University of Nevada, Reno

Paragenetic Evolution of the Robertson Deposit: Eocene Intrusion Related
Gold Deposit in the Northern Shoshone Range, Nevada

A thesis submitted in partial fulfillment of the requirements for théegree of Master of
Science in Geology

by

Neal E. Mankins

Dr. JohnL.Muntean/ Thesis Advisor

May, 2022



© by Neal E. Mankins 2022
All Rights Reserved



THE GRADUATE SCHOOL
We recommend that the thesis
prepared under our supervision by
Neal E. Mankins
Entitled
Paragenetic Evolution of the Robertson Deposit:
Eocene Intrusion Related Gold Deposit in the
Northern Shoshone Range, Nevada
be accepted in partial fulfillment dfie
requirements for the degree of
Master of Science
John Muntean, PhD.
Advisor
Matthieu Harlaux, PhD.
Co-advisor
Scott Bassett, PhD
Graduate School Representative

David W. Zeh, Ph.D., Dean

Graduate School

May 2022




ABSTRACT

The Robertson deposit, formerly known as Tenabanigocene intrusiomrelated gold deposib
km north of Pipelinewhich isa 20Moz+ Carlirtype gold deposit in the northern Shoshone Range,
Nevada.Carlintype gold deposits have been tHecus of many studies as they represent the
secondlargest accumulation of gold ithe world, and a growing body of scientific literature
indicates that the source for this golday berelated to Eocenenagmdism. The presace of an
Eocene intrusiosrelated gold deposit within 5 km of a Cartiype deposit begs the question of
whether the two deposits are genetically relatdadbweverdetailed characterizedf Robertson
deposit is reded before this link can be examined.

Most of the previously defined gold mineralizatiahRobertsoroccurred neathe contacts
of intrusions and hosted by hornfels in the overlying lithologies. Ongoing exploration has
discovered significant free visible gold both within the stock and inaldisettings within
metasedimentary host rocks. Herggld mineralization is spatially and temporally related to an
intrusive complexeferred to asthe Tenabo stockand based ometrographic andyeochemical
analysisis composed of successive intruspeasesincluding an early ilmenitbearing diorite,
andesite dikeshypabyssaldacitc porphyry dikes, composite ilmentgearing granodiorite,
granitic porphyry dikegformerly called feldspar porphyry dikepebble dikesand subvolcanic
rhyolitic dikes.

The purpose of this study is to characterize gold mineralization as it relates to intrusive
phases, alteration styles, and structural controls by combining fieldwork, petrography,
geochemistry and geochronology. This study is the first in depth examinafid®obertson

focusing on gold mineralization within intrusive phases and in distal settings, presenting six new



U/Pb LAICRPMS ages of intrusive phasesne molybdenite R®s ageand one hydrothermal
orthoclase®®Ar/*°Ar age conservatively constraing gold mineralization to 39.635.77 Ma

Emplacement of the Tenabo stocksulted incontact metamorphism of the host siliciclastic
lithologies yieldingjuartz, biotite, and calsilicate hornfelswhichformed anaureoleup to 1 km
from the stock Subsequent hydrothermallterationfollowed, including endo/exoskarn, potassic
alteration, sericitic alteration, and chloritic alteratiof.etrographic observations of veins at
Robertsonindicate the succession of three main stages refgéras 1) pregold, 2) syryold, and
3) postgold.The pregold stage includes barren quartz veins, potassic alteration veins comprised
of biotite veinletsand quartzK-feldspar,quartz¢ arsenopyrite quartz¢ chalcopyrite, and quartz
¢ molybdenite veins. The sygold stage is composed of quaggold+ BiTeSePb-AgS sulfosalt
veins consisting of native golgeen as single grains in quartz gangel/or on the surface of
pyrrhotite, arsenopyrite, lsalcopyrite, and loellingite graindhe postgold veins encompass
pyrite £ quartz quartz ¢ calcite ¢ polymetallic sulfide veins with Pb-ZnSbAgSnbase metal
sulfides bull quartz veinsand calcite veins.

Crosscutting relationships alongith geochraologicaldataindicate that gold mineralization
resulted from the emplacement afipper Eoceng40.9937.38 Ma)reduced ilmenitebearing
intrusive phasesthat intruded into OrdovicianDevoniansiliciclastic sedimentary lithologies
forming a hightonnage, lowgrade gold deposit characterized by A+AsBiTeCu metal
associationsimilar toreduced intrusion related gold deposits and gold skarns described globally
Based on petrograph@&nd geochemicadvidencejt is concludel that mineralizing conditions for
gold precipitation were under relatively low sulfur fugacity and oxidation sthading to
preferential formation of minerals such as native Bi, arsenopyrite, pyrrhotite, la@lingite,

typical of lowsulfidation assemblageUnder such conditions it is possible to transport gold to



lower temperatures <3005@vhere native gold is commonly associated witthBaring minerals
or to evenlower temperatures (~80-200°C)where it remains within the lattice of sulfides as

invisible goldtypifying Carlitype deposits.
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1. INTRODUCTION

The Robertsodepositis locatedwithin the Battle MountairEureka trenchlongthe eastern flank

of the northern Shoshone Range, Nevadzarly geologic descriptions (King, 1876; Spl8603;
Emmons, 1910; Lee et al., 1916) of the northern Shoshone Range were largely reconnaissance in
nature, with latercomprehensive studies completed by Gilluly and Gates (1965) and Stewart and
McKee (1977)The Battle MountairEureka trendand subsequendlistricts, including the Tenabo
subdistrict,host a variety ofprecious metabeposit typesand are described in detail bigelson,
(2008, Colgan(2014), Henryet al,, (2020, Muntean, (2020)Muntean and Cling2018), Fithian

et al, (2018, Ressel(2006), Johnson(2020, Ahmed,(2010, Reid,(2010, Maroun et al, (2017,

Holley, (2019. Carlinstyle gold deposits havieeen the focus of many of these studies these
deposits dominate in regards to gold endowmaentnorth-central Nevadaand along with the
Carlin Trendrepresentthe largest accumulation of gold in the Northern Hemisphéelley et

al., 2@2).

Previous research has been done where Catlte mineralization igelated to Eocene
intrusive activityon the Battle MountairEureka trendJohnston et al.(2008, Muntean et al.,
(2017, Henryet al., (2020, Mercer,(2021), however,there is little research where intrusien
related gold mineralizatiois both spatiallyand temporallyrelated to Carlirtype mineralization.
Exploring the linketween Carlirstyle gold deposits and intrusienelated gold depositss critical
in the assegsent of whether or not Carlinstyle deposits formed from magmatic hydrothermal
fluids andthe understandng of the mechanismsassociated withgold trangort in the upper
continental crustBefore this can be dortleowever, detailedcharacterizatiorof the Tenabo stock

andsubsequent hydrothermal eventsnecessary.



There is little published work on Robertson, limitedat&eological Society of Nevada Field
Trip Guidebook paper by McCusker in 1996, district scale studies by Ke¢labn(2008) and
technical reports, withwo unpublished petrographic ansicanning electron microscop&SEM)
studies by Russ Hon@a1996 and Annick Chouinaird2017 and 2019This studybuilds onthese
earlier regional studies andinpublished investigationsonducted wilie Robertson was being
explored and developedThe purpose is to characterize théning and relationshipsof
hydrothermal alteration and mineralization related to the emplacement of the Tenabo ,Stock
order to better understand desserknown deposit iype in awell-known world class mining
district. Here, thepresence ofa low-grade high tonnagegold deposit withlow oxidation and
sulfidation state mineral assemblagjis documented givingus insights into Eocene intrusion
related gold systemi north-central NevadaThe link between Robertson and othezduced
intrusion-related golddeposits on a global scalkeexaminedin an attempt to better understand
the relationship between deposit types, associated intrusions, and metal saltewing & to put
Robertson into a regional and global framewowith this framework establishedhe link
between Carlirstyle gold deposits and intrusion related gold deposits may be examined and this
work may serve as a foundation for future studies.

2. EXPLORTIONAND MININGHISTORY

The earliest recorded gold discovery in the Tenabo area was made by Charles Montgomery in
1905 from fault hosted quartarsenopyrite veinsiear the head of Mill GulciMcCusker, 1996
Following thisdiscovery,the Gold Quartz underground mine, prodeet~10,000 oz gold from
1906-1912and was the principal producer in the arégather gold producers included Phoenix,
Gylding, Gold Pan, and Little Gem mirlesl916 A.J. Raleigh discoverpthcer goldn the area

and in 1937%he Mill Gulch Placer Mining Compaoperateda small dragline dredge and washing



plant until 1939 (Johnson, 1973). Although gold was the primary commduity.ittle Gem mine

was one of the leading producers of copper in Nevad#l 1960(Stager, 1977).

In the late 1960s, a number of companies, including Bear Creek and Superior Oil explored the
district for porphyry copper mineralization but quickly lost interddtey were soon followed by
a number ofCanadabased junior mining companies, including PtabDevelopment (19745),
Teck Corporation (1977), E & B Exploration Ltd. (Ba§0and Aaron Mining Ltd. (19786), all of
whom sporadically explored the Tenabo area with limited success (McCusker, 200di).
Mining Ltd.did however open pit mine and ke leacha total 48,443 metrictons of ore,

recovering9800z Aufrom 19741980 (Sampson, 1988).

In 1986 Coral Gold Corp. acquired tiieenaboproperty from Aaron Miningand began to
expand the land package, soon to be called Robertsbaring the period 986 through 289,
Coral completed approximately 380 reverse circulation (RC) holes and 7 diamond drill holes
(DDH), totaling abou#3,338 m Coral Gold commenced miniing1988having reported reserves
of 9.9Mt at 0.048 ounces per metric tonopt) (Nevada Bureau of Mines, 198®&ut shut down a
year later due to low gold priceBuring the @erating life of the Robertson mine, approximately
317,000 metric tons of lowgrade material was placed on leach pafiiem which about 6800
ounces of gold wereecovered(McCusker, 2004)

Amax Golaptioned the propertyirom 19901996,anddrilled 338 RC holes and 62 DDH holes
totaling over53,644 m(Sampson, 1997Df these holes, 3 were designed to test for the presence
of lower plate carbonatesjone of whid intercepted In a 1994 feasibility studyMAX outlined
approximately 12 Moz. of Auwithin 5 zones with much of their exploration effort focusing on the
porphyry zone, containing718000 0z Au (Tarnocai, 1998)his howeverdid not reach the heap

leach target AMAX was interested in and AMAX subsequently returned the properip98



Cortez Gold Minesptioned the property, drillingté RVC drill holes and a single mud rotary hole,
totaling 17,373 m outlined in a report by Tarnocai in 1998fter drilling, Cortez declared its
interest in renegotiating the terms of the Option Agreemelnit when Coral declined, Cortez
subsequently terminated the agreement and did not earn an interest in the property (McCusker,
2004).

From 20@-2010 Coral Gold complet&trill programs consisting d26 RC holes and 14 DDH
holestotaling 31,373 moutlined in a preliminary economic assessmenBmacon Hilin 2012 Of
these drilling programsin 2007 Coral Gold drilled two deep RC holes totdl®g2 min which
one hole was able teeach the lower plate of the RMT @89 mreturning a60.96 mthickinterval
of weaklyto strongly anomalous gold values ranging from 0.031 to 2.190 ppm gold, hosted by
altered lower plate carbonates rocks (McCusker, 2P0In 2017, Barrick Gold bought the
Robertson property from Coral Gold and continued a drill prograntouthe joint venture (JV)
with Newmont in 2019. The JV with Newmont known as, Nevada Gold Mines (NGM), has carried

out a drill program at Robertson since the merger.

3. GEOLOGIC BACKGROUND

3.1. Regional Geology

The Robertson property lies along the faseern flank of thenorthern Shoshone Range in
northcentral Nevada within theéBasin andRange physiographic province of western North
America (FiglA). The region lies at or very near a rifted margin of continental crust which was
subjected to periodic contractual deformation starting in middle Paleozoic and continuing until

Late Cretaceous (Stewart, 1980, Oldow, 1984). The geology of this region satimmy a



complex set of branching, loangle faults that are part of the Roberts Mountains thr(RMT)

which formed as a result of the Antler Orogeprming the upper plate of this regionally

i AN
al Geology Legend Local Geology Legend
[CIQuaternary Alluvium [ Eocene VolcanicRacks [ Eocene, Cretaceous, & Jurassic Intrusive Rocks]  Quaternary Eacene
[ Triassic, Permian, & Penn. Rocks [0 Lower Plate Rocks Upper Plate Rocks  sese Caldera Margin Alluvium Rhyolite Porphyry Dikes Granodiorite

O Upper Plate Gold Deposit ® Lower Plate Gold Deposit 8= Normal Fault =& Thrust Fault

Eocene Granitic Eocene u Eocene
Diorite

Devonian Slaven o Devonian Slaven o Silurian Elder urian Elder Calc-
Quartz Harnfels Metabasalt Sandstone _ Silicate Hornfels

Fig 1. Simplified geologic magf the Northern Shone Range and Cortez district. Modified from Colgan et al.

(2014) using data from Gilluly and Gates (1956). (A) Regional geologic map of the Shoshone and Cortez
range with Caetano caldera outlined, Nevada state inset map, and labeled ptate Carlin Type and upper

plate gold deposits. (B) Local geology inset map of the Robertson deposit with Gold Pan, 39A, Porphyry,
Distal, and Altenburg Hill resource zones shown. Cross section line shown-fram AOl'yY 6S &aSSy Ay

significan structure, are a series of thickertically stacked nappepredominatelyof distal slope
facies characterized bylark-gray, finegrained siliceous sedimentary and lesser volcanic rocks of
early to middle Paleozoic agburing latest Devonian @arliest Mississippian time, these rocks
are postulated to have been transported eastward along segments of the RMT and structurally

emplaced over carbonate sequence of similar age that comprises the lower Rizterts, 196

Subductiorrelated calealkaline magmatism began as early as Middle Jurassic and continued
through early Miocene time (Stewart, 1980). Beginning in the late Eocene, an important episode
of magmatism gradually swept from northeast to southwest across northern Nevada which was
accompaied by extensional deformation (Christiansen and Yeats, 1992). Many &fB@ A 2 y Q&

largest gold deposits, including those situated along the Carlin and Battle MotEuagka



trends, are both spatially and temporally related to this period of-a#talne Eocene magmatism
and extensional tectonics (Ressel and Henry, 2006). StattindMa, regional extensionalock
faulting, accompanied by riftelated bimodal basalthyolite volcanism further modified the
region resulting in the characteristic basimdarange topographyencountered in Nevada
(Dickinson, 2002).

