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ABSTRACT 

The Shasta f\g • U depos t Ir ,cated ln the T oodoggone River area of 1100ttl

central 8ntlsh r ~',~;'I"~' has many' chmacler.stlcs of the low sulphldatlon, 

adulana-senclt~ aplthel,'lal deposlt li consists of quartz-calcite 

stockworks and t- recclacs éI "rclated vflth f-lotasslc (K-fe:dspar+senclte) alteratlon 

of dacltlc 'Jff hast .rocks (")rt:; .. .rade mmerah7.atlon occurs mall1ly ln BOllanza-

style breccl8S whlch hast 

pynte, sphalentc, c~ ,II 

lacks veln-hostec :;te, T 

,~ , , s, electrun J and native sllver, assoclated wlth 

l ,..1 ',.;hlonte and hematlte However, Shélsta 

, Jhest grades of ore are assoclated wlth 

calclte-rlch brecclas, VII "are,,' "es atyplcal of the ddulana-senclte clas~ 

Hydlothermal brecclas, cilaicedonic quartz and abundant vapour rlch fhud 

inclUSions are strong eVldence for bOlhng of the vern flUld FILlId IIlciUSIOn 

eVldence rndlcates that ore was deposlted between 280 0 and 225°C at a 

maximum depth of 750 m, from a relatlvely dllute hydrothermal flLlld Oxygen and 

hydrogen ISOtOplC data suggest that the flUld was meteonc ln onglll Imtlallog fO.' 

- pH conditions were estlmated to have been between -33 to -31, and 425 to 

6, respectlvely, and ta have increased dunng mllleralizatlon 

A model IS proposed ln whlch quartz, and subsequently calCite and sllver

gold minerais, were deposlted due to bo:hng of the flUld The con,,>equent 

decrease ln temperature and Increase ln pH controlled depusltlon of quartz and 

calcite, respectively PreCipitation of sllver and gold was caused by a 

comblnatlon of Increased pH and oxygen fugaclty, and a decrease III H;JS 

fugaclty, 
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RÉSUMÉ 

Le gîte d'Au-Ag de Shasta, situé dans la région de Toodoggone River dans le 

nord-centre de la Colombie Bntannlque, possède plusieurs caractéristiques des 

gisements éplthermaux à basse sulfidatlon, de type adulalre-sérlcite Le dépôt est 

constitue de réseaux de fissures remplies de quartz et calcite et de brèches, 

associés à des tufs dacltlques ayant subi une altération potassique. La 

minéralisation, pnnclpalement sous forme d'acanthite, d'électrum ainsI que 

d'argent natif, se retrcuve dans des bréches de type Bonanza en association 

avec pynte, sphalénte, chalcopyrite, galène, chlorite et hématite. Cependant, 

contrairement aux gîtes de type adulaire-séncite, le gisement de Shasta ne 

possède pas de veines d'adulalre et les plus fortes teneurs se retrouvent dans 

les brèches enrichies en calcite 

Les brèches hydrothermales, le quartz à grains fins et les inclusions fluides 

riches en vapeur sont de bonnes évidences pour l'ébullition des fluides circulant 

dans les veines Les inclUSions fluides indiquent une température de déposition 

des minéraux d'Inté rêt économique variant entre 2800 et 2250 C à une profondeur 

maximale de 750 m, à partir d'un flUide hydrothermal dilué Une ongine 

météonque du fhJlde est indiqué par les données isotopiques d'oxygène et 

d'hydrogène Les conditions Initiales estimées de log f02 - pH montrent des 

valeurs comprises entre -33 et -31 et 4.2S et 6 respectivement, et auraient 

augmenté au cours du processus de minéralisation . 
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Le modèle de minéralisation proposé suggère que le quartz, SUIVI par la 

calcite et les miné raux aUrifères et argentifères ont été déposés par conséquence 

cie l'ébullition des fluides Subséquemment. l'abaissement des températures et 

l'élévation du pH ont agi comme contrôles respectifs dans la deposltlon du quartz 

et de la calCite La préCipitation de l'argent et de l'or est le résultat d'une 

combinaison de facteurs Incluant l'augmentation du pH et/ou de la fugélclté de 

l'oxygène et/ou d'une diminution de la fugacité de H 2S 
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PREFACE 

This thesls conslsts of three chapters, the second of whlch IS ln 

manuscnpt form, and IS mtended for submlsslon to a referred Journal My thesls 

advisor, A E Williams-Jones, IS second author of the manuscnpt HIS role 111 the 

preparation of the manuscnpt conslsted of cntlcal evaluatlon of the data and Illy 

int0rpretatlons presented therem, and edltonal suggestions regardlilg 

organizatlon of the text 1 was employed by Esso Minerais and Homestake 

Mlnlng at the Shasta deposlt, a ld had access to geologlcal maps and reports 

prepared by myself and other company geol091sts ThiS study, however, IS based 

on detalled core logging and sampllng, petrography and fluld Inclusion analysls, 

conducted entlrely by myself Stable Isotope analyses were conducted by Steve 

Pezdenc at the University of Saskatchewan, 8nd geochemlcal whole-rock 

analyses by Acme An'3lytlcal Laboratones of Vancouver At McGlIl, Jlm Clark 

provlded sphalente and chio rite composltlonal data from electron mlcroprobe 

analyses, and Jlm Mungal asslsted wlth scanmng electron microscope analyses 
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CHAPTER 1 INTRODUCTION 

General Statem~nt 

Although Llndgren tirst proposed the term "epithermal" in 1933 to describe 

a class of preclous and base metal minerai deposits, only ln the last decade 

have we begun to fully understand the genesis of these valuable ore deposits. 

