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ABSTRACT

Bonanzatype epithermal deposits are formed within hundreds of meters of the paleowater
table. They typically consist of banded veins and associated breccia, with quartz being the
dominant gangue mineral. Petrographic evidence suggests that much ofrthéngih@se veins
formed through recrystallization fromtaermodynamicallysilica precursor. Bcrystallization of
this originally microsphericahoncrystalline silicprecursoresulted invein textures thanask
original relationshig complicating recaostruction of the processes of ore deposition. The
noncrystalline silica originally forming the bands in the bonagpa ores is interpreted to have
formed through rapid deposition from supersaturated liquids. The presence of ore mineral
dendrites withintie microspherical silica suggests that mineral depositonrredat farfrom-
equilibrium conditions. Mineral depositiatcurredduring flash vaporization of the
hydrothermal liquids. Fluid inclusion evidence from the Arista intermedialfedation depsit
in southern Mexicauggests that flashing along the major extensional structures controlling the
location of the deposit occurred over ~1 km belowpthleosurface. Deposition of higjtade
ores over such a large vertical extent is inconsistent with models invoking that mineralization in
the epithermal environment is formed by gentle boiling.

Thestudy of the Arista intermediatailfidation epithermal deposit demonstrated that vein
formation at this prolifigppolymetallic (AuAg-Zn-Pb-Cu) deposit was controlled by a relay ramp
providing linkage between two adjacent extensional faults. The banded veins at Arista consist of
quartzthatformedthrough recrystallization of a noncrystalline precursor. The quartz hosts
dendritic to massive sulfide mineraRare bands of quartz formed by deposition in open space
are present. The veins crosscut felsic dikesamadlsocrosscutthemselvesyy variably altered

as well as unaltered dikes. The geological relationships suggest that igneous activity resulting in



dike emplacement overlapped with the formation of the epithermal veid8 at 38.6 Ma.
Seismicity and dike emplacement may have begrortantin triggering rapid depressurization
along the controlling structurgdeading to repeated flash vaporization of the hydrothermal

liquids and the formation of highrade mineralization.
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CHAPTER 1
INTRODUCTION

This chapterintroduceghe thesis topic and outlines the scientific motivation. A brief

overview of the thesis structure and the main results of the research are given.

1.1 Scientific Motivation

Intermediate sulfidation epithermal deposits are an important subclass of epithermal
deposits. They occur in the shallow subsurface (<1.5 km) in arc volcanic terrains-or post
collisional orogenic belts and form from hydrothermal liquids that have tempesatiup to
~300°C (Simmons et al., 2005; Wang et al., 2019). The hydrothermal fluids forming
intermediatesulfidation deposits are thought to be of magmatic origin and have partially or
entirely equilibrated with the country rock during fluid migrati&@litoe, 1993; White and
Hedenquist, 1995; Hedenquist et al., 2000; Einaudi et al., 2003; Wang et al., 2019). The deposits
typically comprise crustiform banded veins or higjlade breccia zones (Gemmell ef 4088;
Cooke and Simmons, 2000; Wang et al., 2019). Common ore mineral assemblages in
intermediatesulfidation deposits include chalcopyrigrite-argentite as well as tennantite or
tetrahedrite (Einaudi et al., 2003).

Mineralization in intermediatsulfidation deposits is formed through (1) cooling and/or
mixing of the hydrothermal liquids with connate groundwaters, (2) gentle boiling as liquids
ascend along fluid pathways, or (3) by flashing events caused by ragdrerdsops and near
instantaneous vaporization of the liquids (Henley and Ellis, 1983; Drummond and Ohmoto,

1985; Hayba et al., 1985; Heald et al., 1987; Muntean and Einaudi, 2000). The degree of fluid



rock interaction during fluid migration contrdise acidity and sulfidation state of the ere
forming fluids (Hedenquist et al., 2000).

Intermediatesulfidation epithermal deposit®ntainhigher base metal and silver contents
with a higher Ag/Au ratio compared to other subclasses of epithermal deposits (Hedenquist et al.,
2000; Wang et al., 2019). Since these deposits have only been recognized as a separate subtype
of epithermal depositsylHedenquist et al. (2000), only limited research has focused on these
deposisin a modern economic geology context (Wang et al., 2019). The research of this thesis
was designed to shed new light on finecesses by whidhigh-gradeintermediatesulfidation
epithermal deposits are formed. Specifically, the thesis focuses on the importance of fluid

flashing in the formation of intermediaseilfidation epithermal deposits.

1.2 Thesis Structure

This thesis comprises three manuscripts on epithermal deposits. The first manuscript
summarizes textural observations made on epithermal,\&iggesting that much of the quartz
is formed through recrystallization of originally noncrystalline silighich precipitated during
theflashing of the hydrothermal liquids. The second manuscript showed that flashing was an
important oreforming process at the Arista intermediate sulfidation deposit in Mexico and that
flashing at this deposit occurred to a deptbeeding ~1 km below paleosurface. The third
manuscript provides a comprehensive geological study of the Arista deposit. This study included
detailed underground work establishing the relative timing of hydrothermal vein formation with
respect to the empiament of dikesSeismic activity along the extensional structures akel d

emplacement during hydrothermal activitiggeredtheflashing of the hydrothermal liquids.



1.2.1 Vein Textures Indicative of Flashing

Several previous studies have focused on determining the precipitation mechanisms that
result in precious metal enrichment in epithermal deposits (Cooke and Simmons, 2000; Simmons
et al., 2005; SancheXifaro et al., 2016). It is now widely accepted that phase separation is an
important mechanism for the formation of higrade ores (Christeson and Hayba, 1995;

Simmons and Browne, 2000), with cooling and mixing being additional proaefasesal
deposition (Hayba, 1997However, debate still exists around the relative importance of gentle
boiling and what data would allow distinction of both processes in a given deposit.

Flashingi defined here as near instantaneous vaporization of a hydrothermal liquid due
to depressurization represents a plausible alternative mechanism to gentle boiling, capable of
precipitating metals and other minerals (Fournier, 1991; Christensiodaiba, 1995; Zeeait
al., 2021; Monecke et aR023). Currently, the mineral textures produced by flashing are poorly
understood and require further clarity whether evidence of flashing can be visually
distinguishedising lowcost petrographic metls traditionally employed by exploration
geologists. Previous work suggests that silica scales formed in geothermal power plants (van den
Heuvel et al., 2018) and experimental systems (Weres @080, 1982; Amagai et al., 2019)
are composed of noncrystalline silica, not quartz.

Chapter 2 of this thesis proposes that noncrystalline diicaed initially because of
flash vaporizationn relation tohigh-gradeore formation The norcrystalline silicamatures and
recrystallizes to quartz, explaining why this mineral is the most common gangue in epithermal
veins.In contrastparrenquartz bands consist mostly of primary, zonal quartz indicative of
steadystae precipitation in open spadgased on samples from the McLaughlin epithermal

deposit in California, it is shown that nopstalline silica originally deposited in the veins is



isotropic in crossegolarized light and consists of compacted microspheres offaptiat are

up to several micrometers in size. Incipient recrystallization of theAp#drmed lepispheres of
opalCT. Continued maturation caused the growth of elongated quartz crystals or complexly
shaped quartz aggregatébe amalgamationf quartz crystals resulted in the development of
mosaic or flamboyant quartz. Ultimately, large prismatic quartz crystals that have a feathery
appearance are formed. Bands of flmcusions occurring along former recrystallization fronts

in the prismatic quartz resemble growth zones in zonal quartz. In areas where recrystallization of
the opalAc proceeded to completeness, the quartz textures could be misinterpreted to indicate
that quartz growth occurred in open space. Correct recognition of recrystallization textures has
significant implications for paragenetic investigations on epithermal deposithe design of

fluid inclusion studies.

1.2.2 Depth of Flashing

Chapter 3 of this thesis focuses on unraveling the precipitation mechanisms that resulted
in the formation of the higlgrade veins at the Arista intermediatdfidation deposit in Mexico.
The veins at Arista are banded and extend from near surface talsevedred meters deep. The
veinsof quartzformed through recrystallization from a noncrystalline silica precursor. The
quartz is host to mineral dendrites that must lggegvnunder conditions fafrom-equilibrium.
The textural evidence suggests that@nal deposition occurred during shiived events of
flash vaporization. The texturabservations aremconsistent with the widespread occurrence of
gentle boiling during deposit formation. Maximum homogenization temperature data determined
on fluid inclusions show a general trend towards higher homogenization temperatures with depth

within the mine. Thenicrothermometric data are enveloped by a common beploigt-to-depth
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curve, suggesting that the paleosurface of the Arista hydrothermal system was loca# at
440 m above the current level of erosierposing the veins on surface. The salinity of the fluid
inclusions is highly variableanging from 0 16.4 wt.% NaCl equiv., which is consistent with
the proposed model of fluid flashing. As the same textures cabhdaeved in the deepest levels
of the mine, flash vaporization must have occurred over 1 km hbpaleosurface. It has not
been previously demonstrated that pressure drops causing flash vaporization in natural
hydrothermal systems can occur to such depths.

The findings of this study have important implicatidoisexploration. Existing models
of mineral deposition propose that mineralization in epithermal veins forms through gentle
boiling. Thermodynamic modeling has shown that gold deposition in the epithermal environment
occursat temperatures between 26A80°C (Simmons and Browne, 2000). At a salinity of 5
wt% and hot hydrostatic conditions, gold deposition would thus occur in aefeled boiling
zone at a depth of ~500100 m below the paleosurfadéhe findings at Arista demonstrate that
metal deposition can occur over a larger vertical extent in flashing hydrothermal systems.
Consideringhese findings, mineral exploration models for intermeesatédation epithermal
deposits must be revised as the ore zones may be deeper below the paleosurface than previously

thought.

1.2.3 Geological Mechanisms Controlling Flashing

The Arista intermediatsulfidation epithermal deposit in southern Mexico is located in
the southernmost extent of the wetldowed Tertiary Mexican Epithermal Belt (Camprubi and

Albinson, 2007)Previous academic studies have not focused on the deposit, and little is known



abouthow the mineralization at this deposit was formed and what geological controls caused
repeated flash vaporizati@ventsduring the duration of the hydrothermal activity.

Chapter 4 of this thesis provides a detailed account of the geologic characteristics of the
Aristaand Switchbackein systemf the Arista depositExtensive fieldwork improvethe
understanding of the stratigraphy of the host rock succession and provided a better understanding
of the physical nature of Aristnd thestructural controls on mineralization. It is shown that the
veins formed along a relay ramp. Understanding the structural framework allowed the
reinterpretation of magnetic and radiometratakets. A magnetic anomaly and surface
geological maps revealed a desgated intrusive root coinciding with the Celfiton lava dome.
Radiometric potassium maps were overlain on gesdogical maps and compared with
validated surface geologwhich revealed a correlation of areas of known mineralization with
zones containing elevated K, including the adjacent Aguila open pit mine and the surface
expression of the Arista vein system at Arista Ridge, indicating significant clay alteration.

Underground mapping revealed that dike emplacement predated and postdated the
formation of the Arista veins. Based oPb ages of zircons separated from the dikes, the age of
mineralization can be bracketed to 18.4+1.25 Magether with potential seismic activity on the
extensional faults,ikle intrusion, which must have beeantemporaneousith the hydrothermal
system, likely triggered the repeated flashing events that resulted in the formation of the banded
veins at Arista. The research demonstratasttie formation of the Arista intermediate
sulfidation deposit occurred in a favorable structural setuitt) the hydrothermal activity being
closely related in time and space to igneous actildntifying these controlling factors has
implications for neamine exploration angeneral refinement of exploration strategies for this

deposit type



1.3 Implications

This thesionsists othreechapterghat contribute to the refinement of the mineral
deposit model of intermediatalfidation epithermal deposits. They demonstrate that fluid
flashing is a viable mechanisof mineral precipitationresulting in the deposition of ore and
gangue minerals in hydrothermal systeém$orm precious metal deposits in the shallow
subsurface. The study of the Arista deposit demonstrates that fluid flashing along major
extensional structures can occur to a depth of ~1 km kblepaleosurface. This finding has
significantimplications for the design of exploration strategies for this deposit type, as
mineralization can occur deeper than predicted by the currently prevailing deposit model.