3.2 Local Geology

Paleozoic and Cenozoic rocks underlie the northern Shoshone Raitigehe oldest and

most abundant litlblogies at Robertsorbeing siliceous and/or siliciclastic sedimentary and

Period Lithologies Descriptions volcanic rocks of the Ordovician
IR AN Valmy Formation Valmy Formation, Silurian Elder
EL R L .— Massive tan-pink quartzite thrust
‘; LTt A y over younger units along the . .
.g L, A Lander Thrust on West side of Format|0n1 and Devonlan
a |- - &/ property

Upper Plate
Silurian

Devonian
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— Massive to locally crossbedded

sandstone variably calcareous
with silty interbeds which form
large nappes averlying chert/
argillite along low angle thrust
duplexes

Thrust Duplex (RMT related)

Slaven Formation
. — Interbedded chert and argillite

. — Metabasalt

Roberts Mountains Thrust ~915m

=T
— Unknown lower plate lithology?
[ = [ ]

Eocene Intrusive Rocks

SlavenFormation. These rocks
area part ofRoberts Mountains
allochthon whichis emplaced
as a series of both smadind
large-scale thrust slices along
segments of the RMTand
generally form an out of-

sequencetectono-stratigraphic

m i i _ , :ac 3
f':'“ ~ | 7 Bl — piorite succession of mappable units
5 5 o _
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e — v * 1 —Rhyolite .
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Fig. 2. Generalized tectorsiratigraphic column of Robertson. Robert:

mountains thrust depth estimated from US@i8I hole #1 in 1968 and drill hc
TVO0702 by Coral Gold in 2007, which reached the lower plate at depths of

ft (895 m) and 3,080 ft (938 m)

the ValmyFormation



A’

A . .
Robertson Cross Section, Looking North

1760

1640 il s
E
g 1520
p=
©
>
2
w1400

1280

. N L L Slaven Slaven Slaven Elder Elder === Ore controlling structure
Legend: Alluwium . Granodiorite . Diorite . Quartz Hornfels Meta basalt Biotite Hornfels Calc-si\icate Hornfels Biotite Hornfels e Major Fault
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structurallyoverlies the est of the sequence along the Landkrust, andis typically observed as

a fine-grained siliciclasticorthoquartzite locally capped bya thin green colored chert afarly
Silurian age called the Cherry Springsikation. More commonly observed at Roberts@re the
Slaven and Elder Formatiomslong thenorth and east side of the propertythe Silurian Elder
Formation forms two large nappe composed of finegrained interbeddeecross bedded
sandstones/siktones that are ariably calcareoudBoth nappesdip shallowly~20-30° to the NE

with the western package being ~210 m thick and the eastern package being ~105 m thick,
separated by a thick sequence of similarly NE dipping Skoremation (Fig. 3) A majorityof the

upper plate package at Robertson is tbevonian Slaven Formatipwhichincludeshighly folded

thinly beddedchert, argillite, and a single package aofubmarine basalfsgreenstone. This
formationis well exposed on thwest side of the property andlthough internally folded, dips
gently to the eassimilar to the EldeFormation. Within the Slavenis asingle basalt/greenstone
package wikch varies in thickness from ~883 m ands exposed on surfacendthe west side of

the property. Surface mapping and drilling indicate that this layer dips shallowly to the east similar

to the rest of the Slaven and extends to depth to the east.

Intruding the upper plate sequence at Robertsotthis Tenabo stock and rafed dikes/sills
whichwere emplaced along a wesbrthwest trend through the northern Shoshone Range and
are located both proximal and distal to mineralized areas (Gilluly and Gates, 1965; Stager, 1977;
Kelson et al., 2000, 20Q5)he intrusive complex ogists of an ellipticathaped composite stock
or laccolith that varies in composition from diorite, which forms scattered bodies mainly along
the northern and eastern stock margins, to granodiarlte its longest dimension, the stock is

exposedat surfa@ for ~1670 nEW and ~730 m MN5.The overall orientation of the stock V8-



NW following a similar orientation to other Eocene stocks in tleethern ShoshoneRange

including Granite Mountain and HilltqFig. B).

The earliest intrusive rocks are mediumdark gray, phaneritidiorite, whichforms> 125 m
silHike bodies along the east and north margins of the s{@t&Cuskenyritten communication).
At the surface the diorite has steep contacts withther units but appears to flatten out at depth.
Jatially associated with the diorit@re several narrow and discontinuous andesite dikith
amphibole and pyroxene phenocrystowever, hese dikesre volunetricallypoor and are not
well exposed on surfac€utting the diorite are a series of dark browtacitc porphyry dikes
~0.51.5 m thick,containing 340 vol% phenocrystsr an aphanitic biotite rich groundmass.
Forming the bulk of the composite stqéka multiphasemediumto coarse grained equigranular
granodiorite that is locally porphyritic(Fig. 1B) The granodiorite stock igssentiallya NNNW
oriented ellipsoidwhich, unlike thediorite, is silllike near the surface and more pHige to depth
plunging steeply toward the NW. Previous KAr dating bySilberman and McKee (1978hd
40Ar/3°Ar by Kelson et al., (2005), provide age constraints of the granodi&t#ealculated +r
methods on igneous hornblende ¢i23) yielded an age of 39.13 + 0.80 Mal KAr methods on
igneous biotite (M123, M124) yielded an age range of 39:37.38 Ma with+ 2 sigma included.
40Ar/3°Ar methods by Kelson et al., (2005) on igneous biotite (T9®¥13 in the granodiorite
returned a similar &tep plateau age of 39.55 + 0.10 Mapreviouslypublished REOs age for
molybdenite(T99413560) cutting the granodiorite stock by Kelson et al. (2008lds a REOs
age of 39.0 £ 1.Ma.

EW striking, soutkdipping ~535, feldspar porphyry dikesut thegranodiorite and dioriteand
are well exposed on surface in the NW section of the propdryese dikes can be up to 22 m

thick and arelaterally continuous fo2,042 m(Fig. 1B)Pebble dikes extend northward from the
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northern contact of the stockand contain a variety of roundeénd hydrothermally altered
igneous and sedimentary rocks that are sometimes weakly mineralized (McCugitézn
communication) Cutting all earlier intrusiveocksarea series oEstrikingsubvolcanideldspar
quartzbiotite porphyritic rhyolite dike which typically dip~35° to the SWand are laterally
continuous for 875 nfFig. 2) Previous KAr ages by Silberman and McKee (1975), of biotite (M
125) and sanidine (M25) within the rhyolite, show similar ages at 35.68 + 0.70 Ma and 35.59 *
0.70 Ma. Mre precise weighted mean ages, by Henry (written communicationy.CAi&°Ar
methods on sanidine (H121, H1022, Table 5) of the rhyolite indicate the same age at 35.83 +

0.08 Ma, n = 12 and 35.84 £ 0.07 Ma, n = 15.

3.3. GoldMineralizedZones

As a result of previous and current drillifiye mainmineralizedzones have beeientified,
each having distindithologic and structural control@McCusker, 2004 he resource combining
the Porphyry, Altenburg Hill, Gold Pan, and 39A z@29®3Moz of gold at &3 g/t. (Barrick Q2
Report 2021)The Porphyry and Altenburg Hillres occur within or along the contact of the
Tenabo stockthe Gold Parmand 39Azonesoccuroutside in the siliciclastic host roclend the
Distal zoneoccurs~500 m from the nearest exposed stock contadthe proximal zones are
spatiallyassociated with, and partly host by, the diorite and granodiorite margin phases of the
stock have a lower overall gold gragend significantly higher copper than the more distal zones.
Theoutboardzones are hosteth siliciclastic unitspredominantlyin the Slaven Formatigrand
exhibit higher silver, antimony, lead, and arsenic val(fdg. 1B) Heregold mineralization is
strongly controlled by structures, lithologic contacts, and bedding plaffesentirety of defined

gold mineralizatioris confinedo the upper plateand to date there have only been two drill holes
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at Robertson to reach the lower plate, one by the USGS in 1968 and one by Coral Gold in 2007,

which reached the lower plate at depths@96 mand939 m,respectively.

3.4. Structual Seting

Within the Shoshon&ange rocks of theareaare cut by lowangle thrust faults associated
with the emplacement of the Roberts Mountain allochthényounger Mesozoic thrusting event
documented by Leonardsaat al.,(2011) exhibits aCretaceous episode of eagirectedthrusting
that displacesthe Roberts Mountains thrust and upper and lower plates around Rtigeline
depositknown as the Abyss fault. ThisS®/ dipping fault is thought to represent a fault duplex
with imbricate thrusts linking the Roberts Mountains thrust and Abyss fAulRobetson, these
intra-allochthon thrusts range from the Lander thrusthich locally emplaces the Ordovician
ValmyFormation over younger Elder and Slay@rmations to thrustduplexeswithin Elder and
Slaven(Fig. 3)Paleozoic rocks of the district are |tigefolded into smalkcale isoclinal folds that
typically plunge 8.5° to the NNE This fold orientation is largely confined to the Devonian Slaven
Chert Tarnocaj 1999§. Larger district scale folds have been propodeithardson,(2019);
McCusker(written communication) Chapin,(written communication) however, the merits of
these larger scale features are not addressed in this study.

The ntrusionof the Tenab@lutoniccomplex and relategold mineralization are controlled
by a griesof low-highangle faults and related fracture zon@dcCusker, 2004Previouslogging
and geophysicdas shown thathis body was emplacedpward ESE fronthe W-NW atdepth.
This eventdeformed the local lithologies in a brittlmanner, resulting in a series of fracture
networks and thrustfaults, which strike ~MNsand dip moderatdy west NW-striking high angle
faults occur along theorth side of the granodiorite and at least in part control the emplacement

of feldsparporphyry dikesAccording to Humphery (1945), a lamgle fault dipping 208uth
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and filled by a porphyritic rhyolite dike cuts the Tenabo stogksecond rhyolite bad located
600 mto the east, forms a flatying siltllike dike that is emplaced along low-angle fault that also
cuts the stockThese relationships indicate that, at least in the Tenabo area, Eagpmdow
angle faults younger than 3% Ma cut the Te@abo stock and are filled by 35.8 Ma rhyolite dikes
(McCuskerwritten communication).

Magmatism appears to have ceased+38 Maand afterwhich, the area appears to have
been tectonically quiescent until the onsetlidsin and-angeextension anaorthern Nevada rift
volcanism in theniddle MiocengColgaret al,, 2014) Major extension in the Cortez region began
~16-17 Ma, as part of regional extensianross much of the Basin and Range Province of western
North America (Colgan and Henry, 2009 a result of late Tertiabyasin andange block faulting,
rocks along the east side of tlmerthern Shoshoné&ange, including the Tenabo area, have been
tilted as much as 15to 25 to the east (Gilluly and Gates, 196blenry and John, (2013) and
Colga et al, (2014) similarly found outcrops in the Shoshone Range supportingEpasine
tilting and faulting with outcrops of the 25.4 Ma Nine Hill Tuff dippin0-23° East, similar to
overlying 16.5 to 15 Ma mafic lava flows of timrthern Nevada riftjohn et al., 2000Y.he overall
structural style of extensional faulting in the northern ShoshdRenge is similar to that
documented within the Caetano caldera (Colgan et24108, 2011), wittclosely spaced, west
dipping faults bounding eadilted, @ Ri#tno-a (i & f S ¢  F(Calganét alg Z0R)OMiatene
extension resulted in 22 + 3 km of extensieithin the Caetano calderariented ~2807Colgan
et al., 2008)Following largeanagnitude middle Miocene extensiopost10 to 12 Ma faulting in
north-central Nevada took placen widely spaced, higangle normal faults that cut both
extended and unextended Miocene domains and forrtteeilmodern basins and ranges that now

dominate thelandscapeColgan and Henry, 2009).
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4. MATERIALS ANBETHODS

4.1.Fieldvork and Sampling

Detailed field mappingn conjunction with trench and high wall samplingne primarily
focused on vein and structural orientations. The goal of this work was to help delineate
observations seen in drill core to the surfagceorder to expand the geologic modeh handheld
GPS was used to record observation locations to which were later input into the database with a
total of 59sampledaken forgeochemical analysiSurface mappingt 1:5,000scalewasfocused
on areas withlimited geologic knowledgéncluding Distal andvest AltenburgHill. A total of
6,131 mof core was loggedt 0.30 m intervaldrom 30 drill holes with 137 samples taken and
described using a binatar microscope Emphasis while logging was focused oasscutting
relationships, alteration styles, and vein paragenesis in order to guide sample coll&tsaal
estimates using a hand lens aagetrographic microscopeere conducted to determineelative

mineral abundances.
4.2. Petrography

119, 30-micronpolished thin sections were described and annotatgdtandardransmitted
and reflected light microscopy Raman spectroscopysing a HoribaLabRAM HR Evolution
ConfocaRaman microscop@strumentwasused to identify accessp minerals in further detail.
Analytical spectral device (AS@)alysis using a Terraspmineral spectrometer was used to help
identify clay mineralsScanningHectron Microscope (SEManalyses were conducted at the
University of Nevada, Reno ordBEOL 6018 W-filament SEMequipped with a semiquantitative
energydispersivespectrometer (EDS); secondary electron and backscattered eleirtraging

were completed with an operating voltage of 20 kV, minimum spot®ife 94m >Y3X | Yy R
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distance oft0 mm.A subset of 40 samples weamalyzed usinEMEDS to further understand
mineral assemblages on the microscopic scAISEOL JSWILOOFT Field Emission Scanning
Electron MicroscopéFESEM)equipped with acathodoluminescenceQl) detector wasused to

examine quartz generations in 5 auriferous vein samples.
4.3. Geochemistry

Drill core was sampled on 1rb intervals (23,731 samples totddy Nevada Gold Minesnd
analyzed by ALS Mineralgd. using MEMS61L methods including four acéigestion and
inductivelycoupled plasmanass spectrometrdlCRMS) for 48 elementsseochemical indicators
were combinedfrom 161 drill hols into a comprehensive databasewned by Nevada Gold
Mines Results were plotted and evaluated using ioGAS andHregsoftwarecreatinga variety
of classification diagramiscluding,total alkali vs silica plots (TAS), alumina saturaiialices,

{ KI YRQ& LIS NJ fvdridus leneit fiaBo plbty; BrfeEhary diagramgMiddlemost,

1994); (Debon & Le Fort1988) (Maniar and Piccoli, 1989McMillan, 1995) Altered samples

were sorted and grouped by separating anomalous values based on several classification
diagrams.For petrologic classificatior§iQ was estimatedby normalizingmajor oxide data to
100%and subtractedfrom this. In doing this calculation, thet. % forlost on ignition elements
(LODis assumed to be zero. Given that many samples are hydrothermally altered, there most
likely is some LOI component which Sil3 in for in the calculatiothusartificially increaggthe

SiQ values.Spearman rank correlatiomatrices were used to correlate elements for various
mineralizedzonesin orderto recognize geochemicghatterns and determine if field groupings

matched statisticatlassifications.