The vanous morphologies of eplthermal deposlts have been described by 

Buchanan (1981) and Berger and Elmon (1983), and the relationshlp between 

these deposlts and active geothermal systems has been established byauthors 

such as White (1974,1981), Henley (1985), Henley and Ellis (1983), Hedenquist 

(1987), and Clark and Williams-Jones (1990) Two general classes ofepithermal 

deposlts are now recognlzed, termed acid-sulphate and adularia-sericlte (Hayba 

et al , 1985) based on mlneralogy and alteratlon styles; or alternatlvely termed 

hlgh or low sulphldatlon (Hedenquist, 1987) based on interpreted fluid chemistry. 

The study of active geothermal systems has contnbuted sigmflcantly to the 

development of comprehensive models for the "tossll" hydrothermal systems 

whlch constitute many epithermal deposits. It IS now generally accepted that 

most eplthermal deposlts are formed by predomlnantly meteoric waters (White, 

1914), carrylng preclous and base metals in solution malnly as bisulphide and 

chlonde complexes, respectivel,. (Seward, 1989), and that minerai deposition can 

be controlled by fluld mixlng, wall rock interaction or boillng of the hydrothermal 

tlUld (Drummond and Ohmoto, 1985, Reed and Spycher, 1985). Mixing ot 
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hydrot1ermal fluids wlth ground water generally causes coolmg and dilution of 

the minerallzing fluid, which IS mterpreted to have been responslble for preclolls 

and base metal deposltlon at Round Mountam, Nevada (Sander and Emaudl, 

1990) and at Creede, Colorado (Hayba et al, 1985) Wall rock Interaction can 

affect solution pH and/or redox state, the latter of whlch has been Invoked as a 

control on gold deposltlon ln sorne banded Iron-formations (Phlillps and Groves, 

1984). BOIhng of the hydrothermal flUld also affects solution pH and redox state, 

as weil as temperature and sallmty, and has been clted as the crltlcal control on 

gold-sllver and base metal minerallzatlon ln eplthermal deposlts such as the 

Finlandla Vein, Peru (Kamlili and Ohmoto, 1977), Golden Cross, New Zealand 

(de Ronde and Blattner, 1988) and GuanaJuato, MeXICO (Buchanan, 1979) 

Shasta IS an economlc Ag-Au deposlt simllar ln many respects to the 

adulana-sericite type deposlts descnbed by Hayba et al (1985) and Heald et al 

(1987) The ore minerais conslst of acanthlte, el&ctrum and native sllver, 

accompamed by chlorite and mlnor base metal sulphldes These are hosted by 

quartz-calcite stockwork and hydrothermal breccla velnS, assoclated wlth 

potasslc and sericitlc wall rock alteratlon 

However, certain features of the Shasta deposlt dlffer from those of typlcal 

eplthermal mmeralizatlon. For example, mercury, arsenic and antlmony are not 

enriched in the deposlt, nor are sulphosalt minerais present The deposlt 

contains abundant calcite. but It lacks vein adulana and lamellar quartz 

(replacing calcite). Moreover, calcite-rich breccias host sorne of the hlghest ore 

2 
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grades at Shasta, a feature that is not COl11me)l1 rn the l1lajorit~' of epithermal 

deposlts described Ifl the litE!rature (Sllberrnan and BergE~r, 198n; Hayba et aL, 

1985) 

Sllver and gold rnrneralization IS concentrated in Bonanza-type 

hydrothermal brec:cias at Shasta, which SUggHsts that boiling played a sigmficant 

role in minerai deposition Boilmg is often cltHd as a control on mlneralization ln 

eplthermal deposlt studles, but the speclfic factors assoclated wlth boiling that 

dlrectly affect minerai deposition, such as ternperature, pH, oxidatlon state, etc., 

are rarely evaluated systernatlcally The Sl'"lasta deposlt therefore provides an 

opportumty to rnvestigate an unusual stylE~ of eplthermal mrneralizatlon not 

prevlously dE~scribed, and to document the speclfic controls on silver-gold 

deposltlon ln a bOlhng hydrothermal system. 

Objectives 

This thesls was undertaken to investlgate the genesis of the Shasta 

deposlt, ln arder to contnbute to a re1ined model for eplthermal deposits ln the 

Toodoggone River area and slmllar settings, and to document the specific 

controls on mineralization in an unw:,ual type of epithermal deposlt. 

