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This guide demonstratediow to identify and describe key features egithermal deposits. Emphasis is on
recognizing and understanding the origin and importance of exploragimvant field observations without the aid
of sophisticated instrumentation.

Topics emphasizing field observations related to porphyry deposits inchidéentification of habits (textures or
modes of occurrence) that aid in the concise description and recording of geology, alteration and ore mineralization,
b) theoretical features of alteration and mineral deposition, c) essential aspects of deppkitement and d)

major deposit models of porphyry deposits that include exploration vectors to ore location.

This guide will help

1 geologists and experienced prospectawgnting to upgrade or learn new exploration field skills, especially
those involved in evaluatingpithermalprospects,

1 exploration managerdooking to train groups of field geologists to a higher level of expertise in exploration

methodology and pattern recognition of vectors to ore zones,

geologists and managerseeding advanced and consistent coordination and efficient field exploration, and

executives or investorgvolved in exploration ventures who need an overview of how best to understand,

conduct and enhance field exploration.
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Qover isa crosssectionfield map showing silver values in thpithermal Chaacollo silver veimorthern Chile
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INTRODUCTION

In this guide you will learn

C general sources for detailed descriptions of epithermal deposits
C the framework for this guide on epithermal depositand
C some basic definitions related to epithermal deposits.

Part of this guidelooks at key features of the geology and alteration of epithermal deposits that can be identified
in the field without the use of expensive, sophisticated instrumefitse objective of tid guideis to provide a
framework for understanding generalized features common to epithermal depeasitspresenimechanisms and
models that help to explain how ore location and depesiated features are formed.

Codes and formats that facilitafeeld mapping andlrill holeloggirg are in Appendices A and B. A problem set is
presented in Appendix C.

References for extensive, detaileéind voluminous compilationf the geology and alteration of epithermal
depositg required references for the serious epithermal explorationisiclude

1 Cline, J.S., Hofstra, A.H., Muntean, J.L., Tosdal, R.M. and Hickey, K.A. (200§)p€gdid deposits
in Nevada: critical geologic characteristics and viable moitetéedenquistJ.W, J.F.H. Thompson,
R.J. Goldfarb and J.P. Richards (eds.) Ad@diversary Volume, Economic Geology}5ilc484.

1 Diakow, L.J., Panteleyev, A. and Schroeter, T.G. (1991): Jurassic epithermal deposits in the

Toodoggone River area, northern British Columbia: examples ofpveslérved, volcanibosted,

precious metal mineralization; Economic Geology, v. 862§;554.

Halley, S. and Tosdal, R.M. (2015): Footprints: hydrothermal alteration and geochemical dispersion

around porphyry copper deposits; Society Economic Geologists Newsletter, January.

Hedenquist, J.W., Arribas, A. and Gonzalesn, E. (2000): Chapter 7, Exploration for epithermal

gold deposits; Society Economic Geology Reviews, v. 285¢277.

Muntean, J.L., Cline, J.S., Simon, A.C. and Longo, A.A. (2011): Mhgaraticermal origin of

bSJI RII Qype dold dkpasitg; Nature Geoscience, v. 4,32¢127.

Panteleyev, A. (1986): A Canadian Cordilleran model for epithermasiyxd deposits; Geoscience

Canada, v. 13, 401¢111.

Robert, F., Brommecker, R., Bourne, B.T., Dobak, P.J., McEwan, C.J., Rowe, R.R. and Zhou, X. (2007):

Models and exploration methods for major gold deposit tygas3. Milkereit (ed.), Proceedings of

Exploration 07: Fifth Decennial International Conference on Mineral Explorati6@lg711.

1 SimmonsS.F., White, N.C. and John, D.A. (2005): Geological characteristics of epithermal precious
and base metal deposits) HedenquistJ.W. J.F.H. Thompson, R.J. Goldfarb and J.P. Richards (eds.),
100" Anniversary Volume, Economic Geology4§bc522.

1 Taylor, B.E. (1996): Epithermal gold deposit&ckstrand©.R, W.D. Sinclair and R.I. Thorpe (eds.),
Geology of Canadian Mineral Deposit Types, Geological Survey of Canada, Geology of Canada, No. 8,
p.113¢139.

1 Thompson, A.J.B. and Thompson, J.F.H. (eds., 2015): Atlas of alteration: a field and petrographic
guide to hydrothermal alteration minerals) Dunne K.P.E(Mineral Deposit Division Series Editor),
Geological Association of Canada, p19

1 White, D.E. (1981): Active geothermal systems and hydrothermal ore depn$tsgnnerB.J, (ed.),

75" Anniversary Volume, Economic Geology392¢423.

= =4 =4 =4 =4

Definition of an epithermal deposi{epi= surficial andhermal= hot therefore, epithermal=ahot, hydrothermal

and nearsurface origin) was made by Lindgré®33; seansertDid you know Lindgren and epithermal depo3its
Epithermal deposits form from neaurface (1to 3 kilometresin deptht much shallower than, and sometimes
above, porphyry deposits) hydrothermal fluids, or related vapours, with precipitation temperatures from about
15C°centigradeto 35C°centigrade whichwould most commonly appear at the surface as hot springs in areas of
active volcanismDue to their shallow depth oformation, they are susceptible to erosion, hich has the
consequence that epithermal deposits are commonly, but not exclusively, CenBpittermal depositgontain
economic conentrations of gold more thasilver,and lesseramounts ofbase metalswhich may include copper,
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and/or lead and zinc. Epithermablglt commonly found as native gold or alloyed with silver (electnum)
contributes significantly to thev2 NI RQa& 3 Asfakesul§ ejitiedina deposits are important exploration
targets.

Did you know? Lindgren and epithermal deposits

Dr. Waldemar Lindgren (cf. 1933), a founder of modern economic geology, proposed th&sétinermakXo
describe orbodies deposited at shallow depths from ascending mineralizing hydrothermal solutions. He[noted
similarities to hot spring deposits, dimensions greater longitudinally than vertically, common relation to Cgnozoic
volcanismand crustiform and comb textures. Epithermal deposits were his forte. For exampleshebed¥ngel
wingQexture but called itYamellar texture

Formation of an epithermal depositequires aja fracture system to facilitate hydrothermal flow, bhaatsource
and sustained flux of metalich hydrothermal fluidsand c) an efficient precipitation mechanisithemajority of
epithermal silver deposits presentallrock alteration patterndike those inmodern geothermal syems with
sequences related to those in porphyry deposits. In general, hydrothermal fluids tratlebugh upwardhyflaring
fractures that become mineralized as fluids rise and minerals precipitate.

Two major typesof epithermaldeposits are higisulfidation and lowsulfidation types; intermediatsulfidation
deposits are a cousin of lesulfidation deposit@ind are characteristicallyenriched in silverlead, and zinc. High
sulfidation deposits areften formed from magmatic fluids that are oxidized and acidie.(low pH). Low
sulfidation deposits are dominated by geothermal fluids that are a mixture of percolated gveated and
magmatic fluids, which tend to be reduced and neutral in pH. Some authors subdivide epithermal deposits based
on metal typessuch agjold-rich, silvefrich and basemetalcrich, but these subdivisions are nptirsuedhere.

Additional types of epithermal depositénclude a) disseminated deposits in porepesmeable sedimentary or
volcanic rocks (such as carbonaceous tuffs and carbonaa#ihusandstone), b) thrusdetachmentrelated
veining and c) Carlitype deposits. Volcanogenimassive sulfidedeposits ¥MS and sedimentary exhalative
deposits GEDEXare epithermain the sense thathey form surficially abeit on the ocean flogrhowever, these
latter two typesare not discussed hetgecause most geologists restribie use of the term epithermal deposits to
deposits formed in a continental setting.

Epithermal depositsthat are minedare typicallysmall, high grade anmakearthe surface Mineralization in orbodies

can be disseminated, contained in an upwardly branching network or stockwork of veins, or confined to larger veins
that sometimes exhibit ore shoots and areas with |doahanza grades of silver and golighgrade veinswith

gold values fronabout10 to more than 15@rams pertonne, are commonly mined underground. Nethe surface,
zonesmight have low grade®n the order of 1to 3 grams per tonnebut are large, as much as 28@llion tonnes,

and can be mined by bulk mining methodach as opemits. Arule of thumb is that a prospect of interest to a
major company should have in sight at least@0ion grams of gold (about million troy ounce$. Another rule of
thumbisthat underground operations need probable gold grades, at least locally, approaching no lesgjthiss

per tonnegold (and preferablymore) over mining widths of at leagmetres. Key ore grades can be related to
chimneys or stopes where sulfide content, metal gradesbody width and vertical extent of mineralization are
greatest. Intervening areas can be of lowgeade where orébodies tend to be smallem addition, epithermal vein
systems are commonly erratic, and correspondimgtyuire detailed exploration to define tonnage and gradhis

can be related to variable preciomsetal sources, complicated fracture systerusd diverse silicification and
FfGSNIGA2Yy &adedaidiSyaoe 9AY2Y ompymy y20SR (KFd GKAa&
management.

Recovery of precious metals from epithermal deposisslargely dependenin mineralogy. Native gold and geld
bearing sulfides can be recovered by gravity methedg. igs and shaking tables) and froth flotation. Supergene
alteration of sulfides to oxides facilitates heap leaching. Heap leaching using cyanide is standard-fot oxiee
minesbut cyanide can be environmentally challengiag;alternative methodsulfurous thiecomplex leachings
being developed. Micrormgold, silica encapsulation of very fine goldnd hypogene mineralization (including
arsenopyriterich gold deposits) can be difficult to process and regspecial processes such as pressure leaching
and/or roasting. Arsenidch ores can be environmentally problematic.
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A summary of the general characteristio$ preciousmetal epithermal mineral deposits follows TABLE.

TABLE 1. Main characteristics of vein or bulknineable preciousnetal epithermal ore deposits
Descriptions related to Carlitype deposits are in italics.

Feature

Description

Host rocks

Cenozoic volcanic rogkften andesite and rhyolite, are common. Volcanic rocks
commonly calalkaline, but alkaline associations are also importénttusive and
metamorphic rocksre less common.

Aquitardsthat guide hydrothermal fluids, and poroyermeable units able to focus
precipitation and host precious metals, can be significant.

Brecciasare particularly significant because they are porous and permeable, an
formt and host ore from mineralizing hydrothermal fluids; higher grade ores ar
commonly hosted within epithermal breccias.

Carlintype deposits hosted in carbonaceous carbonate ro@@mmonly collapsed
and decalcified)are arguably a type of epithermal deposit. They are treated as §
here

Mode of occurrence

Modesof occurrencencludeveins, lamellar quartz veins, stockwork, pipes and
breccias, disseminationand replacements. Veirege commonlyerratically
discontinuous and tend tbranch upwardvith increasingcomplexty.

Carlintype mineralizationincludes veinggplacemens, and collapsedissolution
brecciss.

Dimensions

Vertical extentsare commonlya maximum of 1,00netresbut aretypically200to
300metres. Horizontal extents have a maximum of about 3,00€res andare
typically150to 1,000metresin operating mines.

Underground mining widthsare typicallybetween 1 and 3netres, whereas open
pits may mine zones atockwork or sheeted veins from 10 to more than
100metreswide. Ore shoots are often horizontally related to a water table, but
they can also be cigar or lens shaped of variable orientation. As a rule of thumk
shoots within an individual vein commonly involve only difth to one-tenth of the
volume of thehosting vein, and the location of the ore shoot is commonly
controlled by the intersection of the vein with a crossing structina is commonly
another vein.

Size and shape of ore shootan beassociated wittdilation related to movement
on nonplanar faults.

Structural setting

Structures and brecciasay be related to maars and calderas. Regional dilation
areas from putapart structures are important. Movement on bent faults commol
forms openings filled by veins. Quatat makegare horizontal veins common to
some gold deposits.

Thrustdetachment zonesnd related structures especially listric normal faults
can be significant, and interpretation demands a regional mapping framework.
Carlintype depositsoccur characteristically at the intersectiond#fep linear
faulting associated witintrusivegold sourcewith a carbonaceousedimentary
hingeline chemicalkrap.

Gangue minerals

Common gangue mineraisclude adulariaamethyst quartz\&ngel wingxalcite,
Wngel winguartz,barite, calcite carbonate chalcedony and agate quarthjorite,
limonite, manganesaad, marcasite, pyrite, pyrrhotite, quartquartzopal,
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rhodochrosite, sideriteind zeolite.

Carlintype gangueincludesarsenopyritegalcite(organicrich and collapse
decalcified)limonite, marcasite, orpiment, pyrite (arseniaqyartz,jasperoid
quartz realgar, scoroditeand variscite.

Ore minerals and
secondary minerals

Common ore mineralinclude acanthite, bindheimite, cerargyrite, chalcopyrite,
cinnabarenargite, galenagold-silver tellurides (and selenidesiative electrum,
native silver, native golghyrargyrite (proustite), realgagphalerite, stibniteand
tennantite-tetrahedrite alledfreibergite if silverich).

Type models

Type modeldetailed in this guide are Buchanan, higiifidation, lowsulfidation
and thrustdetachment and related structures.
Carlintype modelsare elaboratedupon in thisguide

Index fossilsor
epithermal deposits

Seventhdex fossil€described in this guide are adularia, amethyst, angely
calcite or angeWwing quartz, black matrix breccia, gingurabit, gusano habit in
quartzpyrophyllite lithocapand spongy residuajuartz lithocap.

KeyCarlintype mineral associationare arsenian pyritearsenieantimony-mercury
minerals, phosphate minerals.(.,variscite) andasperoid

Classic higlsulfidation
deposits

Goldfield, southwestern Nevadanited Sates (GF in Figurg4).
El Indio, Chile
Yanacocha, Peru (Longo et al., 2010; Teal and Benevides, 2010)

Classic lovsulfidation
deposits

Mount SkukumsouthwesternYukon, Canada

Comstock, northwestern Nevada, United States

Round Mountaincentral Nevada, United States (RM in Figdde
Creede, Colorado, United States

McLaughlin, northwestern California, United States

Hishikari, Japan

Associated deposit
types

Intermediatesulfidation epithermal deposits

Porphyry deposits at depth

Placer deposits

Carlintype: low-grade gold in porous/permeable, commonbrbonaceouspr
pyritic, sedimentaryand sedimentaryolcanic rockspossibly porphyry gold depos
at depth

Classic thrust
detachmentdeposits

LaJojoba, northern Sonora, Mexico
Bullfrog, southwestern Nevada, United States (BF in Fifjre

Classic Carlitype
deposits

Carlin, northern Nevada,rited Sates (CR irFigure34).
GoldQuarry, northern Nevada,rited Sates (GQ inFigure34).
Cortez, central Nevada (CZigure34).
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Description of epithermal depositsn this giide emphastes commorsense principles that are applicable to field
exploration without recourse to fluid inclusion microscopes, isotopic analyses, thin and polished section
microscopy, Xay fluorescenceXRF, xray diffraction KRD, shortwaveinfrared spectroscopySWIR)r other
technologicatools. Thedescription of epithermal deposits in thigiideis presenedin the following sections

1. Key features of epithermal depositsy) @mmonly associatedhost rocks b) importance of structure, c)
practical chengal and physical constraints and éysn mustlook-for Yhdex fossil®

2. Classic alterationzones inepithermal deposits a) generalized, classit lithocap alteration and b)
generalized, classical hypogene zones.

3. Idealized models of alteration in epithermal deposits) classic Buchanan model, b) classic-bigfidation
model, and c) classic lowulfidation model

4. Overpressurethrust-detachment model a) the significance of thesoda can model of thrusting, b)
relationships of epithermal deposits thrust-detachment faultsand c) lviling in listric normal fausplays
from thrust-detachment faults.

5. Carlintype gold deposits a) the gneral charateristics of Carlin deposits, b) a likelypgmatic source for
gold-bearing hydrothermal solutions, c) arbonaceous trap that precipitates gold from hydrothermal
solutions d) the Bbrmation of Carlitype deposits atthe intersection of sotce and trap and e) a
generalized model for Carliiype deposits.

Be sure you understand from this section that

C there is abundant, detailed literature on epithermal deposits

C this guide is field orientedand

C there are different types of epithermal deposits.
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KEY FEATURES OF EPITHERMAL DEPOSITS

In this sectionyou will learn
C commonly associatedhost rocksof epithermal deposits
C importance ofstructurein epithermal deposits
C practical chemical and physical constrairms$ epithermal depositsand

C seven mustlook-for index fossilsfor epithermal deposits

Fourframework featuresfor understanding epithermal vein systems are detailed below. They are

1 commonly associatetost rockghat include volcanic, porphyry, hydrothermal breccias and carbonaceous
carbonate

9 dilatant zones due to faults at regional and local scales

9 practical chemical and physical constraintsrimeral depositionand

1 seven mustlook-for Yhdex fossilQadularia in veins or vugamethyst in veins or vugs, angel wing texture,
black matrix hydrothermal breccigjnguro colbform texture,gusano texture in quartpyrophyllite, and
residuatquartz lithocap.

AssociatedHost Rocks Volcanic, Porphyry, Hydrothermal Breccia and Carbonaceous
Carbonate

Volcanic rocksn epithermal deposits are either calkaline or alkalineTheyaregenerally Cenozoloecause young
volcanic rocks are most likely to have survived erosion (i.e., older rocks are mordadikelye eroded away.
Andesitesare common hosts to vein deposiis part because of their iron content and fewer fractures that focus
fluid flow. Rhyolite flows and domesnd porphyritic rocks are important as sources for hydrothermal fluids and
heat. Breccias are always significliicause they can be formed from mineralizing hydrotherfhatls and can
provide open spaces for metal precipitation. Permeable and porous rocks are important hosts for gold
mineralization Host rockgontaining reductantssuch asarbon or iron, can be particularly importamtcause they

allow the reduction of gold from hydrothermal solutions by coupled oxidatieduction, or by dsulffurization
(pyritization) of golchydrothermallytransported as sulfurous thioomplexes.

sulfurous thiecomplexes.

