreted to have formed from amorphioees deposited during
flashing of the hydrothermal fluids whereas chalcedonic quartz repseséw temperature
precipitate. The study suggests that colloform textures in lowdatilin epithermal veins are
indicative for flashing, which results in rapid deposition of siéiod ore minerals within

veins.
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Textural Evidence for the occurrence of flashing during thdormation of bonanza-type
low-sulfidation epithermal veins

Tadsuda TaksavasuThomas Moneckg T. James Reynolds James A. Saundetsand
Barry Devlin*

ICenter for Mineral Resources Science, Department of Geology andd@ieallEngineering,
Colorado School of Mines, Golden, Colorado U&Auid Inc., Denver, Colorado USA;
3Auburn University, Auburn, Alabama USAGold Resource Corporation, Colorado Spring,
Colorado USA

Society of Economic Geologists 2018 B Metals, Minerals, and SociesyoeyColorado,
USA

Flashing in geothermal systems may occur in response to seismis evéatd
overpressuring. During flashing, the hydrothermal liquids are neantas&ously converted
to steam as pressures below the hydrostatic head propagates t@\deaihorization of
hydrothermal liquids in the near-surface environment results in pisedpi of silica and
metals, this process may be responsible for the formation of botygrezaeins in low-
sulfidation epithermal deposits. Textural observations on high-gradefv@mshe Buckskin
National and Fire Creek deposits in Nevada show that ore minszgsimarily hosted by
colloform quartz. Colloform quartz layers are asymmetricéh wieir spherical, botryoidal,
reniform, or mammillary surfaces pointing towards the centéreoteins. The layers are
laterally continuous and ~1B5 mm in thickness. Under crossed-pdléght, the fine-
grained colloform quartz shows a mosaic texture consisting of anlg@rat grains having
irregular and interpenetrating grain boundaries. This mosaiaréeig interpreted to represent
a product of recrystallization of an original hydrous non-crystafliiiea phase. At high
magnification, colloform quartz consists of densely packed silica b®icrospheres. The
colloform quartz appears cloudy under transmitted light due to the peeskat-filled
micropores between the silica microspheres. The textures obseevsithilar to silica sinters
where microspheres of opal-A are formed and later recrystatlimore stable silica phases.
Vein material at the Arista deposit in Oaxaca, Mexico, shemgar relationships. Euhedral
guartz and sphalerite interlayered with bands of colloform quartaicgoimary fluid
inclusion assemblages indicative of formation temperatures of +@0@;C, with salinities
ranging up to ~2 wt% NacCl eq. in quartz and 6D16 wt% NaChexphalerite. These
observations indicate that colloform quartz can form as a rddidishing at the deepest
levels of epithermal systems.
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Dendritic ore minerals in the Buckskin National and Fire Creek bonanza-style low-
sulfidation epithermal deposits, Nevada
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Bonanza-style vein ores from low-sulfidation epithermal depositsasitie Buckskin
National and Fire Creek deposits in northern Nevada contain ore reitteaakhow dendritic
habits. Thin section inspection revealed that the dendritic ore asrarly occur in specific
colloform bands within the veins. Most commonly, the ore mineralééergrown with
mosaic quartz or quartz forming small euhedral grains. Rebcti2-large silica
microspheres can be recognized in some of the ore-bearing colloform bhadse
minerals were never observed to occur in colloform bands compfigddicedonic quartz.
To study the shape of the ore minerals in three dimensions, sesrabmples from both
deposits were treated in concentrated hydrofluoric acid. Afteraledays, all quartz was
dissolved and the fragile grayish brown to dark gray dendritic oreraténeould be
recovered. Scanning electron microscopy showed that naumannite andishlfur-
naumannite are the most common ore minerals in the obtained coresenita dendritic
grains range from 0.5 to 1 mm by 1 to 5 mm in size. They show-bnahching tree-like
forms that have a fractal pattern. The surfaces of the dendrgecharacterized by the
presence of small pits that have negative crystal shapesehgt & 10' m in size,
resembling the small quartz crystals identified in thin seclibie.dendritic ore minerals in
the bonanza-style veins from the Buckskin National and Fire Creek tseaiesinterpreted to
have formed during brief periods of intense boiling or flashing of the hyehrmal fluids.
Violent vaporization of the liquid may have resulted in the formagfarolloidal particles
allowing the growth of the dendrites. The occurrence of silicaaspheres, which originally
may have been composed of opal-A, is consistent with rapid deposititinatiaring phase
separation.
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Distribution and textural characteristics of ore minerals n bonanza-type quartz veins at
the Buckskin National and Fire Creek deposits, Humboldand Lander Counties,
northern Nevada
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Bonanza-type quartz veins in low-sulfidation epithermal deposits suble &sickskin
National and Fire Creek deposits, which are located along the Noftlezada Rift, are
typically crustiform and consist of quartz bands that have distinctzogtures in thin
section. Studying on textural characteristics of ore and gangue faimetiaese deposits may
provoke us to better understand the ore-forming process, which led tortregion of high-
grade bonanza-type ore minerals. At the Buckskin National deposit, ghawmg mosaic,
comb, plumose, and pseudobladed textures is the most common. Aduiargaasd calcite
has not been observed. At the Fire Creek deposit, bonanza-type quastingkide mosaic
and comb quartz. Rhombic adularia and late-stage calcite aratprese

Careful microscopic investigations show that ore minerals in both ileposur
primarily in colloform quartz bands that consists of mosaic quarsmall interlocking
euhedral quartz grains. Relict silica microspheréSs {2n) were recognized in some of the
ore-bearing colloform bands. Ore minerals were never observed ifocmllbands
consisting of chalcedonic quartz or bands characterized by the presdsrge @uhedral
comb quartz. To study the shape of the ore minerals in three dimersgvesal vein
samples from both deposits were treated in concentrated hydroflamticdéter several
days, all quartz was dissolved and the fragile grayish brown to darklgnalyitic ore
minerals could be recovered. Scanning electron microscopy showeduhstnmate and
sulfur-rich naumannite are the most common ore minerals in the@tteoncentrates. The
dendritic grains range from 0.5 to 1 mm by 1 to 5 mm in size. $hew multi-branching
treelike forms that have a fractal pattern. The surfaces odi¢herites are characterized by
the presence of small pits that have negative crystal shapesehai to 10 m in size,
resembling the small quartz crystals identified in thin section.