The objectives of thls study were to determine the paragenesis of 

mlneral/zatlon and wall-rock alteration; charactenze the hydrothermal fluids and 

envlronment of deposltion, identlfy the speciflc controls of mlneralization; and 

propose a genetic model for the deposlt. This has been accomplished through 

3 
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a comblnatlon of surface and underground mapplng and samplll1g, dnll core 

logglng and sampllng, whole rock geochemlstry, petrography, fluld inclusion 

mlcrothermometry, flUld Inclusion decrepltate analyses, stable Isotope analyses 

for sulphur, oxygen and hydrogen, and thermodynamlc analysls of phase 

relationshlps 

Previous Work 

The reglonal geology and rletallogeny of the Toodoggone dlstnct has 

been descnbed by Carter (1972), Gabnelse et al (1976), Panteleyev (1982, 

1983), Schroeter (1982), Dlakow (1984), Dlakow (1984, 1990), Dlakow et al 

(1985; 1991), Forster (1984) and Clark and Williams-Jones (1987,1988) The 

stratlgraphy and structure of the Shasta deposlt has been documented by 

Marsden and Moore (1989, 1990) and Marsden (1990) PrevlOus workers have 

also descnbed several other eplthermal deposlts ln the Toodoggone dlstnct 

(Barr, 1978, Baker mine, Forster, 1984, Moosehorn and Mt Graves prospects, 

Clark and Williams-Jones, 1986, Bonanza deposlt, Vuhmufi et al , 1987, Lawyers 

mine) but none of these studles have provlded detalled evaluatlon of the 

immediate contrais on mlnerallzatlon. 

Location and Access 

The Shasta deposlt is located ln the Toodoggone River area of northern 

Bntish Columbia (Fig. 1), on NTS map sheets 94E\2,3,6,7, centred at latitude 

4 
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57'15' north, longitude 127'00' west The property 18 accessible by gravel road 

from the Sturdee Alrstnp, 9 km to the south, (approximé3tely :WO km by air, north 

of Smlthers, BC), or via the Omlneca mine road controlled by Chen! Gold Mines 

Ltd , some 675 km north-west of Ft St James The propE~rty straddles Jock 

Creek valley whlch has moderately steep slopes, and lies between elevations 

1250 m and 1750 m The area was .swept by forest fire some 30 years ago, and 

IS now vegetated by low brush and alpine grass 

Exploration Hlstory 

The T oodoggone district was the focus of major exploration activity during 

the 1980's, and became an important silver-gold mming camp during that time. 

8etween 1980 and 1983, Dupont Canada Ine. produced 37,558 oz gold and 

742,210 oz sllver from 77,500 tons of ore in quartz vE!ins at the Baker 

(Chappelle) mine (Schroeter et aL, 1986), and Chen! Gold Mines Ltd. operated 

untll 1992 base" on ore reserves of 1 9 million tons of 0 1 B8 oz/ton gold and 

709 oz/ton sllver (Shareholders Report 1989) from quartz stockwork-breccia 

velns at thelr Lawyers mine. 

The Shasta property was Inltlally staked ln 1972, and IS currently owned 

by International Shasta Resources Ltd. The deposit has been explored by 

Newmont Exploration of Canada (1983), Esso Minerais Canada (1987-1989), 

and most recently by Homestake Canada (1990-1991). Reserves at Shasta have 

been estlmated by McPherson et al (1991) at 1 6 million tonnes of ore 

5 
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contaming 2 84 grams per tonne gold and 132 2 grams per tonne sllver 

International Shasta Resources conducted mmmg operations on the deposlt 

during 1989 and 1990, removmg approxlmately 78,500 tonnes of hlgh grade ore 

6 
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ABSTRACT 

The Shasta eplthermal Ag-Au deposlt, located ln the Toodoggone River 

mlnmg district of British Columbia, conslsts of quartz-calcite stockwork-breccia 

zones, assoclated wlth K-slilcate wall-rock alteratlon, and hosted by dacltlc lapilli 

tuffs and flows The deposlt has many charactenstlcs of low-sulphldation 

adulana-senclte type deposlts, but the iack of veln adulana and the strong 

association between ore grades and calclte-nch hydrothermal brecclas IS 

atyplcal 

Ore stage mmerallzatlon consists of pynte, sphalente, chalcopynte, 

galena, acanthlte, electrum, native sllver and chlonte, ln mlxed quartz-calcite 

velns and hydrothermal brecclas Pre-ore and post-ore velns conslst only of 

quartz, and calcite, respectlvely Mlcrothermometnc analyses of flUld inclUSions 

Indlcate that ore stage mlnerallzé..dOn was deposlted between 280°C and 225°C 

from a relatlvely dllute hydrothermal flUld (1-5 wt% NaCI eq) Abundant vapour

nch inclusions ln ore str.lge calcite suggest that bOlhng played a slgnlflcant raie 

ln ore deposltlon 6180 fiUld (-1 5 to -4 1 %0) and 6Dflu,d (-148 to -171 %0) values 