Porphyritic rocks illustrated inFigurel, are significant in epithermal depositsee inserDefinitions of porphyritic
habit and porphyritic rock namgsDistinguishing porphyry from some crystal tuffs and ignimbrites can be a
challenge (compare Figufiea to Figurelb); thin section examination and assessment of outesoale bedding can

aid with identification. Porphyritic rockgenerally occur as stocks or dikes aré often genetically related to
breccias. The maisteps to classifying porphyritic roeke a) defining porphyritic déds as premineralization, syn
mineralization or postnineralization and b) identifying the minerals in the porphyritic ratlat areindicative of a
hydrous and/or late differentiation stage origin. Mapping is needed to determine the timing of dikes with respect
to mineralization. Hydrous porphyries are likely to be morepmaductive than dry porphyries. Hydrous nature can

be gauged by an abundance of hydrous mineral phases (e.g., biotite is more hydrous than hornblende) and b)
the degreeto which mineral components are late differentiates as indicated by abundafeldépar and albite.
Hydrous or productive porphyries have positive correlation with hydrothermal alteration (including ore
mineralization) and breccia formation.
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Figure 1. Example of a) porphyritic habit compared to b) crystal tuff from
volcanichosted epithermal deposit.
a) Distinct feldspar phenocrysts are present in this feldspar porphyry from Ga
Group, British Columbia, Canadd) Feldsparcrystal tuff in core from the Rour
Mountain lowsulfidation epithermal deposit central Nevada, bited Sates (RM ir]
Figure 34). The distinction between porphyry and tuff can be difficult; thin se
examination and assessment of outesople bedding can aid with identification

Definitions of porphyritic habit andporphyritic rock names.

Porphyritic habit(Figurela) refers to any igneous rock marked by conspicuously large crystals (dadieocryst$
dispersed in a relatively fingrained matrix or groundmass Such a rock is called porphyry porphyritic.
Porphyritic rocknamesare commonly based on prominent phenocrysts. For example, quartz porphyry, feydspar
porphyry, and quartfeldspar porphyry are common names for porphyritic rocks with prominent quartz, felgspar,

and quartz and feldspar phenocrysts, respectively.

Timing of intrusionfor these rocks as stocks and dikes is important and leads to their classification,as/prer
postmineralization, which can be determined by careful field mapping. Some porphyritic dikes and stocks fxplode
into breccia. They can also exude hydrathal fluids, leading directly to ore mineralization and alteration.

Hydrothermal breccia dikes and pipes diatremes(see inserDefinitions obreccia, breccia pipes, hydrothermal
breccia, collapse breccia, fault breccia, pseudobreccia or crdwklecia, and sedimentary breccias and
conglomerat@ are as important in epithermal deposits as they are in porphyry deposits. They can ioccur
numeroussituations,but they are often related to maars, calderas, domes, stoaksl dikes. They form from
explosion of magmatic gases in associated magma, and sometimes from the explosion of groundwater heated by
intrusive rocks.

Qacksealmechanism(Figure2) in the formation of epithermal bragias is commonCrackseal involveplugging
of a hydrothermal systerhy quartz, which causes heat and pressure to build up. When the vapour pressure exceeds
the lithostatic pressure and tensile strength of the surroundings, or when the sealed pressure is tapped by a fracture
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suchthat the vapour pressure changes from lithostatic to hydrostatic, the rocks rupture like an exploding pressure
cooker and breccia bodies are formed. Thesscksealepisodic events follow the sequence

Figure 2. Multi-event breccia from the Challacollsilver
mine in northern Chile

a) Thewhite, subranded quartz fragment is about@long,
is brecciatedand has avuggy core; it represents prBreccia
silicification that likely wassystem sealing. Pressure builgs
caused fracturingf the silicified seal andbrecciation.b) A
black matrix hydrothermal breccia with large fragmeaiit by
a later stage of mineralizatiothat might also contribute fj
grade. Multiple events of silicification and brecciation i
attractive because every event can contribute econ(
mineralization of $ver andbr gold.

1. Quartz seals a permeable fracture
system

2. Continued heating from an underlying
intrusion builds pressure within the sealed
system

3. The system brecciates like an exploding
pressure cookerand ore mineral precipitation
occursbecause ofadiabatic cooling and vapour
release

4. The system reseals with quartz

5. The system explodes again, resultingen
brecciation, commonly with additional ore
mineral precipitation

6. The process repeat$ conditions remain
the same or similar

Brecciation and fracturingare integral to maar
and caldera formation; consequently, many
epithermal deposits are closely related to maars
and calderas.Maars are low-relief volcanic
craters caused by phreatomagmatic eruptions
driven by explosive interaction between magma,
magmatic gases, and groundwat€ralderasare
large volcanic craters formed by an explosive

volcanic eruption or collapse of surface rock into an underlying and receded magma chamber.

The Tintic pebble dikgFigure3) is in the Tintic epithermal gold camp in central Utah, United States (Lovering,
1949). Thepebbles aremainly quartzite. Open (matrix supported) versus closed (fragment supported) textures
(Figure3a) might be related to energy and/or velocity of emplacemeonm8of these pebblehave®nion § A y Q
spalled rims, which might be related to shatter cleavage because some guaits within the quartzite pebbles
are intensively patterned wit deformation lamellae (Figur8b) that might reflect explosiveformation and
emplacementThe matrix in Tintic breccia is mainly comminuted (greupiirock flour.

Figure 3. Tintic pebble dike is a class
hydrothermal breccia.

The Tintic pebble dike is in the Tin
epithermal gold camp, central Uta
United States (Lovering, 1949%) The
pebbles are mainly quartzite, and the
matrix is mainly comminuted (grounap)
rock flour. b) quartz grains within theg
quartzite pebbles are intensively patterns
with deformation lamellae (right: centr
grain is about 4millimetres long that
reflect  explosive formation  and
emplacement

Large, economic epithermal depositge often characterized hyultiple stages of brecciation and mineralization
Gonsequently, keyharacteristicghat indicate mineralization and multiple mineralizing events in hydrothermal
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breccias in the epithermal environmesthould be looked fafThesanclude a) black, sulfidach matrix, b) silicified
and mineralized matrix, c) quartz vein fragmegspecially mineralized ongsnd e) breccia fragmentgespecially

those mineralized with quartz and/or sulfed These features are equally significant in breccias associated with

porphyry deposits.

Definitions of breccia, breccia pipedyydrothermal breccia, collapse breccia, fault breccia, pseudobreccid
crackle breccia, and sedimentary breccias and conglomerate

or

Brecciain the porphyryand epithermaldeposit environmenrd (aside from sedimentary breccia, below) is a coafse
grained clastic rock composed rotated and/or inflated clasts or fragments that are typically angular or roundgd,

held together by a relatively fingrained matrix (cf. Sawkins and Sillitoe, 1985). Breccia can be named a
matrix composition, for examplégurmalinite breccigtourmaline-quartz matrix) or magnetite breccigmagnetite
apatite matrix). Alternative qualifiers refer to process of formation, sucthyrothermal breccigformed by
rupturing due to hydrothermal explosiongollapse breccigfrom stoping triggered by the corrosive action o
hydrothermal fluids or by magma withdrawathagmatic breccigformed by rupture related to the intrusion of p
magma melt or crystal mush with variable hydrous componeai)d fault breccia(fragmentation results fron

r the

f

frictional breaking and/or rock bursting in dilatant fractures). Detailed descriptions of breccia clasts and preccia
matrix are essential, especially if either or both are mineralized/altered. Maximum fragment size, modalrftggme

size andpen(matrix-supported) orclosed(fragmentsupported) framework, can be related emplacement energ
As a rule of thumb, if the percentage of fragments on a planar surface is less than 50%, the brecciaje liketh
matrix supported. Breccia and porphyry commonly are genetically related.

y.

Breccia pipesalso referred to as diatremes or chimneys, are masses of breccia with an irregular cylindrica] shape

that intrude and crosscut earlier rocks. DiatremBo(brée 1891) meansthrough the hol&®and implies
emplacement by a drilling process thadedl the explosive energy of gakarged magmas (cf. Bryant, 19&td
Bryner, 1968). Most breccia pipes are formed dy explosive mechanism accompanied by dasing and
fluidization (Reynolds, 1954; Richard and Courtright, 1958; Carr, 1960), rock bursting, stope cave fillintQ@2 &gk
Gates, 1959; Perry, 1961; Norton and Cathles, 1973) and rounding of fragments by adingido movement

e

during emplacement (Clark, 1990). Shatter cleavage dhdex fossil¥or breccia because it occurs close to, or

adjacent to, some breccias (see insstory ondhdex fossilshatter cleavagand Godwin, 1973, 1975 and 19761

Hydrothermal brecciais formed by rupturing due to hydrothermal explosion and subsequent emplaceme
Burnham, 199and1985.

(cf.

Collapse breccias formed by volume reduction by processes such as magma withdrawal (cf. Perry, 196}), and

dissolution by hydrothermalelated processes.

Fault breccias formed by rupture due to faulting. Fragmentation is primarily a result of frictional breaking afpd/or

rock bursting into dilatant zones.

Pseudobreccia or cracklbrecciaare commonly used terms but should be avoided. Pseudobreccia or crf

ckle

breccia describes a rock with a fragmental appearance due to alteration and/or veining in or around closelyf spaced

fractures. However, there iso fragment rotation or fragment inflatioby the intrusion of a matrix. Better namgs

F2N) WLIASdzR2NBOOAL Q 2 altered Orbickl©Aof@S 2 NNBHD @ Ai-SNB iR2 defNB |Od SizN.

demonstration offragment rotationand fragment dilation(inflation) by an intruded matrix, is essential to the

definition of a breccia.

Sedimentary breccias and conglomeratare distinct from, but sometimes confused with, hydrothermal brec<Iias
careful

of specific interest in porphyry and epithermal deposits. These two types can often be distinguished by
examination of the matrix and fragments; specifically, mineralized/atteneatrix or fragments indicates p
hydrothermal origin.

Hydrothermal lrecciasand related fracturingare attractive sites for precioumetal mineralization in epithermg
deposits becaus@) the fragmented rock and related fractures provide structurally permeable zonesirfaga

precipitation of preciousnetalcbearing mineralsb) adiabatic expansion related to brecciation results in squIion

cooling, saturation and selective vapour loss leading to precipitation of prepietel mineralsg) the interaction
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of magmaticwater and groundwater both of which might bear precious metalseads to the precipitation o
preciousmetal mineralsand d) they can host bonanza precieuetal grades (see inser&ory about the smal

breccia outcrop responsible for discovery of Sleeper Gold Mine, Nélr@tkd StateandSory of the mining history

of an epithermal silver deposit PachucaMexicg. Particularly important features am@ adiabatic expansion, with

attendant cooling, solution saturation and selective vapour é@assing precipitation of goldée inserExplanation
of why angel wing texture is assated with gold mineralization b) black matrix breccighat often result from
fine-grained sulfides (such as pyrite) that can entrap and host gold, in part because the sulfur in the

destabilize gold transport in golokaring thieccomplexes and c) episodic craeseal resulting in multiple
silicification and brecciation events (identified by the occurrence of vein or breccia fragments within a brecc
of which is a potentially a preciousetal mineralizing event).

:I

ulfides

R, each

Gold Mine, Nevada, United States

Story about the small discovery outcrop of breccia at the Sleg

Figure 4. Discovery outcrop at th
Sleeper epithermal gold mine, centr
Nevada, United States.

Althoughobscured by
overlying gravel, thg
outcrop in Figured is
breccia It is not a|

spectacular  lookin
outcrop.  However
because it hag

signficant gold valuet
it led to the discovery
of the Sleeper golq
mine thatis generally
deeply covered by
overburden. The
importance of breccii
cannot be overstated

Story of the mining history of an
epithermal silver deposit g
Pachuca,Mexico

Dreier (2016), notes that in th&00-year
mining history of epithermal deposits

Pachuca, Mexico, there has be
economically cyclical years of prosper
Mining in breccia pipes (chimneys) wd
marked by bonanza profits, but these eve
were followed by decades of poverty. Wh
the highgrade pipes were mined ou
operators limped alongmining lowgrade
veins between these pipes. Thus, 1
identification and definition of zoning i
epithermal silvergold districts is a key t
locating bonanza breccia pipes and th
associated higlgrade orebodies. Th
history of boom and bust is common to ma
epithermal mines.

Carlintype gold deposits are commonly hosted indck carbonaceous limestondbat are often phosphaticas
indicated by associated green variscite. Dikes, possibly representing larger intrusions at depth, appear to be
important. These dikes are often volumetrically insignificant within the defbogiappear to be the maiavenues
for the introduction ofprecious metalsnto the deposits.

Dilatant Structures Related to Regional and Local Faults

Dilatational structuresin brittle faults relate to how these faults formdgvelop,and evolve as fluid flow conduits

for epithermal deposits. Because these structures occur at relatively shallow levels and in brittle volcanic rocks,
they tend to be erratically discontinuougnsequently, very detailed prospecting and mapping (at the surface and

at depth by drilling) is often required to define orebodies. Because hydrothermal fluids need open structures for
access, structural studies can be key exploration guides. Multistagtifing and structural system size matters
because large, complex systems can yield large districts. Conversaljger,and simpler systems are less likely to

generate large deposits.
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Dilatant zones at a regional scakere important sites for epithermal deposits. Rapart basins, illustrated in

Figure 5. Development of pulapart basins(kilometres across) ar
regionally positive for epithermal deposits

The sequentially imbricated faults generatedainto c) reflect the
theme of fault dilation demonstrated in Figutebut at a regiona|
rather than a local scale. Dilated zones related to the central cu
faults inb) to d) are particularly likely to be markedly dilatant. T
fault structures are complicated but occur in predictable orientati
The example ird) illustrates dropping fault blocks and is called
6negative flower structureo;
6positiverfelbower structu

Figureb, are important target areas.
Such basins can be marked by younger
sedimentary rock infills. Structures
related to maars can be particularly
important because they are genetically
related to volcanighermal events,
which can also be related to
mineralization.

Pullapart, @ncentric, radial, and
calderarelated structural features can
sometimes be identified byineament
analysisof air photos, satellite and light
detection and ranging imagesIQAR).
The patterns represented in FiguBecan
be apparent on such imageghis figure

is an interpretation of an aerial
photograph that indicates, fromadial
and concentric lineamentsa possible
calderalike circular feature about
12kilometres in diameter. The main
mine in this area is marked in purple as
W/ I YLIZ YQahd is withinl theA G

circuar structure. The presence of the calddilkee geometry in this interpretation was not apparent on regienal
or property-scale geological mapping. Structural patterns can be important to epithermal deposit discovery.

with

property,
Ecuador.

\ "~

\ 8

Figure 6. Aerial
photograph

caldera
like lineaments,
El Corazon gold

Dilations resulting from local
fault zone movementalso favour
deposition of veins when they
become channels for mineralizing
hydrothermal fluids Conse
guently, fault intersections and/or
bends in faults can lead to
dilations that can be filled by vein
materials. Specificatly

T dilations at major fault
intersections  can become
locations of important ore

deposits by providing chimney
like, structurally permeable zones.
The chimneys can persist to
depth; consequently, they can
facilitate hydrothermal flow from
source to  surface.  Such

hydrothermal chimneys can develop wide veins, high vein densities, maximum vertical ore intervals and

high ore grades

Dilations at bends in faultsthat favour fluid flow and vein formation are sketched in Figlre
Understanding fault movements can identify focal points for exploration. Note that the orientation of the
faults does not have to beertical as showin Figure7; however, orebodies in normdhults tend to form
openings where the faults steepen whtrey cutrelativelyhard rocks, an@lose where they flatten when
they cut relatively softer rocks especially within 50G@o0 600metres of the paleosurfacewhere the
confining pressure becomes insuiéint to maintain a shear plane.

19



VERTICAL VIEW fault normal reverse

PLAN VIEW sinistral
fault left hand

dextral
right hand

Figure 7. Structural features that enhand
possibilities of dilatant zones suitable f
epithermal vein mineralization

Vertical and plan views are presented but
orientation can be in any position. The scale ¢
dilatant zone can vary from metres to hundred
metres. The grey, speckled rock unit is m
competent than surrounding rock, causing fi
deflection (like light bending toward the norn
direction in nore resistant [refractive] rock
Dilatant ore zones are illustrated in red, and
green triangles represent brecciated areas.

Orebody shapesnd locationscan often be predictediven
known fault geometries. Fault geometry can be identified by
field mapping. Detailed movements calsosometimes be
determined by separately mapping the topography of
hanging wall and footwall from detailed dritlole or
underground information and moving the acquired
topography so thahanging wallnd footwall topographies
match. This type of analysis can sometimes predict the
location of additional dilatant zones of possible significance.

Chemical and Physical Constraints to
Mineral Deposition in Epithermal Deposits

Fundamental chemical and physical consttaimelated to
epithermal deposits, addressed below, are

9 coupled oxidatiomreduction reactions

1 destabilization of sulfurousgold thio-complexes that
precipitates pyrite and gold

9 chemical constraints on alteration mineraloggd

1 physical constraints on upwardly moving hydrothermal
fluids.

Goupled oxidationrreduction reactiors transfer and balanceslectrons One substance is oxidized by losing

electrons,anda second iseduced by gaining electrons. (Therai2 t R Yy SY2y A O0X W[ 9h

Electrons is Oxidation; Gain of Electrons is ReductiBeactions of this sort, which are significant to the

precipitation of gold (and silver) in epithermal deposits, relate to the coupled oxidation of carbon in clastic rocks

and limestoneEQUATIONSto 4 illustrate precipitation and reduction of gold lbpncomitant oxidation of carbon.
The importance of carbonaceous trash or graphitic and carbon componentsimockgo epithermal deposits is

clearly important. This is well known with respect to the formation of uranium deposits, and it is similarly relevant

to gold occurrence in Carliype precious metal deposits.

EQUATIONS to 4 represents balanced reduction and oxidation reactions, with the balanced addition and

subtraction of electrons in a hydrothermal fluid. This coupled oxidatgmtuction with a hydrothermal fluid in
EQUATIOM results in a) the precipitation of native gpla) the conversion of carbon to carbaliipxide, and c) the
generation of hydrochloric acid. Notably, the generation of acid in the carbonate host rock totgaelideposits
contributes to the characteristically associated decalcificaiod collapse breccias (see below for the model of
Carlintype deposit formation [Figur85 inIntroduction to CarlifType Deposit$. Precipitation of uranium and gold,
formed in this manner, is illustrated in Figu8en the insertAssociationamong carbon trash, uranium and gold at
Bald Mountain Wash, central Nevadanitéd Sates, and in the argument, presented below, about the origin of

Carlintype deposits.