4.4. Geochronology
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Asa partof this study8 samples were selectefir geochronologic studies includingx new
U/Pb LAICRPMS ages of intrusive phasesne molybdenite R®s ageand one hydrothermal
orthoclase*°Ar/*°Ar age. Ages fromprevious studies includin@ilberman and McKee (1971),
Kelsonet al. (2005 20098, and Henry (pers. commuyvere compiled and select samples were
recalculaedin accordance with modern decay consta($eiger and Jaeger, 197Rgcalculated
ages were done sosingthe Fsh Canyon sanidingMin et al., 200) (Kuiper et al., 2008).

All UPDb analyses were completed at University of Nevada RENR) Zircon grains front
samples were extracted using standard minesgparation techniques through sieving of material
<500 pm. The sieved fine material was then run through a Jasper Canyon Research zircon
concentrating table and grains were pulled directly from the top row of the table for picking for
each sample. Zircon grains (~480 um in diameter) were subsequently placedKapton double
sided tape and mounted in Streuers epoxy and allowed to set for 24 hours. The mount was then
polished using fim SiC lapping film to expose the grains followed by 6, 3, 1, angith2amond
suspension on low nap nylon and silk cloth padk images of the zircon grains were collected
using the FESEM at UNR. Zircon CL images were used to identify zoning and potential inherited
portions within grains and to assist with lassblation spot placementZircon UTh-Pb isotopic
compositions wee measured on an Agilent 7700x quadrupole -MF with a Resonetics
RESOIlution M50 cell equipped with an ATL d®3excimer laser at UNR. Geostar version 10.12
and MassHunter 4.5 software were used to run the laser and mass spectrometer, respectively.
Ziroons were analyzed with a laser fluence of 3.0 3/aepetition rate of 7 Hz, and a spot size of
0o XKY® ¢KS NRodzadySaa 2F GKS WRNEBQ LXLFaYl 41 &
raster mode across glass reference material NIST 610 (5um/s tspesit, 3.0 J/cAy 10 Hz

repetition rate, 33 um spot) to obtain maximum sensitivity and minimum oxide production (U/Th
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ratio of ~1.0 ; ThO/Th < 0.3%). Pulse analog (PA) factors were measured for m#4$$es Pk,
and U*by adjusting the spot siz&f the NIST 610 tuning line described above from 33 to 75 um.
Unknown measurements were bracketed evergl@ measurements with 91500 (1062 Ma,
2 ASRSyo6S01 SiG Ftodx mphppd Fa GKS LINAYFNE OFf A0
Slama et al., 2008 Temora2 (417 Ma, Black et al., 2004), and GHR1 (48 Ma, Eddy et al., 2020) as
validation reference materials. Data were reduced using lolite v4 (Paton et al., 2010) and all data
was plotted in ET_Redux (Bowring et al., 2011; McLean et al., 2011).ekthimites are reported
GAOGK H' | 0&a2tdziS dzy OSNIlFAyGeo

One sample was selected for/Res age determinations at the University of Alberta. Methods
utilized are described in detail by Selby and Creaser (2004 }8"Reeand®’Os concentrations in
molybdenit were determined by isotope dilution mass spectrometry using Cauhgs, solvent
extraction, anion chromatography and negative thermal ionization mass spectrometry
techniques. For this work, a mixed double spike containing known amounts of isotopically
enriched®Re,*0s, and®0s analysis was used (Markey et al., 2007). Isotopic analysis used a
ThermoScientific Trito multicollector mass spectrometer equipped with Faraday collector
Total procedural blanks for Re and Os are less thgpicdgirams and 2 picograms, respectively,
which are insignificant in comparison to the Re and Os concentrations in molybdenite. The
Reference Material 8599 Henderson molybdenite (Markey et al., 2007) is routinely analyzed as a
standard, and during the paétyears returned an average /s date of 27.78 £ 0.07 Ma (n=31),
indistinguishable from the Reference Age Value of 27.66 + 0.1 Ma (Wise and Watters, 2011). The
18’Re decay constant used is 1.666kea1 (Smoliar et al, 1996)

One sample was submitted tdhé¢ New MexicoGeochronology Research Laboratdoy

“OAr/39Ar age determinationHereal St AE a/ tfdz&au adzZ GAO2ft SOG2NJI b
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was used to determine isotope concentratiofi$ie obtained integrated age was calculatad
summing isotopic masurements of all stend the errorcalculated by quadratically combining
errors of isotopic measurements of all stepfieFish Canyon Tuff sanidine {EGwith assigned
age = 28.201 Ma (Kuiper et al., 2008)s used in calculating agd3ecay constants after Min et
al. (2000); Itotal = 5.463 x 11D yr1. Isotopic abundances after Steiger and Jager (1977)

5. RESULTS

5.1. Geology and Geochemistry biiost Rocks

5.1.a Petrography

Upper plate siliciclastictliologies of the RMT are locally represented at Robertson by the
Ordovician Valmy Formation, Silurian Elder Formation, and Devonian Slaven ForrRatéon.
grained massive siliciclastic quartat the Valmyrormation are exposed on thevest side of
the Robertson area. In hand sample and tbéction,the Valmy appears as a hard, nfotiated
quartz rich siliciclastiorthoquartzite, with fine grained subrounded quir grains 0.2.7 mm.
Quartzite of the Valmy and Vinini Formations différem that of the Osgood Mountain and
Prospect Mountain Quartzites in its smaller maximum grain size, much better sorting, greater
purity, association with bedded chert, absence of sedimentary structures, and occurrence as
relatively thick beds (KetneR2013). The youngeiElder Formation is exposeth the north and
east side of the Robertson propertgnd is observedocally as fine-grainedwell beddedcross
beddedsandstones with interbedded siltstones, mudstones, and minor limestone lefsase
crinoids have been observed in hand samgland previous studieqGilluly & Gates, 1965)
indicate the presence of graptolitésdicatinga Silurian age assignmefredominantlyin core

near the Tenabo stocknassivesandstoneswhich are variablecalcareousare observeddue to
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extensive alterationwhichhasoverprinted bedding featuresDark greyblack, platy, hin-bedded
argillite andchert of the Slaven Formatiodisplay highly contorted beds at the outcrop scale and
in hand sampleconstitute sliceous interbedsoften with cleated layers wheraleformed.
Deformation related to the RMT can be observed in thin sectiostr@sching lineations, riedel
shears, andstatic quartz recrystallizationWhere there is contact metamorpism, these
interbedded layers form biotitecalesilicate, andjuartz hornfels. Within the Slaven Formatjen
package ofmassive grey nomagneticmetabasaltis present(Fig. 3) Locally themetabasalt
displays flow banding, pillows, am@ésiculartextures often filled asamygduleswith actinolite,
guartz, orcalcite.Optically skeletal iimeniteis seen throughout thenetabasalt andcan be used

as a geochemical identifier where less altered.

Five types of intrusive rocks are identifialpletrographicallyat Robertsorbased on features
summarized imable 1 and FHgure4. Diorite, dacite, granodiorite, rhyoliteand feldspar porphyry
dikes are classification terms usedorevious studies/olumetrically minor units include andesite

dikes and pebbléikes, which de to lack of field observations and drill intercepigre not
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Fig. 4. Examples of intrusive rocks at Robertson Deposit represented by the rock slab photos on the left and cross
polarized photomicrographs on the right.-BY Equigranuladiorite with intergrown Kfeldspar, plagioclase, biotite,
hornblende, and minor quartz {B) Porphyritic dacite with 380 vol% phenocrysts of quartz (6l.5mm), plagioclase
(0.1-4mm), and lesser biotite and-fi€ldspar (BF) Equigranular granodiorite (med grained phase) with interstitial
quartz, plagioclase,-feldspar, and biotite (1) Granitic porphyry dikes with 3@ vol% phenocrysts of plagioclase (1
9mm), quartz (0.mm), and lesser biotite and-i€ldspar (1J) Rhyolite with 125 vol% phenocrystof plagioclase
(0.251.5mm), quartz (0.12mm), biotite (0.11.25mm), and Keldspar (0.11.25mm). Abbreviations: Bt = biotite, Chl

= chlorite, Hbl = hornblende, Ms = muscovite, Pl = plagioclase, Qz = quartz, Ser = sericite

described petrograpisally or geochemicallyn this study The diorite ismafic rich medium to
dark gray,fine-medium grained (0.054 mm) rock with twinned hornblende0.2-4 mm and
abundant plagpclase50-60 vol%. The diorite @istinguished by its texture, dark col@nd lack
of quartz phenocrystsPrimary ilmenitewithin the diorite has been observed optically with the
complete absence of magnetitBacitic dikesat Robertson exhibit porphyritic texture®ntaining
3040 vol% phenocrysts in an aphanitioicrocrystalline biotite rich groundmass Here
subrounded quartz phenocrysts up to fim have been observedith plagioclaseoften with
mottled rims. Polyphase granodiorite itargely mediumcoarse grained equigranular with
porphyritic end membersand distinguished from the diorite by volumetrically characteristic
guartz (30-40 vol%, feldspar phenocrystsand lack of amphibolesBoth medium andtoarse
grained phasesof the granodioritehave been observed to contain primary ilmenit@oarse
grained phaes of the granodiorite exhibdrystals typically >Bnm and can occasionally display
pegmatitic end memberg¢Table 1) Optically the granodiorit@resentsgranular textures with
occasional aplitic zoneand trace myrmekiticphases. @nitic porphyry dikegformerly fetspar
porphyry)with an aphanitic groundmass amghenocrysts (5@&0 vol%) of subrounded quartz,
biotite, k-feldspar, and distinct plagioclase cut the granodiorite and earlier intrusive pligges
4). These dikes areommonlyare altered to sericite and or chloritand are crosscut by later
polymetallic base metal veiningeldsparquartzbiotite porphyritic rhyolite dikegisplayfresh

phenocrysts (125 vol%) in @&ryptocrystalline groundmass. Wére unaltered, the dike margins



Table 1. Petrographic Characteristics of Robertson Igneous Rocks

Phenocryst vol % and grain size (mm)
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Pheno Vol GM vol % and
Rock Type Rock Texture  K-Feldspar Plagioclase Hornblende Biotite Quartz % grain size
Diorite [ 1-3% 50-60% 15-20% 13-15% 5-7% N/A N/A
q 0.05-0.3mm 0.2-2.5mm 0.2-4mm 0.1-0.75mm 0.05-0.2mm
Dacit p 1-2% 30-35% T 3-5% 10-13% 30.40% 60-70%
acite rc -
by 0.2-1mm 0.1-4mm 0.2-1mm 0.5-15mm ° 0.05-.15mm
Granodiorite 15-25% 35-40% 5-13% 40-50%
. . Eq Trc N/A N/A
(medium grained) 0.25-1.75mm  0.25-2mm 0.1-1.75mm  0.05-2.5mm
Granodiorite . 10-15% 30-45% Tre 5-10% 40-50% N/A N/A
(coarse grained) q 0.05-3mm 0.2-6mm 0.1-4mm 0.1-4mm
Granitic Porphyry b 5-10% 25-30% Tre 5-7% 25-30% 50.60% 40-50%
Dikes by 0.2-1.1mm 1-9mm 0.15-1mm 0.1-6mm U 0.250.075mm
Rhvolite p 15-20% 3-5% Tre 5-10% 30-40% 15-25% 75-85%
¥ by 0.1-1.25 0.25-1.5 0.1-1.25mm 0.15-2mm o2 <0.025-0.05mm

Mineral abundances were determined using visual percentage charts in both hand samples and polished thin section

Abbreviations: Eq = equigranular, Ppy = porphyritic, Trc = Trace
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exhibit a black vitropyre that reaches up to 0.5 m thickhe classification terminology regarding
the dacite and rhyolite dikesply an extrusive naturenowever, field relations and observations
from detailed core logging would suggiehat these units are not extrusive subaeriain nature

but rather are subvolcanic. Because of ttie terms hypabyssal rhyolite and hypabyssal dacit
dikesare used to describe these units and will be referred to as such in the remainder of this

thesis

5.1.b Lithogeochemistry

As a result ofmulti-element geochemical analysis fowf the five previously described
intrusive rocks have beetlassified into distinct population®ue to limited drill intercepts and
geochemical analysis theypabyssathyolite dikes have not been included in this geochemical
suite. Using a total alkali silica diagram after Middlemds®94)the least altered samples from
the four intrusive unitsdefine a cluster within the granodiorite field straddling theumdary of
the granitefield (Fg. 5B). Total SiQ ranges from63-79.5 wt % with the granodiorite falling on
the higher end and the diorite representing the lower granodiorite, 86@I. These relatively high
SiQ valuesmay in partbe explained by how SiQvas calculated, where major oxides were
normalized to 100% an&iQ representing the subtracted field which also includes the LOI
elements. These values may also be explained by alteration, specifically silicifitizdiomay

havenot beenfiltered out when cleaning the data.

Alumina saturationmolar ratios in a majority fosamples indicate granitoids of metaluminous
nature with graniticporphyry dikes and some diorite samples tailing into the peraluminous field
(Hg. 5A).In the BA diagram (see Bonin et al., 20208 differentiation indexindicates thatall

rocks plot iho the metaluminous fieldagain with a fevgraniticporphyry dikes and some diorite



12.00

Metaluminous | Peraluminous I-Eggm.:l .
1100 x Diorite
o~ 10.004 * N + Granodicrite
f 9.00 @ Granitic Porphyry Dikes
[=] x A Dacite
N800

7.00

o
=)
=1

A/NK =AlLO, / (Na

=
=1
=]

" 1a "1 | 18 | 20 22 24 | 28 | 28 30 | 32 34
AJCNK = A|203 /{Ca0 + NaZO + KZO)

Quartz Monzonite

7.50
7.00
6.50

6.00

2.00
1.50

1.00

610 620 630 640 650 660 670 680 690 700 7L0 720 730 740 750 FE0 70 780 790 8OO

0.0gPeraluminous

6.50
6.00
5.50
5.00
4.50
4.00
3.50
3.00

0O (wt. %)

g” 2.50
2.00
1.50
1.00
0.50
0.00

.
0025 ' 0035 ' 0bas ' 0055 ' 0065 | 0075 | 0bss | 0095 | 0305

Monzonit

Granite

Diorite ® ,:

Granodiorite

sio, (wt. %)

. " . .