This work also contributed to Gold Resource Corporation targeting a new zone of
mineralization and eventually announcing the discovery of the Three Sisters Vein system in
between the Arista and Switchback vein systems along the strike of the fault édientifne
relay ramp structure proposed early on during fieldwork for this Ph.D. The news release on
February 28th, 2023, titled fAGold Resource Co
With the Potential to Improve the Near to Miérm Mine Plan" detailsthe newly discovered

vein system.
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CHAPTER 2
RECRYSTALLIZATION TEXTURES OF QUARTZ IN EPITHERMAL
VEINS: A CASE STUDY ON OPALINE VEINFROM THE
MCLAUGHLIN DEPOSIT, CALIFORNIA

Reproduced with permission of ay-authors
Garrett D. Gissler:Thomas Monecké, T. James Reynold$? Mario Guzmar,

Eric T. Ellison® Ross Sherlock

2.1 Abstract

High-grade ores itow- andintermediate sulfidationepithermal deposits commonly
consist of banded veins containing quartz as the most abundant gangue mineral. Previous studies
suggested that at least some of the quartz has formed as a product of recrystallization from a
noncrystalline silica precursor. ded petrographic studies confirm that higtade veins from
the <2.2 Ma McLaughlin deposit in California were originally entirely composed ofAxpal
The noncrystalline silica is isotropic in crosgamlarized light and consists of compacted
microsphees that are up to several micrometers in size. In many bands of thgradghveins,
the thermodynamically unstable o has matured to quartz. The recrystallization of the
noncrystalline silica resulted in the development of quartz and ore textures that mask the original

conditions of vein formation. Incipient recrystallization of the efalresulted in the formation

! Department of Geology and Geological Engineering, Center for Mineral Resources Science,
Colorado School of Mines, 1516 lllinois Street, Golden, CO 80401, USA

2FLUID INC., 1401 Wewatta St. #PH3, Denver, CO 80202, USA

3 Department of Geological Sciences, Universitgotorado Boulder, 2200 Colorado Avenue,
Boulder, CO 80309, USA

4 Mineral Exploration Research Centre, Harquail School of Earth Sciences, Laurentian
University, Sudbury, ON, Canada

11



of concentrically banded silica spheres, many of which host elongate quartz crystals or
complexly shaped quartz aggregates in their cores. Amalgamation of quartz crystals results in the
development of mosaic quartz or flamboyant quartz. Ripening causgothih of hrge

prismatic quartz crystals, which are characterized by zones of feathery appearance. Fluid
inclusions within the quartz formed through recrystallization are typically highly irregular in
shape and show inconsistent liquid to vapor volumiroportions butassemblages with
consistent ratioare also presenBands rich inluid inclusiors occurring alongormer
recrystallization fronts in prismatic quartz crystals resemble growth zones in zonal quartz.
Recrystallization of the silica matrix has resulted in grain coarsening of the ore minerals and
encapsulation of ore minerals by quartz. In areas where recrystallization of the noncrystalline
silica has proceeded to completeness, the quartz texturesbeoeidsily misinterpreted to
indicatethat quartz growth occurred in open spadth the ore minerals infilling vug spaces
Correct recognition of recrystallization textures has significant implications for paragenetic
investigations on vein material from epithermal deposits as well as the design of fluid inclusion

studies.

2.2 Introduction

Low- and intermediate sulfidationstateepithermal depositare a significant source of
precious and base metélsedenquist et al. 200@immons et al. 200%.ipson 2014). The
deposits form within hundreds of meters from the paleosurfacehydnothermal liquids having
temperatures of up to 250°The oreforming liquids are dilut@queous solutions with low (<2
mol %) CQ contentgHedenquist et aR000; Simmons et al. 2003h many epithermal

deposits, metal enrichment is confined to banded quartz veins that have formed along faults that
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control the upflow of the hydrothermal liquids to the surface (Rowland and Simmons 2012). Ore
minerals are hosted in certain bands within the veins suggesting that the deposition of metals
occurred intermittently during vein formatioHédenquist et ak000;Sanematsu et al. 2006;
Shimizu 2014 Tharalson et al. 2019, 2023; Zeeck et al. 2021). Deposition of the ore minerals in
these bands is widely attributed to metal supersaturation associated with vapor loss from the
ascending hydrothermal liquigerummad and Ohmoto 1985; Brown 1986; Christenson and
Hayba 1995; Simmons and Browne 2QG@ith high-grade bands probably recording periods of
flashing resulting in the ne#mstantaneous vaporization of a large amount of liqGitrictenson
and Hayba 1995; Taksavasu et al. 200t&ralson et al. 2019, 2023; Zeeck et al. 2021

Studying active subaerial geothermal systems can provide important insights into the
hydrothermal processes that form the highde, banded veins low- and intermediate
sulfidationepithermal deposits. Scales in these systems are typically composed-Aatopal
(Smith 1998), a noncrystalline silica phase consisting of microspheres that range up to several
micrometers in diameter. Scales of epal occur within production wellsHenley and Brown
1985;Brown 2011; Chambefort and Stefansson 2020) and geathsurface installations
(Reyes et al. 2002; Smith et al. 20&&ymond et al. 2009;aksavasu et al. 2018an den
Heuvel et al. 2018). The fact that banded veins indalfidation epithermal deposits are
primarily composed of quartz while scales in geothemmdls are composed of opdlg is likely
related to the recrystallization of the thermodynamically unstableAxpaler time. Maturation
of opalAc has been well documented in the case of silica deposits on hot springs where the
noncrystalline opaAg transforms to opaCT, which in turn recrystallizes into op@land then
into quartz (Herdianita et al. 2000; Campbell et al. 2001; Lynne and Campbell 2004; Lynne et al.

2005; Rodgers et al. 2004).

13



Dong et al. (1995) proposed that quartz in epithermal veins formed through
recrystallization of a noncrystalline silica precursor can be identified based on its textural
characteristics. Following the original suggestion of Lovering (1972), Dong et 88)(19
hypothesized that mosaic quartz, which is microcrystalline quartz characterized by highly
irregular and interpenetrating grain boundaries, is such a product of recrystallization.
Recrystallizatiorof siliceous phases to quanteepithermal deposits bdbeen suggested by
various studie$White et al. 1989Saundes 1994; Hedenquist et al. 200@amprubi and
Albinson 2007. Mosaic quartz is one of the most common quartz textures in epithermal deposits
of diverse ages (Saunders 1990, 1994; Scott and Watanabe 1998; Dong et aoh@aba et
al. 2012;Taksavasu et al. 2018haralson et al. 2019, 2023; Zeeck et al. 203ander and
Black (1988) and Dong et al. (1995) speculated that recrystallization of a noncrystalline
precursor can also result in quactystals showing flamboyant textures.

This contribution focuses on the study of opaline vein material from the McLaughlin
deposit in California, which is unusually wlieserved and has not been subjected to tectonic or
metamorphic overprintSherlock et al. 19950paline veins from McLaughlin still contain relict
microspherical opahc (Monecke et al. 2023), which has only partially matured to quartz,
allowing the identification and study of the textures associated with the transformation-of opal
Ac to quartz. Identifying these recrystallian textures is critical to studies on vein material
from epithermal deposits where the original noncrystalline silica has entirely recrystallized to
quartz. It is shown here that the maturation of the silica matrix can result in complex textural
relatiorships, which can be easily misinterpreted to indicate that mineral deposition occurred in
open space. Accurate interpretation of the textural relationships has significant implications for

paragenetic studies as well as fluid inclusion investigationsittfeemal deposits.
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2.3  Geology

In 1978, the Homestake Mining Company discovered the McLaughlin deposit, which is
located ~120 km north of San Francisco at the junction between Napa, Yolo, and Lake counties
in California. Open pit mining was conducted from 1983 to 1996 at an averageofrad9
grams per ton A@Sherlock and Lehrman 1995; Sherlock et al. 19B&pr to mining, the total
resource of the deposit was calculated at 3.5 million ounces of Au contained within 24.3 million
tonnes of or¢Sherlock and Lehrman 1999 recious metals enrichment occurred from the
surface to a depth of ~350 (8herlock et al. 1995)

The McLaughlin lowsulfidation epithermal deposit is located along the moderately
northeast dipping Stoney Creek fault, which separates serpentinized ultramafic and mafic rocks
of the Middle Jurassic Coast Range ophiolite in the southwest from hanginguetone of the
Late Jurassic Great Valley sequence to the northeast (Tosdal et al. 1993). The main ore body
comprised a pipéike sheeted vein complex formed in a dilatant zone between tholeiitic basalts
and a mélange of sedimentary rocks and serpentihttee Coastal Range ophiolite. The sheeted
vein zone is up to 100 m in width and is composed of centimeter to meters wide, crosscutting
opaline veingTosdal et al. 1993; Sherlock et al. 1995pithermal mineralization is late
Pliocene to Pleistocene in age (Lehrman 1986) and has not been affected by a tectonic or

metamorphic overprint.

2.4 Materials and M ethods

Detailed fieldwork was performed at McLaughlin in California to constrain the geology
of the deposit and to allorepresentative sampling of higjnade ores§herlock et al. 1995)

Polished thin sections were obtained from opaline vein material to study the microtextural

15



characteristics. Petrographic investigations in both transmitted and reflected light were
conducted using an Olympus BXM53 optical microscope. Inspection of the sections under
ultraviolet light was conducted on the optical microscope using agnggsurenercury lamp
with excitation filtration to wavelengths of 33880 nm. Optical cathodoluminescence
microscopy on carbenoated thin section was performed using a H&bhot cathode CL
microscope by Lumic Special Microscopes, Germany. The instrument wadeapat 14 kV and
a current density of ~ 10 pA mf(Neuser 1995). Images were captured with a Teledyne
Lumenera Infinity 55 digital camera.

Raman spectra on textusatlistinct phases were collected using a Horiba LabRAM HR
Evolution spectrometer equipped with a 532 nm frequeloapbled Nd:YAG laser (Laser
Quantum, Torus 532 + mpc3000) coupled to an Olympus BX¥ptital microscopeThelaser
beamwas focused through a 100x objective lens and operated at a 100% laser power. A 600
lines/mm grating was used. Spectra were collected from 100 to 136@isimg a Sbased CCD
detector (1024 256 pixels). The spectrometer was calibrated using the 520Raman peak of
Si prior to analysis.

A TESCAN MIRA3 LMH Schottky field emissiescanning electron microscope
equipped with a singlerystal YAG backscatter electron detector was used to determine small
scale textural relationships. Imaging was performed at a working distance of 10 mm and an
aceelerating voltage of 15 k\&emiquantitative chemical analyses of ore minerals were
conducted by energgispersive Xray spectroscopy using an attached Bruker XFlash 6|30 silicon

drift detector.
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2.5 Results

2.5.1 Noncrystalline Silica Matrix

Ore minerals in the opaline veins at McLaughlin are hosted by silica bands thgltare
tan to amber in color (Fi@.1a, b). The silica bands have variable thicknesses and often exhibit
botryoidal and wavy surfaces. In addition to ore minerals, the opaline bands host concentrically
banded silica spheres, small elongate quartz crystals, and complexly shaped quarteaggrega
(Fig. 2.11c- f). In contrasto the high-gradeband witha non-crystalline sili@ matrix, somebands
are barremwith abundanzonal quartzextures.

At high magnification, the silica bands are compose@laft microspheres that are
round and range fror+ 5 pm in size. Cavities between the relict microspheres have 4iic&le
shapes (Fig2.1c). Variations in packing density of the relict microspheres appear to result in
different colors of the opaline bands. Tleéiat microspheres are isotropic in crosgedarized
light (Figs.2.1e, f and2.2a, b). Under ultraviolet lighgxcitation the isotropic silica shows a
blue and orange luméscence (Fig. 3cRaman spectroscopy did not yield descernable peaks
due to the strong background luminescence (Fig.Bahed on the isotropic nature and the
microspherical texture, the noncrystalline silica forming the opaline bands is classified-as opal
Ac (cf. Smith 1998).