EQUATION 1: Half-cell reaction for reduction of gold.
Au* = gold ion. e~ = electron. Au® = native gold.
4AU + 4e C  4AL
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EQUATION 2: Half-cell reaction for oxidation of carbon.
CO = carbon. C4 = carbon ion. e- = electron.
co ¢ + C* + de

EQUATION 3: Coupling reduction (EQUATIONL1) and oxidation(EQUATION 2).
Au* = gold ion. C° = carbon. Au® = native gold. C** = carbon ion. Note electron balance.
4Aut + C° C 4AU0 + C*

EQUATION 4: Modifying EQUATION 3 to represent a hydrothermal fluid.

AuUCI- = gold chloride. H20 = water. C° = carbon. Au® = native gold. CO: = carbon dioxide. HCI =
hydrochloric acid.

4AUCFF + 2HO0 + C° € 4Au® + CO2 + 4HCI

Associations among carbon trash, uranium and gold at Bald Mountain Wash, central Nevada, United St

A small, disseminated gold occurrenc
was found in trenches and drilling at Ba
Mountain Wash, central Nevada (BM i
Figure34). It was originally found during
follow-up on a NURE (National Uraniul
Resource Evaluation regional ge
chemical survey by the United Statg
Geological Survey) streasediment
anomaly for uranium. Gold on this
property occurs in a tuffaceous unit tha
has abundant black carbonaceol
fragments (Figur8a). Where the gold
uranium mineralization occurs, the lola
fragments are bleaclee and sometimes

Figure 8. Unmineralized (a) and mineralized (b) tuff from Ba
o . . Mountain Wash, Nevada, United States

.d'm?unt. to _deilrr:et t(r']:'gurelkg' The.‘ a) In the unmineralized tuff the plant fragments are black

'mpiica |(?n dIS a def gold, as " relatively unaltered. Irb) the plant fragments are bleached tan

commonly documented for uranium, ¥ ;e ration and mineralization with uranium and golthe Bald

precipitated by a coupled oxidatien| \ioyntain Wash prospect is labeled BM in FigGre
reduction reaction. The carbon i

oxidized (the fragments change from
black to pale tan) and the uranium and gold are reduced and precipitated.

Destabilization of sulfurous gold thicomplexes that precipitates pyritend goldis outlined in EQUATIONSo
7.The generation of pyritevith native gold EQUATION) is a result of reactions that move to the right because of
destabilization of the gold thicomplex by evolution of hydrogen sulfidespecially during boilingand the
combination of sulfur with ironThisexplairs a) the common association of gold with irbearing sulfides (e.qg.,
pyrite and arsenopyrite)b) the need to have a source for the irfor the sulfides(e.g.,mafic andesitecan be a
more favourable host to gold mineralization than a felsic rhyylaed c) the importance of paying attention to
sulfide distributionduring exploration foepithermal deposk.
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EQUATION 5: Destabilization of gold thiecomplex to form native goldnd hydrogen sulfide gas
Au(HS)? = gold-thio-complex. H* = hydrogen ion. Au® = native gold. H2S = hydrogen sulfide gas.
2AU(HS)> + 2H* C 2AW® + 2H,S

EQUATION 6: Half-cell reaction for oxidation of carbon.

The iron is mainly from ferromagnesian minerals, magnetite or other iron minerals.

H2S = hydrogen sulfide. FeO = iron oxide. FeSz = pyrite. H20 = water. H* = hydrogen ion.
2H.S + FeO C FeS; + HO + 2H*
EQUATION 7: Combination ofEQUATIONS5 and 6 resulting in native gold associated with pyri
Au(HS)? = gold-thio-complex. FeO = iron oxide. Au® = native gold. FeS2 = pyrite. H20 = water.
2Au(HS)> + FeO C 2Auw® + FeS, + H20

Aqueous fluidsforming epithermal deposits typically precipitate their metals at temperatures between 150 and
350°C. Gold is transported most commonly in tliomplexes (e.gAu(HS)), but also in chloride complexes (e.qg.,
AuCl). Economic epithermaleposits require fluids with anomalous concentrations of precious metals (gold and
silver)and elements with which they might form complexes, which inclddeAs, Sb, Bi, Tl, Se, Te, Li, Ba, B and F.
Deep waterin the surrounding rocks approximéeely in equilibrium withminerals such aquartz, kfeldsparand
plagoclase Therefore at the pressures and temperaturdeund at depth the water will be saturated with
elements such asilica, potassiunand calcium As this wateapproaches the surfagéhree main processes may
change the character of alteration and cause precipitation and changeeddb changes in alteration facies. These
processes are a) temperature drop, b) degassing of &0Qelerated by boilingand c¢) removal of sulfur by
degassing/boiling or by precipitation of minerals containing sulfur.

Chemical constraints on alteration mineraloggre mainly those explagu by the T wersus mkd/mud plot in
Figure9a and EQUATIONS and 9 (after Myer and Hemley1967) These equationgrovide the framework for
understanding sequences of alteration minerals in zoning within porphyry and epithermal deposits. Note that these
equations are the same dlsoserelevant to porphyry deposithiowever, the temperatures involved in epithermal
depositsarelower and the Kelspar is adularia rather than orthoclase (FigBaepaths D and)EEQUATIONSand

9 and the alteration stability diagramn Figurea show thatmineral stability of feldspars, micas and clagse
commonly controlled by hydrolysis (wherg K&, C&*, Mg?* and other cations are transferred from the mineral to

the solution and Henters the solid phaseThis is the case for both porphyry and epithermal deposissaresult,
similarities can be expected in zoning patterns between porphyry and epithermal deposits.

EQUATION 8: Equilibrium between adularisand muscovite.
KAISizOs = adularia. H* = hydrogen ion. KAIzSizO10(OH)2 = muscovite. SiO2 = quartz. K* = potassium ion.
3KAISizOs + 2H+ ¢ C KAI3Sis010(OH)2 + 6SiO2 + 2K*

EQUATION 9: Equilibrium between muscovite and kaolinite.
KAI3SisO10(OH)2 = muscovite. H* = hydrogen ion. H20 = water. Al2Si20s(OH)4 = kaolinite. K* = potassium ion.
4KAl3Siz010(0OH)2 + 2H+ ¢ C H20 + 6AlSi205(0OH)4 + 4K*
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Figure 9. Plots of basic phase diagrams of a) T versugifmuci, and b) log mizsos versus log mesos related to|
alteration in the epithermal environment

a) Paths D and E represent decreasing temperature paths in the epithermal envirosithentcoolingwith
movemeniaway from a magmatic heat source (left direction) or heatinign movementoward one (right
direction).On the left sidef the T versus ka/muci plot, the kcontent is low, but the water (and mobilizatior]
calcium and sodium from plagioclase destruction) promotes alteration and hydration of rock minerals to ¢
propylitic alteration assemblagddiagram is after Myer and Hemlg$967) b) Thelog muzsos versus log mesos
plot showsthe stability of alunite in an acidicsulfaterich environmen{diagram is after Rose and Buf979)
Mkcl, Mucl, Muzsor and Mesor = Molar concentrations of potassium chloride, hydrochloric acid, siglfacid, and
potassium sulfate, respectiveRbbreviations:AA = andalusite AD = adularia (K-feldspar),AL = alunite,IL =
illite, KA = kaolinite, KF = orthoclase (Kfeldspar),MU = muscoviteg(sericite) PP = pyrophyllite andQZ =
quartz.

Alunite stability (Figure9b), after Rose and BuitL979, depends on the activity cfulfate @4%) as well as the ratio

of cations Hland K. Strongly acidic environments, especiallyich insulfuric acid favaur alunite formation (cf.
Butler and Gale, 1912%ulfurousacidicenvironments can be generated from exhalations from intrusive rocks (i.e.,
hypogene) or from surface oxidation of sulfides, such as pyrite or stesated sinter (i.e., supergene). Distinction
of hypogene from supergene alunite can be diffichilit mapping can help. Hypogene alunite, commonly pink, can
be spatially related to causative veins. Supergene alunite, generally white, can occur atifaless and in sinters
where itmight be associated with steagenerated native sulfur. Alunite is a sulfateerefore, a field sulfateap

test can helpwith identification (Godwin, 220).

Iron or manganese carbonates and sulfigesuch as siderite, rhodochrosite and pyrite, are common gangue
minerals in epithermal veins. They are of special interest because precipitation of carbonate might be a result of
the degassing of GDwhich would also be accompanied by the degassing piv8bthe same consequences as
discussed with thi@womplex destabilizatiorBQUATIONS to 7) and angel wing habit, below.

Sulfatessuch as barite, gypsum and alunitere less common gangue minerals in epithermal alteration. Sulfates
might be a result of the degassing of;S@hich would also be accompanied by the degassing efW@the same
consequences as discussed with thamplex destabilizatiorHQUATIONSto 7) and angel wing texture, below.
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Relatively irorrrich host rocks all other factorsbeing equalfrequentlysupport better gold grades because the iron
in the hostrock can combine with sulfur in the hydrothermal fluid to form irbearing sulfides like pyrite and/or
arsenopyrite. These minerals sequester syltherefore,they can entrain gold thatanno longerbe transported
as sulfurbearing thiecomplexes, as explaindry EQUATIONSt07.

Carbonaceous$ost rocksfacilitate entrapment of precious metals by the coupled oxidatieduction mechanism
describedn EQUATIONS to 4. In addition, the generation of acid adbgproductof coupled oxidatiorreduction

can contribute to the characteristically associated decalcification and collapse breccias in the caHustaitek
of Carlintype depositsrefer to model of Carlistype depositformation below).

Physical constraints on upwardly moving hydrothermal fluidaclude permeable and poroubost rocks
aquicludes, cooling, boiling and condensation. The mechanisms and significance of these features are elaborated
on below.

Permeable and porou$iost rocksallow access$o hydrothermalfluids that are commonly introduced from fault
systems. Where precious metals are precipitated from the hydrothermal florgbodiescan be formedThese
units can be particularly productive if they contain an efficient trapping mechathiatrfacilitates preciousnetal
precipitation such as a carbonaceotish and/or an irorrich componenirefer to EQUATIONS to 7)

Aquicludes or aquitardsare impermeable or lowpermeabilityrock strata. Aquicludes can a) stop hydrothermal
fluid flow, b) guide hydrothermal fluideward orthrough more permeable units or into faults and thrust planes
andc) force underlying hydrothermal systems to spread laterally.

The cooling of hydrothermal fluid results in supersaturation and precipitation of siliGag(, quartz, opal,
chalcedony. If the system is at a high temperature, feldspark ng sericitized (see Figu®a, from about 200 to
300°centigradg; however, at less than50°centigradethe alteration of feldspr will be to montmorillonite
(smectite)or illite.

Temperature and pressure changes during tlwpward migration of hydrothermal fluidsare illustrated in
FigurelO (after Barton and Toulmin, 1966). Temperature decrease is largely a result of a) reversible cooling
(modeled as slow entropy change), b) irreversible cooling (modeled as rapid, adiabatic expansion through a throttle
or choke mne), and c) cooling from groundwater mixing. These different processes are important because changes
in pressure, temperature and salinities can be related to mineral precipitation. However, of particular sigaificanc
is throttling, related to a type of boiling, where sudden expansion through a restriction results in a rapid drop in
pressure and temperature. The sudden drop in pressure and temperature is sometimes related to high precious
metal grades, and is partiarly applicable to, and emphasized in, the classic Buchanan epithermal deposit model
described in a later section.

Boilingis one of the more important triggers for precicn®etal deposition in epithermal depositshis is because
boiling lectively removes volatiles leading to saturation and temperature decre&sth of which favour mineral
deposition. The most important gas separations in a boiling hydrothermal fluid are preferentially reduced
components (k1> CH >H,S) greater than oxidizetbmponents CQ > SQ°¢ > S@Q). In an open system, boiling with

gas separation occurs at a constant temperature. In a closed system with adiabatic expansion (cf. throttling or
irreversible cooling) of the separated gas, the temperature decreases. Of critical significance is thegedess

and H,S (also H, HS, S@*) from the liquid phase because tigese volatiles escape the remainifigid tends to
increase in pHrémoval of C@and HSspecie$ andthe mkd/ mucrratio also increase@-igure9a; byremoval ofH,

and HS).

The removal of carbon dioxide (GPDpromotes precipitation of calcium carbonate, specifically calcite (also
rhodochrosite, siderite, etc}) y  indé&xSossangel wing textureandtravertine in deposits around hot springs.

It is formed from geothermally heated supersaturated alkaline waters, which degagp@®boiling or surface
emergence This results in an increase in pH, causing the precipitation of carbonate, which can be replaced
LJASdzR2 Y2 NLIKAOF f £ & 0@ | dzI hafiek bssiNBlayA SifA y@AA MY FRINIdzNB @ vy
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The removal of hydrogerfH, and HS)causes precipitation of feldspar, in this casadularig by isothermally

moving the system in Figuia andEQUATIONS and 9 to the right, into the field of-t€ldspar AD). In addition,

the degassing of sulfuH{S) results in destabilization of gold tlkitomplexes (e.g., Au[EHASsee EQUATIONSO 7).

Since the gold can no longer be transported as a sulfur complex, it is precipitated. Thus, boiling associated with a
sustained flux of metalich hydrothermal fluids favours epithermal ore formation and the development of large
and/or bonanza precioumetal deposits. Of course, concentration of precious metals in the hydrothermal fluid and
volume and duration of the flow are strong determiners of timount and grade of ore mineralization produced.
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Figure 10. Model for cooling of upwardly moving hydrothermal fluids in an epithermal deposit environmg
Cooling, pressure changes and salinity changes (e.g., especially near surface groundwater mixing [3 t
related to mineral precipitation. Irreversible cooling (throttling; 2 to 3), a type of boiling related to bol
mineralization in the Buchanamodel results in a sudden decrease in temperature and pre3swdgure is
after Barton and Toulmin (1966).

Boiled and cooled hydrothermal fluids the epithermal environmenare strongly depleted ielementssuch as
silver,gold,and telluridesresulting in deposition of native silver and galtd goldsilver telluridesBy comparison,
arsenic, manganesentimony, and zinc are less depleted and precipitate datferent locations, commonly
peripherallyor at depth,as minerals thainclude arsenopyrite, rhodochrositsulfosalts (e.g., tetrahedritegnd
sphalerite.
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Condensatiorof steam for examplevapour boiledfrom the water table will reside in larger pores and channels,

but alsowill tend to collectin smaller pores and channels and trickle back to the water table. Sitbiaerial
environmentwill tend to be strongly oxidizingherefore, HS concentrated in vapw above the water table will
commonly oxidize tgulfuric acidHSQ) and native sulfur (S°producingan acidic sulfate-rich environment. This
environmentcommonlygivesrise to strong argillic alteratiothat forms lithocapclays €f. Figure9a: muscovite to
kaolinite correspondingp lower nko/muciratios derived fronreducedacidand earlier depletion in ¥ Similarly,
reactions in this environmerdre driven to the lower lefhand corner of Figur8b as potassium is depleted

and sulfuric acid igncreased. Kaolinitand alunite become the common phases near the water table. An
example of such alteration occurs at Steamboat Springs, Nevada, where the cap above the water table consists
of a porousmass of opaline silica that has been extremely leached by sulfuric acid produced by the oxidation
of steamed hydrogen sulfide {5). Several metres below the water taldeid returrsfrom thecapandcauses

a zone of alunite greater threkaolinite to overlie a zone where alunite is less thawlinite. The alunite
kaolinite zone merges gradationally downward into background alteration characterized by pervasive
montmorillonite and illite.
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Seven MustLook-For dndex Fossil® for Precious Metal Discovery in Epithermal

Deposits

Seven Yhdex fossil§that are key indicators of precious metal discovery in epithermal depositéFégaresll to

17):

ginguro goldelectrum with colbform habits in veins (Figurdd and 14b).
angel wing habit iquartz orcarbonateveins(Figuresl2).

adularia in veins or vugs (Figut8).

black matrix hydrothermal brecas (Figuresl4).

amethyst in veins or vugs (Figuts).

gusano habit in quartpyrophyllite lithocap (Figur&6).

spongy residuatjuartz lithocap (Figureky).

NoOhkwhE

Thesignificance of these seveldhdex fossil€are describedelow.

Figure11.6 1l ndex fossil & ginguro.and as|{
Specimensare from the Sleeper gold deposit, necémtral Nevada(SL in
Figure34). a) Gi n g urichogwold habit with gold deposited at boundaries
colloform bands(false greenish colour from using availabledoor light)d any
texture that looks like gingurbabit is an obvious index fosd$dr preciousmetal
epithermal deposit Photos b to d show typical cdtbom textures.d) Showg
symmetrical cdbform banding in a gold vein, formed from veall margin to
centre marked by a vug.

1. Gnguro WA Yy RSE

with colloform and vuggy

habitsin veins (Figurél)is

due to the sequential

deposition  of  quartz,
and/or other minerals, in
open spaces. Although
these habits can be barren,
most preciousmetal

epithermal deposits have
these in abundance. Any
habit that is associated with
orlooks likegold-electrun

rich  ginguro texture

(Figureslla and 14b) is

obviouslyanindex fossifor

preciousmetal epithermal

deposits

T2a

2.AngelwingWA yREB AT Q
habit in quartz or
carbonate veins
(Figuresl?2) is also
uninspiringly called lattice
and lamellar texture. It is
generally interpreted to
represent quartz replace
ment of carbonatewhorls,
although direct precipit
ation as quartz is a
possibility. It isdiagnostic
of a hydrothermal system
that was boiling or

effervescing. In epithermal depositangel wingis commonly associated with significant gold values; hetiee
good ngefhame is commonly used to express enthusiasm for it marking gold poteftigél wingtexture is,
therefore, an Yhdex fossilfor preciousmetal epithermal deposits. (See inseisplanationof why angel wing
texture is associated with gold mineralizaticemdSory about angel wing at the Mount Skukum mine, southwestern

Yukon, Canada
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Explanation of why angel windnabit is associated with golchineralization.