0115 | 0.125

B=Fe+Mg+Ti

. es
Shoshon\'f\cse“ Fa

) fes
Vine Sef¥

calc Alka

Theleiitic Series
620 63.0 610 650 660 670 680 690 700 7LO 720 730 740 750 760 770 780 790 800

Si0, (wt. %)

0135 | 0145 | 0.155

23



24

Fig. 5. Representative geochemical plots of Robertson intrusive rockg. KA) Y RQa& LISNI f dzYAy 2 &/
representing the molar ratio A/NK =28b/(Na:O + KO) asfunction of the molar ratio A/CNK =286/(CaO

+ NaO + KO) (B) Total Alkali Silica diagram after Middlemost (1994) (C) Differentiation index B = Fe + Mg +

Ti as function of the peraluminous index A (& + K +Ca) after Debon & Le Fort (1988) (R Ks. SiQ

diagram showing the main magmatic seriste thatSiQin these diagrams was estimated assuming zero

LOI elements (see methods for details).

samples within the peraluminowomain(Fg. 5C) These rocks plot throughout the caltkaline
series highKcalc alkaline series, and into the shoshonitic sefgs5D). Again variationswithin
these diagrams may be explained in parthyglrothermalalteration which is present in many of
these unitsHarker variation diagrams illustratee negative correlation of these intrusive units
with respect to Fgls;, TiQ, and CaQ indicating crystal fractionatiofFg. 6 and Appendix E)
Granitic porphyry dikes express elevated values of Zr and Rb and depressed vatoegpatible
elementsMgQO, CaQ NaO compared to the rest of the suitdrace element analysis would be

needed in order to properly explain these differences.

Based on this geochemical analysis the diorite would appear to be of granodiorite
composition however, our petrographic obsevations suggest quartz contents (<2Q %)are too
low to be a granitic rockTable 1) Hereit is inferred that the geochemistry is an over
interpretation of this unit that may be representing altered end members. This, along with the
compatible elementconcentrations inFAgure 6 wouldsuggest that this unit is less evolved
compared to the granodioriteGranitic porphyry dikes plot in both the granodiorite agi@nite
field; however, when combined withmajor oxide plots, observed CaO and@a&alues aréower
and KO values are higher compared to other intrusive phases. Tfiegengs along with
petrographic observationtead to the classification of formerhamedfeldspar porphyry dikes to
granitic porphyry dikesNow while this geochemitwgariation mayalsobe explained by increased
alteration, it is believed thathe statistical confidence of the 436 samples analyzed accurately

reflects the classification.
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Fig. 6 Major element compositions of intrusive rocks from Robertson. Multinglet data from this study
(n = 3,973)Note thatSiQin these diagrams was estimated assuming zero LOI elements (see methods for
details).

5.2. Contact Metamorphismand Hydrothermal Alteration

5.2a Contact Metamorphism

The emplacement of the Tenabo stock producad aureole ofcontact metamorphism
affecting thelocal siliciclastic lithologies yielditige formation ofquartz, biotite, and calsilicate

hornfels that can be observed up 1dkm awayfrom the Tenabo stocKlable 2).Due to tre
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Table 2. Metamorphic and Metasomatic Assemblages at Robertson

Style Gangue Sulfides Morphology Description

Occurswithin the hornfels aurecle of the Tenabo stock.
Quartz Hornfels Qz NS/A Massive, fine grained, conchoidal fractures Recrystallization of host, overprints depositional textures
Often gradationalwith biotite hornfels

o] ithinthe hornfel le of the Tenabo stock
Fine grained bands of layered interstitial ceurswithinthe norniels auren’e ot the Tenabo stoc

Contact Metamorphism

Biotite Hornfels Bt - gz N/A andtakes on irregular shape/forms as a result of
q / brown hiotite & quartz 2 pe/
deformed hostrocks
Fine grained pale green calc-silicates & Occurs within the hornfels aurecle of the Tenabo stock
Calc-Silicate Hornfels Act - gz Nf& £ paieg L _
quartz within impure calcareousstrata eg. Elder Formation
Act-gzZ=vrm - R R
Fracture/ vein controlled, appears forest Destroys igneous textures where strongest
Endoskarn chl-ep - ves - ttn - non - + Po-ccp ) i _ ) L. T
ap-pl (?) green and milky white (primarily granodiorite & diorite)
c Bt - kfs £ chl- Flooding of pink potassium feldspar and black seconda
o Potassic Alteration + Mol - ccp Strongest zones are seen as vein . gotp P L. p e R _r"'r
- Z0 - ZEO o biotite, hosted both within intrusive and siliciclasticunits,
o] stockworks destroying igneous textures 3
- commeonly as vein selvages
a0
-
= Massive replacement where strongest, Controlled alongfractures, lithologic contacts or bedding
Act -chl-ep = * Po-ccp-py- ) . . B
E Exoskarn cal -t - 20 - 2 mrc fracture controlled where weaker, sulfide  planes, proximal to intrusive centers or focused along
_cﬂ P rich major structures
-
2
'; Sericitic Qz - ser £ clay-chl- Py+apy-gn-sbh- Friable, weak, palewhite rockthat Strong base metal signatures (Phb-Zn-Sh-Ag-5n),
I rt sp-ccp- ttr overprints igneous textures commenly alongdikes and as selvages toveins
Fracture controlled chlorite often Commonly proximal to sericitic alteration in igneous units
Chloritic Chl- cal-clayz ant tgn-s
¥ Pye P replacing mafic minerals but is seen along fractures in siliciclastic host rocks

Mineral abbreviations: Act = actinolite, Ant = Anatase, Ap = apatite, Apy = Arsenopyrite, Bt = biotite, Cal = calcite, Chl = chlorite, Ccp = chalcopyrite, Ep = Epidote,
Gn = Galena, Kfs = potassium feldspar, Mrc = marcasite, Mol = molybdenite, Non = Nontronite, Pl =Plagioclase, Py = pyrite, Qz = quartz, Rt =rutile, Ser = sericite,
Sp = sphalerite, Sb = Stibnite, Ttn = Titanite, Ttr = tetrahedrite, Vrm = vermiculite, Ves = vesuvianite, Zeo = Zeolite, Zo = zoisite
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complex thin bedded nature and internal deformation within the &iléstic units the resulting
thermal metanorphism shares this complex natur@riginal protolith composition exerts
significant primarycontrol on the resulting alteration assemblagsad consequently forms
differing mineralassemblagesQuartz hornfels appears as figeained massivetypically milky
quartz aggregatethat break conchoidally and overprints previogedimentary structuresuch

as crosshedding.In thin section quartz hornfels can be seen as static quartz recrystallization
involving grain boundary migration (GBM). Hgrain boundarie®f quartzhave ben reduced

and exhibit lobate textureslf recrystallization is indeed GBM then this metamorphism likely
occurred at temperatures above 500°C based on experimental quartz recrystallization tests by
Stipp et al., (2002)Quartz hornfels oftergrades intoboth biotite and calcsilicate hornfels and
commonlyforms crackle breccias when deformed. Biotite hornfaaisists ofmedium to dark
brown to blackfine-grainedlayers of interstitial biotite that can often take on irregular shapes
and forms due to thecomplex beddinghatureand deformatiorof the host.In thin sectionpiotite
hornfels displaysicrostructures oflynamic bulging recrystallizatiowithin biotite grainswhere

grain boundaries display irregular protrusionBiotite hornfelstypically occurin muddy/ silty
protoliths with variable amounts of quartz. Caldicate hornfelsare developed in weakly
calcareous rocks and impure strata, forming a dense pale green rock with fine actinolite and
guartz most often observed within th&lder FormationHere fine calc silicates are commonly

overprinted by later hydrothermal alteration events.

5.2b Hydrothermal Alteration

Hydrothermal #eration at Robertsoincludes a sequendbat ranges from earlgndoskarn,
potassic,and exoskarnto later sericitic and chloritic alteration. The alteratidaypes discussed

here are classified based on distinct minexssemblageand or visible physical changes in the
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Fig. 7. Hydrothermal alteration styles of the Robertson Deposit represented bpdkesiab photos on the
left and crosgolarized photomicrographs on the right.-8Y Endoskarn alteration within granodiorjte
seen as actinolite and quartz overprinting igneous textureB)@otassic alteratiowithin diorite, seeras
a vein selvagavith secondary biotite and #eldsparreplacing primary igneous mineral&F) Exoskarn
alteration within the Silurian Elder formatiompervasive replaament by actinolite and lesser quartz,
chlorite, and epidotewith abundant sulfides including pyrite, chalcopyrite, and marca&&el) Sericitic
alteration within granodiorite seenas strong quartz, sericitend sulfides In this sample primary mafic
minerak here have been altered oufl-J) Fracture controlled lgloritic alteration of granodiorite
Abbreviations:Act = actinolite, Bt = biotite, Ccp = chalcopyrite, Chl = chloEfe,= epidote, Hbl =
hornblende, Ksp =-f€ldspar, Mrc = marcasite, Ms = musceyiPI| = plagioclase, Py = pyrite, Qz = quartz,
Ser = sericite

host lithologyand are summarized in Table 2 and Figurmfénsity is used here to describe the
degree ofhydrothermalalteration from weak (primarily fracture controlledhrough moderate
(fracture controlled and disseminatedio strong (pervasive)Note that allminerak described

may have not precipitated at the same time but rather reflect summation of all events until the
present. Thus, the term assemblage is used to describe minerighito be cogenetic and the

term associated is used to describe minerals thought to simply coexist. In separating these events,
crosscutting and offsetting relationships in conjunction with age dating was used in order to

accurately determine relativeming

Endoskarn

Endoskarn alteration consists primarily ah actinolite-quartz assemblage with lesser
variable amounts ofassociatedchlorite, epidote, vesuvianite, titanite, and nontronite. This
assemblagés typically fracture or vein controlled ang@ears aglark green patches or lenses
most commonlydisseminatedwithin igneous dikes on the margins of the Tenadack. This
alteration type is seen within all proximaineralizedzones includinghe Porphyry, Gold Paand
Altenburg Hillzones. The sulfides frequenthyassociated withendoskarnalteration include
pyrrhotite, chalcopyrite and pyrite In previous studies light brown, fine grained garnet has been

observed with this minerassemblagéMcCusker, 19965trong endoskarnalterationoverprints
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original igneous textures andavithin these zones, mafiminerals andfeldsparsare replaced
Within strong zones, contacts between intrusive units and hornfels can become difficult to
distinguish, bordring between endoslirn and exoskarnHere this alteration typecan be
associated withntensezones of mineralization and veiningn thin sectiona wash of actinolite

and quartz is typically seen with minerals such as apatite and titanite at higher magnification
locally in close associatiomvith the actinolite. Where more moderateor weaker degrees of
alteration occur,rims of mafic minerals and feldspars become mottledt are not completely
replaced.In weak zoneslteration is constrainedlong small fracttesandstructuresdepending

on the characteristics of the protolitiGeochemically these zones are typified by the introduction
of Ca and the removal of Kowever, due to later stages of alteration and veinjiigese patterns

may become overprintedn places endoskarn can bebserved being cut by secondary biotite
but in a few instancesthe opposite has been observed. This may be the result of the
emplacement of multiple intrusions and successive hydrothermal fluid phases at increased

temperatures (liorite thengranodiorite).

Potassic Alteration

Potassic alteration at Robertson can be observed both within Eocene igneous rocks as well as
the Paleozoic siliciclastic uniteowever, it isbest developed withiintrusive rocks othe Porphyry
and Altenburg Hill zonegVithin intrusive rockghis alteration assemblageonsists ofvidespread
fine-grained secondary biotite an#-feldspar selectivelyreplacing coarsgrained magmatic
biotite, hornblende and plagioclaseOften finegrained secondary biotite is later replaced by
chlorite.Where strongestpotassic alteratiomestroysprimaryigneous textures and accompanies
stockwork veining commonly infilled with later zoisités these strong zones, molybdenite and

lesser chalcopyie are typically observeth quartz vein stockworkswith lesser disseminated
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occurrenceof these sulfidesWhere less intense, secondary biotite can be seen along narrow
veinlets or fractures where it often overprinted andor offset by later calsilicates or sericite.
Outside of the intrusion, within upper plate units, fine secondary biatde be seen along fine
mm scale fractures cutting hornfelslere potassic alteration is viewed in more moderate and
weaker styles due to the chemical nature of the protoliithin the Slavermetabasalt this
alteration canform an-scale selvages on quaalfide veins which have been observed to
overprint primary mmerals such askeletaliimenite. The representative geochemical signature of
potassic alteration ithese zones includes increased K and decreasddavalues These areas

alsoexhibit higher Rb/Sr and Zr/Hf ratios most likely due to incrd&smetasomaism.

Exoskarn

The exoskarn alteration mineral assemblagbserved at Robertsorncludes actinolite
chlorite-epidote * calcitditanite-zoisite and is seenoutside of the Tenabo stock within the
Slaven and Elder Formatiorighis alteratiortype can be sen both proximal to intrusive centers
typically in the Elder Formatigor outboard of intrusiongocused along fractureones lithologic
contacts or bedding planes. Where strongest, exoskarn appears as madsiiedark green
sulfide rich bodies that may reaéhmthick and persist laterally for martgns of meters such as
in the GoldPanor 39Azones. Accompanying these local replacement honig are associated-
70% fine sulfides, including pyrite, marcasite, pyrrhotite, chalcopyrite, and lesser arsenopyrite
(McCusker, 2004)n the strongest zonesost rocks ardifficult to discernasbedding features
areoverprinted andusuallyaccompanid byextensive brecciationVhere weaker, exoskarn can
be seen as open space fillings along fractures, lithologic contacts, or bedding plékeethe
hornfels, protolith composition hastrong influence over where exoskarn forms and how it is

manifested.Due to the relative calcareous nature of the Elder Formatimmpared to the other
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formations,exoskarns tend tdorm preferentiallyin these unitswhere primary minerals can be
easily removedWithin the Slavemetabasalt exoskarralteration isadditionallyabundant often
with patchesor blebsof calesilicateand later minerals infilling vesicld3ue to the Feich nature
of the metabasalt, sulfidation of this unit tends to occuorming zones rich irpyrrhotite,
chalcopyrite pyrite, and later marcasiteWithin less reactive host rockexoskarn alteration is
tightly constrained to veinlets, fractures, and bedding planescallythese zones can be
associated with increased gold mineralizatidwowever, this is not consistent iroughout the

whole deposit.