The silica in the opaline veins has undergone patrtial recrystallization in some of the
opaline bands. In those bands, the relict microspheres are compacted and commonly non
spherical. Highmagnification microscopy in cross@alarized light shows that trsflica matrix
in these areas is only partly isotropic. The opaline bands comgaelict microspheres that are

nonsphericalare composed amall grains of a neisotropic silica phase.
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Figure2.1 Noncrystalline silica and incipient recrystallization textures in opaline veins from the
McLaughlin deposit, Californiga) Opaline band hosting a delicate sphalerite dendrite. The
groundmass is largely isotropic in crosgedarized light suggesting that recrystallization of the
opaline matrix is limited. Plarpolarized light. (b)Silica band composed of relict opat
microspheres that host delicate dendrites of sphalerite and native gold. Pyrargyrite forms
euhedral crystals that are suspended initiva snatrix. The groundmass is largely isotropic in
crossegpolarized light. Discrete small areas showing concentrical zoning locally occur in the
silica matrixbetween the ore mineral dendrites (arrow). Plaolarized light. (cHigh-
magnification image showing that the concentrical zoning surrounds cores of individual
elongated quartz crystalBones containing relict microspheres occur between the areas of
concentrical banding (arrows). Plapelarized light. (dHigh-magnification image of a
complexlyshaped quartz aggregate showing a dentine texture -pddangzed light. (e)
Recrystallization of the silica matrix resulted in the development of a mosaic texture through
amalgamation of elongate quartz crystals (left). The-likenzone of quartz crystals (right)
exhibits a dentine texture in contact with concentric bandingeimoncrystalline silica matrix.
Planepolarized light(f) Crosseepolarized light image of the same field of view showing that
the quartz aggregates within the silica mataxdna mosaic texture where the grain boundaries
between the quartz crystals are irregular and interpenetrating. The matrix containing abundant
relict microspheres is optically isotropic. Au = native gold, Pyg = pyrargyrite, Sp = sphalerite
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2.5.2 Incipient Recrystallization

In many of the opaline bands, the silica matrix has begun to recrystallize. Incipient
recrystallization textures include the formation of concentrically banded silica spheres, which
have a heterogeneous turbid appearance 2Hif). Variations in color between adjacent bands
are commonly pronounced in these silica spheres, with outer bands being amber ttabriown
color, whereas inner bands are lighter in color. When near one another, the silica spheres become
amalgamated. Theoncentrically banded stia spheres are isotropic in crosgedarized light
and show luminescence under ultraviolet light (Rigb, c). The absence of discernable Raman
peaks (Fig. 2d) and the strong background luminescence may indicate that the concentrically
banded silica spheres are also primarily composed of noncrystalline silica.

The concentrically banded silica spheres may contain elongate quartz crystals that range
up to ~50mm in length (Fig2.1c). At low magnification, the quartz crystals appear to be doubly
terminated. However, at high magnification it is apparent that the elongate shapes are commonly
caused by intergrowth of several smaller quartz crystallites of similar orientatio2 (feijy.The
elongated quartz crystals show wedfined Raman spectra (F@2d). Where the orientation of
the intergrown quartz crystallites differ, more complexly shaped quartz aggregates are formed
(Fig. 2.1d). In these aggregatepjartz crystallites witlsubhedral terminations point towards the
opaline matrix (Fig2.1d). The texture resembles a row of teeth and is thus referred to as dentine
texture in this contribution. In contrast to the elongated quartz crystals, the complexly shaped

guartz aggregates are not always surrounded by concentrically banded silica.
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Figure2.2 Partially recrystallized silica matrix in opaline vein from the McLaughlin deposit,
California. (a) Elongate quartzystals in noncrystalline silica matrix composed of relict
microspheres. The quartz crystals are surrounded by concentrically banded silica spheres. Plane
polarized light. (b) Crossegolarized light image of the same field of view illustrating that the

silica matrix surrounding the elongate quartz crystals is isotropic. (c) Luminescent light image of
the same field of view collected during ultraviolet light illumination. The noncrystalline silica
matrix exhibits a bluish or orange luminescence whereaszgglgows no response. (d) Raman
spectra obtained at the four locations indicated in the images. The quartz shedafiwed

spectra whereas the noncrystalline silica matrix is characterized by strong luminescence with no
Raman peaks.

21



Intensity (counts)

18,000

16,000
128
14,000 |
12,000

10,000

7,000+

6,000

207

356

S
2
(6]

Point 2

\ Point 1

Point 4

5,000 _/////‘

100

500 1,000 1,500
Raman shift (cm™)

22



2.5.3 Mosaic Quartz

The packing density of elongated quartz crystals is variable and individual crystals in the
matrix are randomly oriented. With further maturation, clusters of intergrown quartz crystals
occur (Fig.2.1e, f). The clusters of quartz crystals exhibit a jigéiaer geometry with
interpenetrating grain boundaries. In crospethrized light (Fig2.1f), these clusters show a
mosaic extinction pattern as described_byering (1972)andDong et al. (1995)Depending on
the degree of recrystallization, the mosgi@rtz can be massive or contain small areas of relict

microspheres between the newly grown quartz crystals.

2.5.4 Flamboyant Quartz

Recrystallization of the noncrystalline silica matrix can also result in the development of
flamboyant quartz aggregates (R238). An entire progression of textures can be observed from
the small complexly shaped quartz aggregates to circular or oval quartz aggregag3ifig.

The cores of these aggregatesaoedy,or the inclusions are arranged into radial patterns (Fig.
2.3c). The inclusions are commonly void spaces and appear dark irpalnized light. The
flamboyant quartz shows a radiatiextion pattern in crossegblarized light (Fig2.3d). The

outer margins of the quartz aggregates are irregular or frayed, in many cases forming a dentine
texture (Fig2.3c). The density of the flamboyant quartz aggregates is variable. In some opaline
bands, these circular to oval quartz aggregates are suspended in the matrix or only locally
impinge on each other (Fig.3b). Where the quartz aggregates are fully amalgamated, mosaic
textures may develop. The boundaries between the individual flambayete gggregates are

interpenetrating (Fig2.3e, f).
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Figure2.3 Flamboyant quartz in partially recrystallized opaline veins from the McLaughlin
deposit, California. (a) Quartz aggregate formed by amalgamation of quartz crystals growing in
different directions in the silica matrix. The core of the aggregate is riciclusions. The outer
margin of the quartz aggregate shows a dentine texture. The matrix surrounding the large quartz
aggregate shows other areas that are recrystallized to quartz (arrowspd¥aized light. (b)
Flamboyant quartz aggregates surrouraled silica matrix. Some of the quartz aggregates
contain cores with radially arranged inclusions. The outer margins of the round to elongate
guartz aggregates show a dentine texture. Rlateized light. tHigh-magnification image of a
flamboyant quartz aggregate showing radiating arrays of inclusions. The contact between the
guartz and the surrounding silica matrix shows a dentine texture. (d) Partially epotmezked

light image of the same field of wieshowing the radial extinction pattern of flemboyant

guartz aggregate. e Aggregate of amalgamated flamboyant quartz grains. Radiating inclusion
patterns are locally preserved. (f) Crospethrized light image of the same field of view
illustrating that the flamboyant quartz grains exhibit inéegtrating grain boundaries
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2.5.5 Prismatic Quartz Crystals

In some cases, recrystallization of the noncrystalline silica matrix has resulted in the
formation of coarsgrained, prismatic quartz crystals. The prismatic quartz forms individual
crystals suspended in the noncrystalline matrix or occurs inAlikeizones (Fig2.4a, b). Vein
like zones of quartz are commonly present parallel to the original banding of crustiform veins,
but also occur at high angles along fractures or possible desiccation cracks (cf. Sherlock and
Lehrman 1995). A progression can be obsd from individual flamboyant quartz grains
forming within bands of noncrystalline silica to bands of flamboyant quartz grains that have
amalgamated (Fi@.4a d). Continued ripening results in the transformation of flamboyant
guartz to prismatic crystals. Along the margins of M@ zones, prismatic quartz is fine
grained. Dentine textures suggest that growth of the quartz occurred outward into the
noncrystdine matrix. The largest prismatic quartz crystals are present in the centers of the vein
like zones (Fig2.4a, b, e, f). Zones of prismatic quartz formed through recrystallization of the
noncrystalline silica may be easily mistaken as colloform quartz veins formed in open space.

Prismatic quartz crystals also occur in massive zones. In these patches, individual crystals
appear to have competed for space during recrystallization from the noncrystalline matrix (Fig.
2.5a). Optical cathodoluminescence shows that the large prismatic grains shalewesdiped
zoning patterns, with individual zones ranging from yellowish green to purple in color (Fig.
2.5b). The cathodoluminescence emission is slhatl. The colors of the quartz change to dull
brown during continued electron bombardmé& he internal zoning patterns are complex.
Oscillatory zoning and sector zoning are most pronounced. Individual oscillatory zones are
commonly kinked or wavy in nature, suggesting that they formed during recrystallization from

the noncrystalline silicand are not growth zones that developed in quartz crystals grown in
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open space (Fi@.5b). Oscillatory zones can be traced across multiple adjacent quartz crystals
that have slightly different orientations in crossedarized light (Fig2.5a, b).

The prismatic quartz crystals contain abundant inclusions thabamamonlydistributed
along parallebands (Fig2.5a). These bands resemble growth zones in crystals formed in open
spaces. However, the inclustoich bands can commonly be traced across several prismatic
crystals having different orientations and sizes (Efsg, b). These bands likely represent
remnant recrystallization fronts. In some of the opaline bands that are largely recrystallized to
guartz, dark bands of remnant silica are lotdtetween the prismatic quartz crystals. The quartz
crystals show dentine textures in contact with the dark material in these bands and appear to
grow into the matrix (Fig2.5c, d). As the crystals grow into the matrix, inclusiat bands
form along the rims of groups of prismatic crystals competing for space(bég f). The
inclusionrich bands can be wavy or have round edges 25g). The textural evidence suggests
that the inclusiofrich bands represent recrystallization fronts formed duriadrdnsformation
of opatAc to quartz or the continued ripening of the quartz resulting in the formation of the large
prismatic crystals.

Many of the prismatic quartz crystals show feathery domainsZ&g, d, f) in which the
quartz has a splintery appearance in crogsdarized light. Individual quartz splinters vary
slightly in their extinction positions. Feathery domains can be present in the cores of the
prismatic crystals but are most common in rivhgrains having clear cores. Zones of feathery
quartz can also occur along the outer margins of prismatic quartz crystals. In these cases, the
grain boundaries of the large prismaticstafs with the surrounding fingrained quartz vary

from irregular to frayed in nature (Fig5f).
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Figure2.4 Prismatic quartz crystals in partially recrystallized opaline veins from the McLaughlin
deposit. (a) Flamboyant quartz aggregates formed along a band in the opaline vein (upper part of
the image). The aggregates grew within the noncrystalline silica mamalgamation of the

guartz aggregates results in a zone of quartz (lower part of the image) that resembles a vein. The
contact between the velike quartz aggregate and the surrounding matrix has a dentine texture
(arrows).Planepolarized light(b) Crossedpolarized light image of the same field of view

illustrating that the inner part of the vdike quartz aggregate formed through recrystallization

of the silica matrix is coarser grained than the outer margin where the quartz crystals are close to
the surrounding matrix. (c) Higmagnification image of flamboyant quartz aggregates that have
formed along a silica band and start to amalgamate. The contact between the quartz and the
surrounding matrix is characterized by a dentine texRlemepolarized light.(d) Crossed

polarized light image of the same field of view showing the radial extinction of pattern of the
flamboyant quartz. The grain boundaries between the quartz grains are interpenetrating- (e) Vein
like zone of quartz formed through recrystallizatfoom the noncrystalline silica matrix.

Inclusion bands in the quartz formed along recrystallization fronts. Current recrystallization

fronts are located in the lower part of the picture (arrow) as indicated by the dentine texture. The
zone of giartz could be misinterpreted as a crustiform vein formed in open $ane.

polarized light(f) Crosseebolarized light image of the same field of view. The grain size of the
prismatic quartz is coarsest away from the recrystallization fronts.
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Figure2.5 Prismatic quartz crystals in partially recrystallized opaline veins from the McLaughlin
deposit.(a) Prismatic quartz crystals formed through recrystallization of a noncrystalline silica
precursor. Inclusion bands formed during the recrystallization process are preserved and can be
traced across several of the large prismatic crystals that were confpespgce during crystal
growth (arrows). The prismatic quartz crystals show a feathery texture defined by the presence of
guartz splinters that have dtigy different extinction positions. Crossedlarized light. (b)

Optical cathodoluminescence image of the same field of view. The prismatic quartz shows
pronounced oscillatory zoning. However, the zoning is complicated in detail, with individual
zones being kinked or wavy in nature (arrows), confirming that the prisoedrtz formed

through recrystallization of a nesrystalline precursor and not through precipitation in open
space(c) Silica band that is largely recrystallized to prismatic quartz prisenatic quartz

crystals were competing for space as they grew outward from the cores through recrystallization
of a noncrystalline silica precursor into the dark bands between crystals (arrows). The contact
between the quartz crystals and the dark baodgining a silica precursor is characterized by
dentine textures. Plarmolarized light(d) Crosseebolarized light image of the same field of

view showing thaprismatic quartz crystals formed by recrystallization of the noncrystalline

silica are comping for space. Zones of feathery quartz are present in some of the crystals
(arrow). eRemnant recrystallization fronts in an area that is entirely recrystallized to.duUzetz
bands defining the remnant recrystallization frontgiatein inclusions Planepolarized light.