Angel wing texture (also boringly called lattice and lamellar texture) represents carbomaterls or quartz
replacement of these carbonate whorls; it might also be a direct precipitate of quartz. It is diagnostic pf any
hydrothermal system that was boiling or effervescimdhere water vapar (HO), carbon dioxide (G sulfur
dioxide (S and hydrochloric acid (HCI) are preferentially degassed. Removal of water vapour increases the metal
concentration in the remaining solutionoghat the metals may become saturated and precipitatédore
specifically relevant to angel wing texture is that the release gfdalses an increase in pH with the consequnt
precipitation of carbonate with characteristic acute angle whorls that can be subsequently replaced by qualtz that
pseudomorphs the carbonate with angel wing®39mmetry. In addition, coincident degassing of 8€stabilizes
any gold carried and complexed with sulfurous thecies, thus also faudng gold precipitationThis texture i
particularly common in lovgulfidation epithermal gold deposits. Its formation involves the following stdges
according to Etoh et al. (2002)) deposition of bladed calcite, b) precipitation of figained quartzfadularia) on
the surface of calcite blades, c) dissolution of calcite blades, leaving cavities in the interstices between agpregates
of quartz and d) infilling of the cavities by later quartz (i.e., pseudomorphs of the original bladed calcite}. This
sequence agrees with and was partially explained by Lindgren (cf. 888aria, if associated with angel wigg
texture, is additional support for boiling or effervescence and is another posHiey’ R S Hor ol ATaid i
because degassing of hydrogen species increases the ratimatiso that the system moves into thefldspar
adularia stability field (to the right along paths D and E in FigareAngel win@nd adularia formation emphasi
the importance of boiling as a trigger for metal deposition in epithermal deposits.

Story about angel wing at the Mount Skukum mine, southwestern Yukon, Canada

Mount Skukummust have been trodden extensively by prospectors during and since the Yukon Gold Rush
yet the gold deposits were not discovered. Part of the reasagy have beethat nearby gossanous pyritic outcro
pulled attention from what turned out to be more important features. A creek near the gossanous outcrops g
YIEAY RSLIRAAG OFNNASR 6KAGS GSAyYy |jdzr NGT T t.2dwéverioK

#5

pl

Figure 12.dndex fossibangel wing texture
a) Underground at the Mount Skukum gold mine in the Yukon, Canada, this vein breccigélasragtexture that
is not visible in this picture. Specimdrsandc) illustrate angel wing texturfom the Bullfroggold mine central
western Nevada, hited States (BF in Figure34). Angel winghabitis diagnostic of boiling.

close inspection, the vein quartz was loaded with angel wing habtip-off that the veins could be auriferousas
they were (Figurd.2)! Thisquartzfloat yielded high values of gold on assay, which led to the discovery of the N
Skukum epithermal gold mine about a century after the Yukon Gold Rush.

Angel wingtexture is abundant at the Bullfrog gold miriEigures 123 12band 3Q BFin Figure34) in southwestern
Nevada, Wited Sates. The gold precipitatedecause ofboiling in a veinfault system.(This is not defined in
descriptionsread by the autho) The golebearing fluids may have been froaver-pressuredfluids introduced
from underlying thrustdetachment zones, but the precipitation of gold is in steep faults where the-logdding
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hydrothermal fluids boiled probably as result of rapid pressure reductiofiom lithostaticplus fluid pressures in
the thrust detachment faultsto hydrostatic in the normal faultssée model ofbverpressurethrust-detachment
fault in a later sectiohp

3.AdulariaWA Yy RS E
in veins or vugs
(Figurel3) in
epithermal deposits is
another key to gold
potential. This is
because adularia formg
from the removal of
hydrogen in vapour
escaping through
boiling or efferves
cence which drives the
fluid into the adularia
stability field as the
Mko/Mucr increases (to
the rightt paths D and E
in FigureQa). At the
same time, degassing oOf
SQ also destabilizes
gold carried as sulfurous

Figure 13.dndex fossibadularia.

g Thesespecimen®f quartzsericiteadularia tuff, all about 1@entimetreswide,
thio-complexes  thus | 5:6 from Round Mountain in central Nevadanited Sates (RM in Figure34).
enhancing the proba [ The ajularia, which occurss prominent wedgshapectrystals liningsmall vugs
bility of gold precipit |is not very visible in hand specimens but the crystals are easibgnizedwith

ation. Adulariaillite is |the aid of a hand lens.
commonly a key vector|

toward epithermal gold
mineralization As aresult,adularia is anthdexfossitior preciousmetalcrich epithermal deposits.

4. Backmatrix WA Y RS E Hydtatharthdl recclagFigureld) has a black matrix generally because of fine
disseminatel sulfides. Thisindicates the possibility that destabilization of gaétensporting sulfurous thie
complexes took placand emphasizes the importance afblackmatrix overa pale matrix

Figure 14.dndex fossibblack matrix hydrothermal breccias
Thesegold-rich black matrixbreccias arédrom the Sleeper gold mine (SL in Fig@4) in central Nevada, Unite
States. Ginguro texture in the central photo (gold is in the band below the canjaskably high grade.
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5. AmethystWA y R S Hn va@irs ar&uggFiQurels) has a purple colour due to replacement of silica by iron with
arare +4 valence (Kissin et al., 1993; iron genesadlyrs with

+2 [ferrous] and +3 [ferric] valense When +4 valenceccurs

in iron, it reflects extreme and rare oxidizing conditionf.
gold is present in the hydrothermal solutionit can be
precipitated as native goléby coupled oxidation (of iron)
reduction (of gold)Because of thisamethyst can be a key
indicator of gold in epithermal deposjandthus, is andhdex
fossikin preciousmetatrich epithermal deposits.

6. GusanoW A Y R S Ehabf gFiguiedf gsano= worm in
Spanish) is also called ovoidal and mottled text{Neble et
al., 2010. Gusano habit looks like worm burrows and consists
of ovoid and irregularly mottled or patchy bodies several
millimetres to about three centimetres in diameter
(Figurel6). They are composed commonly of intermixed
Figure 15. dndex fossib amethyst and vugg pyrophyllite and alur_1ite in a_fingrained guartz or chalcedony
quartz rims on breccia clasts matrix; porous pyrite ovoids also occur. Other features
Amethyst indicates extreme oxidation that, | @ssociated with gusarieabitinclude silica veinlets or dikelets
gold-bearing solution is involved, can cay that are black (de to sulfides), cleaor creamy. These
precipitation of gold by coupled oxidatio)] Sometimes a) are of several generations, b) host wapo
reduction. It is, therefore, a key prospect| cavities from microns to several millimeters in diameter and
feature. The breccia, vugs and amethyst are § ¢) contain sulfides, sulfosalts, native gadahd native sulfur.

of potential mineralization in the above phgd Boundaries of the gusaAextured blobs are sharp against a
Source of the specimé&nunknown. matrix of lithocap rock.The presence of arsenic and gold
indicates an exploratiosignificant high-sulfidation lithocap
andformation inan acidic environmeniGusano habits also
thought tocommonly represent a porphyry system below the lithocap. Specifically, because pyrophyllite is a high
temperature alteration mineral, it indicates a proximal hot intruddaely. Thepresence of coppebearing minerals
(e.g., covellite) increases the probability of an underlying copper porphyry deposit at aateftl order of 300

to 500metres. Although underlying porphyry mineralization is a possibility, quaytophyllite can also occur
adjacent torhyolite domes. In epithermal lithocapgusano habifit is an Yhdex fossifor a major mineralizing
systent both epithermal neathe surface, and porphyry at depth.

Figure 16.dndex fossibgusano habit (also called ovoid andottled texture)

Ovoidscommonly consist mainlyf pyrophyllite and aluniteThis habit indicates a highulfidation epitherma
environment, and sometimes, an underlying porphyry deposit (see @rggirt of gusano habjt Photos werg
taken by John Bradford 12015 at the Tanzilla epithermaporphyry deposit prospechathwesternBritish
Columbia, Canada.
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7.ongyquartz residual lithocapl A Yy R S KFigirel 3 smatke&d bya quartzonly rockthat has beereft behind

when the acid conditions are so extreme that everything, including generally resistant alumigeached,and
removed. The acid can have a hypogene hydrothermal source, or it can be a result of supergene acid generated
from rocks with an exceptionally high pyrite content. Textures can be spongy quartz or graasisivespongy

quartz. Such quartz rock is hlg porous and full of boxgavities, some rimmed or laced with quartpadine silica

also can occurThis massive, granular gz rock does not preserve the textures of the original rock, but local
mobility of silica can result ipseudebeddedappearances. It marks a lithocap, which can represent current surface
weathering or past unconformity surfacesctnrarelybe gold bearing.
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Figure 17. dndex fossibspongy quartz residual lithocap
This type of lithocap consists entirely of spongy, quartz left after extreme acid |leabfiftly ofeachphoto is
about 10centimetresSpecimens are from the Goldfields area, southwestern Nevada, United States,
characterized by higlsulfidation epithermal gold deposits (GF in Fig.34).

Be sure you understand from this section, what are the
C commonly associatedhost rocks,
C important structural controls
C basic theoretical chemical and physical constraingsd

C seven mustlook-for Yhdex fossil§for epithermal deposits
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CLASSIC ALTERATION ZONESIN EPITHERMAL DEPOSITS

In this section on epithermatieposits,you will learn about
C generalized lithocap alteration zonesnd
C generalized hypogene zones.

Classic alteration facies and theipnationspecific to epithermal depositgrovide important vectors t@otential ore
location TABLE3and3 describe the mineralogy of generalized, classical zones of lithocap and hypogene alteration
in epithermal deposits (see insddefinitions of lithocap and hypogene alteration in epithermal depasitCaution
regarding supergene versus hypogene origin for spongy silica, clay, alunite ahdiniditeding physical and
chemical features that define the alteration facies and some specific feafBeesiusavallrock alteration patterns

of epithermal vein systems are similer modern geothermal systemtemperature estimates of alteration facies

that correspond to geothermal systems aisoincluded inTABLE2 (based on Dreier, 2016).

Definitions of lithocap and hypogene alteration in epithermal deposits

Lithocaprefers tonearsurfacealtered or deposited rocks that include sinter deposits, stdaated and altered
rocksand rocks with advanced argillic alteration characterized by residual quartz and quarite. This esidual
guartz and advanced argillic alteration fosrfiom leaching by acidic condensates from the cooling of ascerding
volcanic vapars. Generally, lithocap forms above the water table; however, water téblels vary with changefp
in paleo topographyand pale@limate, resulting in complexities.

Hypogene alteration and mineralization in epithermal deposits is a result of ascending hydrothermal. Juids
Hypogene alteration generally occurs at dejpilt it canalsoascend tooverprint earlier lithocap alteration. Fg
example, hypogene fluids associated with phyllic alteration can ascend into a lithocap and daffosits(e.g.,
enargite)accompanied by gold.

-

Caution regarding supergene versus hypogene origin for spongy silica, clay, alunite and illite

Spongy silicas the remnant silica left behind when the acid conditions are so extreme that everything, inclpding
generally resistant alumina, isached,and removed. The acid can haadypogene hydrothermal sourdeading
to acidiccondensates or can be supergemenerated from rocks with a high pyrite content. Textures of spgngy
silica can vary from boxy cavities witHica webs to granular quartz. Original rock textures are destroyedbcal
mobility of the silica can result in pseud®dding appearances.

Clay, alunite and illite alterationalso requirecaution because they can be caused by hypogene and superfjene
processes. Pyrite weathering is dcidnd can alter rock to clay and alunite; illite volcanic rocksan be due to
tropical weathering. Hypogene alunite is commopilyk, but it alsocan be white or tan. Supergene alunite is tope
suspected with occurrence in the lithocap. Field identification of alunite can be aided witbutfage zap test
(Godwin, 2020)
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TABLE 2. Generalized alteration facies and zones in epithermal deposits
Location ofpreciousmetal concentrationwithin these zones ar&licized in the table and noted the deposit
modeldn Figures24, 25 and27. Additional codes are inABLESA1 to A3 Mineral abundances in these zoi]
are in TABLE 10. AbbreviationsHYP = hypogenel.CP =lithocap,AB = albite, AD = adularia, AL = alunite,
Bl = biotite, CA = calcite, CB = carbonate,Cl = cinnabar, CL = chlorite, CP = chalcopyrite,EN = enargite,
EP = epidote, GL = galena, IL = illite, KA = kaolinite, MM = montmorillonite (smectite)MS =
muscovitésericite (white mias in general)PP = pyrophyllite, QC = quartz chalcedony (agateQO = quartz
opal, QW = quartz angel wingQZ = quartz, SL = sphalerite,SS = sulfosalts,S* = native sulfur,TR =
tremolite, TT = tetrahedritetennantiteand ZE = zeolite

ALTERATION| KEY DESCRIPTION APRROXIMATE
NAME, ZQOIE FORMATION
OR FACIE® TEMPERATURE)
CODE
LUTHOCAP AT OR NHRASURFACE
LCP
*

Steam heated 'SL cl K.A QQ dQZ S q " q
STM=9 ervasive and opegpace deposition
Sirter KA QZQC C
SIN=8 Rotten, porous, spongy and commonly bedded sitigebonate

zones.

Lowgrade, bulkmineable precious metals occur
Alunitic ALQGQZ C
ALN=7
Pyrophyllitic KA PRQZ q
and/or
kaolinitic
PPT=6
HYPOGENE Approximate water table (fluctuates)
HYP
Bonarza base AD’.MS(Wh'te mlcas)QZ QW, CRGL Sk, S.S’ TT, EN . Less than-350°C
metal Sericitic, bonanza highrade gold and silver andnderlying basq

N metal zonesOften throttle or boiling related.

BBM=5 . . . .

Commonly rich in precious metals with local bonanza,-giglde

lodes.
llitic IL, QZ £+ AD, B, _MM [smectite]) ~250°C to
ILT=4 Lowgrade precious metals occur. ~350°C
Montmoril - CL CBMM (smectite).ZE ~150°C to
lonitic ~220°C
(smectitic)
MON=3
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Propylitic AB CACBCLERZE Less than-150°C
PRP=2

Barren Either, or both, late and earl@Zand/or CBveins ¢

BAR=1

Fresh rock Unaltered fromregional background ¢

FRX=0

TABLE 3. Standard alteration facies or zones commorefathermal deposits
Note that the abundant minerals, highlighted in red, trend generally from top left to bottom right. Location of pl
metal concentrations within these zones aoted anddefined inthis table and inthe deposit modeldelow,in
Figures24, 25 and 27. Mineral abbreviations:AD = adularia, AL = alunite, BA = barite, CA = calcite, CB =
carbonate Cl = cinnabar, CL = chlorite, EN = enargite,EP = epidote G* = native gold, GL = galeng HYP =
hypogenelL = illite, KA = kaolinite, LCP = lithocap, MK = marcasite. MM = montmorillonite (smectite MS =
muscovitésericite(including allwhite micas)OP = orpiment PO = pyrrhotite, PP = pyrophyllite PY = pyrite, QC
= quartz dalcedory = QG = agate QO = quartz opal QW = quartz angel wingQZ = quartz, RG = realgar, S* =
nativesulfur, SL = sphalerite SS= sulfosaltsTE =tellurides, TT = tetrahedritetennantite ZE = zeolite. Abundance
codes areH = high, M = medium L =low, T = trace, N = nil, £ = plus or minus (i.e., optional).

Mineralization | S* QO |QC | QZ |A¥|PP|KA |MS |AD | PY | SS MM | CA |CL |ZE
QG IL MK | GL CB | EP

Alteration PO | SL

faciesand zone

Steam heated | H M L H H [M [N N N T N N N N N
+OP | £ClI

™ =

S 9 +RG | £S*

LCP

Sinter N N H H N [N [N N N N N N +H | N N

SIN=8

LCP

Lowgrade

precious metals

Alunitic N N H H H MM |T N N N N N N N

ALN =7

LCP

Pyrophyllitic N N N H tH |H | M L N N N N N N N

PPT =6

LCP/HYP

Sericitic and N N N H N [N |N H H H H N +H | N N

bonanza base QW +CP

metal G* =TT

BBM = 5 iTE +EN
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HYP
Lowgradeand
bonanza gra@
in precious
metals

llitic N N [N |[H N [M[N [H M (M [N |H [N [N |N
ILT = 4
HYP

Low gradein
precious metals

Montmoril - N N N L N [N [N L N L N H M |H T
lonitic
(smectitic)

MON =3
HYP

Propyllitic N N N L N N [N N N L N L H M L
PRP=2
HYP
Barren N N N H N [N |T N N ™M | N N ™M | M M
BAR =1

HYP(late or
early)

Unaltered N N N T N [N |N N N N N N N T T

FRX =0
“Alunite ALD: although commonly limonite stained, alunite can be white and exteirsthe stearsheated zonein
contrast tooccurrences in the hypogene zone where it is commonly pink, local in occurrence and vein related.

Field identification of alteration faciesdepends primarily on the identification of mineral associations, as
generalized iMABLE3and 3 (in Part 1), and in the models of facies distributions in Figdye® and27. Definitive
identification of some mineralgequiresapplication of thin section, XRD and/or spectral (e.g., SWIR) analyses. The
following sections present hints on field recognition of the major facies.

Figure 18. Stearrheated
lithocap facies (STM = 9
with native sulfur at a)
Goldfields, central Nevads
United States and at K
McLaughlin, northwestern
California, United States

Native sulfur in these sinte
was precipitated from stea|
generated above a wat
table. The Goldfields depod
is GF in Figure34.
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SteamHeateal Lithocap Facies §TM =9)

Steamheated lithocap facies 6TM = 9 forms above the water table. Quartz (including opal) textures are
commonly spongy and bedded. Native sulfur is diagnostic (Fid8raad 19a); orpiment, realgar and cinnabar also
occur (Figurd9a). Alunite, if unstained by limonite, is commonly whitewgdery, and fine grained. Pyrophyllite,
also white, can be extensive throughout this zone. Brecciation is common (ERjuixe

Figure 19. Stearrheated lithocap facies (STM = 9) at McLaughlin, northwestern California, United States
a) Lithocaphaslimonite, native sulfur anded cinnabar,andb) brecciatedand veinquartz.