Sericitic Alteration

Sericitic alteration is observed as selective or pervasive replacenoériiest lithologies
forming quartzsericite-sulfide + claychlorite-rutile richassemblagesThis alteratiortype is most
common within dikes an@long selvages of quartgulfide veinsTheresultis typicallya pale
white, friable/ weak rock superimposed on earlier alteration events such as potassic alteration.
Where strongest, primary igneous textures have beestiged, mafiamineralsare completely
altered to sericiteor clay mineralsand disseminaig or vein-controlled sulfides are common.
Quartz addition to the groundmass angplacementof feldspars by sericite gervasivein these
zones. ASDanalysisof ericitic alteration in representativesamples confirms the presence of
illite overprinting hydrothermal muscovie in igneous dikes(Appendix F) The associated
disseminated sulfides in these areas typically include parsenopyrite + sphaleritgalena.
Veinhostedsulfides in these zones show strong-BABSBAgGSn signatures andonsisttypically
of pyrite, arsenopyrite sphalerite galena and stibnite with lesseramounts oftetrahedrite,
freibergite, and stannite In weaker zonesguartzsericitesulfides are fracture-controlled,

preferentially alter maficminerals and are constrained closer to fracture margiWgithin
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siliciclastic unitssericiteis strongly fracture controlled and typically accompanies polymetallic
veins.Herequartz and sulfide assemblages dominatad disseminated styles are less common.
Locally this alteration type can be seen superimposed on earlier alteration styles and in thin
section sericite can be observed overprinting earlier actinolite or seconiéiite alteration.

Geochemicallyhese zones broadlisee increases in Kig, Sb, As, Pb, Zn

Chloritic Alteration

Chloritic alterationis the latest type of alteration observed at Robertson &wharacterized
by the mineral assemblage chloritalciteclay tanatase.Similar to other styles of alteration,
chloritic alteration is strongly controlled kgrotolith composition This alterationtype is most
common within igneous units as partialavmpletereplacements of mafic mineraleowever; it
can alsooccuralong fractures cutting siliciclastic rockaulfides in these areas are frequently
pyrite with lesser galena and sphaleritBhe strongest zones show disseminated assemblages
away from fracturesnd form pervasive replacements seerfigure 7. In weaker zoneschlorite
isconstrained to the fracture envelopesd calcite is more commonypically, chloritic alteration

is observed proximal to sericitic alteration and can occasionally be obseraéithg into it.

5.3. GoldMineralization

Gold mineralization at Robertson, has previously been recognized in Snitanralizedzones
including Porphyry, Altenburg Hill, Gold Pan, 39A, and Distall@igAll of these zones occur
within or nea the Tenabo stogkwith the 39A and Distal zones being the furthest from intrusive
rocks. Herepreviously defined mineralizatioautlined in past reportsalong with new insights
from this studyare presented Characteristics of gold mineralization within the different zones

can be seen ifable 3 andHgures 8 and. Within these 5 zones, gold occurs as native particles
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Table 3. Ore Resource Zone Characteristics

Resource Zone Host Rock Mineralization Style

Gold Association

Dominant Alteration Description

Hornfels and

\ Sheeted veinswith Au aloneor
Altenburg Hill ) ) - .
intrusive rocks within apy grains
Hornfels and ) St_ructl_.lrall',.r controll_ed )
Porphyry ) 3 disseminations of Au and inveins
intrusive rocks _ ) A
with minor bi sulfosalts (no apy)
Harnfelsand  Au disseminated alone and/forin
Gold Pan ) s
basalt veins within apy
Structurally controlled
disseminations of Au within massive
30A Hornfels ) e
sulfide layers alone or within apy
grains
Structurally controlled
Distal Hornfels

disseminations of Au and inveins
commonly inside apy grains

Galena-Native Bismuth-Hedleyite

Electrum-Mative Bismuth-Bismuthinite-
Babkinite-Kawazulite-Maumannite

Laoellingite-Galena-Native Bismuth-
Pilsenite-Tellurohismuthite-Hedleyite-
Tetradymite-lkunalite-Kawazulite-
Hessite-Cosalite-Canfieldite-Tsumoite

Loellingite-Native Bismuth-
Tellurohismuthite-Hedleyite-
Tetradymite-lkunolite

Electrum-Mative Bismuth-Hedleyite-
Pilsenite-Protojoseite-Bismuthinite-
Tetradymite-lkunalite-Cosalite-
Babkinite-Canfieldite

Mineral abbreviations: Actinolite= Act Arsenopyrite=Apy Chalcopyrite=Ccp Galena=Gn Pyrrhotite=Po

Potassic alteration isbest developed here. Galena,
freibergite, and boulangerite clearly post date apy

Potassic

All Au found within intrusive units was alone.
Electrum & Bisulfosaltswere anly observed in
siliciclastic units. Lesser Te & As signature. Cu best
developed here. Bi clearly postdates ccp

Potassic & exoskarn

Basaltcommonly sulfidized and exoskarn altered

Exoskarn with act-po-ccp. Strong sulfosalts. Loellingite
within apy. Ccp & gn clearly postdate apy
Massive sulfide layersup to 9 m thick. Loellingite
Exoskarn within apy, Au clearly postdates apy, abundant
marcasite postdates apy
Strong increase in apy, po commonly within apy,
Exoskarn

ccp clearly postdates apy, sbundant marcasite
postdates apy

Chemical Formulas Babkinite=Pb;Bi;(5e 5); Bismuthinite = Bi,S5: Boulangerite = Pb.3b,5,, Canfieldite = Ag:5n5; Cosalite=Pb,Bi;53; Electrum = Aufg Freibergite= (Ag, Cu, Fe),:(Sb, AskS. Hedleyite=Bi;Te; Hessite=
Ag,Te lkunolte=BiySe,5); Kawazulite = Pb,;Bi;5; Loellingite= FeAs Native Bismuth=Bi Naumannite= Ag;5e Pilsenite=Bi,Te; Protojoseite (Bi.TeS:) Tellurobismuthite= Bi;Te;Tetradymite= Bi;Te;5Tsumoite BiTe
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Fig. 8 Reflected light and backscatter electron photomicrographgafl mineralization and associated
hydrothermal minerals. Each reflected light photomicrograph has the associated backscatter electron
image below it (A & D) Gold in close association with tsunanitdtetradymite (B & E) Gold withative
bismuth, galenahedleyite, ikunolite, and chalcopyrite. Chalcopyrite here is seen cutbgdying minerals

(C & F)Gold in association with tetradymite and pilsenite. Thesddaring minerals surround nearby
arsenopyrite grains(G & J)Native bismuth, hedleyite, and alcopyrite infill cracks within earlier
arsenopyrite(H & K)Mottled arsenopyrite with apparent zoning infilled with gold, hedleyite, babkinite,
tetradymite, and native bismuth. EDS analysis shows no chemical differences in growth(lz&8né}
Arsenopyrie grain with mottled interior infilled with gold, tetradymite, and hedleyite. L is zoomed in view
of | annotated with the red squarébbreviations: Act = actinolite, Apy = arsenopyrite, Au = gold, Bab =
Babkinite (PEBk(Se,S) Bi = native bismuth, Ccp = chalcopyrite, Gn = galdad,= Hedleyite (Bies) Iku =
Ikunolite (Bi(S,Se) Pil = Pilsenite (Bies) Py = pyrite, Qz = quartz, TetTetradymite (BkTeS), Tsu =
Tsumoite (BiTe)
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Fig. 9. Reflected light, transmitted crogmlarized light, backscatter electron and secondary electron
photomicrographs of gold mineralization in the different resource zones at Robertson including Altenburg
Hill (AC), Porphyry (i), Gold Pan (B, 39A (1), and Distal (MD). (A) Quartz gold vein cutting
granodiorite sample can be seen in fig. @) Zoom in view of image A of au in apy (C) Au and native
bismuth within apy (D¥5old and bi sulfosalts on ccp grain precipitated in sheeted \eorg scan in Fig.

9H) (E)Zoomed in view of image with gold and bi sulfosalts with ccp (F) Native bi cutting ccp along fracture
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(G) Amygdule in basalt with act and apy (H) Apy grain from image G with au inside (I) Zoomamadpau
within apy (J) Massive sulfide zone in 39A with nativenauartzgangug(K) Zoom in on left au grain from
image J with associated minerals (L) Zoom on right grain from image J with au infilling apy (M) gldirtz
vein cutting quartz hornfels (N) Zoom in on image M with au grains seen within apy and outside in quart
vein (O) Zoom in on image Blu associated with native bismuth and tetradymit&bbreviations: Act =
actinolite, Apy = arsenopyrite, Au = gold, BaBabkinite(PkBk(Se,S) Bi = native bismuth, Cal = calcite,
Ccp = chalcopyrite, Gn = galena, Kakawazulite(PkBkS) Lo = loellingite, Mrc = marcasite, Ms =
muscovite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Qz = quartz, Ser = sericitd,efratlymite
(BeTeS

of generally high fineness that range in size from 2 to gi0and with an averageof 40 pm
(McCusker, 1996). This fredsiblegold can be found both within intrusive and siliciclastic rocks
as disseminations or in veins, commonly associated tgithrides andBiTe-SePb-Ag-Sbearing
minerals most commonlyincluding native bismuth,hedleyite and tetradymite. Frequently,
native gold particlesan be observed encapsulated within arsenopyrite graimgquartzgangue
and/or on the surface of pyrrhotite, aenopyrite,chalcopyrite,and loellingite grainsFor all
samples analyzed for muklement geochemistry at Robertson, gold correlates moderately with

Bi (0.41) Te (0.52) Cu (0.44%ing a spearman correlation matrix

5.3.aAltenburg Hill Zone

The AltenburgHill zone is locatedalong the southeast contact of the granodiotitehere
lesser dioriteintrudes highly fractured and folded biotiteand quartz hornfels of the Elder
Formation at depth and shallows to the north where the intrusion is expd at surfaceHere
the Tenabo stockuts the thrusted contact between Elder and Slav&rmations which are
exposed on surfacéi@. 1B). Within the Slaverormation, an east dippingpackage of metabasalt
is exposedand based on drillingis currently estimated to be-122 m thick (Hg. 3) Potassic
alteration is best developedithin the Altenburg Hiltone with pervasive replacement of igneous
rocks by secondari-feldspar and biotite Kig. 7Q. On the west side of this zonpotassic

alteration can also be seen cutting Slavertabasalt in the form obiotite veinlets(Hg. 10B).
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The AltenburgHill zone is confined primarily to the EldeFormation; however, gold
mineralization haslsobeen observed within th& enabostock Here gold is distributed alog
high angle NW-striking SWdipping faults within hornfels of the EldBormation. The Elder here
isexposed at surface aridin contact with granodiorite to tha@orth and extends to deptko the
south. Within the hornfels gold can be seen in veisemmonlyassociated with telluridesral B-
bearingsulfosaltsIn FHgure 10J gold is associated witblearnarrow veins cutting and offsetting
earlier milky quartz molybdenite veinSome of the highest Mo valuescurat AltenburgHilland
are hosted in the granodioritewith values up to 890 ppm buwtverage ~15 ppmWithin the
granodiorite gold has been observed within arsenopyrite grains as free disseminations associated
with native bismuth Fg. 9A-C). The AltenburdHill zone is cut by series ofporphyritic dacitc
dikes~0.51.5 m These dikes are most voluminowusthin this zoneand constitute a dike swarm
cutting both diorite and hornfeldocallyconcentrating gold mineralizatiofPost golchypabyssal
rhyolite dikes are alsseen on thavest side of this zone cutting both the granodiorite and Slaven
Formation. These NWstriking SWHipping dikesdisrupt the continuity of goldnineralization

within the Slaven.

5.3.b Porphyry Zone

The Porphyry zone includes the NE margin of the Tenabo stock which intrudes the Elder
Formation near surfaceand the SlavenFormation at depth(Fig.3). Within the center of the
mineralized zone the lower eastdipping thrusted contact between the Elder and Slaven
Formationoccurs~152182m below the surfacewith the Tenabastock intruding ths contactto
the south (Fg. 3). This contact is exposed at surface to thest and extends at depth tihe east,
similar to the Altenburg Hill zone. Heréhe structural nappe ofElder Formation is highly

deformed, faulted, andnetamorphosed toquartz, biotite, and calsilicate hornfels. Diorite in
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this zoneforms a thick 221 msilHike body along thaorth andeast margins of the stock that
dips west ~3%and is locally converted to endoskarn near the contacts with-siéate hornfels
(McCusker1996). EWstriking south-dipping post gold granitic porphyry dikes cut the diyr
granodiorite, dacitic dikesand upper plate siliciclastiithologiesin this zone andlisrupt the

continuity of gold mineralization

The majority of the gold mineralizatioin the Porphyry zonds hosted within the Elder
Formation; however, there is extensive mineralization in both the diorite and granodiorite here.
The highest gradeof gold are found in this zonevith one five-foot interval within granodiorite
returning over89ppm gold, however, most of the gold grade here is closer ©@5Q@pm. The
overall distribution of goldin the porphyryzoneis concentrated along the contaof diorite and
granodioritein overlying hornfels of the Eld€ormation. Here aseries of NStriking, moderately
westdipping faults called thertieloskarnfault series are associated with intrusion emplacement
and strongly control higlr grade gold mineralizationAuriferous veins cut earlier styles of
alteration andare seen irHgures 10Hand 10l. Within intrusive unitshere,these veins cugarlier
potassic alteration and on the microscopic scale (-50fim) gold is seen alerin quartz gangue.
Cutting hornfelswithin the upper plate siliciclastic units these veinay come in sheeted sets or
may use earlier veins as preferred fluid pathwdysder refleted light, the closeassociation of
gold, native bismuth, and sulfosalts sucltbabkinite anckawazulitecan be seelFHg. 9E). Further
SEMEDS analysisighlights the chemical composition of theseb®aring mineralsalong with
crosscutting relationships with other sulfide@ig. 9F). Interestindy, gold in this zone has not
been found in association with arsenopyriteany sampleas in the other zonesind specifically
gold has not been observed with grBibearing mineralswithin intrusive units Within the

intrusive unitsin the porphyryzone gold has been found to baone in quartz vein gangue as an
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alloy with~4-6 wt. % Ag.Outside of the intrusion within siliciclastic unithis study along with
previous studies haefound gold as electrur(>20 wt % AQ. Geochemical correlations with gold

in this zone include Bi (0.53), Te (0.&rY Cu (0.6)using spearman correlation matrices