(f) Crosseebolarized light image of the same field of view. Feathery extinction patterns occur in
some of the prismatic quartz crystals or in halos surrounding the crystals (arrows).
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2.5.6 Fluid Inclusions

Themicrospherical silica matrix that is anisotropic in crosgeldrized light does not
contain fluid inclusions suggesting that the conditions at which the noncrystalline silica was
deposited and the ore minerals formed within the silica matrix cannotdrendtetd based on
microthermometric investigations. However, fluid inclusions are present in the different textural
types of quartz formed through recrystallization from the noncrystalline precursor.

Flamboyant quartz grains contain abundant inclusions. These are present in dark bands
surrounding cores on the grains (R2ga) or form radiating arrays that are typically parallel to
the quartz splinters in zones of feathery quartz E&p). The textural relationships suggest that
these inclusions formed as imperfections in the quartz during recrystallization from the
noncrystalline precursor. The inclusions are highly irregular in shape and typicsiynpty
void spaces giving inclusiench zoneghe dark color. In some cases, fluid inclusions containing
a liquid and a vapor bubble are present in arrays of empty inclusion .@e.

The prismatic quartz crystals contain abundant bands of pseudoprimary inclusions (Figs.
2.5a and2.6¢- €) that were entrapped along recrystallization fronts (&E&g, d). The inclusions
are commonly highly irregular in shagerming dark, empty @id spaces. Where inclusions are
more mature, the inclusions have equamegativecrystalshapegFig. 2.6e) At room
conditions, thesenore maturenclusions are commonly filled with liquid and contain a vapor
bubble. The liquid to vapor volumetric proportions are typically variabtemay also be
consistent. They could be mistakenly interpretegrasary fluid inclusions entrapped along
growth bands. Large prismatic quattystalsmay containmanysecondary fluid inclusion
planesFluid inclusion assemblages within healed secondary planes can show inconsistent or

consistent liquid to vapor volumetric proportions. In rare cases, pseudosecondary inclusion
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planes were observed suggesting that growth of the prismatic quartz crystals into the surrounding

matrix continued after entrapment of the fluid inclusions (E&f).

2.5.7 Ore Textures

Some silica bands in the opaline veins from McLaughlin contain preserved delicate ore
mineral dendrites. This includes dendrites of native gold and sphalerit@ {fagb). Some of
the sphalerite dendrites are spindéee and up tdb00-um in length. These dendrites are
oriented approximately perpendicular to the colloform banding &g, b). Large stubby
pyrargyrite crystals occur in the mineralized silica bands i@, b).

The mineralized silica bands are variably recrystallizedomecases, the silica matrix
consists of relict microsphereBhe ore mineral dendrites or the pyrargyrite crystals are
frequentlyencased by quartz formed through recrystallization of the silica matrix, suggesting
that the ore mineralsinctionedas nuclei for recrystallization (Fig.7c). Parts of dendrites or
entire dendrites are encapsulated by a single quartz crystal or encased by a group of quartz
crystals that formed through recrystaltioa of the silica matriXFig. 2.7c, d) Quartz crystals
also occur in the matrix between the dendrites (Eigl). Agglomeration results in the
formation of large quartz aggregates showing a mosaic texture. At high magnification, it is
apparent that the quartz encapsulating the ore minerals shows a dentine texture in contact with
the surrounding matrix, suggestitigat the quartz aggregates formed through growth into the
matrix (Fig.2.7e). However, thencapsulatingiuartz commonly forms small euhedcaystals in
contact with the opaque phas€aiartz growth around the opaque phaggsears to have been
accompanied by coarsening of the ore mineral grains ZFif). This textural featurecould be

misinterpreted to represent infilling of a vug by the ore minerals 2Hi@g, f).
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Figure2.6 Fluid inclusion characteristics of quartz formed through recrystallization of the non
crystalline silica in the opaline veins from the McLaughlin deposit, Califofa)je&lamboyant

guartz aggregates surrounded by noncrystalline silica n{Raige 32) The quartz in contact

with the surrounding matrix has a dentine texture. The flamboyant quartz aggregates are
characterized by clear cores that are surrounded by zones that are rich in inclusions (arrows),
which are interpreted to represent recrystdilirafronts.Planepolarized light(b) Crossed

polarized light image of the same field of view. The outermost zone of the flamboyant quartz
aggregate shows a weleveloped feathery texture characterized by quartz splinters having
slightly different extinction positions. Zones of abundawtusions occur between the cores of

the flamboyant quartz aggregates and the outer zones having a feathery texture. Inclusions are
also present between the quartz splinters enhancing the radiating appearance of the quartz
aggregate (arrowsfc) Flamboyant quartz aggregate that shows a dentine texture in contact with
the surrounding matrix. The quartz aggregate contains a zone of inclusions that were entrapped
during the recrystallization process. The inclusions are highly irregular in shapenbosions

are empty void spaces although fluid inclusions are also present (dPtam@polarized light.

(d) Bands of pseudoprimary inclusions that have formed along two recrystallization fronts that
can be traced across sevgmasmatic quartz crystals (see Fig. 5a for location of image). The
inclusions are highly irregular in shape. In the outer band, most of the inclusions are empty void
spaces. However, in the inner band many of the inclusions are-tighighclusions witha vapor
bubble.Planepolarized light(e) Pseudoprimary inclusions with rough to smooth surfaces and
elongate, equant, and negatonrgstal shapes in a prismatic quartz crystal. Many of the

inclusions show consistent liquid to vapor volumetric proposti@mrows)Planepolarized light.

(f) Pseudosecondary fluid inclusion plane crosscutting a larger prismatic quartz crystal. The
crystal has formed through recrystallization of the originally noncrystalline silica matrix and is in
contact with the matrix on the left side of the picture. Thie flaclusion plane is truncated by a
narrow zone of clear quartz (arrow) suggesting that growth of the prismatic crystal into the
matrix continued after healing of the microfracture. The inclusions are mostly el satpie

and have consistent liquid to vapor volumetric proportiGtenepolarized light.
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Figure2.7 Ore textures in partially recrystallized opaline veins fromMic&aughlin deposit,
California(Page 33)(a) Dendrites of native gold and sphalerite set in a matrix consisting of
relict silica microspheres. In addition to the dendritge euhedral pyrargyrite grains occur.
Planepolarized light(b) Reflected light image of the same field of view. The image highlights
the abundance of native gold) Dendrites of native gold and sphalerite as well as euhedral
crystals of pyrargyrite in a silica band that shows incipient recrystallization. Some of the ore
mineralsfunctioned as nucleation sites for the recrystallization of the noncrystalline silica to
quartz. As a result, the ore minerals are partially encapsulated by quartz (aPlaws).

polarized light(d) Silica band that is partly recrystallized (left side of image). Quartz crystals
formed through recrystallization partially or entirely encapsulate the delicate ore mineral
dendrites or occur in the silica matrix between the dendrites. Amalgamatios quidrtz grains
results in the development of quartz aggtes showing a mosaic texture (see Fig. 1e, f) that will
host encapsulated ore minerddtanepolarized light(e) Ore minerals in a partially

recrystallized silica band. The ore minerals functioned as nucleation sites for the recrystallization
of the noncrystalline silica, with the quartz growing outwards into the matrix as indicated by the
presence of dentine texes (arrow). The color variations in the matrix are most likely a product
of recrystallization and not a primary feature caused by the digmosf the microspheres along

the vein wall.Planepolarized light(f) Pyrargyrite and small ore mineral dendrites in a
noncrystalline silica matrix that is partially recrystallized. Pyrargyrite in the lower part of the
image is encased by quartz crystals formed through recrystallization of the noncrystalline silica
precursor The pyrargyrite functioned as a nucleus for recrystallization. The quartz crystals have
grown outward into the silica matrix as indicated by the dentine textures. Small euhedral qua
crystals are present along the contact with the pyrargyrite. The textural relationship could be
easily misinterpreted as pyrargyrite infilling a vug surrounded by quartz. Au = native gold, Pyg =
pyrargyrite, Sp = sphalerite
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2.6 Discussion

2.6.1 Formation of Noncrystalline Silica

High-magnification optical microscopy demonstrates that the opaline veins at
McLaughlin were originally composed mainly of microspherical silica. The silica matrix in some
of the leastecrystallized bands in the opaline veins is still isotropic in ngkige2.1),
suggesting that this silica phase was noncrystalline at the time of deposition. Raman
spectroscopy confirmed that areas of isotropic extinction do not contain quartz. Following Smith
(1998), the microspherical noncrystalline silica at McLaugbéin be classified as opaé.
Saunders (1990) proposed that efalwas originally gelike when deposited along the vein
walls explaining that bands of opAk are often wavy in nature, which is most easily explained
by hydraulic shaping of the silica.

Ore minerals at McLaughlin form dendrites or euhedral grains within the microspherical
silica matrix originally composed of opAk (Figs.2.1 and2.7). Monecke et al. (2023)
hypothesized that the ore minerals grew within thdigelsilica matrix through a diffusien
limited growth process. Textures similar to those observed in the samples from McLaughlin have
been obtained in crystal growth experingeim silica gelfOaki and Imai 2003; Monecke et al.
2023) The growth of the ore minerals in a silica geltrix explains the delicate nature of the ore
mineral dendrites and their orientations in the mineralized bands. Although the larger dendrites
have nucleated at the base of mineralized bands and appear to have grown towards the top of the
bands, many snlar dendrites have radiating shapes and appear to have grown in all directions,

which cannot be explained by growth in open space along the vein walls.
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2.6.2 Crystallographic Changes

Similar to natural gem opals (Jones et al. 1968; Gaillou et al. 2008), thA @pathe
studied veins from McLaughlin was originally composed of silica microspheres havindjlkegel
SiO4 linked arrangement. According to Smith (1998), epallacks longrange order even
though the microspheres are typically regularly stacked.

At McLaughlin, a substantial proportion of the original epalhas recrystallized to
guartz. The nature of this transformation could not be resolved confidently by Raman
spectroscopy due to the high background luminescence. However, a series of studies have
demonstrated that the thermodynamically unstable-Apah silica sinters formed at subaerial
hot springs, which are common surface manifestations associated wishilfoation
epithermal deposits (Sillitoe 2015), is transformed into quartz thranegfotmation of opaCT
and opalC (Campbell et al. 2001; Lynne and Campbell 2004; Rodgers et al. 2004; Lynne et al.
2005; Jones 2021). In op@lT, domains of shomange order are present, while efiahas more
ordered domains (Smith 1998). Recrystallmatoccurs through a coupled dissolution
reprecipitation process as describedMijliams et al. (1985), Rice et al. (1995), and Jones and
Renaut (2007)Studies on silica sinters have shown that naturally occurringfapglpically
recrystallizes to quéar within tens othousands of years at surface conditifisrdianita et al.
2000; Rodgers et al. 2004; Lynne et al. 200%hydrothermal experiments at temperatures of
300- 500°C, this crystallographic transitibvas been achieved in as little as days to months

(Ernst and Calvert 196®8ettermann and Liebau 1975; Oehler 1976).
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2.6.3 Textural Evolution

Textural changes accompanying the recrystallization of microsphericahgpave
been extensively studied in hot spring deposits. These studies show that the smooth microspheres
in opalAg initially convert to bladed lepispheres of oi6&l' (Lynne and Campbell 2004;
Rodgers et al. 2004; Lynne et al. 2005). During continued recrystallization, the blades on the
lepispheres can develop shgmpaked pyramid or blocky structures, which subseduent
recrystallize to quartz microcrystals (Lynne et al. 2005, 208mgall doubly terminated quartz
crystals and drusy quartz can form because of silica recrystallization in silica sinters originally
consisting of opals (Rodgers et al. 2004). Identification of these microtextural changes
accompanying the crystallographic transition from noncrystalline silica to thermodynamically
stable quartz requires the use of electron microscopic methods due to the small size range of
silica microspheres and their recrystallization products.

The study at McLaughlin highlights that recrystallization of efalto quartz in
epithermal veins resdtlin textural changes observable by optical microscopy. Initial
maturation of the originally microspherical matrix in the studied opaline veins resulted in the
formation of concentrically banded silica spheres. Recrystallization of thédgpakults in the
formation of elongated quartz crystals, which commonly occur in the cores of the concentrically
banded silica spheres, and the growth of complskBped quartz aggregates. As the amount of
elongated quartz crystals within the silica matrix increases, mosaic quartz is formed through the
amalgamation of the quartz crystals. The mosaic quartz formed through recrystallization of the
opalAc and amalgamation of quartz crystals is characterized by interpenetrating grain
boundaries (cfDong et al. 1995)Continued growth of the complex§haped quartz crystals

results in the development of flamboyant quartz, which is characterized by rounded grain shapes
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and radiating extinction patterns. As the flamboyant quartz crystals grow, they also compete for
space and develop interpenetrating grain boundaries. Ripening results in the growth of large
prismatic quartz crystals.