Sinter Lithocap Alteration Facies (SIN = 8)

Sinter lithocapfacies (SIN = 8is commonly formed at the surface fronydrothermal features such d®t springs
and geysergHamilton et al., 2019)Jt commonly has laminated bedding from sequential deposition (Figi{raad

Figure 20: Sinter lithocap facies (SIN = 8) mound around a) geyser, b) mud patl c) terrace atVairakei,

New Zealand
Laminated beddingvisible in c),s one important characteristiof the sinter lithocap facies.

21). Boiling mud pots can generate unique textures, such as geyser eggs PRg@iasts, bedded featureend
siliceous concretions or geyser edffgmed in boiling poolshelp toconfirm an exhaltive origin. Siliceous sinter
represents higher temperate of formation than travertinearbonate the former is considerethore favourable

for gold.

Exhalative sedimentsssociated withthe sinter lithocap alteratiorare commonly geochemically enrichedAg,
As, Au, Bi, Fe, Hg, Lj,$b, WTh and TI. Bladed carbonatguartz angel wing habit, resulting from boiling,an
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important precious metaindex fossil Angel wing habit isssociated with the loss of @@nd Sspecies, which
destabilizes gold whetit is transported insulfurous thiecomplexes.flgold ispresentin the hydrothermal fluidit
cannot continue to be transported upon boilingon release of sulr and will be deposited

Figure 21. Sinter lithocap facies (SIN = 8) from Gold Hill at Rour]
Mountain Gold mine, Nevada, United States

This feature has been mined out. Sinter lithocap vary from thinly
bedded to totally massive, recrystallized quartz. The Round Mol
mine is RM in Figur&4. Laminated bedding is common.

Figure 22. Geyser eggs frol
a), b) Wairakei, New Zealanc
and c) McLaughlin, Cali
fornia, United States

Geyser eggs form at the surfg
in boiling mud pots.

Alunitic Lithocap Alteration Facies (ALN =7)

Alunitic lithocap alterationfacies ALN = Y is within the lithocap. Alunite in the lithocap, although commonly
stained with limonite, can be white and it is commonly associated with kaolinite and quartz. Confirmation by XRD
or spectral spectroscopy (e.g., SWIR) is usually necessary, but several zap tests are useful in the field (@@dwin, 20

Pyrophyllitic Lithocap and/or Hypogene Ateration Facies PPT = 6

Pyrophyllitic lithocap and/or hypogene alteration facg&e(PPT = Bspans the watettable boundary between
hypogene and lithocaglteration.When hypogeneglunite tends to be pinkin tabular crystalsCccurrence in veins
supportsa hypogene originBecausepyrophyllite is difficult to distinguish from muscovite or sericite in hand
specimen and thin sectiorXRDor SWIRs usually necessargnce identified, the habit of pyrophyllite can be
diagnostic. Pyrophyllite, as indicated in Fig9eg formsat a higher temperature than kaolinitepuscovite or
sericite. Greepchromium-rich muscovite mica (fuchsiter mariposite) is commowherethere is an original
chromium content to thehost rock Hypogene pyrophylliti@lteration is commonly associated with breccia
pipes and rhyolite domes.

Sericitel BaseMetali Bonanza Hypogene Aeration Facies (BMB = 5)

Sericitegbasemetalcbonanza hypogene alteratiofacies(BMB SALT) occursin the hypogenelt is a high-grade,
bonanza zone, throttleor boiling relatedand often underlain by a basenetalcrich zone.Ore minerals are
sphalerite, galena, chalcopyrite, sulfosalts (tetrahedrépargite), telluridesand native golar electrum.

[lli tic Hypogene Alteration Facies (ILT = 4)

lllitic hypogene alteration facies (ILT =4) is dominated by illite, but muscovite, sericitedularia, and

montmorillonite also occuillite (hydro muscovitg looks like sericite, but sometimes has a raintstween in bright
light. If the grains are fine, discrimination between the two minerals requiieBor SWIR analysi€oarse illite
(hydro muscovitg looks like muscovite except the cleavage plates are not elastic.
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Montmorillonitic (Smectite) Hypogene Alteration Facies MON = 3)

Montmorillonitic (smectite) hypogene alterationfacies MON = 3 is part of the hypogene. Montmorillonite
commonly occurs with some chlorite and carbonate. Montmorillonite (smectite) is drabgreen and swells with
added water. It can also be calcareous and fizz (as it swells) when tested with dilute (10%) byidractal.

Propylitic H ypogene Ateration Facies PRP = 2

Propylitic hypogene alteratiorfacies PRP 2) is characteristicdl a drab green from chlorite and lessamounts

of epidote Abundant pervasive or vein calcite, or other carbonategkms the rock commonly effezgce when
tested with dilute (10%) hydrochloriacid. Albite and pyrite are common. Note thdllue green(seagreen)

celadonite commonly coats fractures and vesicles in volcanicramksn rhyolita in the epithermal environment,
and is commonly mistaken for chlorite, leading some to incorrextumptions opropylitic alteration.

Barren HypogeneAlteration Facies BAR = 1)

Barrenhypogene alterationfacies (BAR = lislate and early barren veinsommonlyquartz and/or carbonate.

FreshRock (FRX = 0)

Fresh rocFRX = Yis unaltered rock. This is not necessarily obvious because some altered rock can look fresh. A
knowledge of regional rock types can be helpful, which emphasizes the need for regional geological mapping
surrounding deposits

Be sure you understand from this sectidhe generalized:

C lithocap alteration zonesand

C hypogene zone#n epithermal deposits
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IDEALIZED MODELS FOR EPITHERMAL DEPOSITS

In this section you will learn about the

([@%

gradetonnage model,

(@

generalized overview model of epithermal tops to porphyry bottoms

([@%

classic Buchanan epithermal model,

([@%

classic higksulfidation epithermal mode]

([@%

classic lowsulfidation epithermal mode)

([@%

overpressure thrustdetachment model, and

([@f

Carlin model

SevenModels for Epithermal Deposits

Fivemodelsfor epithermal deposits arthe:

gradetonnage model,

epithermal tops to porphyry bottomsiodel,
classic Buchanamodel,
high-sulfidationmodel,
low-sulfidationmodel|,

overpressure thrustietachment model, and
Carlintype goldmodel.

NogahkwdpE

1. Grade-Tonnage Model

Gradetonnage modebf epithermal gold and silver deposits iSTIABLE (after Singer and Mosler, 1984). This table
gives an overview of tonnage and metal potential in epithermal gold and silver deposits.

TABLE 4. Gradetonnage model for epithermal gold and silver deposi
Table is dter Singer and Moslef1984).

Percentile | Tonnage | Copper | Lead | Zinc Gold Slver
(million (%9 9 | 9 | (9N) (9/t)
tonnes)

Top 10 14.0 0.56 3.10 | 5.10 19.0 600
50 0.69 <0.04 |<0.10| <0.10f 4.3 130
90 0.066 C C C 0.1 18
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2. Epithermal Tops to Porphyry Bottoms Model

A generalized overview model of epithermal tops to porphyry botton(iBigure23) ismodified fromWhite and
Hedenquist (1995hand Hedenquist et al. (2000)his model shows the depth relationship between the epithermal

~1,000

meters

VOLCANO-MAGMATIC
HYDROTHERMAL

crater lake

GEOTHERMAL
hot springs

Low. ' o 0 0 NG NN Ceeeet ‘ : : sulphidation

sulphidation : (Au, Cu)
(Au, Ag) E
Volcano- '-“ PORPHYRY
sedimentary X
terrane “‘ (Cu, Mo, Au)
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609 o? / % (a]
Q ¥ Intrusive o
s luton >
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Figure 23. Generalized overview model for levand high-sulfidation
epithermal deposits

Low-sulfidation epithermal deposits are dominated by a geothermal
spring environment. Higlulfidation epithermal deposits have a volcal
magmatic signature and are closely associated with the lithdtalp. blue
arrowsrepresent geothermdllow. Dark blue arrows represent magmat
hydrothermal flux. Deposit localities are indicated by brown stipp
shading. Model is modified from White and Hedenquist (19%md
Hedenquist et al. (2000).

deposit4ps and porphyry deposit
bottoms. Lowsulfidation epk
thermal deposits are dominated
by a geothermal hot spring
environment. Highsulfidation (or
sulfateric) epithermal deposits
have a dominantly volcanc
magmatic  signature conse
quertly, they generally form at
higher  temperature. Inter-
mediatesulfidation  epithermal
deposits are recognized.

Groundwvater plays an important
role because it can a) develop
convection cells upon heating from
igneous sources, b) scavenge ore
metals from country rock through
which it passes, c) mix with
magmatic, ore metal components
(Figure23), and d) abruptly change
the temperature of hot fluids by
mixing (Figure3), all of which can
promote mineral precipitation.
Groundwater is particularly
important in  low-sulfidation
epithermal depositbut also can be
involved in higksulfidation
epithermal deposits, as suggested

by Berger (see insehtteresting speculationn the role of topographgnd prevailing rain directionsin lithocaps,
the water table defines where downward percolating water causes supergene alteration to meet the horizontal
plane at the top of hypogene alteration. Water tables, related to paleoclimatology and-paegraphy, fluctuate

in level, which leads to complexities.

Interesting speculation on the role of topography and prevailing rain directions

Most mineralization in the Goldfieldgiold campin Nevada, Wited Sates (Figure26 andGF in Figur84), occurs
on the western side of a volcanic complixa lecture years ago at The University of British ColurBlyiamn Berge

of USGS Menlo Park, Californiajtdd Sates, speculated that at the time of ore formation there would have bgen
a volcanic edifice@nsequently, mosbf the rain would have fallen on the western side of the volcanic mounjain
because prevailing rains would have been from the west. This wouldifdwarothermal circulation on th
western side of the complexcoincident with the location of most of the deposits. Although speculative, Jthis
indicates why pale@opography and paledimatology are likely to be significant exploration parameters.
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3. Classic Buchanan Model

The Bucharan model (Figure24, after Buchanan1981)was one of the first widely accepted epithermal deposit
models, and it is still often referenced. The Buchanan medgbhasizes occurrence of bonanza gohdl silver
grades at thehrottle or boilinglevel(Figures 10 and24). The lithocap is characterized by opaline silica and banded
chalcedony in sinter terraces and a giiascap, which is underlain by alunite stockworall originally above the
water table.At depth pyrophyllite becomes more common because of magmatic temperature increase. Bonanza
zone mineralization is characterized by bandedofotm, crustiform quartz, angel wing carbonate and/or quartz,
adularia, native gold, native silvezlectrum,and tellurides. Basenetal zone mineralization, below the thrddt
level, is characterized by massive quartz and the {mastl sulfideswhichinclude arsenopyrite, sphalerite, galena,
sulfosalts (e.g., tetrahedriteennantite, enargite) and chalcopyrite. The water table divides the upper lithocap from
underlying hypogene mineralization, but its location changes and thus related features ceonmipdex. The
potential importance of breccia is indicated by its occurrence within the model.

100 - 500 Figure 24. The Buchanan mode
o meters N for epithermal deposits

—_’;"/_—:—_\’\ The Buchanan mode&mphasize
e N L e s occurrence of bonanza gold a
2 e —— — —— LimHo. | Silver grades at thethrottle or

CAP boiling level. Abbreviations:AL =
alunite, BRXX = breccia (black

gy ALUNITE STOCKWORK : speckled patternlCA = calcite, Cl
Fath= 2 — = ginnabar, CL = chlorite, EP =

TABLE / epidote GL = galena IL = illite,

KA = kaolinite, MS =
FRESH muscovitésericite OR = orpiment|
ROCK (andrealgar RE), PO = pyrrhotite,
PP = pyrophyllite, PY = pyrite, QC
= quartz chalcedonyQO = quartz

&2 BRNANA RNE opal, QZ = quartz,SL = sphalerite

SS= sulfosalts €.9.,tetrahedrite

|$I_?I'RL(')"1‘$L'ING L tennantite and enargite)SX =

sulfides and S* = native sulfur.
;i_l;lﬁczg%iNTBASE Numb_ersO to 9 correspo_nd tq

alteration facies summarized
TABLES9 and 10. Model isafter

FRESH Buchanan(1981J).
ROCK
Lt
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4. High-Sulfidation Model

Highsulfidation epithermal depositsat Goldfields (GF in Figudd), southwestern Nevada, United States, are
illustrated in Figure25 and 26 The district has been described by Berger and Bethke (1985) and Rockwell (2000).
The highsulfidation model in Figurg5is after Arribas (1995) and Sillitoe (1999). Dome lamination and breccia has
0SSy IRRSR (2 GKS Y2RSf ol &aSR 2y (K SrheniaeKraphel that iF A St F
forms at thenear surfaceop above a porphyry deposit bottom at depth; however, it is possible that the main
features in the model of Figui2s are related directly tahyolite domes and that the vein(s) at depth could relate

to the structure, which guided dome emplacement, rather than to an underlying porphyry deposit. In the absence

of a rhyolite dome, especially if the lithocap has gusano texture in-teigiperature pyrophyllite (l§urel6), a
porphyrytype deposit at depth ipossible

The dominantly magmatic componentesults in a high sulfur content. One of the key manifestations of the
sulfurous character is the extreme acid leaching that results in spongy quartz (Fiyw@ed alunite. The rotten,
spongyand porous quartz is all that is left behind from extreme sulfuric acid leaching that even removes relatively
stable aluminum; however, the spongy quartz can be rich in precious metals.

QZ VEIN

STEAM HEATED &
ACID LEACHED: QZ, $*

..............
AA AN A HoaTA A ATA A\

\\\\\\\\\\\\\

SPONGY QZ

* = RHYL AUTO-BRXX

PORPHYRY

~ 500 METER
L e ) AT DEPTH??

Figure 25. Classic highsulfidation epithermal model
The highsulfidation model emphasizes higher grades
gold and silver in rotten, porous, spongy quartz resi(
from extreme acid leachindqpome lamination and auic
brecci a has been added
experience with rhyolite dome#bbreviations: AL =
alunite,BRXX = breccia (AuteBRXX = auto-breccia),IL
=illite, KA = kaolinite, MM = montmorillonite (smectite]
QZ = quartz, RHYL = rhyolite and S* = native sulfur.
Numbers 2 to 8 correspond to alteration facie
summarized in ABLES2 and 3. Model is after Arribg
(1995) and Sillitoe (1999).

Figure 26. Features of the higisulfidation
epithermal deposits at Goldfields, southwest:
Nevada, United States

a) Overview of the town of Goldfield, Nevada, v
old workings in the background on the west sid
the original volcanic complexd) Spongy quart]
indicates extreme acid leaching (faciekdN = 8 of
TABLES2 and 3) that is characteristic of hig
sulfidation epithermal deposits (Figug®). The
Goldfields deposit is GF in Figuré4.
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Porphyry intrusionthat is inferred at depth(or as impliedin this Figure25 cartoonmodel, in the rhyolite dome
alone) provides the magmatic hydrothermal fluidshd high temperature necessary to generate pyrophyllite
Gonsequently, in Figurs, the main vein fracture (rednay have been a guide intrusion of the rhyolite dome
rather than a link to an underlying porphyry deposit.

Rhyolite domeshave margins that are often flow banded feature that sometimes enables determination of
upward and lateramovement The core is commonly massiveit changesupward and outwardfirst becoming
increasingly flowbanded due to viscoushyolite expansion on intrusiorthen finally becomingauto-breccia
(fragments ofdome rhyoliteonly inarhyolitic matrix)due tothe explosive release of magmatic fluids. The breccia
can be mineralized and hot enough for pyrophyllite alteration adjacent to the dome (aluAitid 7] and
pyrophyllitic PPT= 6] alteration). The direction of movement the flank of a dome can point toward a laterak high
sulfidation epithermal deposit.

5. Low-Sulfidation Model

The lowsulfidation model (Figure27) is after Hedenquist et al. (2000he model emphasizes the important role
of appropriately permeable horizons that become mineralized. The centre of the ore zone corresponds closely to
that in the Buchanan model (Figu2d).

o . . . .

g 100 > 500 meters Figure 27.  Classic  lowsulfidation
Aog . s epithermal model
Low-sulfidation model emphasiz{
trapping of higher grades of gold a
, R silver in favairable, poroud
WATER X P ‘ stratigraphic units.Abbreviations AD
* = adularia, AL = alunite, BA = barite,

CA = calcite, CB = carbonate,Cl =
cinnabar,CL = chlorite, EP = epidote
FU = fuchsite (mariposite)lL = illite,
MM = montmorillonite (smectite)MU
= muscovitésericite (white micas)PP

PERMEABLE/
POROUS

UNIT = pyrophyllite, QC= quartz chalcedon
REPLACEMENT ORE (agate QG), QO = quartz opal, QZ_ =
ST RGN VEIN, CRUSTIFORM & DRUSY: quartz SX = sulfides andS* = native

QF, QC.CR,AD, BA, FU, 8X sulfur. Numbers0 to 9 correspond tq
alteration facies summarized
TABLES9 and 10. Model is aftd
Hedenquist et al. (2000)

CAUSATIVE INTRUSIONS
0-1

STEAM HEATED: KA, AL, $*, Q0 SINTER: QZ, QC

QZ, QC, KA, AL

Round Mountain mingFigure28, and RM in Figur84; Berger and Bethke, 1985) in central Nevada, United States,
is a classic example of a lewlfidation gold deposit, as are the famous feulfidation epithermal gold deposits in
the Comstock District, near Reno, northwestern NevadatedrStates (Hudson, 2009).
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Figure 28. Lowsulfidation epithermal deposit, Round Mountain, central Nevada, United States
The people at the bottom of the pit in b) give an indication of the huge size of this deposit, pictu@dginally
there was a sinter cap at the top of the dep@3sgure 21). The Round Mountain deposit is RM in Figaede

6. OverpressureThrust-Detachment Mockl

Theoverpressure thrustdetachment modelkeeans to be related to the soda catirust faultingmodelpopularized

by M. King Hubbkert (Hubkert and Rubey, 1959)h€ soda casthrust modelis based on the movement ah empty,
cold,pop canplacedupside down on a gently inclined sheet of glass. Astlggcan warmsmoisture condensation

from the outside of the can seals the contact between the can and the gf@sair expands inside the camdthe

buoyed can slides down the gently inclined glass because the water interface has no shear strength. The translation
to thrust detachmentfaults (Figure29)is that hydrothermal pressure buiap (overpressure raises the upper plate)

in the lowangle fault plane allows massive neovent of the upper platdecause of the reduction in normal force
friction and the lack of shear strength in the fluighe hydrothermal fluid in the thrustanalsobe responsible for
mineralization.