Copper is best developed in the Porphyry zone, with the higBastlues being 3% over a
1.5 minterval However,the overall Cu gradé<0.02%)s not high enough to be considered ore
(Amax Gold Inc. 1994 Feasibility Stutlypogenecoppersulfidemineralization consistgrimarily
of chalcopyrite which is commonly affected by supergene processes resulting digenite,
covellite, cuprite, andmalachite. Supergene native copper @sobe observedand iscommonly
associated with gossan zondevious studies indicate the presencecbialcocite in some of
these zones.
5.3.cGoldPan

The Gold Pamoneis located along the northwest contact of the Tenabo stiocthe highly
folded Devonian Slaveformation, including hornfelsed chert/argillite and metabaséfig.1B)

In the SE portion of this zone Tenabo stock is exposed at surface where it stednqalgs off to
the NW.Similar towestern AltenburdHill, the package otastdippingmetabasaltat Gold Rnis
estimated to be~122m thick.Continuingfrom the Porphyry zonea serieof EWstriking south-
dipping postgold granitic porphyry dikes cut both the Tenabo stock and upper plate siliciclastic

lithologies

Gold mineralization here is fouwdthin veins and disseminated throughout the hornfels and
metabasalt A majority of the goldnineralizationis hosted by the metabasalilong a series of
high and lowangle faults forming a number of lenticular zonesf strong exoskarn alteration
which ae generallyoriented to the northwest.The metabasalhere hasundergone significant

exoskarn alteration with intense sulfidation in the form of pyrite, marcasite, pyrrhotite,
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chalcopyrite, and lesser arsenopyrit@old mineralization within the metabadals commonly
observed as free disseminationsenclosed in arsenopyrite graifi§g. 9l). In thin sectionthese
arsenopyrite graingypically containloellingite and pyrrhotite and are cut by later chalcopyrite.
Detailed SEMEDS analysief these sample has confirmed the presence of natilesmuth,

hedleyite, andikunolitein close association with gold mineralization.

Outside of the metabasalt anditin the hornfels, goldis observeddisseminatedfault
breccias or withirmm-scalequartz veinsHere the hornfels has notindergonestrong exoskarn
alteration and sulfidationcompared to the metabasaltikely cue to protolith composition In
thin section free disseminated gold can be observedhyjuartz ganguasbrecciainfill or along
smallveinscutting hornfelsWithin the quartz veins that cut the hornfelgold can be seen alone
in quartz gangue, with nativedmuthand Bi-bearingsulfosalts, omwithin or around arsenopyrite
grainswhich typically contain loellingite in the gier. These veins can be seen cutting hornfels in
crackle brecciasr following biotite hanfels lensesvisible goldn these veinssclosely associated
with various types oBi-bearingsulfosalts includingbabkinite kawazulite hedleyite pilsenite
tellurobismuthinite hessite and cosalitdTable 3) Later stages of mineralizatipimcluding galena

and marcasiteare seen cutting these earlier events.

5.3.d 39A Zone

The 39Azoneis a shallow 20-35° ENE dipping structurally controlled stratiform body of
semimassive sulfiddocated243-308 moutboard of the Tenabstock, hosted entirely irhornfels
of the Slaven FormatiorHg. 3). Locallythe replacement body formsl(5-8 m), persistent layers
that can extendalong strike up t&5 m,with the highest gold values generally encountered at or

near the base of these sulfide layers (McCusker, 2004). Sulfide layers encorifiéésfidie
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sulfides, including pyrite, marcasite, pyrrhotite, chalcopyrite, lesser arseitepgnd trace
molybdenite Below this zone, auriferous quartz veins control much of the gold mineralization.
Strong exoskarn is typically present with the sulfides in this zdominated by actinolite and
chlorite with lesser epidote, titanite, zoisignd trace tourmalineSimilar to the GoldPan zone
structurally above south-dipping post mineral granitic porphyry dikesut the 39A stratiform
body. High angleeastdippingpost mineral faults including the Gylding featiditionally cut the

39A structue.

Goldmineralization at 39A is present as disseminatiofsative particles alone or associated
with Bibearing sulfosaltdn hand samplesf these massive sulfide horizgngsible gold can be
seendisseminated throughout the pervasive exoskd&abw these horizons gold tends to be vein
hosted.Within thin section coarse gold up to 200uis observedn quartz ganguer associated
with arsenopyrite graingHg. 9J3L). More detailed SENEDS analysis in this stydyong with
previous observationsindicate the presence of ative bismuth, loellingite, tetradymite,
tellurobismuthinite hedleyite and ikunolite in close association with gold particjesther in
guartz gangue or hosted within arsenopyrite graidsthe micronscale gold can be seen cutting
and infillingarsenopyrite grains and grain boundaries between arsenopyrite and loellirkgte (
9K). Within the 39A zonghe highesttungstenvaluesare encounteredwith one fivefoot interval
returning over 7,100 ppm, but averagird2 ppm within the zoneRrevious studies indicatthe
presencesf scheelitein some of these areagdohnson, 1973) ater stages of mineralization in
the 39A zone include armcasite replacing pyrrhott and cuttingarsenopyrite. Discontinuous
pyrite veinlets are common in this zone andhere strongest, appeaas dull sooty masses or

lenses.

5.3.e Distal Zone
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The Distal zone is the furthest from the Tenadock ~520 mNW and is hosted by a thick
sequenceg>300 m) of biotite, quartz,andcalcsilicate hornfelsn the Slaven Formatio(Fg. 1B).
The favorable mineralized horizaat the Distalzone appears to besimilar in nature tothe
mineralized horizon in the 392one, bu down stratigraphy andn a more distal position with
respect to the Tenabo stock contg€tg. 3) This area consists of a series of persistent, but narrow
flat-lying mineralized zonesontrolled by areastdipping fault series called thadtal fault seies.
Herea major faulf called thequartz fault is exposed at surface returning mudfiam gold assay
from rock chips. These mineralized zones consist of strong exoskarn altefféatoE) with
pervasive actinolitdremolite and abundant sulfides including pyrite, pyrrhotite, marcasite,
chalcopyrite, arsenopyrite, sphalerite, galena, tetrahedrite, boulangerite, and stan@ititing
these zonesare sheeted quartz; chalcopyrite veins, quartg gold veins, and later polymetallic

veins.

CGold at Distal isprimarily hostedin quartz veins oas disseminaibns within arsenopyrite
grains with nativebismuth and Bi-bearingsulfosalts.In hand samplgvisible gold can be seen
within these quartz veinautting calesilicate altered hornfelsdHg. 10G). Under reflected lighthe
close association of gold witBi-bearing mineralds apparentand can be seen both in quartz
gangue and within arsemyrite grains (FigOM-O). SEMEDS analysis confirms the presence of
these mineralsincluding native bismuthhedleyite pilsenite protojoseite, bismuthinite and
tetradymite, ikunolite, cosalite, babkinite, and canfieldif@able 3). Minor electrum has been
observed in thiarea enclosed within arsenopyrite grailgsenopyrite is bestleveloped in this
zone and can often be seen disseminated throughout the hornfels or focused along fractures.
Optically this arsenopyrite often looks mottled andan be infilled or crosscut bylater

mineralization including chalcopyrite and lat@irbearingsulfosalts(Fig. 8@&@.) Locally, massive



44

fine-grained arsenopyrite forms narrow discontinuous replacement horizoater plymetallic
base metal veins are common herehich typically carngtibnite, sphalerite, galena, with lesser
tetrahedrite, boulangeriteand pavonite Geochemicallythe Distal zone has significagthigher
concentrations ofAs and Sleompared to the other zongesanging from1.60-29,300 ppm As and
1.17-840 ppm Spwith the highest Hg interval recorded here at 2.77 pp@&eochemical
correlations with gold in this zone include Bi (0.61), Te (0.69), As éha@&u (0.51). It has been
noted that Distal has mineralogical and geochemical characteristics of distal galths, as
described byMyers (1988)Meinert (1989), and Ray et g11990. Previous work has indicated that
a later stage of mineralizatiorutsthe stratiform zones and fd moderatdy-highangle faults and

fracturesincluding adularia.

5.4 Veiningand Paragenetic Sequence

Based on detailed core logging, petrographic observatiSE®JEDSand SEMCL analysjg
paragenetic sequence of vein events at Robertsas beenestablished. In order to determine
the sequence of vein formation, a weielationship matrix was created and implemented during
the core logging procedq§ig. 11). As a result of this work, veicrosscutting relationshipsand
associated hydrothermal alteration and mineralization indicate the succession of three main
paragendic stages referred as 1) pgold, 2) syrgold, and 3) postold. The details of each of
these stages can be found Table4 and aredescribedbelow. More detailed SEMCL imaging of
these quartaveins reveals evidence for multipteackand-sealevents ad reactivation of earlier
veins (Hg. 12). This highlights the importance of efétting vein relationshipsvhen trying to
understand sequence of evenfBhe terms selvage and halo are used here to describe minerals
precipitated next to a vein, whereselvage describes minerals at the vaiallrock interface and

halo described minerals extending outside of the vein into wallrock.
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Fig.10. Core scans of veins separated ipie-gold, syn-gold, andpost-gold stages Mineral abbreviations
and detailed vein descriptions are listed in tabl€A) Barren quartz vein cutting granodioritet and offset
by a quartK-feldspar vein and cut by a quasthalcopyrite veir{B) Biotite veinlets cutting basalt (C) Quartz
¢ Kfs ein with biotite selvage cutting diorite (D) Quagzhalcopyrite vein cutting granodiorite (E) Quartz
¢ arsenopyrite vein cut by pyrite veinlets (F) Quartnolybdenite vein cutting and offsetting earlier biotite
veinlet (G) Quartz, gold vein cutting alc silicate hornfels (H) Quarzyold vein cutting quartz hornfels (1)
Quartz¢ gold vein cutting dioritg€J)Quartz¢ gold vein cuttingand offsetting quartz, molybdenite vein in
biotite hornfels (K) Quartz gold vein and several other vein types éngf granodiorite (L) Quartz gold
vein within quartzarsenopyrite vein parallel to quartzchalcopyrite veir{M) Pyrite veinles cutting quartz
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hornfels (\) Polymetallic vein cutting quartz hornfel®)(Bull quartz vein cutting biotitbornfels, cut by
calcite vein(P) Polymetallic vein cutting sericitically altergcanitic porphyry dike Q) Thin discontinuous
pyrite veinlets agcleat€ within bedded Eldeformation ®)) Calcite vein with euhedral calcite vug cutting
basalt Abbreviations: Act = actiritd, Apy = arsenopyrite, Au = golBt = biotite Cal = calciteChl =
chlorite, Ccp = chalcopyrite, Fb = freibergite, Gn = galena, Ksfekdgpar, Mol = molybdenite, Ms =
muscovite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Qz = quartz, Seite, &pi = sphalerite, Sb =

Stibnite
Offsetting Vein (Younger)
@ 2l =
= c
: 2 2 2 z =
Vein Type Zl Ll 8 2| o 3| o @
El € ®W S E| °| & o @
o ‘@ £ = w~N| F| =| E
3 > O 2| & | = Tl ©
Il of | | | 8 8 g =
e| & 4| £ £ £| O gl g £
= 5| 5| 8| 8 5| 3| 5 B =
< | & J Jd Jd & & & O
- Aplite 1 1|2 2
3 Barren Quartz Veins 14| 5 |10| 5 1|2 8
% Potassic Veins 2 (4 (19|10 2 |7 13
n — Quartz - Chalcopyrite 1/16| 6| 5|4 |3 |1]|16
©
= % Quartz - Molybdenite 1/3|1|3|]2]|5 4
- § Quartz - Pyrite 1 2 |1 1
-IE Bull Quartz Veins 1112 4 2
£ Pyrite Veinlets 2 1
g Polymetallic Veins 2
Calcite Veins

Fig. 1. Vein crosscutting relationship matrix after Seedorff and Einaudi (2004). Vein descriptions are
presented in table 3. Offsetting vein observations made during core logging, binoc descriptions, and in thin

section were input into this matrix to establisnvein chronologyEach cell contains a number of
observed off setting relationships with thehaded diagonafegion separaing normal from
anomalous crosscutting relationship& normal relationship gbove the diagonal) is defined
wherea vein is cut by aein from a later stageandan anomalous relationshifred)is defined as
a reversal in the typical sequence whexraormally younger vein type is crosscut by a normally
oldervein. Blank cells represent no observed cross cutting relationships.
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Crosscutting and offsetting vein relations were captured to create a vein chronoldgy. (
11). Here each cell containg number of observed off setting relationships withe shaded
diagonalregion separaing normal from anomalous crossutting relationships As $ated by
Seedoff andEinaudi(2004) anormal relationshipgbovethe diagonal) is defined whewevein is
cut by a vein from a later stagand an anomalous relationshifs defined as a reversal in the
typical sequence whera normally younger veitype is crosscut by a normally oldegin. Such
anomalous relationshipare not uncommon for early, higlemperature veinsand may mdicate
multiple hightemperaturemagmatichydrothermal fluid pulsegorming stockwork vein systems
(Sepp and Dilles, 2018lank cellin thisfigurerepresent no observed crogsitting relationships.
Not shown in the matrixare other crosscutting relationships between intrusive units, other vein
types, and observations between different minerat®wever, the results of tle findings are

discussed in the following section and presented in a paragenetic sequeRgeiia I7.

5.4.aPregold stage

The pregold stage includea sequence obarren quartz veins, biotite veinlets, quaiiz
feldspar early dark micaceo{iE8DM veins,quartzarsenopyrite quartzchalcopyrite, and quartz

molybdenite veins.