The dendritic ore minerals with colloform banding in the baaatyle veins from the
Buckskin National and Fire Creek deposits are interpreted to hawedaturing short
periods of intense boiling or flashing of the hydrothermal fluids. Viokapbrization of the
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liquid may have resulted in the formation of colloidal particles e€ipus metals and silica
allowing the growth of the ore dendrites. The occurrence of siliceospheres, which
originally may have been composed of opal-A, is consistent with rapididepas silica
during phase separation that were probably recrystallized to quanzienodpherical shapes
are still preserved. Thus, the textural observations of this staghpossibly be focused as

exploration strategy for other epithermal mineral deposits elsewhe
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Microtextures of quartz-carbonate veins at the Chatree epitermal Au-Ag deposit,
Thailand
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The Permo-Triassic Chatree deposit in central Thailand is dhe tdrgest epithermal
gold-silver deposits in southeast Asia. The deposit is charaddayzerustiform-colloform
banded veins, stockworks of small quartz-carbonate veins, and minorofonieeralized
breccias. The crustiform-colloform veins locally exhibit bonanzaipus metal grades. At
present, little is known on the processes responsible for the higaqgracious metal
enrichment within these veins. This study reports on the microtéghaeacteristics of ore
and gangue minerals within the veins from Chatree, providing new datstva metal
deposition at this world-class (1.5 Moz gold recovery) deposit.

Field work at Chatree was conducted in 2019 and involved sampling ofadelbad
open pit exposures in different parts of the mine. The petrographidigatess show that
colloform quartz is abundant in the high-grade veins at Chatreecollbéorm quartz
consists of whitde-colorless asymmetrical layers having botryoidal surfaces pointing into
open space. Each layer is sub-millimeters to centimetengcimess. Quartz grains in the
colloform bands exhibit anhedral to euhedral shapes and form modarese locally
showing flamboyant-plumose extinction patterns. The grain size of qaages from 0.01
mm to 0.125 mm. Some large quartz grains show deformation-ind.etede (i.e.,
undulose extinction). In addition to quartz, adularia and calcitprasent in the colloform
bands. The adularia exhibits pseudorhombic shapes with similatsitescoarse-grained
guartz. Calcite is distinguished by its high-relief and interfee color. It forms granular
grains ranging from <0.01 mm to 0.16 mm in size. The colloformtgbands contain
abundant ore minerals. The ore minerals occur as branching grainsi(crodendrites) or as
disseminated grains forming needle-like shapes. Microdendrites cohpisite,
chalcopyrite, naumannite, galena, and sphalerite ranging from 0.0625nm0in sizes.
Electrum occurs as disseminated graind(Bum) surrounding those branches. The textural
characteristics of ore and gangue minerals in these bands sugg#st tbamation of the
high-grade bands at Chatree was probably caused by flashing or vigorous bdtiegid-

19t



forming liquids. This process increases the degree of metal tsatuv&the ore-bearing
liquids and leads to the deposition of high-grade ores.
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Microtextural characteristics of bladed calcite and quartzpseudomorphs in epithermal
veins: Implications to the formation of ore minerals in shallowhydrothermal systems
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Bladed calcite is common in low-sulfidation epithermal veins atitbigsght to form as
a result of gentle boiling of the thermal liquiddladed calcite is typically only present over a
restricted vertical interval of a few hundred meters withinhepimhal veins. Using optical
microscopy, the microtextures of bladed calcite and pseudobladed fquaréd by
replacement of the calcite has been studied in representatipkesdnom nine epithermal
deposits to characterize textural variations and to test whath@resence of bladed calcite
or pseudobladed quartz can be used as a predictor for ore grade. @pdtatks exhibit
splintery, bladed, or platy shapes. These blades are approxima@hy®5 mm in widths
and can range up to several centimeters in length. Pseudobladed lgpagzssnilar
dimensions to the bladed calcite. The pseudobladed quartz consistdlef fmasabparallel
bands of mosaic to blocky quartz that formed as a result of repdateThe bladed calcite
and pseudobladed quartz form lattice, acicular, and parallel aggrelggending on the
orientation of the blades and pseudoblades. The degree of replacenaat®by quartz is
variable. In the samples investigated, the occurrence of blati#te eend pseudobladed
quartz correlates with the presence of ore minerals. Electrcemthite, naumannite,
chalcopyrite, and pyrite occur as disseminated grains within thesppers between the
blades and pseudoblades or are located within the calcite and & ts consistent with
previous models suggesting that gentle boiling of the thermal liquidsespsean effective
mechanism for metal precipitation. However, many bonanza grageesalack bladed
calcite or pseudobladed quartz and ore minerals occur in distinafiocoll bands containing
relict silica microspheres. These colloform bands are integbtethave formed as a result of
vigorous boiling or flashing. The observations of this study suggest thatehsity of phase

separation represents a key control on vein texture and ore grade.
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