Some of the opaline bands in the veins of<B& Ma McLaughlin epithermal deposit are
almost entirely recrystallized to the large prismatic quartz crystals, suggesting thatapal
many of the textures of incipient recrystallization documented in this contribution are unlikely to
be preserved in older epitherntkdpositsin older epithermal deposits, microspherical epal
that may have been originally present is likely entirely transformed to mosaic quartz, flamboyant

guartz, or veirlike prismatic quartz, as originally suggested3ander and Black (1988).

2.6.4 Timing of Fluid Inclusion Formation

During recrystallization, the noncrystalline o originally deposited along the vein
walls will have successively lost its water content. ©ain silica sinters can contain over 10
wt.% total HO (Graetsch et al. 1985; Day and Jones 2008jter loss during the dissolution
reprecipitation process resulting in the transition from-@gato quartz may result in
entrapment of some of the water in microcavities, along grain boundaries, or as microstructural
defects in the recrystallizing silica precurphasegGraetsch et al. 1987; Graetsch 1994; Moxon
2017) and the formation of fluid inclusions in the newly formed qudrte fluid inclusion
assemblages formed this wegmmonlyshow variable liquid to vapor volumetric proportions
and are thus not suitable for the determination of homogenization temperdtweser, &
McLaughlin, rare assemblages containing consistent phase ratios are pres@mdFpthat

may record the thermabnditions of recrystallization.
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The nature of the fluid inclusions in the recrystallized quartz at McLaughlin is similar to
those described byander and Black (1988). These authors studied the formation of prismatic
guartz crystals in the veins from tRawhide and Round Mountain lesulfidation epithermal
deposits in Nevada. Sander and Black (1988) suggested that prismatic quartz crystals in the vein
material could have formed due to the recrystallization of a noncrystalline precursor. However,
these edier workers did not document tloecurrence of relict microspheres. Sander and Black
(1988) proposed that the prismatic quartz crystals formed through aggregation of microscopic
crystallites growing from the noncrystalline precursor and envisaged that submicroscopic to
micrometersized fuid inclusions were entrapped during aggregation. They proposed that
subsequent maturation to progressively coarser prismatic quartz crystals resulted in the
coalescence of small fluid inclusions to larger and more regularly shaped inclusions. Sander and
Black (1988) concluded that bands of such pseudoprimary fluid inclusions formed through
recrystallization of a noncrystalline silica precursor can be easily mistaken as primary fluid
inclusion assemblages entrapped along growth zones in quartz crystadd faropen spaces.

Results of this study on opaline veins from McLaughlin confirm that there is an important
subtle distinction between the bands of pseudoprimary fluid inclusions formed through
recrystallization of the noncrystalline silica precursor and growth zones diéfyntuid
inclusions formed during crystal growth in open spaces (cf. Bodnar et al. 1985). Curved or
rounded outer margins of the bands of fluid inclusions provide unequivocal evidence for the
entrapment of the fluid inclusions along recrystallizatiomfsand indicate that quartz has

recrystallized frormoncrystallinemicrospherical silica precurs@¥ig. 2.5e, f).
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2.7 Implications

The study at McLaughlin provides an important link between modern geothermal
systems where silica scales are mainly composed of noncrystallin@@fReyes et al2002;
Smith et al. 2003Raymond et al. 2005; Brown 201laksavasu et al. 2018an den Heuvel et
al. 2018; Chambefort and Stefansson 2020) and epithermal veins that are primarily composed of
guartz (Dong et al. 1995; Moncada et al. 2012; Shimizu 2014). The evidence from McLaughlin
suggests that silica bands hosting ore minerals arggmally composed mainly of a
noncrystalline silica precursor that recrystallized to quartz during or after deposit formation.

This study confirms that mosaic quartz is a common product of the recrystallization of
the opalAg, which is consistent with previous textural investigatidrekéavasu et al. 2018;
Tharalson et al. 2019, 2023; Zeeck et al. 208Mhilarly, flamboyant quartz aggregates
prismatic quartz crystals with zones having a feathery appearratéhe presence of banded or
radiating pseudosecondary fluid inclusion patténrguartzareindeedrecrystallization textures
resulting from the transformatigmaturation?) of opatAc to quartz Recognition of these quartz
textures as products of recrystallization of noncrystalline silica in epithermal veins is of
paramount importance when studying the processes that result in precious metal mineralization
in shallow hydrothermal systems. In ca@#rto mineralized bands in colloform epithermal veins
that commonly contain quartz showing these textuvemada et al. 201Bhimizu 2014;
Taksavasu et al. 2018; Tharalson et al. 2019, 2023; Zeeck6P4l), barren bands @
different textural characteristics suggesting that they did not form by the same processes
(Moncada et al. 2012; Zeeck et al. 2021).

It is proposed here that mineralized and barren bands in epithermal veins record

fundamentally different conditions of fluid flow. Not unlike modern geothermal systems, opal
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Ac deposition in mineralized bands likely occurred rapidly under conditions ephase liquid
and vapor flow as silica supersaturation can be readily achieved under these conditions (Fournier
1985; Saunders 1990; Simmons and Browne 2000). The generasigmifitant amounts of
vapor under twegphase flow conditions, referred to as fluid flashing, results in metal
supersaturation in the liquid phase promoting ore depos@iam{fmond and Ohmoto 1985;
Brown 1986;,Christenson and Hayba 1996immons and Brone 2000. Indeed, sulfide scales
in geothermal systems commonly form under these conditiRengmond et al. 2005;
Hardardottir et al. 2010; Grant et al. 20119) contrast to mineral formation during the typically
shortlived events of fluid flashing (cf. Rowland and Simmons 2012), the formation of barren
guartz bands, including growth of zonal quartz in open spaces, records periods of fluid flow at
near steadigtate conditions. Sady-state fluid flow may have occurred under sirglase
conditions or mayave been accompanied by the generation of small amounts of vapor, referred
to as gentle boilingMoncada et al. 2012).

The present study shows that mineralized silica bands do not contain primary fluid
inclusions as they originallgonsisted of microspherical opak. Fluid inclusions bands that
mimic growth zones are present in flamboyant and prismatic quartz. However, these
pseudprimaryfluid inclusions were entrapped during recrystallization and not at the time of
silica and ore mineral deposition as previously noted by Sander and Black (1988). Evidence for
flashing is, therefore, not commonly found in the fluid inclusion inventoryaftg in
mineralized bands. In contrast, zonal quartz, which forms a common late open sfiacehefi
center of epithermal veins, commonly contains primary fluid inclusions (Bodnar et al. 1985;
Brathwaite and Faure 2002; Shimizu 2014). However, these inclusions do not constrain the

conditions of ore deposition as this quartz type was not forihe same time as the ore
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minerals in the mineralized bands. Therefore, previous studies drawing conclusions on the
processes of ore formation in the epithermal environment based on microthermometric data
obtained on quartz formed by recrystallization or late zonal quartz grompeimspaces must be

viewed with skepticism.

2.8 Conclusions

Opaline veins at the McLaughlin lesulfidation epithermal deposit were originally
composed of mostly noncrystalline, microspherical @&l The opalAc deposited along the
vein walls due to silica oversaturation caused by the flashing of the hydrothermal liquid. Ore
mineral dendrites, including native gold, formed within theligel silica matrix as suggested by
the delicate intergrowth between the ormerals and the microspherical silica matrix. Growth of
the ore mineral dendrites occurred atffam-equilibrium conditions (Monecke et al. 2023;
Tharalson et al. 2023). Following deposition, the noncrystalline silica recrystallized to quartz,
resulting in a modification of the original textures.

Most notably, the recrystallization of opat to quartz causes the formation of a
sequence of unique textures, beginning with the growth of elongate crystals suspended in the
noncrystalline silica matrix. Coalescence of these crystals results in the development of mosaic
extinction patterns and dentine surface texturegiartz andjuartzcrystallites Flamboyant
quartzrepresents another product of recrystallization of the noncrystalline silica matrix.
Complete recrystallization of the noncrystallinecsilmatrix leads to the formation of large
prismatic quartz crystals, which commonly show feathery internal texaacesan exhibit bands

of pseudo secondary fluid inclusioidaturation and recrystallization of the matrix results in the
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opaque phases to be encapsulated or encased by quartz. This is accompanied by the coarsening
of the ore minerals.

The study of recrystallization textures at McLaughlin provides the missing link between
the primary deposition of op@lc from hydrothermal liquids in the epithermal environment,
which is not unlike the formation of silica scales in geothermal systems, and the fact that most
high-grade veins in lovsulfidation epithermal deposits are composed of quartz and nefgpal
Similar processes may have occurred at many other epithermal deposits. However, textural
evidence may be sparse if recrystallization ofdhginal noncrystalline silica to quartz has
progressed to completeness. Correct identification of the products of recrystallization in
epithermal quartz veins is critical to investigations aiming to unravel the conditions of mineral
precipitation as wekis microthermometric studies requiring correct identification of primary

fluid inclusion assemblages.
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CHAPTER 3
ORE DEPOSITION BY FLUID FLASHING AT UP TO 1 KM DEPTH AT THE
ARISTA INTERMEDIATE-SULFIDATION EPITHERMAL
DEPOSIT, OAXACA, MEXICO

Reproduced with permission of ath-authors

Garrett D. Gisslet, Thomas Moneckg and T. James Reynol#$

3.1 Abstract

High-grade preciouand basenetal mineralization in epithermal deposits is commonly
hosted in banded veimrxtending from the surface to several hundreds of meters etgl
deposition in some deposits occurs through flash vaporization of the hydrothermal liquids caused
by transient pressure drops along the fpghmeability host structure. Based on petrographic and
fluid inclusion evidencerbm the Arista intermediatsulfidation epithermal vein deposit in
southern Mexico, we show for the first time that flash vaporization in natural hydrothermal
systems can occur over 1 km below paleosurface. Supersaturation of the hydrothermal liquids
duringvigorous vapor loss resulted inmaral deposition at fairom-equilibrium conditions,
which included the growth of ore mineral dendrites within noncrystalline silica deposited along
the vein walls. Revised mineral discovery strategies for this depositygieonsider that ore

bodies formed by flashing may be located at greater depth than previously assumed

1 Department of Geology and Geological Engineering, Colorado School of Mines, 1516 lllinois
Street, Golden, CO 80401, USA
2FLUID INC., Denver, CO 80202, USA
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3.2 Introduction

Intermediatesulfidation epithermal deposits are a major resource for gold and silver and a
significant contributor to global base metal productialibinson et al., 2001\WVang et al., 2019
Mineral deposition in tbseepithermal deposits occurs in the shallow subsurface (<1.5 km) in arc
volcanic terrains or postollisional orogenic belts from hydrothermal liquids that have
temperaturesf up to ~350°C (Wang et al., 2019hedeposits commonly show a spatial and
temporal link to porphyritic intrusions {toe and Hedenquist, 2003).

Metal deposition in intermediatulfidation epithermal vein deposits is widely believed to
result from phase separatiaen ascending hydrothermal liquids experience a decrease in
confining pressure within hundreds of meters from surface, triggering vapor gené<atioiti
and Ohmoto, 1977; Simmons et al., 1988; Albinson et al., 2001; Moncada et al., 2012). The
phase separatiaiters the chemistry of the hydrothermal liquedhancing mineral deposition
through volatile partitioning from the liquid mthe vapor phas®¢ummond and Ohmoto,
1985;Simmons and Browne, 20p0rwo fundamentally distinct types of phase separation can
occur in the epithermal environment (Bodnar et al., 1985; Moncada et al., 2012). In gentle
boiling, small amounts of vapor are produced in the liquid column within a defined boiling zone
along thestructurethat controldluid upflow (Moncada et al., 2012 flash vaporizationphase
separation taksplacethroughtransient pressure dropsthin the upflow zonegausing the
conversion of substantial amounts of liquid to vagohiistenson and Hayba, 199%pncada et
al., 2012; Sanchealfaro et al., 2016; Zeeck et al., 2021). At presertiad not been established
whether flash vaporization plays a rolganming manyintermediatesulfidation epithermal
deposits and to what depth mineral deposition occurs in hydrothermal systems undergoing

flashing, which potentially has important implicatidos mineral exploration.
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This contribution reports a case study of the Arista intermedidfielation epithermal
deposit insoutherrMexico, where pecious and base metal mineralization occurs in banded
veins along extensional faglfor the first time, this study demonstrates the deptént offlash

vaporizationwhich resuledin ore depositiorin a natural hydrothermal system

3.3 Geological Setting

The Arista epithermal deposit is located in Oaxaca in southern Mexico. The ~18.5 Ma
mineralizationformed in association with arc magmatism in the Sierra Madre del Sur magmatic
province (MorarZenteno et al., 1999), which comprises discontinuously distributed Late
Cretaceous to Tertiary volcanic fields stretching over ~1000 km from the states of déichoa
thenorthwest to Oaxaca in threoutheast. At Arista, andesite and rhyolite flowas well as
pyroclastic deposits unconformably ovelCretaceous pdk basement rocks. A .2.5 km
large rhyolite lava dome is located immediately to the NW of the deposit.