Potential sites for epithermamineralizationrelated to hydrothermal fluids responsible for thrust detachment in
shallow continental environments are shown in FigR@ewhich is nodified from Wilkins et a1986). Epithermal
deposits can form (with reference to Figuze).

91 on the plane of the thrust detachment fault)(

1 inlistric faults zones splaying from the thrust detachment fa2)it (

1 as veins in fold structures related to the structural forces of the thrust detachment fatid4), and
1 by replacement in amenable beds above or below the plane of the thrust detachment4auitl 6).
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~500
meters

SURFACE

Figure 29. Overpressure thrustetachmenmodel
Mineralization results when hot brines are expelled from a synorogenic basin or from intrusive rocks
thrust detachment in a shallospithermal environment. Faults are drawn as thick blue lines. Mineraliz
(red lines and zones) can occur in all numbered locatid@rson the plane of the thrust detachment fa2ik,
in listric normal faults and associated breccias; as replacement in fold axis veins (and in extension fraci
at right angles to these4,= as replacement in permeablggrous,and reactive unitsand 5 = extending intj
the footwall of the thrust detachment fault. Model is modified from Wilkins et al. (1986).

Reactive or altered host rock, structural dilation and associated brecciation favour ore mineralization. Hot brines
(potentially with gold chloride or sulfurous gold theemplexes) in thrust detachment faults can be expelled from
the synorogenic basementy perhaps from spatially related intrusions.

Regionalmappingaround the ore deposit is necessary to establish the possibility tlutachmentthrust fault
might be important La Jojoba in northern Sonora, Mexico, and Bullfrog in southwestern Nevaited Sates (BF
in Figure34) are possible overpressure, thrus¢tachment faulgrelated epithermal gold deposits.

TheLa Jojobapithermal gold minein northern Sonora, Mexictias gold mineralization in lograde metamorphic

rocks in an upper plate, which has been thrust over hiighergrade metamorphic rocks of the lower plate. The
thrust detachment surface does not have significant gold mineralization, but it is marked by altered gouge and
breccia zones up to about Ifetres in thickness. It is not entirely clear that the mineralizatioepghermal.
Although there are some vuggy textures, there also is potassic alteration aigreto porphyrystyle gold
mineralization. The metamorphic host is, of course, not common for epithermal deposits.
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The Bullfrog epithermal gold
mine, shown in Figur&0, is in
southwestern Nevada, hited
Sates (BF in Figur&4).
Regionally, as shown by
mapping, the mine area is
underlain by a thrust
detachment fault point 5 in
Figure29). However, the
mined veins are steep
(Figure30a), apparently
corresponding to the listric
normal faults point 2 in
Figure29). The angel wing
habit (Figure30b) is
diagnostic of boiling
Figure 30. a) Steep normal vein fault with b) angel wing quartz at the Bullfl consequently, the  gold
gold mine, southwestern Nevada mineralization ocCurs
a) A normal &ult at the end of the open pit likely tegusriferousbrines from arl pacause of boiling in a listric
underlying thrust or detachment fault, which is mapped below the open pits
area.b) Angel winghabitis abundant throughout the mine area and indicates
veinfault boiling is an important cause of gold depositibhe pictures are frorn
the Bullfrog gold mine, southwestern Nevada, United States (BF in RBgiwre

normal fault that is
apparently related to an
underlying thrustdetachment
fault.

7. Carlin-Type Gold Model

Carlintype gold depositsin northern Nevada contairmore than 5,500tonnes of gold,the second largest
concentration of goldn the worldafter what most consider to be palgadacer gold deposits in South Africa. Gold
occurs as finely disseminated, micron gold in decalcifeetl silicified carbonaceotsilty limestone.
Characteristically, values of gold are higher thzose ofsilver, arsenic, antimonynercury,and thallium; values of
lead and zinc are generally low. Gold as solid solution/replacement in pyrite or-asistudmetre particles results

in refractory ora unless oxidized by supergene processes (oxidation facilitates heap leadiirsg))rocksare
mainly carbonaceoydower Paleozoic miogeoclinal carbonate rocks. Degyping abyssalhigh-angle normal
faults are impotant fluid pathways and guides to hydrothermal fluids from which ore mineralization was
precipitated. The presence ofimpermeable rocks in overlyintdprust plates, such as those above the Roberts
Mountain thrust (Figur&4), mightpromote lateraldispersion of mineralized fluids into reactiliest rocksn the
underlying plate Intense decalcificatiorfrom acid hydrothermal dissolution of carbonate rotdads to the
development of clapse breccias, which can simultaneously or subsequently become mineralized. Silicification and
jasperoid in central parts of the depogitn be associated with quartz, illite, kaolinite and montmorillonite
(smectite; Kuehn and Rose, 199€harlintype deposits are not restricted to Nevadaniteéd Sates, but occur in
various locations around the world. They are well documentddaations such a€hina Jinfeng in southwestern
ChingChen et al., 2011y ukon, Canada (Atic2 f R Q aypé depeditsioyf the norisastern margin of the Selwyn
Basin in centrakastern YukopArehart et al[2013) andIran (Zarshuran in northwest IraRaravarzar et aj2015).

There is no universally accepted genetic mod8luggested models make connections to magmatism, regional
metamorphismor regional extension. Although many have described Chptie deposits as epithermal (e.g.,
Radtke, 1985}his is debatable however, they are includeds epithermahere becausemostare young (Eocene

to Oligocene 42 to 34Ma[Muntean et al, 2011]), drusy quartz veins are common and intrusive rocks (e.g., dike
in Figure33) were intruded near the surface ¢ 3 kilometres). They are not hosted in volcanic rocks,isas
characteristic of most epithermal deposits discussethis guide Instead they form in carbonaceous carbonate
rocks that formed along hingaes where basinal facies interfinger with platformal carbonate rocks (FRfyre
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The origin of gold is magmaticas argued convincingly by Muntean et al. (2011). Specifidally,S | dzi K2 N
speculative interpretation is that the treftides of the gold deposits (e.qg., the Carlin trend tBattle Mountain
trend; Figure34) mark abyssal faults and underlying intrusive gaddrcetrends that intersect the carbonaceous
trapsformed at the Nevada hindae. Thus, the Carlitype gold deposits occur at the intersection of a) the mainly
underlying northwestrending intrusions and structures thaburcehydrothermal gold, with b) the nortisouthg
trending pyritic carbonaceous hindme trap rocks that promote gold replacement and gold precipitation by
coupled oxidatiorreduction of carborand gold in hydrothermal solutionEQUATIONSEto 4). It must betaken

into consideratiorthat Hofstra and Cline (2000) state that carbon played little or no role in gold precipitation in the
Carlintype deposits in Nevada, nited Sates, although the carbonaceous material could have been a source of
sulfur used to transport gold in hydrothermal fluids to sites of ore depositionontrasthowever, Gu et al. (2012)
note that the Youjiang basin isouthern China contains many Carliype gold deposits and abundant paled
reservoirs. They state tha®he close association of Ca#lyipe gold deposits and palemil reservoirs, the
paragenetic coexistence of bitumen with estage minerals, the presence of abundant hydrocarbons in the ore
fluids, and the temporal coincidence of gold mineralization andrésyarbon accumulation all support a coeval
model in which the gold originated, migrated, and precipitated along with the hydrocarbons in an immiscible, gold
and hydrocarborbearing, basinal fluid syste@Hulen et al. (1998) note thaPhe Carlitype disseminated gold
orebodies of Yankee basin in the southern part of the Alligator RiiBein Figur&4] mining district in Nevada,
United Sates, contain widespread oil as smears, oppace fillings, and fluid inclusions in sgnd premineral
calcite veingFurthermore, fractal modéng of the Zarshuran Cariype gold deposit in northwest Iraindicates

that gold mineralization correlates positively witllack rock (93.48%), jasperoid (92.5%), carbonaceous rock
(52.90%), fault gougeand breccia(Paravarzar et al., 2015Additionally, Large et al. (2011) suggest that
carbonaceousedimentary rocks in reducembntinental margin settingare a feasible source for gold and arsenic
in Carlintype deposits.

The Carlirype model proposed heremphasizes the intersection of an intrusive/structural getdirceand a
carbontrap in carbonaceous, phosphatic rocks associated with a hinge(Figure34). The hydrothermal fluids
emanate from long linear intrusive trends that also follow deep, abyssal structural zones. Thus, the linear Carlin and
Battle Mountain trends ifrigure34reflectthe intersection ofinear intrusiveand associated deep structuta¢énds,
which commonly show up asolumerically minor intrusions guch as theminor dike in Figure33) that source
introducedhydrothermally transportedjold. Mostgoldin Nevada occuwalongthe hingeline between a westerly
basinand aneastern platform. The hingaeis marked bya) locally petroliferous, basinal, blackrbonaceous shale
interfingered withcontinentalshelf carbonaceous carbonates (Fig@#4, b) SEDEXarite and sulfide deposits, c)
phosphatic variscitdsee insertHingeline markerby the green phosphate mineral varisgiend turquoise and
locally d) uraniferousphosphatic mineralsuch asyellow autunite and green torbernite. Thudet hinge line
becomes the carbortrap in which the carbon is available for coupled oxidatieduction of goldsourcedas
hydrothermal fluids from underlying and minor intrusive rocks along major structs@sirisert Associations
among carbon trash, uranium and gold at Bald Mountain Wash, central Nevaited$®ates). Gold and arsenic
can also replace pyrite, whichcommonlyabundant in carbonaceous carbonate rocks. At this intersectisnufce
andtrap, the resulting geochemical associations with Caylpe deposits are likely to be

1 intrusivehydrothermalcrelatedgold greater than silver, arsenic, mercuisjurium, and thallium
9 black shale antiingelinecrelated phosphorous, vanadiuraraniumand petroleum and
9 Dbasiral brine andSEDEXepositrelated silver, barite, leadinc,and cadmium

Hinge-line marker by the green phosphate mineral variscite

The potential importance of hingdinesas a carbon trap that facilitateahe formation of goldvas brought to my
attention during two Nevada field trigfsponsored by the Great Basin and Western Cordilleran Spmie2903 and]
2005that visited major Carlintype depositsThe most obviousvidenceof carbon enrichmentshown in Figure81
and32, is the black carbonaceous charaatéthe carbonates exposed in the open pissecondobservationwas
that most examples of goldch core that were set out contained the green, wdagking phosphate mineral
variscite. Variscite is a sgmnécious mineral that is commoniy the Phosphoria Formation dfie western United
Sates. ThePhosphoria Formation formed at aarly Permian hingdéine, where upwelling from an oceanic bagn
was a result of hot, continental shelf environments; such upwellings are marked by intense hi@otjidty. This
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anomalous organic activity at a hingjee is akin to that dfthe arid, southwestern coasts of Africa and Sogith
America today. In these areas (as in similar environments in the past) prolific biogenic activity is marked bylfish and
other sea life populations feeding in upwelling cold, oxygamd nutrientrich Antarctic water. Resulting rocts
formed in these zones do not have a high clastic component because of the astpreffclimatebut
characteristically have a high concentration of skeletal phosphate, as wedtasnrich petroleum,uraniumand
vanadium Thusthe presence ofrariscite in the Nevada,Hited Sates, gold deposits is a good indication that the
rocks containing it also will have a higarbonoil trap component that is spatially related to a hinljee.

Figure 31. Northumberland mine, a&arlin-type deposit in central Nevada, United States
Photos of the Northumberland pit (NU in FiguB4) taken in 2005. The black colour of thast rockis noteworthy
and clearly indicates that it is carbon rich. Note the supergene limonite after disseminated sulfides, main

Figure 32. An open pit wall at the Mother Lode Carlitype deposit irsouthern Nevada, United States
The photos of the inactive Mother Lode pit (ML in FigB&e taken in 2003The dark carbonaceous compon
of the carbonate is appareint both the a) general and b) more detailed views.
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Hinge lines mark crustal deep, abyssal structures that mightso be associated with intrusions with unique
properties such asssociation witlgold and silver (e.g., Round Mountain goithe [RM in Figur84]and Tonopah
silver minein central Nevada, United States [photograph on back cdvEney also & well known for associated
SEDEX deposits (lead, zinc, barite tsijlespecially in structurally relatesstcond or third-order basins (in Nevada
United Statessome deposits in the Carlin trend have SEDEX characteristics that have been overgtntgamdy
the SEDEXedded baritebelt is well known).

Justification for the Carliype gold depositmodel, as proposedis supported by the following major features in
Nevada, Wited Sates, as shown in Figurg4:

1 The northsouth band that marks the Nevada hinlijge (diagonalblacklines after Stewart 1980) hosts

most of the gold in Nevada.

Figure 33. Single mafic dike in the opel|
pit of the Mother Lode Carliatype deposi
in southern Nevada, United States

The dike is the brown outcrop near t|
centre of the top bench; it also cuts |
bench face in the level below it. G¢
grades inreconnaissance samples near
dike were higher than those tak
randomly in the pit. The Mother Lod¢
deposit is ML in Figur&4.

9 The Nevada hingkne formed east of the continental margin, as
indicated by (Sr/Sr= 0.705 (Scott et al.,, 1971), and marks the
transition of rocks from carbonaceous, basinal facies to platformal
carbonates; upwelling along the hindjae is driven by winds from
the west(platformal carbonates indicat@ hot continental climate,
assuring onshore winds) is organic productive and leads to
enrichment inbiogenic carbosrich petroleum, phosphatgvariscite,
turquoise), vanadium andranium concentrations (cf. Phosphoria
Formation[Gulbrandsen, 1966]).

9 The Nevada hingdine represents a rgjor structural, abyssal,
crustal break that dividelsasinal (deep) shaldch faciedo the west
from carbonaterich platformalfacies to the east.

1 The locus of the Nevada hindjae moved back and fortifrom
eastto west, from Ordovician to PermiafStewart 1980, and the
resultingcarbonaceoughosphatic upwellingelated rocks formed a
band up to about 108m wide eastto west.

1 TheRoberts MountairFormation a commonhost rockto Carlin
type gold mineralization at the Nevada hintjee, is carbonaceous
carbonate.

9 The Nevada hingdine is also marked bySEDEXdeposits,
particularly Nevada baritphosphate lodes, that form a nortbouth
band of occurrences (area outlined in purpliger Cole41994); this
barite band is confirmed, and somewhat expanded, based on
analysis of government silt geochemical barium data (pwstpled
pattern; NURE: National Uranium Resource Evaluation regional
geochemical survey by the United States Geological SUd®@5

9 Famous gold trends, like Carlin and Battle Mountain (black dashed
lines), probably represent abyssal, structural trends anderlying
plutonst perhaps including gold porphyry systemisdeptht that
facilitate intrusion of small highevel intrusive rocks such as dikes;
hydrothermal solutions from the intrusive rocks provide the gold

whichis precipitated by a) reduction of gold coupled with oxidatiorcafbon in the hingdine trap 6ee
equations3 to 6, and the insertAssociationsamong carbon trash, uranium and gold at Bald Mountain
Wash, central Nevadaand b) replacement of authigenic pyrite.

9 Becausenost Carlirtype deposits are in the footwall to the Roberts Mount#limustt the eastern limit of
which is shown (green thrusgine)t there is a possibility that the thrust functioned as an aquiclude that
forcedthe underlying hydrothermal system to spread laterally to form larger deposits.

f Most of the Uhited Sates3 2 S NY Y Sy (i Q@SGHthdt liaves ICafliypeSsignaturered starsin
Figure34; based ordiscriminantfactorsusingRDVM analysi$sodwin, 2016) are in theand marking the

Nevada hingdine.

49



S <

o -

42N - o 3 W - o L i R s "'.‘\
RGN . s SRS ] L@ A" Easternnmost

rRobertsMtn

kilometres

Figure 34. Assaciation of Carlirtype gold deposits in Nevada, United States, with the hinge line and barits
Dashed black linesnark the Battle Mountain (BATTLE MTN) and the Carlin (CARLIN) trends of Ciie
depositsYellow crosses = major deposits from MRDS (USGS) database. Labelled gold depdsRs=
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Figure 34 continued: Alligator Ridge,BF = Bullfrog, BM = Bald Mountain WashCA = Carlin, CM = Cove

McCoy, CZ = Cortez FC = Florida Canyon GB = Gold Bar GC = Gold CanyonGF = Goldfields GP =
Goldstrikg Post GQ = Gold Quarry GT = Getchell JC = Jerritt CanyonMG = Marigold, ML = Mother Lode
NU = NorthumberlandPN = Pinson PP = Pipeling RB = RosebudRC = Relief CanyorRM = Round Mountain
SL = Sleepeand TS = TuscaroraRed lines =Carlin-causative intruiwe age contours (25, 36 and ¥a from
Muntean et al. [2011]). Diagonal black lines = band representing the Nevada hinge line locations fr
Ordovician to the Permian (Stewart, 1980). Purple outline = sedimentary exhalative barite with phd
occurrences (Coles, 199lue dashed line = Craton margimitial strontium ratio 0.705Scott et al., 1971
Green thrust line =easternmost extent of Roberts Mountain thrusppfd purple areas anomalous bariun
based on NURE (National Uranium Resource Evaluation) regional geochemical survey by the Unite
Geological Survey; USGSilt geochemistnand red stars = silt samples with a Cariype signature (RDVN
analysis [Godwin, 2016] of NRE silt samples). Background is colecontoued digital elevation

Thegeneralized model for Carlitype deposits
presented in Figur85, is modified from Robert
et al. (2007). Key features of the model are

1 Host rocks carbonaceous limestone
(labelled Carb. LIMS and carbonaceous, silty
limestone (abelled Carb. LMS) are common
hosts to Carlirtype gold ore. Siltstondgbelled
SN, without a carbonaceous componeris
generallynot well mineralized.