Indlcate that the fluld had a meteonc ongln, but was strongly enriched ln 
180 due 

to extensive wall-rock interaction 634S values for pyrite assoclated with ore 

mmerallzatlon show a slgmflcant trend to lower values wlth Increaslng ore grade, 

whlch IS Interpreted as eVldence for Increaslng f02 conditions during ore 

deposltlon Imtlal conditions of the mlnerallzlng fluld were estlmated to Ile 

between pH 4 25 to 6 0 and log f02 -33 to -31 at 280°C, dunng ore deposltlon, 

the fluld e"olved to more alkahne and oXldlzlng conditions 

A model IS proposed ln whlch Ilydrathermal flulds were locahzed by 

extenslonal faults, and ore deposltlon was controlled by decompresslonal boillng 

ln response to throttllng and/or hydro-brecclatlon Calcite was precipltated ln 

abundance because of the mcrease ln pH that accompanled bOlllng Base metal 

sulphldes were also deposlted as a result of the Increase ln pH, the assoclated 

Increase ln oXldatlon statfJ and decrease ln H2S concentration lead to 

preCipitation of gold and sllver 
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INTRODUCTION 

Eplthermal gold-sllver deposlts have recently been dlvlded II1to two broad 

classes, termed aCld-sulphate and adulana-senclte by Hayba et al (1985) l'llld 

Heald et al (1987), based on mmeralogy and alteratlon styles, or alternatlvely 

termed hlgh sulphldatlon and low sulphldatlon by HedenqUist (1987), based 011 

Interpreted fluld chemlstry Accordlng to these clasSification schemes, aCld

sulphate or hlgh sulphldatlon deposlts are charactenzed by the presence of 

enarglte+pynte, abundant hypogene alunite and an advanced argllllc alteratlon 

assemblage, whereas adulana-senclte or low sulphldatlon deposlts are 

dlstmgUlshed by the lack of hypogene alunite and presence of acanthlte, adulana 

and chlonte, and a sencltlc alteratlon assemblage ln thls paper, we descnbe an 

eplthermal deposlt whlch has some afflnlty to the low sulphldatlon adulana

sericite class, but differs from typlcal deposlts ln several Important respects 

The Shasta sllver-gold deposlt conslsts of acanthlte, electrum, native 

sllver, chlonte and mlnor base metal minerais, hosted by quartz-calcite stockwork 

and breccla velns Wall-rocks have been altered ta K-slllcate assemblages (K

feldspar+senclte) However, the deposlt lacks veln adulana, an commoll 

component of the low sulphldatlon class, and the hlghest grades of sllver and 

gold mmerallzatlon are assoclated wlth a tranSition fram quartz ta calcite 

deposltlon 111 velns and brecclas, whlch IS also atyplcal (Sllberman and Berger, 

1985, Hayba et aL, 1985, Heald et al, 1987) 

The model most commonly proposed to explaln the the genesls of 
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adularia-serrclte type deposlts involves boiling of the hydrothermal fluid, leading 

to deposltlon of sllver-gold minerahzatlon in chalcedonic quartz veins containing 

adulana (Buchanan, 1981) It appears that boilmg was also the dominant cause 

of Ag-Au deposltlon at Shasta, since high grade mineralization is associated with 

Intense hydrothermal brecclation. However, in contrast ta most adulana-sencite 

type deposlts, de position of quartz was largely complete before the hydrotherm81 

flUid became saturated with respect to ore minerais. 

This paper makes use of various types of geochemlcal information 

(mcludmg minerai and who le-rock chemlcal analyses, fluid inclusion 

mlcrothermometry, and stable isotope analyses) to develop a model in which 

progressive boiling of a low sahnity, relatively acidic fluld produced a sharp initial 

drop ln temperature followed by more graduai increases in pH and oxygen 

fugaclty. According to this model, quartz was deposited immediately as a result 

of the drop m temperature, whereas deposltlon of calcite and the ore minerais 

occurred later, due to evolution of the fluid ta higher pH and f02 

GEOLOGICAL SETTING 

The Shasta deposlt is located ln the Toodoggone River district of north

central Brrtlsh Columbia wlthin the Stikine Terrane, which consists of Late 

Paleozolc to Mesozolc Island-arc volcamcs and overlying sedimentary rocks (Fig. 

1) ln the Toodoggone area, Late Triassic Stuhini Group and Early to Middle 

Jurassic Hazelton Group volcanics and coeval Omineca intrusions are onlapped 
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to the south-west by Middle ta Upper Jurassic Bowser and Upper Cretaceous 

Sustut successor basins (Tlpper and Richards, 1976, Gabrielse et al, 1976) 

Most of the significant precious metal deposlts ln the area. Includlng Shasta, are 

hosted by the Toodoggone volcamcs (Carter, 1972) whlch represent a distinctive 

quartz-beanng facies of the Hazelton Group 

The reglonal structure and stratigraphy of the T oodoggane dlstnct has 

been described in detail by Carter (1972), Gabnelse et al (1976), Panteleyev 

(1982, 1983), Schroeter (1981, 1982), Dlakow (1984, 1990), and Dlakow et al. 