Arista consists othree sets of veins (Arista, Switchback, and Three Sisters) formed along
NW-trending extensional faults defining a relay ramp. The veins of the western Arista vein set
are most economically important. They outcadpurface along a ridge at 1028 to 959 meters
above se#evel (msl) where metal grades are subeconomic (up to 0.3 ppm Au). Underground
mining of the Arista veins occurs over an elevation range of 887 msl (mine level 1) to 402 msl
(mine level 27). Drilling below the deepestétw of the mine revealed that mineralization
continues to at least 361 msl. The veins have a known strike length of over 1@@§imgfrom
0.5 to ~30 m in width. Precious metal gradethe mine(up to 80 g/t Au) tend to be

continuously distributed at higher elevations and are more heterogeneous aSiuhepet2010,
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the mine has produced ~5.5 million tonnes of ore at an average grade of ~2.02 g/t Au, 139.1 g/t

Ag, 3.20 % Zn, 1.16 % Pb, and 0.27 % @uown et al. 2021)

3.4 Ore and Gangue Textures

At Arista, veins containing precious and base metals in economic grades are crustiform
consisting of successive bands that differ in texture, mineral compositioopkndFig.3.1A).

The veins are typically symmetrically developed from both margins of the veins. Ore minerals,
including sphalerite, galena, tennantié¢rahedrite, and chalcopyrite, occur in distinct bands
separated bwhite ortan-colored bands primarily composed of quartz. Brecciation of the veins
and wall rocks along the vein margins is common. The ore minerals in the veins form dendrites
characterized by multiranching shapes pointing toward theerior of the veins Figs3.1B and

3.1C). Ore dendrites can occuriaslividual branching structureset in a matrix of fingyrained

guartz or form undulating bands of amalgamated aggregates.

Microscopically, the ore mineral dendrites are typically composed of more than one
mineralspeciesSphalerite commonly occurs in the same mineralized bands as chalcopyrite and
galenaFigs.3.2A and3.2B). Where the dendrites have not merged into massive bands, they
exhibit fragmented shapes that can be split into several bulbous parts, each of which resembles
the geometry of the whol&ig. 3.1C). This fractal geometry of the ore mineral grains can be

observed in samples collected from #hallowesto the deepest levebf the underground mine.
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Figure3.1 Macroscopidextural relationships at AristaA] Underground image of crustiform

vein. The center of the vein is extensively brecciated. (B) Hand specimen of crustiform vein
composed of parallel bands that differ in texture, mineral composition, and color. Sphalerite
dendrites hosted by quartz occuniany of the bands (arrows). (C) Delicate ore mineral

dendrite composed of sphalerite and minor galena. The dendrite is hosted by quartz, which also
contains abundant ankerik@tnohorite.

The ore mineral dendrites are hosted by qu&itz. 3.2B). The quartz is typically fine
grained showing a mosaic texture in crosggalarized light. The grain boundaries ofsbe
guartz grains are irregular and interpenetrating. Zones ofjfmieed mosaic quartz commonly
transition to polygonal quartz that exhibits straight grain bound@tigs3.2B). In many veins,
larger prismatic quartz grains occur that are interpreted to have formed through maturation and

recrystallization of an originally noncstalline silica matrixPrismatic quartz crystals commonly
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host dark bands containing abundant void spéeigs3.2D). The dark bands can be traced
across multiple adjacent grains and can be wavy or have round(Eag&s2D), suggesting that
they represent recrystallization frorfGissler et al.in prep; Chapter 2 of this thesiFhese

crystals commonlyave feathery extinction domains in crgesarized light. The crystarain

boundaries vary from irregular to frayadd aresurroun@d byfiner-grained quartz

Figure3.2 Microtextural relationships in samples from Arista. (AsWaped sphalerite dendrite
hosted in quartz. Reflected light. (B) Same field of view showing that the dendrite is hosted by
fine-grained quartz exhibiting a mosaic texture (lower arrow). Largeigpoll quartz grains
(upper arrow) occur on top of the dendrite. Slightly crogsadrized light. (C) Sphalerite

dendrite showing a fractal geometry. The arrows mark necks between bulbous parts of the
dendrite. Each of these parts is composed of smalhalarite bulbs. Reflected light. (D) Quartz
formed through recrystallization of a noncrystalline precursor. The quartz hosts dark bands
(arrows) having angular to round shapes. (E) Plane of secondary fluid inclusions in sphalerite,
with chalcopyrite inclgions occurring on the same plane. Ligtaevapor volumetric

proportions within the inclusions are consistent. Seven inclusions defining the assemblage
homogenized at 25260°C. (F) Healed microfracture in quartz that contains fluid inclusions
showing cosistent liquidto-vapor volumetric proportions. Qz = quartz, Sp = sphalerite.
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3.5 Fluid inclusion Microthermometry

Fluid inclusion petrography was conductedl@8thick (80 pm) sections prepared from
vein samples collecteat different elevationgn thevein systems of Aristarhe sphaleritand
therecrystallized host quartre devoid of primary fluid inclusions. Despite careful inspection,
secondary fluid inclusion assemblagé coexisting liquidrich and vaporich fluid inclusions
recording phase separation (cf. Bodnar et al., 1888ld not be identified. However, secondary
assemblages consisting of vaimh inclusions are commoiuggesting that phase separation
did occur during vein formation.

In the absence of assemblageéth coexisting liquidrich and vaporich fluid inclusiors,
minimum pressures of entrapment were determined by microthermometric measurement of the
highest temperature assemblages wathststent liquieto-vapor volumetric proportiond-igs.
3.2E and 3.2F) using a gllew stage. This was accomplished by heating the samples until all
fluid inclusion assemblages were homogenized (cf. Goldstein and Reynolds,Ti894).
salinities of thenighest temperature assemblages were determined in subsequent freezing runs
(Table 1)

Maximum homogenization temperature data (Table 1) slaogeneral trend towards
higher homogenization temperatures with depthiwitiie mine (Fig3.3). The
microthermometric data can be enveloped by a common bqobig-to-depth curve (Fig3.3),
suggesting that the paleosurface of the Arista hydrothermal system was located at ~1400 msl,

which is ~370440 m above the currestirface level of the outcroppimgins. The salinity of

the fluid inclusions is highly variableanging from 016.4 wt.% NaCl equ. (Table 1).
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Table3.1 Microthermometriadataobtainedon the highesttemperaturesecondaryluid inclusion
assemblagesostedby quartzandsphaleritein samplesollectedfrom differentelevationsof the

Aristavein set.

Elevation Sample Mineral | n Salinity (wt%
NaClequiv.)

878 156509 Sp 6 260-265 n.d. n.d.
864 108843 Sp 4 250-260 n.d. n.d.
825 108802 Sp >10 265275 n.d. n.d.
814 108807 Sp 3 265270 n.d. n.d.
814 156556 Sp 5 245250 n.d. n.d.
797 108805 Qz 6 265270 0.0to-0.5to 0.0t0 0.9
780 108838 Sp 3 250255 -12.0t0-12.5 16.0to 16.4
779 108839 Sp 7 255360 -6.0t0-6.5 9.2109.9
720 156559 Qz 4 26-D65 -1.5t0-2.0 2.6t03.4
573 108042 Sp 3 260270 -7.0t0-8.0- 10.5t011.7
555 111708* Sp 4 31820 -3.5t0-4.0 5.7t106.5

2 31815

4 31815

5 31-320
555 111708 Qz 7 26D65 n.d. n.d.
484 156614 Sp 4 275280 n.d. n.d.
385 323674 Sp 4 280285 n.d. n.d.
384 323678 Qz 6 270280 n.d. n.d.

n number of fluid inclusions in assemblaged. not determined as the small inclusion size did
not allow reliable determination of the melting of the last ice during the cycling technique used
(cf. Goldstein and Reynolds, 1994)z quartz;SpsphaleriteThfinal homogenization

temperature; andlm iceice-melting temperature; * Outliers are from a sample collected near a
dike.

59



Paleosurface

0
@ Sphalerite
100 — © Quartz
200 —
300 -
= Current surface
o 400 — — 1000
O
<
S5 500 - 2 — 900
2]
O
Q
@ 600 — 800
3 =
2 £90 = Underground — A0 é
g 800 mine - 600 §
8 0 3
= = )
900 500 T
1000 — Y 400
1100 — Deepest drilling 300
1200 I I I I 200
100 150 200 250 300 350

Temperature (°C)

Figure3.3 Diagram showing the homogenizatiamperatures of higtemperature (>250 °C)
secondary fluid inclusion assemblages hosted by quartz and sphalerite from Arista. The data
points are enveloped by the boiltpgint-to-depth curve of KO containing 5 wt.% NaCl (cf.

Haas, 1971). The plot shows that the paleowater table was located at ~1400 msl during deposit
formation. Outliers are from a sample collected near a dike.
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3.6 Mechanismsof Vein Formation

The observations of this study constrain the procabhstsesulted in ore formation at
Arista. Ore minerals in the crustiform veins sampled from different elevaifdhe mineform
dendriteswith fractal shapesThe complex and delicate shapes efdendritesuggest that they
did not form in open spaces. Monecke et al2@(Qroposed that ore mineral dendrite growth in
epithermal veins takes place within a matrix of noncrystalline silica deposited along the vein
walls. The gelike noncrystalline sita provides anediumin which the ore minerals nucleate
and grow. Solutes required for dendrite growth are supplied by diffusion from the hydrothermal
fluids flowing across the top of the silica layer. The dendritic shapes of the growing aggregates
directly reflectthis solute diffusion proceg®Vitten and Sander, 1983) through the gel.

The growth of ore mineral dendrites in silica gel occurgréam equilibrium under
conditions of solute supersaturation (Monecke et al., 2023)agaiibrium conditionsin
which the liquid contains more solutes than the equilibrium solubility allows, drive crystal
nucleation and growth (Oaki and Imai, 2003). Observations in modern geothermal systems
suggest that supersaturation of solutes resulting in sulfide scatimgstgpronounced in areas
wheresharppressure drops resuh nearinstantaneous vapization of a large amount of liquid
(Brown, 1986; Hardardattir et al., 2010).

Flashing of the hydrothermal liquids is also responsible for the deposition of tlieegel
silica that hosts the ore mineral dendrites. Silica scales formed in modern geothermal systems at
high degrees of supersaturation are composed offapéReyes et al., 2002; von Hirtz, 2016),
which consist of 45 nm large silica microspheres (van den Heuvel et al., 2018). Noncrystalline
microspherical silica is also formed in experimental studies simulating fluid flashing (Amagai et

al., 2019) OpalAc is thermodynmically unstable and matures to quartz (Reyes et al., 2002;
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Amagai et al., 2019Gissler et al.in prep Chapter2 of this thesi¥ explainingwhy ore mineral
dendrites are now hosted by quatzrista.

In some young epithermal deposits, relic microspheres are preseatgnartz that
formscrustiform veins (Zeeck et al., 2021; Tharalson et al., 2023). However, maturation and
recrystallizatiortypically result in the obliteration of original silica textures. Dong et al. (1995)
and Gissler et alir{ preg Chapter 2 of this thegishowed that mosaic quartz, which is
microcrystalline and characterized by highly irregular and interpenetrating grain boundaries, is
the most common product of recrystallizatiof noncrystalline silica. Ripening causes the
growth ofpolygonal quartz as well ggismatic crystals showing zonegth featheryextinction
and inclusiorrich bandgSander and Black, 198&issler et al in preg Chapter 2 of this
thesig.

At Arista, maturequartz formedy recrystallizatiorhostssecondary fluid inclusion
assemblages that homogenize at elevated temperatures. This suggtstdritwasformation of
thenoncrystalline silicao quartzoccurredunderhydrothermal conditions. Experimental studies
demonstrate that noncrystalline silican matureo quartz within weeks to months at elevated
temperatures (Oehler, 1976). Substantial amounts of vapor need to form to increase the salinity
of the parental liquid (Simmons and Browd897). Microthermometric measurements show
that secondary fluid inclusions in sphalerite and quaittz high homogenization temperatures
can alsdhavehigh salinity at Arista. Thevariable salinities of these inclusions are consistent
with inferred fluid flashing.