1 Sructure: deep, abyssal, normal fault
structures (black, wavyline) provide the
hydrothermal gold source access to the
carbonaceousarbonatetrap; the intersection of
these normal faults with the base of thrust fault
aquicludes might be particularly important.

1 Intrusive rocks intrusive rocks are rare
and sometimes only represented by dikes of

minor dimensions (brown in Figur88 and 35).

Figure 35. Model for Carlin-type gold deposits These dikes, and assumed plutons at depth, are
C- = decalcificationof carbonate rock with volume shrinkal tha source of the goldbearing hydrothermal

3?;28?&?% Ezlélé'igg I(rr]e dpottr(ia;r?alltlaé) m\'/\?;ﬁl'zign ngaﬁ solutions that are structurally guided along faults
gies), to the carbonaceousarbonatetrap.

mineralized QJ and QZ = jasperoid quartz and silicifie| . e
Q Q Jasp g i General alteration intense decalcification

quartz with associated illite, kaolinite and montmorillor labell ¢ id h h I
(smectite); Carb. LIMS = carbonaceous limestoneCarb, | (9reenareas labelled) from acid hydrotherma

LMSI = carbonaceous silty limesne: andSI SN = siltstone| dissolution  of — carbonate rock leads to
Wavy black line= high-angle, abyssal fault zone with acc| developmentsanded carbonate rock and

to underlying plutons, including, perhaps, gold porph collapse breccias (red triangles). The collapse
systemsBrown band = EocenéOligocene intrusive rock{ breccias can become mineralized durorafter
commonly of minor volume within the Cartype depositq formation.

Red outlire: = Carlin-type micram gold mineralization witl] q Central alteration quartz silicification in
associated auriferous pyrite and associated arsemtmony| central parts of the depositan be associated
and mercury minerals, but a general absence of lead and wjith vuggy quartz, illite, kaolinite and
minerals. Figure is modified from Robet al. (2007 by the| montmorillonite (smectite Kuehn and Rose
addition ofa dike andthe carbonaceous componerib some [1992).

of the carbonate rocks. 1 Qore alteration jasperoid, formed by silica

replacement of carbonate, resembles jaspier
or chert formed by sedimentary processes (distinction is discussed in the idisgstfor distinguishing
jasperoid from chejt
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1 Mineralization commonly associated minerals within the ore zotie (area enclosed by the red line) are
arsenopyrite, barite, calcite, carbagraphite-petroleum, cinnabar, goethite, gold greater than silver (native
and in solid solution: micraetre or invisible), illite, jarosite, kaolinite, limonite, montmorillonite (smectite),

orpiment, pyrite (arseniangrystallinequartz, jasperoidquartz, realgar and variscite. Baseetal minerals
like galena and sphalerite are rare.

Hints for distinguishing jasperoid from chert

Jasperoidis a dense, white to greghertlike siliceous rock in which chalcedonyavyptocrystallinequartz has
replaced carbonate. It is classically associated with Ggpimgold deposits. The trick distinguishng jasperoid
alteration from primary, sedimentarghert Lovering and Hamilton (1962) note several distinguishing crit
compared tochert, jasperoidcommonly has a) vuggy texture visible in hand specimen, b) phaneritic crystallir
thin sections of quartz the largest grain diametemisre than10 timesthe smallest grairdiameter), ¢) abundan
goethite, jarosite and pyrite (or pseudomorphahd d) anomalous amounts of As, Sb, Hg, Ba, Tl, Bi and Fe (
and locally Auand Ag Thus, wholeock geochemical analysis of suspected jasperoichisanted Nelson (1990
analyzed a database of 272 samples of jasperoid by factor analysis, which indicated that it is anomalous in
Ba, Mo, Cr, Co, V, Cd, Ni, U, Zn and Pb. Significantly, metalliferous marine black shales are enriched in thes
and are spatially related to Carliyppe golddeposits.

bria
ty (in

1.59%)

Li, P, Mn,
b element

Be sure you know from thisection

)

the seven basic models for epithermal deposits,

)

how epithermal deposits rank by tonnage and grade

)

the generalized epithermal top and porphyry bottom model,

([@%

what a high sulfidation models,

)

what a low sulfidation model is,

)

what an overpressure, thrustdetachment model is, and

)

trap.
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SUMMARY AND CONCLUSIONS FOR EPITHERMAL DEPOSITS

In this section you will find

C atabulation of general characteristics of epithermal depositd

C asummary of typical epithermal alteration facies.

Summary of GeneralCharacteristics for Epithermal Deposits

Descriptiors of epithermal depositsin Part 2 ofthis guide have emphasd commonsense principles applicable

to field exploration without recourse to fluid inclusion microscopes, isotopic analyses, thin and polished section
microscopy XREXRDor spectral imaging he framework for describing the geology and alteration of epithermal
depositsincludes the following components:

1 Key features of epithermal depositsa) mmmonly associatethiost rocks b)the importance of structure
c)the practical chengal and physical constraintsnd d) seven mudbok-for index fossils

9 Qassic alteration models for epithermal depositgeneralized, classit lithocap alteration zonesand
generalized, classical hypogene zones

1 Idealized models of alteration in epithermal deposita) the classic Buchanan model, the classic high
sulfidation modeland c)the classic lowsulfidation model.

1 Theoverpressurethrust detachment mode] whichemphasizes a) thsignificance of thesodacan model
of thrusting, b) the elationships of epithermal deposits thrust detachment faultsand c) the significance
of boiling in listric normal faulsplays from the thrustietachment faults

1 TheCarlintype model whichfollows a) the gneral charateristics of Carlistype deposits, b) a mgmatic
source for golebearing hydrothermal solutions, c) arbonaceous trap that precipitates gold from
hydrothermal solutionsd) the brmation of Carlirtype deposits athe intersection ofsourceandtrap, and
e) ageneralized model.

The main characteristics of vein or butkineable preciouanetal epithermal ore depositsare summarized in
TABLB, which is a duplication ofABLH. Note that mineralization can be confined to akeoots within veins or
more generally dispersed in butkineable deposits.

TABLE 5. Summary of main characteristics of vein or bufkineable preciousnetal epithermal ore deposits
This ableduplicates TABLE 1. Descriptions related to Carlitype deposits are in italics.

Feature Description

Host rocks Commonly andesite and rhyolite of Tertiary age. Volcanic rocks are commonly
calalkaline, but alkaline associations are alsportant. Intrusive and metamorphi
rocks are rarely involved. Aquitards that guide hydrothermal fluids, and perous
permeable units able to focus precipitation and host precious metals, can be
significant. Breccias are particularly significant becausg #ne porous and
permeable, and form and host ore from mineralizing hydrothermal fluids; highe
grade ores are commonly hosted within epithermal breccias.

Carlintype deposits, hosted in carbonaceous carbonate r@@amonly collapsed
and decalcified)are arguably a type of epithermal deposit. They are treated as §
here

Mode of occurrence Modes include veins, lamellar quartz veins, stockwork, pipes and breccias,
disseminationandreplacements. Veinare commonlyerratically discontinuouand
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tend to be complexly, upwardly branching.
Carlintype mineralization includes veins, replacemamd collapselissolution
breccia.

Dimensions

Vertical extentsare commonlya maximum of @00m, and typically, 20€800m.
Horizontalextents have a maximum of aboud@0m, and typically, 150 tod00m

in operating mines. Underground mining widths are typichdg m (or more)
whereasopen pits may mine zones of stockwork or sheeted veins tensoi@ than
100m wide. Oreshoots are often horizontally related to a water table, but they ¢
also be cigar or lens shaped of variable orientation. As a rule of thumb, ore shqg
within an individual vein commonly involve only afiféh to one-tenth of the
volume of the hosting vein, and the location of the ore shoot is commonly
controlled by the intersection of the vein with a crossing structwiich is
commonly another veinThesize and shape of ore shoots can be related to dilati
related to movement on ngplanar faults.

Structural setting

Structures and breccias may be related to maars and calderas. Regional dilatig
areas from putapart structures are important. Movement on bent faults commol
form openings filled by veinQuartz flatmakes are horizontal veins common to
some gold deposits.

Thrustdetachment zoneand related structures especially listric normal faults
can be significant, and interpretation demands a regional mapping framework.
Carlintype deposits occur characteristically at the intersectioteap linear faulting
associated withntrusivegold sourcewith a carbonaceousedimentaryhingeline
trap.

Gangue minerals

Common gangue minerals include adularia, barite, calaitgelwing calcite
carbonate, fluorite, manganessad, pyrite, pyrrhotite, quartz, quar@methyst,
angel wingquartz, quartz(chalcedonyor agate, opalinequartz, rhodochrosite,
sideriteand zeolite.

Carlintype gangue includes calciferganicrich and collapsdecalcified) quartz,
jasperoidquartzand variscite.

Ore minerals and

secondary minerals.

Common ore minerals include acanthite, arsenopyrite, bindheimite, cerargyrite,
chalcopyrite, cinnabanative electrum, enargite, galenajativegold, goldsilver
tellurides (and selenides), limonite, marcasite, orpiment, pyrargyrite (proustite),
pyrite, pyrrhotite, realgar, scoroditaative silver, sphalerite, stibnite and
tennantite-tetrahedrite (freibergite if silverich).

Type models

Type models detailed are Buchanan, hagitfidation, lowsulfidation, Carlirtype
and thrustdetachment and related structures.

Index fossilsor
epithermal deposits

Sevenndex fossilslescribed here are a) adularia, b) amethyst, c) anged calcite
or quartz, d) black matrix breccia, ghgurotexture,f) gusano texture in quartz
pyrophyllite lithocap and g) spongy resicgiartz lithocap.

Carlintype key mineral associations aesenian pyritearsenieantimony-mercury
minerals, phosphate minerals.g.,variscite) and jasperoid
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Classic high sulfidation| Goldfield, southwestern Nevada, United States (GF in F&f)re
El Indio, Chile.
Yanacocha, Peru (Longo et al., 2010; Teal and Benevides, 2010).

Classic low sulfidation | Mount Skukum, southern Yukon, Canada.

Comstock, northwestern Nevada, United States.

Round Mountain, central Nevada, United States (RM in Figd)re
Creede, Colorado, United States.

McLaughlin, northwestern California, United States.

Hishikari, Japan.

Associated deposit Intermediatesulfidation epithermal deposits.

types Porphyry deposits at depth.

Placer deposits.

Carlintype: lowgrade gold in porous/permeable, commongrbonaceousyr pyritic
sedimentary and sedimentafyolcanic rocks.

Classic thrust La Jojoba, northern Sonora, Mexico.
detachment Bullfrog, southwestern Nevada, United States (BF in FEd)re
Classic Carlin Carlin, northern Nevada,rited Sates (CR irFigure34).

GoldQuarry, northern Nevada,rited Sates (GQ inFigure34).
Cortez, central Nevada (CZHigure34).

Ten generalized lgeration facies related to epithermal depositsalthough variable among specific deposits and
deposittypes, are summarized ilPABLE5, which is a duplication ofABLEL. Alteration varies markedly between
underlying hypogene and surficial lithocap. The ten categories are specifically applicablesioddwghsulfidation
deposits.

TABLE 6. Generalizedlteration zones in epithermal deposits

Location ofprecious metal concentratiomgthin thesealterationzones aretalicized in the table and indicated
the deposit model&\bbreviationsAB = albite, AD = adularia, AL = alunite, Bl = biotite, CA = calcite, CB =

carbonate Cl = cinnabar, CL = chlorite, CP = chalcopyrite,EN = enargite,EP = epidote,GL = galena,IL =

illite, KA = kaolinite, MM = montmorillonite (smectiteMS = muscovitésericite (white mias in general)PP =

pyrophyllite,QC = quartz chalcedony (agate)QO = quartz opal, QZ = quartz,SL = sphalerite,SS= sulfosalts,
S* = native sulfur,TR = tremolite, TT = tetrahedritetennantite andZE = zeolite Mineral codes are also i
TABLESA3 and A4This table duplicates TABLE

Code Name | Alteration Name Key Description Formation
Temperature
(approximate; °C)

Lithocap

STM=9 Steam heated AL ClL KA QQ, QZ S*. Pervasive and opespace
deposition
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SIN=8 Sinter KA Qz QC Rotten, porous, spongy, and
commonly bedded silicaarbonate zoned.ow
grade bulk-mineable precious metals occur

ALN=7 Alunitic AL QCQz
PPT=6 Pyrophyllitic and/or | KA PP, QZ
kaolinitic
Hypogene ~ Approximatewater table (fluctuates) | ~~~~~~~~~~~

BBM=5 Bonanza base metal. | AD, MS(white micas)Qz CR GL SLLSSTT, EN Less than-350°C
Sericitic, bonanza Often throttle or boiling relatedCommonly
high-grade gold and | precious metal rich with local bonanza, higtade
silver and underlying | lodes.

base metal zones

ILT=4 Illitic IL, QZ £(AD, Bl, MM [smectite]).Lowgrade ~250°C to
precious metals occur ~350°C
MON=3 Montmorillonitic CL CB MM (smectite),ZE ~15C¢°C to
(smectitic) ~220°C
PRP=2 Propylitic AB, CACBCLEPZE Less than-150°C
BAR=1 Barren Late andor earlyQZand/or CBveins
FRX=0 Fresh rock Unaltered from regional background

Conclusionson Epithermal Deposits

Framework simplification of the geology and alteration of epithermal deposits presented in this guide does not
address many important reviews and details that are published in the extensive literature, some of which are noted
in the introduction to epithermal deposits. The guigleould, however, provide focus and understanding to field
examinations, research, and exploration and development related to epithermal deposits.

Geology/alteration models presentedre either revised from historical ones or newly presented here. Specifically,
the Carlintype model is unique but, if correct, has important exploration significance. At the least it should
stimulate interestapplication,and debate.

Yhdex fossil§should be kept in mind. They are clues to importieattures andare not familiar to some geologists.
Severlihdex fossil€ntroduced for epithermal deposits are a) adularia, b) amethyst, ¢) angel wing calcite or quartz,
d) black matrix breccia, @inguro habit, f) gusano habit in quartz pyrophyllite lithocagnd g) spongy residual
guartz lithocap

Final Thoughts on Epithermal Deposits

A background for understanding, describinapping,and interpreting the geology and alteration and models
related toepithermal deposits is presented in this guide. Key characteristics of relevant feanatageneralized
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models are emphasized. In addition, genetic concepts are introduced to provide some logic to the origin of, and
relationships among, relevant features.

The practical frameworkpresented in this guid&vill aid in focused and directeepithermal deposit exploration
and evaluation. This will assisith field mapping.evaluation of preliminary exploration datdefining vectors to
ore zonesandunderstanding and evaluating detailed descriptions of deposits by others.

Emphasisn this guideis on features and interpretationselated to practical, fieleriented exploration Some
models presentedreflect, or are modified by,biases arrived athrough i K S | darKfRltlrk. Some
explanations will stimulate interesapplication,and debate.

This guide is an extensionof the introductory guide (Godwin, 20) Porphyry and Epithermal Deposits:
Mineralization, Alteration and Loggindhis guide introduces features common dpithermal depositavith an
emphasis on practical fieldapping and exploration methodology. Most general aspects of the geology, hypogene
alteration and supergene alteration porphyry andepithermal deposits are described in this guide. If you have not
already done so, | encourage you to read/review it before attempting the challenge of answering tHalseie
guestions in thegpithermal Deposit Protlem St in Appendix C

I hopeyou enjoyed thiguide, or at least found it useful. May it help you find thig one!

In this guideon epithermaldeposits,you will find:

an extension to the introductory guidéorphyry and Epithermal DepositsMineralization, Alteration
and LoggindGodwin, 2@0),

abackgroundto geologyalteration (includingsevend A 3y A TA Ol yii WAYRSE TFT2&aaAf &

)

)

aframework for focused deposit exploration and evaluatidrased on sevedepositmodelswith defined
preferred ore locations

)

why Carlintype deposits occur at the intersection of a magmasiourceand a carbonaceousap, and

)

challengesn aproblem set.
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APPENDIX A: SUMMARY OF COMMON CODES USED IN
DESCRIBING EPITHERMAL DEPOSITS

Four-Capitalized-Letter Rock Codes for Porphyry and Epithermal Deposits

TABLEAL is a partial list diour-capitalizedletter rockcodescommon to porphyry and epithermal deposits. For a
more complete listing see Appendin Godwin (2Q0).

TABLE Al: Common rock name codes in porphyry and epithermal deposits (four capitalized letters)
Codes are afteAppendix C in Godwin (Z2D); cf. Blanchet and Godwin (1972).
ADAM = QZMZ = adamellite = quart] ANDS= andesite ANOR= anorthosite
monzonite
APLT= aplite ARGI= argillite BASI= basalt
BRANE= brain rock with UST texture BRXX, BRBM, BRFL, BRBRTO, BRM4{ CARB- carbonate
= breccia, ~black matrix, ~fau|
~volcanic, ~tourmalinite, ~magnetitq
apatite
CHER: chert DACT= dacite DIAB= diabase
DIKE= DKXX, DKMA, DKQP, DK¥@ike,| DIOR= diorite DOLM= dolomite
~magnetiteapatite,
~quartz porphyry, ~tourmalinite
FELS felsite GABR= gabbro GNES: gneiss
GOSN=GOXX, GOEX, GOIN, GOTR, § GRANE= granite GRDR:= granodiorite
= gossan, ~exotic, ~indigenol
~transported, ~after massive sulfide
GRES greisen GRE~ greywacke GRNT= GRXX, GRF
GRIN, GRMF, GRUM
granitic, ~felsic
~intermediate, ~mafic
~ultramafic
HORNE= hornfels IGNM = ignimbrite LIMS, LMSI =
limestone, ~silty
MTVL= metavolcanic PORP=PPXX, PPDR, PPFL, PPQZ, H QZDR= quartz diorite
PPQF, PPMU= porphyry, ~diorite,
~feldspar, ~quartz, ~feldspar>quar,
~quartz>feldspar, ~muscovite
QZIT= quartzite QZMZ = ADAM = quartz monzonite i RHYL= rhyolite
adamellite
RYDG rhyodacite SCHS schist SDVL = volcanig
sedimentary
SEDME= sedimentary SHAIL= shale SILX=QZ0T = silexite 5
guartzolite
9 SN= siltstone SKAR= skarn SYEN: syenite
TONL= tonalite TUFF, TUXE tuff, ~crystal tuff UNKN= unknown rocK
VLCI= volcaniclastic VOLC= VLXXVLAK, VLBM, VLFL, VL
VLMF, VLMS, VLTSvolcanic, ~alkali
~bimodal, ~felsic, ~intermediate, ~maf
~marine sediment, ~terrestrial sedime
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Three- and One-Capitalized-Letter or One-Number Codes for Epithermal Deposits

TABLEA3 is a partial list ofone- and three-capitalized letter comment code commonly used in
descriptions okpithermaldeposits. For a more complete listing see Apper@ixGodwin (2@0).