(1985; 1991); only a brief summary IS provlded here 

The oldest rocks ln the Immediate study area are Early ,?) Permlan 

limestones of the Asitka Group, which generally occur in thrust contact with Late 

Triassic Stuhim Group volcanics and as roof pendants withln Omlneca intrusions 

Stuhini Group rocks are dominantly submarine porphyntlc auglte basait f!ows, 

with intercalated tuffs and volcamc breccia. Unconformably ove~lylng the Stuhim 

are Early to Middle Jurassic Hazelton Group rocks, compnsmg malnly subareal 

andesitlc to dacitic flaws, tuffs, lahars and eplclastic rocks. 

The Toodoggone volcanics form a northwest-trending belt 2 to 20 km wlde 

and 90 km long, and are estlmated to be more than 2200 metres thlck (Dlakow, 

19~0). They compnse generally subaenal, andesltlc to dacltlc ash-flow tuffs and 

lava flows, with intercalated volcamc sandstones, conglomerates and lahars 

These rocks have been subdivided into the Moyez, Metsantan, McClair, 

Attycelley and Saunders members, based on stratigraphlc evidence and 
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Figure 1 . Location map and geological setting of the Shasta deposit. 
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published K-Ar ages (Diakow, 1990) . 

Early Jurassic Omlneca intrLlsions, su ch as the Black Lake stock, situated 

2 km west of the deposlt, comprise granodiorite, quartz monzonite and quartz 

diorite stocks and plugs which intrude Asitka and Stuhlni Group rocks The 

youngest rocks in the area are chert pebble conglomerates of the Middle to 

Upper Cretaceous Sustut Group, which unconformably overly the Toodoggone 

volcamcs. 

Recent research by Clark and Williams-Jones (199Q) has constrained the 

age of the Toodoggone volcanics ta a narrow interval between 198 and 193 Ma 

uSlng 4°Ar_3SAr datlng methods. Their data also indicates that acid-sulphate type 

minerahzatlon, such as that in the Bonanza deposit (196 Ma), was 

contemporaneous with vOlcanism, but that Shasta (187 Ma) and adularia-sencite 

type deposits such as Lawyers (188-190 Ma), formed up to several million years 

after the cessation of the main stage of volcanism. 

The Toodoogone volcanics are relatively undeformed and 

unmetamorphosed. St rata dip shallowly (-25 degrees) to the north-west. The 

dominant structures are north to north-west trending, steeply dipping dextral 

strike-slip faults, concordant with the primary tectonic fabric of the Stikine 

Terrane. One ofthese structures, the Saunders fault, borders the Shasta deposit 

to the east, and shows up to 5 km of right lateral displacement (Diakow et aL, 

1985). 

Several of the Toodoogone area deposits, including Lawyers, Baker and 
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Shasta, lie near northwest trendlng faults (Fig 1) Dlakow (1990) pïOposed that 

these deposits lie along the margin of the "Central Toodoggone Depression" a 

fault-bounded trough which may have ponded later volcanlcs and locallzed 

hydrothermal fluids du ring extension. In the case of the Lawyers deposlt. 

Vuhmun et al. (1985) cited strur.tural and stratigraphie eVldenr,e for graben 

formation, proposing that northwest trending block faults were probable structural 

controls for mineralization. At Shasta, structurally controlled zones of 

mineralization share a similar northwest trend, whlch supports the hypothesis 

that this style of faulting may have played a slgmficant role ln locallzmg 

mineralization at both regional and deposlt scales in the Toodoggone dlstnct 

Deposit Geology 

The Creek and JM zones are the largest of a dozen minerahzed zones 

that comprise the Shasta deposlt (Fig. 2) They also constitute the bulk of 

minerallzation, containing an estlmated 1.6 million tonnes wlth an average grade 

of 2.84 g/t Au and 132.2 g/t Ag (McPherson et al, 1991) 

The zones are generally tabular in shape, and are mOI~ contlnous laterally 

th an vertically. The Creek zone stnkes 180 0 with a length of 875 m, dlpplng 60° 

west and continuing 300 m down-dlp. The JM zone strikes 330 0 over a distance 

of 1000 m, dipping 70° east to 70 m depth These attitudes produce an Inverted 

"VI geometry which plunges shallowly to the northwest (Fig 3) 

The deposit is hosted by rocks that are probably equivalent to the 
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Attycelley unit, described by Dlakow (1990) as green to mauve lapilli-ash tuffs 

and lapilli-block tuffs wlth mlnor ash-flows, lava flows and epiclastic rocks. 

Marsden and Moore (1990) Investigated the stratlgraphy and structure ln detail; 

only a bnef summary is provlded here 

The strata can be dlvlded into four umts whlch unconformably overly rocks 

of the Stuhlnl Group (Fig. 2) They are, from oldest to youngest. 1) a 

homogenous feldspar-quartz-blotlte porphyry; 2) heterogeneous feldspar-quartz 

lapilli tuffs, 3) lahars, crystal tuffs and epiclastic rocks; and 4) welded lapilli tuff. 

Ali mmerahzation IS restricted to the flrst two umts. 