Flashing is a highly dynamic process, and the degree of vapor production will vary with
depth along the host structure amith changingpressure conditionsver time(Henley and

Hughes, 2000). In a simplistic model of flashing, vapor flow predominates in the uppermost
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portion of the upflowDeeper the vapordominated flow transitions to a region of tphase
liquid+vapor flow. At greater depshstill, the hydrothermal upflow is dominated by liquid. As
more vapor is produced duringransientllashing event, the zone of vapor flow expadds/n
thecontrollingstructure. This results in a decrease in pressure head, allowing the area of two
phase flow to propagate greater depth Ore deposition occurs in this region of tploase

flow, with the amount of vapor produceding an important control on metal deposition
(Christenson and Hayba, 1995). As tlegree oflashing and the amount of vapor present varies
between consecutiviltashing eventscrustiform veins are formed in which adjacent bands are
compositionally distinctHigherore grades will develop if repeated flashfognsveins

containing multiple mineralized bands with limited intervening silceh as those in Arista

(Fig. 1B).

3.7 Exploration Implications

The findings of this study require modification of the exploration model for preaitdis
basemetal mineralization in the epithermal environment. The current prevailing model assumes
that mineral precipitation in these deposits results from gentle boiling, not flashing. In gentle
boiling, pressure along the structure controlling fluid upfisviixed and equato the hydrostatic
head developed by the overlyimgitercolumn of hydrothermal liquid (Haa$971). The depths
of ore zones formed by gentle bodican be determined from the boilipgint-to-depthcurve,
which gives the maximum temperature a hydrothermal liquid can have at a given depth in an
open flow system. In the case of Au, previous thermodynamic calculations suggest that > 90% of
Au contained in typical geothermal liquids experiencing gerdiknly is lost over the

temperature range of 26Qr80°C (Simmons and Browne, 2000). At a salinity of 5 wt% and hot
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hydrostatic conditions, gold deposition would occur imedi-definedboiling zone at a depth of
~100- 500 m below the paleosurface.

At Arista, the paleosurface of the hydrothermal systesslacated at-1400 msl (Fig. 3).
Although the top of the hydrothermal system has been removebipn the veins appear to
have had subeconomic metal grades to ~550 m below paleosurface as suggested by the low
grades encountered in surface outcrops. The Arista orebody is located 6660n below
paleosurfacewell below the gentle boiling ore zarEhe observed textural relationships suggest
that mineral precipitation at fdrom-equilibrium conditions occurred over the entire extent of
the Arista veins. This, for the first time, provides evidence that fluid flashing along a major
extensional struare can occur tel kmin natural hydrothermal systems and is not restricted to
the neafrsurface environment.

A revised mineral exploration modalust consider that the ore zones in intermediate
sulfidation epithermal deposits may theeper below the paleosurface than previously thought. In
flashing hydrothermal systems, ore deposition is not restricted to a discrete boiling zone
predicted from the boilingoint-to-depthcurve.Consequently, flashing deptiepend on the
permeabilityand continuityof the structures) controlling the upflow of the hydrothermal fluids.
Where major faults control upflow, deep dridinvill be required to unravel the true depth extent

of mineralization.
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CHAPTER 4
THE TIMING, STRUCTURE, AND MINERALIZATION OF THE ARISTA DEPOSIT:
A CASE STUDY OF A POLYMETALLIC(AU-AG-ZN-PB-CU)
INTERMEDIATE-SULFIDATION EPITHERMAL
VEIN MINERALIZATION IN CENTRAL
OAXACA, MX

4.1 Abstract

The Tertiary Arista intermediatgulfidation epithermal deposit is located in a central
Oaxaca, Mexico. The higbrade banded veins and associated breccia zones are hosted in
Cretaceous basement rocks and unconformably overlying Tertiary andesitic tharkeaas and
tuffs. Vein formation occurred along extensional structures defining a relay ramp which was
identified by threaedimensional modeling of the unconformity surface. The relay r@mpists
of three major faults that trerdW-SE, with the dowrdropping of blocks occurring in a
northeasterly direction. The polymetallic Ag-Zn-Pb-Cu ores at Arista are compositionally
zoned with precious metalgth higher grades shallower below the paleosurface and base metals
concentrated at lower elevations. Polymetallicamesists of three distinct types of bands that
containvariable amounts of dendritic to massive sulfide minerals. Crosscutting relationships
with dikes and U/Pb dating of zircon separated from the dike intrusions suggéisethat
epithermal mineralization at Arista formed at 18.4+1.25 Ma.

The Arista deposit is likely to have formed by repeated flash vaporization of magmatic
hydrothermal fluids along theost structures. Fault slip and ruptuss well as dike emplacement

during the hydrothermal activity, resulted in a rapid pressure drop along the host structures,
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causing neaimstantaneous vaporization of the liquid. Supersaturation of the liquids resulted in

the deposition of silica and ore minerals undefffam-equilibrium conditions.

4.2 Introduction

The Arista intermediatsulfidation epithermal deposit is located in the state of Oaxaca in
southern Mexico. Discovered in 2006, commercial produatfgrecious and base metals
commenced in 2010. Since then, the mine has produced ~5.5 million tonnes of ore at an average
grade of ~2.02 g/t Au, 139.1 g/t Ag, 3.20 % Zn, 1.16 % Pb, and 0.27 @rGwn et al., 2021)
Mineralization at Arista consists of banded quartz veins and associated breccia zones that occur
along a known strike length of ~1000 m and viaoyn 0.5 30 m in width. Underground mining
of the quartz veinsccursto a depth of ~600 m belothie current topography.

Previous workfocusing on thgeology of the deposit and the nature of mineralizdtem
been limited (CabrerRoa, 2019). Similar to other intermedims@fidation epithermal deposits
in Mexico, the mechanism resulting in highade vein formatiors not currently well
constrained. Different models exist suggesting that mineral depositionepithermal
environment occurred as a result of phase separation of the hydrothermal Ejonasrgs et al.

1988; Albinson eal., 2001; Simmonst al, 2005;Camprubi and Albinson, 200@glthough

other processes such as fluid mixing have also been invoked to be responsible for the formation
of polymetallic oresHowever, ecent research on other intermedisidfidation epithermal

deposits has showthat flash vaporization may also be important in the formation of these
deposits. In flash vaporizatiphydrothermal liquids depressurize amelrinstantaneously

undergo phasseparation producing large amounts of vgpeith the residual liquidbecoming

supersaturated wittlissolved soluteand rapidly precipit@thg minerals
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This contribution reports on a comprehensive study of the Arista intermedifitation
epithermal deposit. This included extensive mapypinidj core logging, andhe interpretation of
radiometric data collected across the deposit. Fensional modeling of the deposit
stratigraphy allowed recognition of the structural controls on mineralization. It is shown that the
major vein arrays at Arista exploited extemsl structures that define a relay ramp. Based on
underground mapping, it is demonstchtkat vein formation was contemporaneous to dike
emplacement. The study wéin petrography revealed that ore and gangue minerals at Arista
formed at faffrom-equilibrium conditions, presumably due to rapid deposition during flash
vaporization of the hydrothermal liquids. Based on the geological relationships, it is proposed
that sesmic activity and dike emplacement may have triggered the repeated flashing of the
hydrothermal liquidsresulting in the formation of the banded veins and associated breccia

Zones.

4.3 Regional Geology

The Arista intermediatsulfidation epithermal deposit is located in the Mexican state of
Oaxaca in the southern extent of the Tertiary Mexican Epitherma({@attpruB et al., 2007)
which has formed in close spatial and temporal association with volcanism associated with the
late stages of subduction of t@ecosPlate underneath the North American Phatd the
formation of the SierrdadreOccidentaland theSierraMadre delSur (Clark et al., 1982,
Simmons et al., 2005; Camp#Audi al., 2007) The Mexican Epithermal Belt hostsanywell-
endowed, Agich intermediatesulfidation epithermal deposjtsiaking Mexicaone of the top

global Ag producergCampruB et al., 2007)
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The Oaxaquia terrane makes up most of central Oaxaca (Figr diel)axaquia
basement rocks are Proterozpid.0 Ga)granulitefaciesand were emplaced during the
Paleozoic Grenville orogeny (Orte@autierrez et al. 1995Y.he sedimentary cover of
Proterozoianetamorphic rocks consisté Tremado@n, MississippianrPermian, andlurassie
Cretaceots sedimentary rock®oran-Zenteno et al.1999) Thesesedimentanghelf sequences
wereobductednto theOaxaquiaerranefollowed by arerelated volcanisnm the Cenozoic
(Keppie, 2004)Active tectonism during the northeasterly subduction ofFdm@llon andCocos
plates formed thelnland VolcanicField and Coastal Plutonic Batiuring theTertiary, which
accouns for a significant amount of extensional deformation in OaXit@an-Zenteno et al.,
1998, 1999; Keppie, 2004)

Prolonged Tertiary magmatism resulted in pluton emplacement and deposition of a thick
volcanic successiofMartiny et al., 200Q)TheseTertiary igneous rocks are typical of
continental aranagmatism observed along the North American maigipsnan et al., 1976;
Buchanan, 1981; Moradenteno et al., 1999, 2018; Martiny et al., 2000; Sillitoe and
Hedenquist, 2003 heseTertiaryvolcanic and magmatic rocks that make up the Sierra Madre
Occidental and the Sierra Madre del 8rmed in association with the subductiofthe
Farallon plate along the Acapulco trench, which then fragmented into the Cocos plateifrom 29
12.5 Ma(Fig. 4.1;Moran-Zenteno et al., 1999; Martiny et al., 2000)

There are four Tertiary igneous regions identifiedMoyranZenteno et al. (1999hat
make up the majority of the Pacific continental margin of Mexico, including the Coastal Plutonic
Belt, the Inland Volcanic Field, which collectively comprise SrraMadredel Surand the
Sierra Madre Occidental. The Arista deposit is located in the central zonelmiftiek Volcanic

Field, which is composed of rhyolitic to andesitic igneous rodkge dates from previoustudies
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thatconstrain the absolute agewaficanism in thdnland Volcanic Fieldn Oaxacarbetween

~49 Ma to ~15 MdMoranZenteno et al., 1999; Keppie, 2004)
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Figure4.1 Regional geologic map of volcanic belts. The map shows the extent of Tertiary
igneous provinces of the Sierra Madre Occidental (SMO), Sierra Madre del Sur Inland Volcanic
Fields (SMSIVF), Sierra Madre del Sur Coastal Plutonic Belt (SMBB), and the Trars

Mexican Volcanic Belt (TMVB). The map also delineates the modified Mexican terrane
boundariegOrtegaGutierrez et al., 1995; Moradenteno et al., 1999; Keppie, 2004; Centeno
Garca et al., 2008)The locations of major epithermal deposits are highdidf@ampruB et al.,

2003, 2007; Zamordega et al., 2018)The Arista deposit (marked by the yellow star) is located
in the Mexican state of Oaxaca at the southernmost extent of the Sierra Madre del Sur Inland
Volcanic Fields.
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The dispersed intermittent volcanic fields of thiand Volcanic Fieldare differentiated
from the intrusive magmatic activity responsible for the emplacemeZwadtal Plutonic Belt
bodies near the western coast of OaxdbaranZenteno et al., 1999, 2018)he section of the
Inland Volcanic Fieldvithin the Oaxaquia Terrane is composed of variably welded and non
welded tuffs with interbedded lacustrine sedimentary deposits and sparsely distributed lava flows
that form a zone of rhyolitic to andesitiigpus rocks that formed between the late Tertiary
(MoranZenteno et al., 1999; Keppie, 200€pompositionally varied ignimbrites, breccias, and
nearby caldera structural features throughout the area signify an extended period of eruptions as
part of the history of this ar¢aipman, 1976) Rhyolitic to latitic hypabyssal intrusions are
common and crosscut the Tertiary volcasédlimentary stratigraphy in Oaxg®doran-Zenteno
et al., 1999)

Miocene aged faulting and tilting in response to subduettated arc magmatism and
transtension have exposed sedimentary, metamorphic, and plutonic basement rocks throughout

Oaxaca oranZenteno et al., 2018)

4.4 DepositGeology

The Arista deposit comprises three polymetallicAgZn-Pb-Cu vein systems referred
to as Arista, Switchback, and Three Sisters. The veins have average reserve grades of 2.15 g/t Au
and 121 g/twith an Ag/Au ratio of theprocessedre is approximately 60:1. The Arista
underground mine produces base metal concentrates gyaduwt of precious metals with
average grades of 0.4 % Cu, 1.6 % Pb, and 4.4 Bi&hwn et al.,, 2021) Ar i s-gradés hi gh

Ag-Au-Zn-Pb-Cu ore is hosted in quartz veins that spanm@0@rtically across twentgeven
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levels of mine workings from an elevation of ~1000 m above mean sea level (msl), reaching a
maximum mineralized depth of approximately 400 msi.