Barrenquartzveins:Barren quartz veins atée earliest vein®bservedand arecharacterzed
as thin(0.5-3mm), with wavy wall geometries and filled with clegmartz. These veins typically

are not continuous, have no vein selvages$alos, and do not usually contain sulfid&gsfigure

10A an early barren quartz vein is cut and offset by a quartz vein wiflelddpar selvages also
cut bya quartzchalcopyrite veinThe quartZ-feldspar veinhere cutsquartzchalcopyrite vein

andrepresents a anomalous relationships previously diussed.
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Table 4. Petrographic Characteristics of Vein Types at Robertson

Vein Fill Vein Halo
Vein Type Wall Geometry Description Width (mm) Gangue Sulfides Width (mm) Gangue Sulfides
Thin, clear, ti key due to fluid
Barren Quartz Wavy N, clear some. |mes.sm0 ¥ due to Tl 0.5-3 Qz + Cep - po - py N/A N/A N/A
inclusions
Thin wavy brown veinlets of biotite with biotite
Biotit Wi 0.5-2 Bt * Cep- 0-5 Bt + kf *+ Cep-
fotite ay halos occasionally with kspar often alt to chl cp-po s cp-po
Light pink veins oft ith biotite “EDM veins”
= Quartz - Kfs Wavy 1§t pink Veins otten Wwith bIOHLS veins 1-4 Qz - kfs + bt N/A 3.7 Kfs + bt N/A
8 forming stockworks where strongest
T i i Clear syntaxial veins with medium grained, zoned
- . +lo-
E Quartz - Arsenopyrite Straight arsenopyrite commonly cut by later ccp and py 1-7 Qz Apy tlo-po N/A N/A N/A
cl rtz, ly sheeted sets, sulfide mid- Cep % po - py -
Quartz - Chalcopyrite Straight earquartz, commonly sheete se. = suftide mi 1-6 Qz P = PO - Py 1-2 + Act-chl  + Ccp-po-py
centers, open space veins mol
. . Commonly granular milky quartz, tend to be larger
. . + -
Quartz - Molybdenite Straight veins, often re-opened by later vein stages 2-15 Qz Mol + ccp - po N/A N/A N/A
h] Clear-milky quartz with variable amounts of
8 Quartz - Gold Straight sulfides cutting both intrusive and sedimentary 110 a LA Hosalt N/A N/A N/A
= uanz -0 raig units commonly associated with Bi-Te-Se-Pb-Ag-S i z-au = APy - sullosalts
3;' sulfosalts
i i Thin, discontinuous, fine sooty sulfide veins filling
Pyrite Veins Irregular dilational fractures at random orientations 0-5-2 faz Py -4 Ser Py
Commonly associated with sericitic alteration,
L) . . ; Py-apy-sp-gn-
o Polymetallic Veins Straight strong Pb-Zn-Sh-Ag-5n base metal signatures, 2-19 Qz - cal <b - ccp - tr 1-5 Ser Py - apy - ccp -
o minerals include freibergite, stannite, boulangerite P
gt
173 . . . : .
38 Bull Quartz Straight Milky quartz veins with no sulfides t_hat typically 540 Qz N/A N/A N/A N/A
o tend to be largerthan other vein types
Calcite Veins Irregular Thin, wispy, calcite strln.gers that often form 05 Cal +py N/A N/A N/A
networks or crackles in fractured rocks

Mineral abbreviations: Act = Actinolite, Apy = Arsenopyrite, Au = Gold, Bt = biotite, Cal = calcite, Ccp = chalcopyrite, Chl = chlorite, Gn = Galena, Kfs = potassium feldspar, Lo = Loellingite, Mol =
molybdenite, Po = Pyrrhotite, Py = pyrite, Qz = quartz, Sb = Stibnite, Ser = sericite, Sp = sphalerite, Ttr = tetrahedrite
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Biotite veinles: Biotite veinlets are composed of fine brovaecondarybiotite, 0.52 mm
wide, with narrow secondary biotiteselvagegypically 65 mm (Fg. 10B). These veins can be
observed cutting both sedimentary and igneous units and earlier stages of hydrothermal
alteration including endoskarrDepending on the host lithologyein halos can extend out
replacing primary mineraldn the diorite or granodioritesF A Y S G & KNBRR& ¢ to6 A 2 G A G &
replace primary mafic minerals. In quartz hornfels; however, these viémpday no haloeand
are constrained to the fractures they filChlorite can typically be observed overprinting these

early veins.

Quartz Kfeldspar veinsQuartzLJ2 G | & & A dzY  F Sdlidwind theNerniirdlbgy ©f
Meyer (1965), are characterized by unfilled fractures with alteration halos in which plagioclase
phenocrysts are replaced by andalusite (18%), biotite (16§20%), sericite (310%) and K
feldspar (2§45%) (Redmond & Einaudi, 2010). At Robertsloese veins are characteristically
quartzK-feldsparbiotite assemblageavith lesser sericite and no andalusitgig. 1& and 10¢
These veinsommonly occum areas of strongstpotassic alterationwhere these veinsanform
stockworks andgometimes pervasively replace the host lithololgythin sectionfine secondary
potassium feldspar and biotitia vein haloscan be seen replacing primary igneous maig(Hg.
7D) Depending on the host rock, velralosmay extend away from the vein wall up tonTm
away, however, where veins contact other veins thekalosmay disappear such as in Figure 10A.
QuartzK-feldsparveins are most commowithin the Tenabo gickat Porphyry and Altenburhjill

where potassic alteration is strongg$ig. 1B)

QuartzArsenopyriteveins: Quartzarsenopyrite veinscontain medium grained1-5 mm)

subhedralto-euhedral arsenopyrite grains in quartz gandbat cut both the Tenabo stock and
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upper plate units(Hg. 10E). These veins commonly have straight wall geometries and no
associated selvagels thin sectionarsenopyrite within these veirommonlyappears zoned and
mottled; however, SEMEDS analysif these zones reveals no apparent geochemical varid@tion
major elementgAppendix A)Within the center of these grainpyrrhotite and lesser loellingite
are typicaly observedand most likely reflect a change in sulfidation stdtem lower to higher

as described in Einaudi (2003)senopyrite hergcan regularly be seen cut by later stages of
mineralization includinghalcopyrite, pyrite, galenatibnite, and marcasitéAlthoughfew cross
cutting relationships of these veintsave been observeth core these veindikely come early in

the paragenetic sequence amle-date gold mineralizatioms gold can typically be seen infilling
voids within arsenopyrite grains (F&gard 10). These veins are most common at Distaflected

by the increasedarsenicvaluesin multi-element geochemistry.

QuartzChalcopyrite vein®uartzchalcopyrite veins often occur as sheeted sets-6frim
clear quartz with sulfide midenters andsharp wall rock contact@Hg. 10D & 10A). These veins
are observectutting the Tenabo stock and upper plate uniftheseveinscut previous types of
hydrothermal alteration including endoskarn, potassic alteration, and exoskdirris noted
however, that the exoskarn and these veins mhgve beensynchronous in their development.
Disseminated within vein halos, chalcopyrite + pyrrhotite £ pyrite £ actinclitssometimesbe
observedWhere oxidizedchalcopyrite in these veinsidergoes supergene procesgegigenite
and covellite often forming rims or oxidation fronggen in thin sectionThese veins are most
common within the Porphyry zonarhere increasedoppergrades can be seeAlong the ceter
of theseveins,it has been observed thdater native bismuth and Bi-bearing sulfosalts have

precipitated. Further SEMCL analysis confirms tigresence of multiplehydrothermalveining
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events where earlier quartchalcopyrite veins are reopened andad by later hydrothermal

events

QuartzMolybdenite veins: Quartzmolybdenite veinsare observed tohave straight wall
geometries, tend to be larger veia15mm), and are composedf granular milky quartzZlhese
veins can be seen cuttinthe Tenabo stok, siliciclastic host rocksand earlier related
hydrothermal events These veinsalso cut endoskarn, potassic alteration, and exoskarn.
Molybdenite is predominantly observed in vsjmowever, it is disseminated in areas of strong
potassic alterationwithin the Porphyry and Altenburg Hill zon€&$gurelOF shows aexample of
an earlier biotite veinlet and associated potassic alteration cut and offset by a quatybdenite
vein within granodiote. Anomalous crossutting relationshipshave been observed in these
veins(Fg. 11), which may behe resultof limited obsenations ofcrosscutting or may ndicate
multiple hydrothermal fluid pulse®ue to these uncertainties and limited cremstting relations
it is possible thatthese veinsprecede quartzchalcopyrite precipitation, or reflect multiple
episodes of hydrothermal eventBased on existing observations it is thought tttzse veins
precede gold mineralization and one example of tlis be seen idgure 10J where an earlier

guartz¢ molybdenite vein is cut and offset bytlan quartz vein containingold.

Scheeliteveins Previous studies have indicated the presencedbfeglite veinswithin the
diorite and granodiorite phases at Robertson (AMAX feasibility). Historic mining repentson
that scheelite was recovered along with gold durdngdgingoperations in the early 20th century
Results of this study howevallid not encountersuch mineralizatiomn hand sampler in thin
sectionand thus were not included within the vein matriThe lack of these observations does
not rule out the possibility of such mineralizatidrowever, conclusions on mineral associations

and crosscutting relationships cannot benade. Geochemical indicators suggest increased
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tungstenmineralization within the Altenburg Hill and 39A zor{®sl-7,120 ppm W) Rinciple
component analysiplots indicateweak W correlations withAg and within the Distal zone

tungstenshows moderate correlations witlhs (058), andBi (0.52) (Appendix D)

5.4.b Syngold stage

The syngold stage is composed of quagzold £tAsBiTeSePbAgS sulfosalt veins. These
veins tend to be the least camonvein type observedikely due to difficulties seeing visible gold
while loggingand thus are not included in the vein matriktoweverdetailed observations at the
microscopic scalshow that these veingccur in all fivemineralizedzones at Robertson and
appear to be straight walled,-10 mm wide, with cleamilky quartz commonly associated with
sulfosalts Previous studieby Tarnoci(1998 indicate thatwithin intrusive rockghese veins are
5-30 mm wide,massivecomb textured gartz,spaced 20 cm to 2 mpart, dip steeply, and have
narrow silicified and arsenic oxide stained wallreckelopes Auriferousveins can be seen in
Fgure 10G-L cutting a variety of host units and associated alteration typelsiding endoskarn,

potassc alteration, and exoskarn.

Inside these veinsgold can be seeras single grains disseminatéd quartz gangueor
associatedvith bismuth-bearingsulfosalts within or on the surface of arsenopyrite, chalcopyrite,
and pyrrhotite grainsReflected light petrographkighlights these associations and can be seen
in Hgure9E Galenahas beerobserved to be associatedth bismuth-bearingsulfosalts andold
at AltenburgHill; and in previous studies &old Pan. SEMCLimagingof these auriferous veins
reveals multiple generations d¢ifydrothermalquartz, most notably an earlidrighlyluminescenm
quartz and latedow luminescen quartz that is associatewith deposition of Au mineralization

(Hg. 12). Au-bearingveins commonly use earlier veins as fluid pathways as shown by quartz
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Fig. 2. Transmitted plane polarized ligif & E) transmitted cross polarized ligkB & F) reflected plane
polarized ligh{C & G)and cathodoluminescence imag@ & H)from two veins, one cutting diorite (B)

and one cutting hornfelsvithin the Elder formationEH). These veins can be seen in core scans in figure

9H (hornfels) an®! (diorite) respectivelyNote that all images of each vegiaD)& (E-H)are the same view.

Within the CL images of each vein in (D & H), the close association of gold and Q2 can be seen, often cutting

Q1.

dissolution textures of earlier quartsuch as quartzhalcopyrite veinsthat can be observed by
SEMCL Results of this analysis indicate that gold allthin these veinss typically~4-6 wt. %
Agwith a few observations of electrum20 wt % AgBased on the systematic association of Au
with AsBiTeSePb-AgS silfosalts and lack of evidence for multiple evelts crosscutting
relationshipsthere islikelyasingle gold mineralization stagepresenting a unidirectional cooling

path of hydrothemal fluids.

5.4.c Postgold stage

The postgold veins encompass pyrite + quartz, quardicitesulfide(polymetallic veing bull
guartz, and calcite veir(§ig. 10M-R) These veins types are the omlgserved veins to cut granitic

porphyry dikes including the older intrusive units.

Pyrite veins: Pyrite veins are commonly seen as discontinuous fine sooty sulfide veins with
irregular wall geometries filling dilational fracturest random orientations.Like previous
alteration types discussed, host rock composition exerts a primary contrefhmther a vein
forms a halo or notwithin the Tenabo stogkhese veins are accompanied by vealosof sericite
and pyrite which can be seen disseminated awagnir the vein fill. Withinmetasedimentary
units, these veins areonstrainedo the fractures in which theyofm and do not typicallgevelop
halos In well bedded siliciclastiithologies these veins can form cleated layers whehe
rheologiccontrast between two differing sedimentary beds Iedd focused mineralization of

discontinuous subparallel pyrite. These veins are most commonly observed near the 39A
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structure, in quartz hornfelswhere these veins form within hornfels crackieecciasand can

appear as massive sulfide lenses.

Polymetallic veins: Quartzcalcite-sulfide or polymetallic base metaulfide veins are the
mostvariable vein typat Robertsonhostinga dynamic suite of sulfides. These vdiage strong
PbzZnSbAgSnmetalassociationsand include sulfides such as pyrite, arsenopyrite, chalcopyrite,
sphalerite, galena, stibnite and lesser tetrahedrite, freibergite, stanraie] boulangerite.
Depending on the host lithologyhese veins can bassociated with sericitic altation. When
cutting intrusive unitsthese veins can have broadened vein haloes of sericite and sulfides as seen
in Fgure 10P. Where they cut siliciclastic host rocks, veaosare diminished and sulfides are
constrained to the vein fil{Fg. 10N). Here the fill can be of quartz and calcite that often
represents multiple episodes of hydrothermal flo@ommonly multiple generations of calcite

and associated sulfides can be se®thin these veins.

Bullguartzveins:Bull quartz veins tend to be larger than other vein type40®m wide,and
filled with massive milky quartz and no sulfid€sese veins tend to have no preferred orientation
and appear to fill late fractures. Thmly other vein type observed to cut these veins are calcite

veins as seen iAgure 100.

Calcite Veins: Calcite veins crosscut all observed vein typesmmonly infill irregular
fractures andfill the matrices ofcrackle brecciasCommonlythese veins contain open space
mineralization in the form of vugs/here euhedral calcite crystals can be observed. Calcite veins
are common with chloritic alteration which can be seen cutting all rock tgpespt rhyolite dikes

at Robertsonfig. 10R).