The lowermost feldspar-quartz-blotlte porphyry and overlyhlg feldspar-

quartz lapilli tuffs are about 300 m thick They are dadtic in composition, and 

contain charactenstically salmon-pink coloured plagioclase feldspar in a pale 
! 

green matnx wlth vanable lapilli content. Marsden and Moore (1990) proposed 

that this package represents a daclte dome complex, consisting of an extrusive 

porphyry dome onlapped by coeval pyroclastlc rocks The laharic unit is roughly 

200 m thlck, and overlles the pyroclastlc rocks in apparent unconformity. It 

consists of hematJte-rich heterollthlc lahars, intercalated feldspar crystal tuffs and 

fme gramed volcanlc sediments. The uppermost umt is a chloritic, variably 

welded feldspar crystal lapilli tuff The rapid lateral and vertical facies changes 

observed in these IIthologl€:s are typical of stratovolcanoes, where dacitic to 

anaesltlc flows and pyroclastlcs are commonly interbedded with reworked 

volcamc sediments (Cas and Wright, 1988) . 
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Figure 2. 

• 

Simplified structure and stratigraphy of the Shasta deposlt, 
modifled after Marsden and Moore (1990) . 
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Figure 3. 

• 

An idealized cross section of the deposit, showlng the 
approximate location of drill hales . 
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The structure of the deposlt area IS dominated by r,orth to northwest 

trending normal and/or dextral strike-slip faults Ali minerahzed zones are hosted 

by structures that are sub-parélilei to these faults, later northeast trendlng faults 

truncate minerahzation Strata surroundmg the deposlt generally dlp shallowly to 

the northwest, concordant with the reglonal attitude 

The most obvlous structure IS the Shasta fault, whlch stnkes 1800 and 

dips 50° to the west, separating pyroc\astlc host rocks m the footwall fram 

overlying epiclastic rocks in the hangmgwall (Fig 2). The Shasta fault dlsplays 

post-minerahzation movement, forming the hangmgwall ta the Creek zone near 

surface, but curves away from thls zone at depth ln the JM zone, a late 

carbonate vem (the CB vein) forms the hangmgwall to ore mlnerallzatlon The 

veln is essentlally parallel to the zone and IS seml-contlnuous over 200 metres, 

varying fram a 1.5 metre wide vein to a 15cm wlde gouge tilled seam 

Given that both the CB vein and the Shasta tault are parallel to zones of 

mmeralization and form the hangmgwall ln both cases (Fi!~ 3), It IS hkely that 

these fissures were the result of recent movement on structures that mltlally 

produced zones of fracture-controlled permeabllity 1 hat focussed the 

hydrothermal fluids. 

Veins and Brecclas 

Mineralized zones consist of crasscutting, multi-stage quartz-calcite 

stockwork and breccia veins. Stockwork zones, up to 30 m wlde, are enc\osed 
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Figure 4 

• 

Underground photographs of the hydrothermal brecclas in 
the JM zone The fragments are potassically altered 
wall rock, the dark grey matnx IS hlgh grade ore 
(quartz+calclte+chlonte), and the white matrix 15 later calcite 
4a) Note jigsaw textures and rotated angular fragments. 4b) 
Note the multlphase nature of the breccia and the crude 
banding around sorne fragments Note hammer for scale . 
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Figure 5. 

• 

Photographs of rock slabs showing textures of veins and 
breccias. Sa) Brecciated wall-rock healed by quartz-calcite, 
and later banded calcite and ore. Sb) Wall-rock fragment in 
high grade ore (consisting of sphalerite, chalcopyrite, 
acanthite and electrum), hosted by quartz-calcite±chlorite 
gangue; later calCite is relatively low grade. Field of view is 
15 cm . 

21 



• 

'" -;. ~ ,At ~ 

t~ · . -.,' \.; 
(. ~: 

• 



• 

• 

by generally tabular, salmon-pink coloured alteration zones up to 100 m wide . 

Stockwork veins are massive to crudely banded and 1 to 75 centimetres wide. 

Breccla velns plnch and swell along strike and down dip within the stockwork 

zones, formlng discontlnuous, subparallel or en echelon pods up to 15 metres 

wide They typlcally grade outward into stockworks (defined as containing less 

than 50% veln material) but also crosscut earlier stockwork veins. The breccias 

consist of hydrothermally altered wall-rock and veln material fragments in a 

matrix of vein gangue. They range from narrow, single-stage breccias of "Jigsaw" 

type, to wlder, multi-stage brecclas of repeatedly fractured and re-cemented 

fragments 1 to 100 centlmetres in size (Fig. 4, 5). The matrix generally lacks clay 

gouge or rock flour. 

ALTERATION 

Hydrothermal alteration associated with the deposit can be classified as 

propylitic, potassic, and sericitic, based on the minerai assemblages described 

below Propyhtic alteration IS regional in extent, and grades into potassic 

alteration over several metres, proximal to the deposit. Potassic alteration is 

directly assoclated with quartz stor;kwork veins and forms broad salmon-pink 

haloes that surround stockwork zones. Sericitic alteration locally overprints 

potasslcally altered zones but is Irregularly distributed and not weil documented. 