Veins are commonly banded at greater depths, but minimal banding is present in the
surface outcrops of veinghe bands can be higiradewith a abundancef visible sulfides and
a dark appearanclw-gradewith a graytan appearancer barrerwith a light greywhite
appearanceéMany veins are brecciated or are associated with wall rock brecciation and
stockwork zones as much as 5 m in thickness that carry economic §fadess breccia types
areassociated with mineralization, including clasts of wall rock, quaeiz breccias, rounded
clast breccias, and cockade zonation patterns within veins. Brecciated veins can contain quartz
clasts of bandedein material.

Thewesternmostein set is known as the Arista vein system, and outcrops at the surface
form a high relief ridge known as Arista Ridge. Outcropping quartz veins are mostly white
containing visible sulfides and anomalous metal content OBtppm Au, 62.7 ppm Cu, 244
ppm Zn, and 539 ppm Pb. The known extent of quartz veins in the Arista veins system contains
1,370,750 tonnes of measured, indicated, and inferred reserves and is the currently largest of the
three known vein systems with avgeagrades of .89 ppm Au, 291.6 ppm Ag, 0.39 % Cu, 1.58
% Pb, and 4.21 % Zn.

Theeasternmost vein s&known as the Switchback vein system, contai237,800
tonnes of measured, indicatadd inferred reservel.is the deepest of the three systems and
does not outcrop at the surface. Known quartz veins associated with théysteim extend from
an elevation of 585360 msl with average grades of 1.87 ppm Au, 75.0 ppm Ag, 0.42 % Cu,

1.62 % Pb, and 4.64 % Zn.
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The Three Sisters vein system is newly discovered, and its extent, mineral tonnage, and
average grades are not currently established. Three Sisters exists to the northwest of the Arista
and Switchback vein systems along strike of a fault that is centfa twestern and eastern
faults that host two other vein systems, respectively.

In addition to the three vein systems mined underground, a small zone of mineralization
occurs on surface exploited by the Aguila open pit. It was the first known mineralization in the
Arista mine area and was historically mined by locals prior to moaenmercial production at
Arista.

Figure 4.3 is a surface map with veins aedciteclay and silicificatioralteration
patterns surrounding the surface expressions of the deplosialteration pattern corresponds to
areas that have known veins, anomalous metal content, and sulfidic mineralization. Pervasive
sericiteclay alteration at the surface forms a halo around outcropping mineralized Eignds4
shows prominent topographic features associated with the Arista mingeategy, ashown in
Figures4.2 and4.3. The ore zones a&rista are hosted by Cretaceous basement rocks that are
unconformably overlain by a Tertiary volcanic succession (Fig. 4.2).

The Cretaceous basement rocks are assigned to the @D®.5/1a Yucunama Formation
(VergaraMartinez et al., 2003Cerro Colorado is a local topographic high made up of
Cretaceous basement rock (Fgda). A series of dowdropped blocks form a graben to the
northeast of the Cerro Colorado hoestposing highetevel volcanic stratigraphy (Fig.3). An
angular unconformity separates the Cretaceous basementmmuoksverlying volcanic rocks of
the Miocene Laollaga FormatiowdérgaraMartinez et al., 2003Arista Ridge represents the top
of the Arista vein system and is a silicified portion of thellaga FormatiorFig. 44b). The

Laollaga Formation hosts much of the Arista mineralization, imetudrista Ridge and the
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small Aguila stockwork zone near Cerro Colorado (Fig. 4.8& Aguila open piis
characterized by higgrade precious metals in quartz stockwork veins and is also hosted by
volcanic rocks of the Laollaga Formatigfig. 4.4c).A series of dowrdropped blocks form a
graben to the northeast of the Cerro Colorado hexgiosing highetevel volcanic stratigraphy.
Cerro Pilon, a P tol.5km Tertiaryrhyolitic lava dome (Fig4.4d), is a prominent local feature
of the Gieujiet Formation, which is stratigragddly above the Laollaga Formation.

At Arista, the Yucunama Formatimonsistof fine-grained marine mudstones. The
deformed Cretaceotemge basement rocks closely resemble those described in regional
geological studies of Oaxacihey formed during Laramide uplift along the continental margin,
which arrested deep marine sedimentation and accreted sedimentary units to the continental
margin of Mexico(OrtegaGutierrez et al., 1995; Morafenteno et al., 1999They can be
cataclastic (Fig4d.5a or show thin laminations of individual sedimant layers (Fig4.5b).

The LaollagaFormation caosists ofandesitic lavaspyroclastic deposits, polymictic
lapilli tuffs, and ignimbritegFig. 4.6ac). These volcanic rocks showvarying weldingand
contain flammeFKig. 4.6a) or pseudofiamme (Figt.6b). Andesitic flows may be porphyritic
with amphibole and plagioclase phenocrysts ranging fre@nndn. Pyroclastic beds of the
Gieujiet Formatiorcan be interbedded with coherent rhyolitic lavas (Figc4). The Laollaga
Gieujietvolcanic package has been intruded3gujiet rhyoliticfeeder dikes associated with
theCerro Pilonlava dome. These dikean be feldspaior quartzphyric, with phenocrysts
ranging from 0.20.6 mm (Fig. 47& and carexhibit flow banding (Fig. #b). The volcanicand
subvolcaniaocks of the Laollagand Gieujiet drmatiors host much of the epithermal

mineralization at Arista and crop out at Arista Ridge (Eigc).
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Tertiary granodioritic intrusive dikes Tm-Gd/TmPR-PA:
granitic to granodioritic intrusion. Aphanitic to porphyritic
texture with plagio-phyric or amphibole-phyric lithofacies.
{18.1 - 18.6 Ma)

Tertiary Volcanic Rocks —Gieujiet: A white siliceous rhyolite
that forms lava flows and dikes with intermittent flow banding

and feldspar or quartz phenocrysts and forms Cerro Pilén.
{18.5+0.16)

Tertiary Volcanic Rocks — Gieujiet: Andesitic to rhyolitic
pyroclastic with variable thickness; Infrequently flow banded
with lithic fragments, crystal shards, and accretionary lapilli,

Tertiary Valcanic Rocks — Laollaga Fm: Andesitic to rhyalitic
ignimhbrites with elongate fiamme and pseudofiamme.

Tertiary Volcanic Rocks — Laollaga Fm: Tephritic
volcanoclastic grading into finely bedded ash.
(18.6£0.28 Ma)

Tertiary Volcanic Rocks — Laollaga Fm: Aphanitic vesicular
andesite lava flow with sporadic zones of armored lapilli.

~1500m

Tertiary Volcanic Rocks — Laollaga Fm: Variably altered grey-
green plagiophyric andesite lava flows.
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Cretaceous Marine Pelites—Yucunama Fm: A lightly
metamorphosed black calcareous marine succession of pelites
and sandstones. Abundant pre-volcanic cataclastic textures
and brecciations. Can be massive to bedded with variable grain
size. (67 Ma)

Figure4.2 Local stratigraphy ofArista. The Cretaceous basement is separated frometteary
stratigraphy by an angular unconformity. A polymictic lapilli tuff overlies lower andesites, and
the CerradPilon rhyolite dome is interpreted to be genetically related to rhyolitic flow banded
dikesand lava flowsbserved in the mine workings addll core.
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Figure4.3 Geologic map of the Arista area. The area shows an interpreted horst structure in
Cerro Colorado that exposes Cretaceous pelitic basement rocks. The Aguitdt gieron the
down-dropped block east of Cerro Colora@®rro RIon is a silicified rhyolite dome that hosts
the topmost vein of the Aristaein system The inset map shows the surface expression of the
northwesttrending epithermal veins hosted by a st@ppingzigzag geometry interpreted as a
relay ramp structure extending to the northeast.
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Cerro
Colorado ™

Figure 4.4 Prominent topographic featwe the Arista area. (a) Cerro Colorado composed of
Cretaceous basement rockistbe Yucunamarormation.(b) Arista Ridge hosted in Laollaga
volcanic rocks adjacent to Cerrodil (c) The Aguila opemit within theLaollaga Brmationwith
prominent sericitelay alteration and Cerro Bil in the backgroundd) Cerro Pilon composed of
Gieujiet Formation rocks.

Figure4.5 (a) Cataclastic marine pelite of the YucunaRaamation. p) Thinly laminated pelitic
facies of the Yucunamormation.
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Figure4.6 Outcrop imagedqa) Massive vesicular andestitic ignimbrite with pseudofiamme of the
Laollaga Formation.k) Strongly welded andesitic ignimbrite with fiammktheLaollaga
Formation.(c) Contact between an andesite flow of the Laollaga Formation and an overlying
rhyolite flow ofthe Gieujietformation The white linemarks the contacfd) Contact between
volcanic bedsvithin the Gieujiet Formation. Shown arepgroclastic flowaboveand a coherent
rhyolite belowthe dashetine. E) Rhyolitic pyroclasitc flow adjacent to Cerro ét| which

forms part of th&sieujiet formation(f) Weakly welded rhyolitic ignimbrite with pseudofiamme

of theGieujietFormation
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Figure4.7 (a) Nonflow-banded rhyolite with quartz and feldspar phenocrysts (Gieujiet
Formation). (blow-banded rhyolite dike (Gieujiet Formation). (a) The silicified Laollaga
surface expression of the Arista vein system that forms the Arista.Ridge
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Tertiarysubvolcanic andesites (Fig84) and intermediate porphyritic intrusiof#sg.
4.8b) form finger-like dikes that have intruded along faudtsdeeper levels of the miaeadtrend

WNW alongmineralizd structuresvithin the minesimilar to Gieujiet feeder dikes.

Figure4.8 Drill core photosof intermediate intrusive rocksear Arista(a) Andesiticdike with
amphibole and plagioclagghenocrysts(b) Plagiophyric porphyriticintrusion..

4.5 Geophysi@al Surveys

Airborne radiometric and magnetjeophysical surveys were conducted in the Arista
Area in 2013. Airborne data was collected from helicopteunted instrumentation on 3060
flight lines with 300 m line spacing and a grid cell size of}with infill data collected on
1000m lines with 100m spacing and a 2@ grid cell size.

Radiometric K data were corrected by microleveling, and an area map of apparent K
concentration at the surface was calculated for the Aristgfaigead 9a). Theradiometric K map
of the Arista area shovam anomalous concentration ofd€aring minerals above the vein

zones marking areaof intensesericiteclay and silicificatioralterationstyleson surfacgFigs
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4.3 and 4.9a)These higkK zones are associated with the Aguila open pit and overlap with
Arista Ridge, where the top of the Arista vein system outcrops autfexe.
The total magnetic field was reduced to pole, and the area map of the analytical signal of
the vertical derivative was calculatéielg. 49b). The analytical signal of the vertical integration
of airborne magnetic data shows a magnetization ¢dogtespondingo mapped Gigjiet
boundaries of Cerro Pilén and directly adjacent to the mineralized structures of the Arista vein

systemgFigs. 4.3 and 4.9b)
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Figure4.9 (a) Radiometric K distribution at the surface in the Arista mine area. Anomalous
accumulation of K (red to purpl& observed in known mineralized and altered assasciated
with the Arista and Three Sistepolymetallicveins. The Switchbackein system is deep and
shows naletectable radiometric K signatsra the surfacgb) Airborne magneticmapshowng
theanalytical signalof the vertical integrationfdhe magnetic fiel in the Aristamine area with
magnetic highsorresponding t&€erroPilon and the underlying intrusive rocks.
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4.6 Structural Setting

A r i sveirs ars hosted in normi@ultsthatdown drop the stratigraphy to the northeast,
representing the orientation i@gional extension in the ar@@ig. 4.10) Structural
measurements were collected from mine plans, underground workings, and surface outcrops. In
total, 942 structural measurements were collected from 22 separate veidsl(Figcross Z
mine level depthsRepresentativeein geometries of the Arista veins are shown for the 800 msl|
level (Fig.4.11a), the 650 msl levdFig. 4.11b) and the 500 mdével (Fig. 4.11c).Switchback
vein geometries ahe 400msl level are shown in Figure. 4.1Rtructuraldata from the deposit
was plotted on equal area projection plots and analyzed using Stereonet version 11
(Allmendinger et al., 2012; Cardozo and Allmendinger, 20R8ktmineral faulting is present at

Arista but is only of minor importance.

Figure4.10 Schematic crossection of the subsurface of the Arista veins and surrounding geology
alongthe AA6 i n 4.F Thg subsarface interpretation is compiled data from local drill holes
and underground mapping and shows a series of extensional faults andrdpwad blocks. The
Cretaceous basemedstoverlain by a Tertiary volcanic succession and intrudedikss
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