TABLE A2: General descriptive codes for epithermal deposits (emember or one and three capitalized letters)
Codes are after Appendix C in Godwin 220cf. Blanchet and Godwin (1972).

ALT= alterationor altered AWL= angel wing habit CAP= capping

COL= colloform habit DIS=D =disseminated EPD= epithermal deposit

FBN= flow banded GIN= ginguro habit GUS= gusano habit

HAB= habitor mode ofoccurrence HYD= hydrothermal HYP= hypogene

LCP= lithocap PER=P=pervasive PPD= porphyry deposit

RES- spongy, residual quartz habit THR= throttling UNC=U = unconformity

VEN=V =vein VUG= vuggy WTB= water table

WTH= weathered 0 =FRX= fresh rock, unaltered | 1 = BAR= barren (with either or both

pre- and postmineralization vein)
2 = PRP = propylitic (chlorite, epidotel 3 = MON = montmorillonitic| 4 = ILT = illitic (quartz, illite, plus o

albite, carbonate [calcite], zeolite) [smectitic] (montmorillonite| minus adularia, biotite, montmorillonitg
[smectite] plus or minus chloritq [smectite])
zeolite)

5 = BBM = Bonanza base metal wil 6 = PPT = pyrophyllitic and/or] 7 = ALN = alunitic part of lithocap
bonanza high gradecommonly throttleor | kaolinitic part of lithocap ol (quartz, chalcedony, alunite)
boiling related underlain by base metd hypogene (quartz, pyrophyllitd
zones (quartz, adularianuscovitesericite| kaolinite)
[white  mica], chalcopyrite, galen
sphalerite, sulfosalts [e.g., tetrahedrit
tennantite], enargite)

8=SIN=sinter part of lithocap that includg 9 =STM= steamheated part of
rotten, porous, spongyjuartz zone (quartg lithocap (quartz, opal, alunite,
chalcedony, kaolinite) kaolinite, cinnabar, native sulfur|

Two Capitalized-Letter Mineral Codes for Epithermal Deposits

TABLEAA is aselectedlist of two capitalizedletter mineral code common to porphyry and epithermal deposits.
For a more complete listing see Appen@ix Godwin (2Q0)

TABLE A3: Mineral name codes for porphyry and epithermal deposits (two capitalized letters)
Codes are after Appendix C in Godwin (2019; cf. Blanchet and Godwin, 1972).

AA= andalusite AB= albite AD= adularia (Keldspar)

AH= anhydrite AL=alunite AP= apatite

AS= arsenopyrite AT= atacamite AU= auunite

AZ= azurite A* = native silver BA, B”= barite, ~vein

Bl = biotite BO= bornite BR= brochantite

CA, CW, CA, -G calcite, ~angel wing, ~vei CC, C!, C$ chalcocite, ~on pyritd
~sandedCarlin) CB= carbonate ~onCumineral

CH= chalcanthite Cl= cinnabar CK= chrysoolla

CL= chlorite CP= chalcopyrite CT= cassiterite
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CU= cuprite CV= covellite CY=clay

C*= native copper DG= digenite DK= dickite

DU= dumortierite EL= electrum EN= enargite

EP= epidote FD= feldspathoid FL= feldspar

FM = ferrimolybdite GL= galena GR= graphite
HE, HS = hematite, earthy

G* = native gold/electrum ~specular HB= hornblende

IL=illite (hydromuscovite) JA= jarosite KA= kaolinite

KF= Kfeldspar (orthoclase) LI= limonite MC= malachite

MI = mica

MG = magnetite

MM = montmorillonite (smectite)

MN = manganite/alabandite

MO = molybdenite

MR = marcasite

MU, MS, ML, MY= muscovite (white mica]
~sericite, ~lepidolite (purple from lithium
~(yellow from fluorine)

NE= nepheline

NO= neotocite

OQ= opaques

OP = orpiment

OX= oxides

PE=pyrolusite

PH= phlogopite

PL= plagioclase

PO= pyrrhotite

PP= pyrophyllite

PT= petroleum

PW= powellite

PX= pyroxene (commonly augite

PY, P?, P# pyrite, ~vein, ~boxwork

QZ, QA, QB, QC, QH, QJ, QO, QR, QW=
quartz, ~amethyst, ~brainS7, ~chalcedony
~high temp (squarecristobalite), ~jasperoid
~opal, ~rutilated (blueish), ~smoky (often frg

radiation), ~vein ~angel winy RH = rhodochrosite RE= realgar
SB-= stibnite SC= scorodite SL= sphalerite
SS= sulfosalt SU= sulfate SX= sulfide
*= native sulfur TB= torbernite TE= telluride
TN= tenorite TO= tourmaline TR= tremolite

TT= tetrahedritetennantite

TU= turquoise

VA= variscite

WD = wad

WO, WF, WH = wolframite,
~ferberite, ~hubnerite

ZE= zeolite

65



APPENDIX B: LOGGING PROCEDURES AND FORMATS FOR
EPITHERMAL DEPOSITS

Logging Techniques forDescribing Diamond Drillholes in Epithermal Deposits

Best practice for common procedures in diamond drill hdlsgginggoes a long way to satisfying increasingly
stringent qualityassessment (QA) and quality control (QC) requirements of regulatory agencies. Of course, the
presented logging formats helps with this too. The following are some organizational hints for idiggnamd drill

hole core.

1 Drillhole namesare conveniently labeled: project, year, type and number of the hole (e.g., ING14DDO012 or
Prj/Yy/Tp/Num where: Prj = three letters for project name [ING]; Yy = last two numbers of the year 20[14];
Tp = type where DD = diamond drill hole, OC = outcrop, ie@rse circulation, RB = reverse air blast, TR
= trench and Num = number of the drillhole [012]). Note that this suggested convention is ¢c@asse
interpreted,and convenient for digital sorting by project, year, typed number.

1 Core layout in core boxeshould mimic how one reads a letter: left to right, left to right, etc. Although
obvious, | have seen junior drill helpers put the core in the box like a snake going from left to right and then
right to the left. Check carefully, especially at the begigrof a program.

9 Drillhole deviationsas measured by downhole surveys, must be recorded separately from the drill logging
forms presented here. If downhole survey data is lacking, hole deviations sometimes can be estimated.
Vertical holes tend todeviate less than inclined holes. When plotting drill holes with geographical
information systems (GIS), the deviation information is critical and facilitates accurate plots (e.g., cross
sections).

9 Build a core libraryconsisting of several core boxes that hold typical examples of various rock and
alteration types. One can include field specimens as well as the core. These can be used for reference to
help with consistent descriptions for yourself and other loggers/mappéduring the current and
subsequent programs. It is also compact and available for future detailed study, as required.

1 Compressed or skeletonized drillholese made by taking a representative sample of core from each assay
interval and labelling and putting it in a separate core box. These are appropriate, especially for porphyry
deposit logging, where assay intervals are constant. Because the compresgetbtorszed holes occupy
only a few core boxes compared to the whole core, they help with quick review and are readily stored and
transported for future study. In porphyry deposit logging, generally, look at the ialtdr@ing described
and pick out a core piece that looks to be characteristic of that interval. Use its properties to make entries
in the log, sometimes with the aid of a binocular microscope, a needle to scratch, acid to detect carbonate
and other field i@ntification tools. One can then put the same specimen into a compressed log core box.
Finally, insert a label (generally a driller's block notated with a carpenter's graphite pencil) in the original
core box, noting specimen removal.

1 Core box photographys a vital record. The core should be photographed and logged before it is split, but
intervals to be assayed should be tagged with assay labels. After tagging, one can photograph core boxes
stacked in order, four at a time, on an inclined boasding daylight, handheld camera positioned at right
angles from the centre of the assembled core boxes is usually adeduregeore should be unsplit, cleaned
and wet, so textures become clearer. Include a scale and a colour format foracmweate future size and
colour estimations. In addition to a standard record, some features can be recovered later if needed from
the photos. Recoverable features include a) estimations of geology and alteration, b) core recovery and
general nature of theore, and c) rockjuality designation. Both core recovery and raglality designation
can be helpful in geotechnical assessments of rock stability in mining. Core recovery is the percentage of
solid pieces of rock core. Reglality designation is a robgmeasure of the degree of jointing or fractures
in the core, measured as a percentage of the drill core in lengths of 10 cm or more (the 10 cm rule can be
modified for core of different diameters).

1 Core samplings the most important corporate objective. Core is split or sawn in half. Sometimes it is
necessary for the geologist to dictate how core is sampled by drawing lines along the centres of
appropriately rotated coreThe halsplit of the core interval to be analyzed is bagged, along with the
appropriate assay tag; a duplicate part remains in the core box. Books of essay tags, available from assayers,
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are made of resistant paper, such as Tyvek®. Assay books have tags with a unique number sequence. Eact
tag has the same number on the book stub and tweoficopies. For each tag: a) the assay stub is notated
with drill hole number and frorgto information, b) one ripoff tag is inserted in the sample split to be sent

to the assay laboratory, and c) the remainingaiptag is affixed to the core box at the start of the assay
interval sampled. The assay books with notated stubs must be retained for backumation and
potential quality control (QC), and quality assurance (QA). Specimens removed for the core library,
compressed logs or detailed study must be marked by pencilled notation on wooden drillers' block as
removed. The removed specimen must benfi the halfsplit core that stays in storage, not from the core
sent for analysis. When metallurgical tests are likely to be required, it can be essential to protect samples
and core from oxidation.

Logging formats in FigueB1 and B2 canalso accommodateletailed descriptions of trenches or along
surfaces of outcrop$oing so provides compatible formats of all drill, trench or outcrop detail that facilitate
digital display. For example, a surface trench or outcrop can be shown on a drill section dsoazutal

detail, along with underlying drill holes. Likewisefldctions in trench direction can be treated the same

as drill hole deviations.

Describing geology, alteration and structure in coiebest done on the cleaned whole core before it is
split. Structural angles, especially, are more easily measured (oriented core is sometimes required).
Textures and rock types generally are best identified on whole core when it is wet. Alteration wgyeasal

more easily recognized on the dry core. Typically, a series of boxes are laid out in order on the ground
outside in daylight, but a logging table with good light is required for big projects.esore recovery

and rockquality designation must be made on the core before it is split and can often be done and recorded
by an assistant. When beginning to log core, use flagging tape (several colours for different types of
features) to mark a) zonesasing, overburden, lost core, supergene types, oxide, hypogene; b) rock type:
major lithological contacts, significant textures; c) structures such as significant faults, bedding, axial plane
cleavage and timing relationships, which can also be recavdeatie graphic log; and d) mineralization and
alteration: changes in percentages of individual minerals, broad changes in alteration style, significant
habits or mode of occurrences. The core is then described systematically on the logging form. Detailed
descriptions are commonly based on pieces of core picked out as representative of the interval being
described. A hand lens, scratch needle tests, a hand magnet, 10% HCI acid and a binocular microscope can
be helpful. Specimens can be put aside for theeddorary and additional detailed examination of specific
gravity, thin sections, -Xay diffraction (XRD) element analyses and shortwave infrared (SWIR) mineral
determinations. When logging in detail, the location of the original divisions marked byatigirfy tape
commonly needs to be moved. One can only achieve meaningful statistics relating geology and alteration
to assay information if the logging descriptions match the assay intaniélsis worth assaying, it is worth
describing

Permanently marking drillhole collar locations in the fiels essential so one can relocate them
sometimes years later. A common way is to put a box, approximately 10 cm deep and 30 cm square, over
the hole. Fill this with concrete and scribe the whole humber into the top of the cement slab while it is wet.
Note that the labelling system for holes recommended here (Prj/Yy/Tp/Num) identifies the project, year
drilled, type of drill hole and hole number for that project and year. This labelling method alyusu
sufficient, but additional information can be added as desired. One should plug the top of the to inhibit
erosion that might displace the concrete marker slab. In some areas and instances, holes must be backfilled
because of environmental concerns.

Core storages important, but expensivésiven the cost to obtain 1 m of core, it is evident that core must

be available for later reference. Methods on how to construct core racks are available elsewhere. However,
in Canada, porcupines eat wooden core boxes because they are attracted to thaoglghue; in Africa,
termites eat wooden core boxes; plastic becomes brittle, particularly if exposed to the sun. Label boxes well
with labels that will last. Thin aluminium labels that can be scribed with a liatlpen are commonly used.
Instrumental data that can be systematically collectedth handheld instruments and added to drill logs
include magnetic susceptibility and conductivity of core; average spot scintillometer readings for U, Th and
K; SWIR spectral analysis for minerals in the core; and handheld XRF element analyses. titavinie

in short and long wavelengths is appropriate in some instances but be aware that without careful scrubbing
of the core it is difficult because modern organic drill mud additives commordyefige. This additional

data can aid in the interpretation of geophysical, geological and alteration features.
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1 Record of core recovery, roefuality designator (RQD) and intervals assayeh be done while organizing
the core (by an assistant, if available) before logging. At the same time, tagged assay intervals should be
established and recorded. A geologist's input will be required if this is not a systematic length, as is good
practicefor porphyry deposits. These are simple marking and measurement skills that relate to distance
blocks inserted by the drillers. New assistants must be taught how to fill out this record. And the data must
be systematically recorded with an ink pen as aasafe record in a bound book with lined and
prenumbered pages that cannot be removed (i.e., |oles# records are not acceptable). Errors in this
record should be marked (crossed out, so the original is still readable) and the revisions rewritteo (i.e., n
erasing or whiteout). This book, and the books of notated assay stubs, are essential records for potential
QC and QA examination. Headings in this record, modified as appropriate, should include Date, HoleName,
FromToMetres, AssayTagNumber, MeasuredRexg®e, RockQualityDesignation% (RQ@Drequired),
LabSentTo, DateSent and Remarks. This handwritten record is critical; relevant information from this record
can be digitally entered as part of the total drill hole record (e.g., hole numbergfmrgeology, recovery,
RQD, assay tag numisgr

Formats for Describing Diamond Drillholes, Trenches and Outcrops in Epithermal
Deposits

Modification of logging formats(FiguresBl and B2) is necessary to capture features that are unique to specific
porphyry deposits and different types of porphyry deposits. Changes should accommodate detailed descriptions of
drill holes, trenches and along surfaces of outcrops. Doing so provides compatible formats of all drill, trench or
outcrop detail that facilita¢ digital display. For example, a surface trench and outcrop can be shown on a drill
section as a suhorizontal detail, along with underlying drill holes. Note that deflections in trenches or outcrop can
be treated the same as drill hole deviations.

All logging formats presented here have a common first page and simplified following péggsreB1 and B2).

The first page has header information describing drill hole type, location, and the date drilled. Under the heading is
the format for the description of theocks and alterationThe following pages duplicate onletrock and alteration

part of the first page. Header details are describedABIEBL The log sheet has a logical and universal sequence
that is, from left to right

1. A graphic log to enable capture of features difficult to code (e.g., crosscutting structures), and
especially if coloured, to facilitate visual interpretations,

2. General specification of what one is looking at in terms of 'zone' (e.g., capping, supergene oxide,

supergene sulfide, hypogene),

Fromcto interval described,

Rocktype and its characteristics,

Structures superimposed on the rock type,

Alteration and mineralization superimposed on the rock type,

Optional interpretation of overaklilteration/mineralization facies for interval and

Written comments for important features not already captured (the codes in this appendix

facilitate compact descriptions).

©NOOAW

One is, therefore, going from noting what/where one is at, to what is the basic rock type, to what is superimposed
upon the rock type, to comments. These descriptions should always be together. Because, for example, it is
challenging to identify alteratiofeatures without knowing what is altered. Rock type mineralogy must be known
before one can determine superimposed alteration mineralpgy.

Data entrycan be done directly on a laptop or in paper forms like those presented here for subsequent data entry.
One advantage of using direct computer entry into a program like Micrdsafel (or Microsoft Access) is that
entries can be controlled for consistency by making only agtgesh codes allowable. Nevertheless, many prefer
recording with an HB pencil on lettsized paper, landscape orientation, carried in an open clipboardeitltler a
leather pouch or a ledge glued to the clipboard for holding

1 AO0.7 mm HB mechanical pencil,
i Astick eraser,
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1 Ahardness scratcher made by putting a fine needle in a 0.7 mm mechanical pencil,
1 Apencil stud finder magneand
1 Any other pertinent diagnostic tools.

On a paper format log, one can easily erase, and change entered information. More importantly, one can sketch on
and colour a graphic log, which is especially valuable as an effective display that records a) structural and relative
timing information or b)highlights geology, alteration, and specific mineralization. The graphic log provides an
instant striplog for the hole that can aid in visualizing the geology
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Figure B1. Example of logging formatpage land continuing pagesfor a diamond drill holes, trenches an
outcropsin an epithermal deposit environment.

Pagel differs fronpage2 because only padehas an extensive header that defines features common to thd
hole. Codes iTABLESB1 andAl to A3define and specify how to record entries.

General codes and formater recording detailed data for porphyry deposits in drill cores, drill chips, trenches and
outcrops are in ABLE81 and B2 The example drill log formatn FiguresBl and B2 aregenerally applicable to
epithermal depositsHowever, # headings are easily modified to describe better the specific deposit being studied.
For computer/statistical analysis, one must consistently describe geological and alteration descriptions to match
assay intervals, regardless of the logging method. Nwiein mapping detail at a deposit scale, it is appropriate to
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