The typlcal epithermal trace elements mercury, arsenic and antimony (Silberman 

and Berger, 1985) are not significantly enriched within the alteration haloes . 

22 



• 

• 

Propylitlc alteration consists of an assemblage of chlorite, epldote, calcite 

and pyrite, which imparts a pale green colour to the affected rock Typically, 

lapilli are strongly chloritized and plagioclase phenocrysts are replaced by flne

grained chlonte and epldote, but pnmary textures are preserved 

Potasslc alteratlon IS characterized by replacement of plagioclase 

phenocrysts and lapilli by K-feldspar, sericite and mlnor calcite (Fig F3) and 

pervasive slilcification of the groundmass Propylltlcally chlontlzed lapilli and 

biotite ph~'10crysts are typically replaced by sencite and pynte The Intenslty of 

alteration IS directly dependent on quartz vein density and, ln areas of hlgh veln 

density, secondary K-feldspar and quartz completely obscure pnmary textures 

and impart a deep red colour to the atfected rock Pnmary textures are 

preserved only in weakly to moderately altered zones Epldote IS an accessorï 

minerai in weakly altered zones, where It occurs as fine vetnlets and 

disseminations. Pale green illite IS commonly observed on late fractures and filis 

rare vugs in potassically altered zones. 

Sericitlc alteration was observed as narrow haloes «2 m) surroundlng 

late, high grade calcite breccias in the JM zone, but also as Irregular patches 

apparently unrelated to minerallzation The sencltlc assemblage conslsts of flne

gralned sericlte, quartz and pyrite whlch have completely replaced the onginal 

mineralogy and generally destroyed pnmary textures This alteratlon style has 

produced soft, tan coloured zones with relatively sharp boundanes . 
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Figure 6 

• 

Photomicrographs of a potassically altered plagioclase 
phenocryst, replaced by K-feldspar, sericite and patchy 
calcite. Note relict albite twmning. 6a) Transmitted light, 
sericite is dark grey, K-feldspar medium grey, calcite white. 
6b) Crossed polars, K-feldspar is dark grey, sericite grey, 
calcite white . 
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Alteration Geochemistry 

Bulk whole-rock geochemical analyses were conducted on samples of 

core taken from two drill intercepts of the JM zone (ddh 89-09 and 89-10), to 

determine the dlstnbutlon of selected elements across the potassic alteration 

halo that surrounds mlneralized stockwork-breccia zones. The samples consisted 

of assay pulps, whlch represent continous, 1-2m long intervals of core through 

the hanglngwall, ore zone and footwall of the JM zone. Analyses were conducted 

at Acme labaratories in Vancouver, B.C., usmg Induced Coupled Plasma (ICP) 

techniques for whole rock oxides and fire assay (wlth atomic absorption finish) 

for gold and silver, these data are presented ln Appendlx 1. 

The linear correlation between Ti02 and AI20 3 (Fig 7) suggests that 

aiumlilum was relatlvely Immobile dunng potassic alteration. Thus, for the 

purpose of comparison and to correct for the effects of any changes in volume, 

results far the other oXldes were normalized to constant aluminum. Their masses 

were balanced relative to the least altered sam pie (89-10 #9) ln arder to 

determlne the net changes ln bulk rock composition dunng potasslc alteration. 

The corrected data show that up to 240 wt% of Si0 2 and 170 wt% CaO were 

added ln the ore zone Intersected by ddh 89-10, reflectmg the high density of 

quartz and calcite velns ln the stockwork zone (Fig. 8) High Ag-Au contents are 

not everywhere related to quartz vein density, however, as seen in the minor 

addition of sllica m the ore zone Intersected in ddh 89-10 ln this hole, there is 

nevertheless a sharp mcrease in CaO across the ore zone, however, which 
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Figure 7 

• 

A plot of Ti02 vs AI20 3 ln potassically altered rocks 
surroundmg the JM zone. The excellent linear correlation 
shown by these oxides indicates that TI and AI were 
essentially immobile during potasslc alteration 

2€ 



-----------

• 

04 

035 

03 

-;:!!. 
° 

025 

j 
-..-

02 

(j 
J- 015 

01 

005 

" \" 

0 2 4 6 8 10 12 14 

AI20 3 (wtO/O) 

• 



• 

Figure 8. 

• 

~-- ~----------------------

Gains and lasses of K20, Na20, Si02 , and CaO, wlth assays 
of gold and silver, as a functlon of distance down dlamond 
drill hales 89-09 and 89-10, whlch intersect the JM zone 
Oxides have been normahzed ta constant AI, changes ln 

mass were calculated relative ta the least altered sam pie 
(89-09 #9, see App 1) in the drill core The ore zone IS 

shaded . 
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reflects the strong association of calcite wlth ore mlnerahzatlon Histograms of 

K20 and Na20 show that up to 5 wt% K20 was added and 2 wt% Na.,O lost ln 

the ore zones, whlch is consistent with the observed replacement of plagioclase 

by K-feldspar and senclte in potasslcally altered zones. 