56

Adulariaveinlets Veinlets of adularia have been obseniadrevious work (Honeawritten
communication, (McCusker, 2004 Henry, written communication)however, they were not
observed during this studgnd are thus not included in the vein matrir the past these veins
were described cutting the hornfels and basalt of the Slak@mation and inseveral localities

were found to becoarsegrained (> 5mm) fracture fillings and as cement in several pebble dikes.

5.5. Geochronology

Geochronological methods were applied at Robertson in order to understand the relative
timing of intrusions and associated hydrothermal everts a result of this worlsix new U/Pb
LAICPMS dates of intrusive phasesone molybdenite R@s date, and one hydrothermal
orthoclase©Ar/*°Ar date were obtainedU/Pb zircon chronometers were used in this study in lieu
of other analytical methods because of their ability to resist resetting due to hydrothermal
overprinting, in order to build upon different chrometers used in the pasRe/Os and®Ar/*°Ar
methods were used in order to determine the relationships between molybdenite y@itassic
alteration, and host rocks. Results from U/Pb &/ *°Ar analysis are shown in figures 13 and
14 respectively, and a summary of all geochronologic data is reported in Table 5.

5.5.a U/Pb Zircon Dating

Six representative samples of diorite, daritikes mediumgrained granodiorite, coarse
grained granodiorite, granitic porphyry dikes, and hypabyssal rhyolite were selected for U/Pb
zircon datingZircons in all of these samples generally show euhedral elongate prismatic shapes
with lesser grains being bbedratanhedral and or fragmented. SEGL analysis shows oscillatory
zoning in some grains parallel to core growth zoasd differences in brightness within grains

may reflect inherited zircon grainghediorite (GS474027) magontain some of these inhiged
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Fig. B. Concordia diagrams of-Bb zircon analysis of intrusive phases at Robertson. Weighted mean or
lower intercept ages are shown. (A) Diorite GS474027 (B) Dacite BYEQ15 (C) Granodiorite (medium)
GPGT202009573 (D) Granodiorite (coarse) GPGT2000-642 (E) Granitic Porphyry PY@XM-127 (F)
Rhyolite GS474016

zircon grains as some of td@-analysiglot off Concordia. Of the 48nalysis, 36 yielded a lower
intercept date 0f38.54 + 1.16 M@ ~ MISWD = 2.2; n/nt = 36/40)vith the lower intercept shan

on the inset withinfigure 13a. Zircons within the dagit dike(PYC2D02-975) may also reflected
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some inherited grainé~ig. Bb) with 44 of the49-analysisised tocalculate a weighted mean date
0f39.80 + 1.19 Mg ~ MISWD = 3.0; n/nt = 44/49Twophasef the granodiorite medium and
coarsegrained, were selected based on crosscutting relationships in core, both yielding lower
intercept dates. Mediungrainedgranodiorite(GPGT202009-573) yielded39.43+ 118Ma(H = T
MSWD = 2.6;/nt = 3235) (Fig. Bc), with the coarsegrained granodioritdGPGT202009-642)
yielding39.09+ 117Ma(H ~ MISWD = 2.0;/nt = 4040), (Fig. Bd). Forty-one U/Pb analysis were
performed on the ganitic porphyry dikesample(PYC2D04-127), thirty-eightused to calculated

a weighted mean date @9.06+ 1.7 Ma(H - MSWD = 2.3;/nt = 3841) (Fig. Be). Hypabyssal
rhyolite (GS474016) shows less possible inherited graiasyield adistinctly youngerdower
intercept dateat 35.20 + 1.06 Map H MSWD = 3; n = 4} (Fig. Bf).

5.5.b Re/Os Molybdenite Dating

In this studypne R Osdate for vein controlled molybdenite (PYCG23690) cuttingmedium:
grained granodiorite was obtained. Vein controlled molybdenite is common at Robertson cutting
igneous rocks similar to what is seen in figlié&.Molybdenite hereyields39.55 + 0.17 Ma H,"
including a 0.31% uncertainty in the decay constant®@®e. This datés in accordance with
previously obtained valuga past studiesnd is presented in Table 5.

5.5c “%Ar/*°Ar Kfeldspar Dating

Hydrothermal orthoclase (PYCG2#452) within a vein with secondary biotite cutting diorite
was selected fot’Ar/*°Ar determinations and can be seen in figure 10C. Orthoclase in this sample
along with secondary biotite reflects potassic alteration similar to what is seen in Figuaned7C
7D.*°Ar/*°Ar analysisyielded a compositelate of 38.99 + 0.02 M@ H ~ 0 ® {GSLI KSIFGAy
stepsyielded no concise plateau; thus, an integratide was calculated by summing the isotopic

measurements of all the steps (Fig)1
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Fig. 4. “°Ar/3°Ar step heating spectrum dfydrothermal orthoclas€PYC24-452) with integrated age
over 12 steps

6. DISCUSSION

6.1. Timing of Magmatic and Hydrothermal Events at Robertson

The timing of magmatic and hydrothermal eveatsRobertson wasletermined fromfield
relationships, drill core loggingetrography, geochemistryand geochronology Hydrothermal

alterationincludes a sequendhat ranges from earlgndoskarnpotassicandexoskarro later
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Sample Rock type Material Reference
Oarf3ar Age (Ma) 25 Plateau Steps | Plateau % Y9Ar Isochron 25
plateau
Te99413-570 (Granodiorite Biotite 3955 010 3 3560 WA MA Kelsonet al. 2005
PYC21-4-452 WVein cutting Diorite Orthoclase 38.99 0.02 12 Mo Plateau NA MA This Study
H10-42 Andesite Dike |sericite 3895 0.30 MA 96.9 38.2 16 Henry pers.comm.
H10-39 WVein cutting Slaven Itdularia 39.07 0.08 MA 57.1 39.02 011 Henry pers.comm.
Ma) wtd
aoprasp Age | 22 t Ca 1

rf*%Ar mean s n/n K/ 5
H10-21 High-5i02 rhyolite dike, non-mineralized [Sanidine 35.83 0.08 12/23 931 114 Henry pers.comm.
H10-22 High-5i02 rhyalite dike, non-mineralized  [Sanidine 3584 0.07 15/16 96.2 545 Henry pers.comm.

R Age (Ma) 225 Re (ppm) +25 197 0s (pph) 225
PYC21-5-680 Quartz - mol vein cutting granodiorite Molybdenite 3955 0.17 2394 0.07 9917 0.005 This Study
T99413-560 Quartz - mol vein cutting granodiorite Molybdenite 39.00 1.40 58 MA 23.82 MA Kelson et al. 2005

0 Ar*® rad
KAr Age (Ma) 425 % K0 Ar*® rad mol/gm , rad /
Apparent Age X100 Ar*? total

M-123 Porphyritic biotite-hornblende granodioritsHornblende 39.13 0.80 1.07 0613 71.31 Silberman and McKee 1975
M-123 Porphyritic biotite-hornblende granodioriteBiotite 38.31 0.80 7.99 4454 8142 Silberman and McKee 1975
M-124 Porphyritic biotite-hornblende granodioriteBiotite 38.18 0.80 B.79 4 883 78.29 Silberman and McKee 1975
M-125 Rhyolite Biotite 3568 070 8.24 4275 80.34 Silberman and McKee 1975
M-125 Rhyolite Isanidine 35.59 0.70 116 6.003 80.73 Silberman and McKee 1975

U-Ph Age (Ma) 25 n n/nt MSWD
55474027 Diorite IZircon 38.54 116 36 36/40 2.2 This Study
PYC21-002-975 Hypabyssal Dacite Dike [Zircon 39.80 1.19 44 4449 3.0 This Study
([GPGT2020-009-573 |Granodiorite (medium) [Zircon 39.43 1.18 32 32/35 26 This Study
IGPGT2020-009-642 |Granodiorite (coarse) [Zircon 39.09 117 40 40/40 20 This Study
PYC21-004-127 ‘Granitic Porphyry Dike Zircon 39.06 1.17 38 38/41 2.3 This Study
GS474016 Subvolcanic Rhyolite Dike [Zircon 3520 1.06 41 41741 2.6 This Study
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Fig. 5. Compilation summary of Hizic and current geochronologic data for igneous rocks and
hydrothermal minerals at Robertson. Different point shapes represent analysis type. Compilation of
geochronologic data ifiable 5.Gold confidence intervals give time constraints on gold minextidiz using
NB-gold rardgloiit& AndJposydich riyklite H
39.6535.77 Ma (B) Prgold granodiorite and posjold granitic porphyry dikes 39.&%.89 Ma (C) Prgold
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granodiorite and posgold? adudria 39.65 38.99 Ma

sericitic and chloritic alteratioand wereclassified based on distinct mineral assemblage¢@nd
visible physical changes in the host litholo@ig. 7 & Table 2)Mineralization has been
characterized over the 5 zones at Robertsocluding Porphyry, Altenburg Hill, Gold Pan, 39A,
and Dista(Fig. 9 & Table 3Yein relationships were characterized using a vein relationship matrix,
and subsequent stages were separated inte-gold, syn-gold, andpost-gold (Fig. 10 & Table 4)
Geochronologic data from this study and previous wailong with cross cutting relationships,
help to constrain the timing of these events asdsummarized in Figure 15 and Tabl@&vious

geochronologic datincludes five KAr agespne molybdenite REOs ageand four*®Ar/*°Ar ages
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of intrusive phases and subsequent hydrothermal events. Previous geochronologic data have
been recalculated with modern AAr decay constants and are described in detail in the methods

section.

The emplacement of the Teha stock resulted irarly hornfelsing/ thermal metamorphism
of Paleozoic siliciclastic lithologies developing quartz, biotite, anesdidate hornfels depending
on the original protolith compositionCrosscutting relationshipsalong with geochemicaland
geochronologic datdndicate a sequential succession of intrusive phases inclydamgearly
ilmenite-bearing diorite, hypabyssal dadit dikes, composite ilmenitebearing granodiorite,
granitic porphyry dikesand subvolcanichyolite dikes (Fig.2). Five of the sitd/Pb LAICRMS
datesof intrusive phase from this studyshow a tight clustering from 40.9%97.38 Ma with + 2
sigma included (Fig. 15). With this tight clusterihg sequence of intrusion emplacemestnot
resolvable at the rgolution provided by LACRMS thus crosscutting relationshipsand previous
geochronologic datare needed however, an Eocene agasessmenfor theseintrusive phases
is apparent Basedon age dates and crossitting relationships the emplacement ofdtdiorite
stock is thought to behe earliest phase of the Tenabo stogke 3955 + 0.10Ma, which is the
most precisedate of the granodiorite via “°Ar/*°Ar biotite dating methodswith vein controlled
molybdenite cutting the granodiorite dated 8955+ 0.17 Ma. It must be noted that®Ar/*°Ar
biotite and UPb zircon dates do not record the same events in the evolution of igmeagmas
and rocksbecause different minerals beconmosed to loss of radiogenic daughfieotopes at
different temperatures (Simon et al., 2008; Chiaradia et al., 20d¥xscutting relationships,
show thatthe daciic dikespost-date the diorite but precedethe granodiorite, which based on
geochronolagy, puts it older thai39.55+0.10Ma, but younger than 39.70 Ma; which is the oldest

possible age of the diorite given asiyma error.Geochemical data indicates thalhdé most
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evolved phase of this intrusive suite discussed includes the granitic pgrgikgas which overlap
in error with these earlier intrusive phase39(06 + 1.17 Ma)put basedon cross cutting relations
and geochemical data appear to comeelat the paragenetic sequence.

Following emplacement of earlier intrusive phasbkat before intrusion of rhyolitelikes, are
sequential hydrothermaklteration, mineralization and veiningstages (Fig. 5). Veining at
Robertson appears to closely follow the emplacement of the Tenabo stock and associated
hydrothermal alteration as se@ by veins cut by later igneous phases angrprinted by
hydrothermal alteration Pregold and syntgold veins cut all intrusive phases except the granitic
porphyry dikes and rhyolite dikes. Included in the-gdd vein stage, are veins associated with
potassic alteration, and as a result of this study, hydrothermal orthoclase from this stage has been
dated to 38.99 + 0.02 Ma; however, thiate represents cooling and closure of the Ar isotopic
system which occurred later than the crystallization of grthoclase Hydrothermal orthoclase
is thought to crystallize at higheéemperatures(>400p n n assoviatedvith potassic alteration
where the closure of thé\r/ Ar isotopic system in-feldspar occurs at lower temperatures (280
400z Y. Based on crossutting relationshipspre-gold quartzmolybdenite veins arebservedto
crosscut earlier hydrothermal orthoclase and biotite veins, thus potassic alteration is thought to
occur before3955 + 0.17 Ma, but after emplacement of the diorite @ahgranodiorite stocks.
Previous work by Henry (written communication), obtained*#wr-3°Ar plateau age on vein
controlled adularia cutting the Slaven Formation which came bagR.&7 + 0.08Ma. Now while
this date closely reflects thelate of the hydrothermal orthoclase, it is interpretated that these
datesreflect the closure age of the Akr system and not necessarily the timing of crystallization
where adularia is thought to crystallize at lower temperatures 562) compared to

hydrothermal orthoclasePostgold veins cut the granitic porphyry dikesd earlier intrusive
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Fig. B. Reflected light andransmitted cross polarized and plane polarized light photomicrogragfhs
sulfide relations and key hydrothemhalteration phase¢A) Reflected light photomicrograph of stibnite
cutting arsenopyritg B) Reflected light photomicrograpbf galena cutting arsenopyriteC)Reflected light
photomicrograph of pyrite surrounding arsenopyri®) Reflected light photomimgraph of chalcopyrite
cutting actinolite (E) Reflected light photomicrograph of pyrite cutting chalcopyrit® Reflected light
photomicrograph of galena cutting chalcopyri{€) Reflected light photomicrograplof chalcopyrite
surrounding and infilling between quartz and pyrrhot{té) Reflected light photomicrograpbf marcasite

after pyrrhotite (l) Reflected light photomicrograph of pyrite cutting ilmenfi§Transmitted cross polarized
photomicrograph of seandary hydrothermal orthoclase replacing earlier primary plagiocléke
¢CNFYaAaYAGGSR LXFYS LRtFINAT SR LK2:G§2YAONRINF LK 27
primary mafic minera{L) Transmitted cross polarizgghotomicrograph of chlorite aéir secondary biotite

in biotite veinlet. Abbreviations: Act = actinolite, Apy = arsenopyrite, Bt = biotite, Ccp = chalcopyrite, Chl =

a
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