MINERALIZATION 

Gangue minerais ln veins and breccias conslst of quartz and calcite ln 

roughlv equal proportions, but a spatial zona(ion of these minerais IS apparent 

from drill intercepts. Quartz is domin(lnt at hlgher elevatlons and m the penphery 

of stockwork zones, whereas calcite IS more abundant at lower levels and in 

central breccias. Quartz is charactenstically fine gralned and locally chalcedonlc, 

whereas calcite tends to be relatlvely coarse gralned Both minerais dlsplay open 

space-filling textur~s of weil formed crystals and cock's combs ln banded velns 

and around breccla fragments. Vugs are rare, but are more common ln calcite 

than quartz velns. Up to twelve bands have been observed m some calcite 

veins. 

Accessory gangue minerais conslst of chlonte (± epldote) and hematlte 

Chlorite occurs as felty masses ln quartz and calcite, typlcally as fme selvages 

along vein walls or between layers ln banded veins Chlorite IS partlcularly 

abundant in hlgh grade brecclas, where It can form up ta 20% of the gangue 

Hematite is restricted ta late calcite velns that are generally barren 

Cross-cutting veins and brecclas attest to multiple eplsodes of fractunng 
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and Infllhng. Quartz-only V81ns formed early, ln contrast to calclte-only veins, 

whlch always occur late ln the sequence Multl-stage velns typlcally show 

eVldence of sequentlal fllhng of the fracture, beglnmng wlth flne-grained quartz 

at the veln wall, followed Inwards by euhedral crystalhne quartz, and medium to 

coarse gralned calCite At the transItion from quartz to calCite, the two minerais 

are commonly Intermlxed and were eVldently co-precipitated. Multi-stage 

brecclas are typlcally composed of slhcifled wall-rock and quartz veln fragments 

cemen!ed by quartz and calCite, or calCite alone The bulk of the ore minerais, 

and therefore the hlghest ore grades, are hosted by the mlxed quartz-calcite 

velns and brecclas, and are commonly associated with abundant chlorite. 

Ore Mlneralogy 

Ore minerais conslst of pyrite, sphalerite, galena, chalcopYflte, acanthlte, 

native sllver and electrum, ln order of decreaslng abundance Trace amounts of 

native gold have also been reported (Holbek, pers corn., 1989) but were not 

observed ln thls study. The ore minerais typlcally occur at veln margins and 

between veln bands, and partlcularly along the contacts between quartz and 

calCite zones ln the mlxed quartz-calcite vems and brecclas (Fig. 9) 

ln hand specimens, the ore minerais are generally recognized as 

dlssemmated grey sulphides, commonly associated with pyrite and chlorite, and 

generally total less than 5% of the rock volume High grade brecclas, however, 

can contain up to 20% of pyrite and chlorite by volume, and return assay values 
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Figure 9. 

• 

9a) A reflected hght photomlcrograph of euhedral pynte 
gr ams hosted by early crystallrne quartz and later calcite 
9b) A transmltted hght photomlcrograph of ore minerais 
(sphalente+gaiena+acanthlte) preclpltated at the contact 
between early quartz and later calcite ln a narrow velnlet 
The wall-rock IS at lower edge of the photograph Quartz, 
closest to veln wall, dlsplays rounded grains (Sample CK84-
14 70 3, see Fig 15) 
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Figure 10. 

• 

Photomicrographs showing typical ore minerai textures. 10a) 
Early euhedral pyrite, followed by sphalente, chalcopynte, 
and interstitial galena. 1 Ob) Sphalente followed by 
chalcopyrite, and galena copreclpitated wlth acanthlte (nght 
side of photo). 10c) Early pyrite, which has been fractured 
and embayed and infilled by galena, acanthite and electrum 
8d) Galena, acanthlte, electrum and native silver preclpitated 
after sphalerite. Photographs a,b,c are in reflected light; dis 
an SEM TV image . 
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as high as 345 g/tAu, 22,100 g/tAg, plus several percent combined Cu, Pb and 

Zn. 

Detailed petrographic studies indicate that the ore minerais are closely 

related in both spatial and temporal terms (Fig. 10) Pyrite was preclpitated flrst 

and is hosted almost excluslvely by early quartz It was onglnally euhedral, but 

has been extensively fractured, pitted and embayed Sphalente and chalcoPYrite 

were deposited next, as rounded to ln agular grains in early quartz, Interstltial to 

intermixed quartz and calcite, or filling fractures and embaymen'.s in earher 

pyrite. Sphalerite is variably affected by"chalcopynte dlsease", whlch IS more 

pervasive where sphalerite and chalcoPYrite are ln direct contact. Quantitative 

analysis of sphalerite by electron mlcroprobe showed it ta be iron-poor, 

containing between 0-2 mol% Fe (Appendix III) 

Galena, argentite (acanthlte), electrum and native sllver were then 

precipitated (in that order), interstitial ta pyrite, sphalerite and chalcopyrite (Fig. 

10), or in fractures in pynte. These mmerals are hosted predomlnantly by the 

mixed quartz-calcite phase of gangue minerai deposltion, less 50 by late calCite, 

and never by early quartz Galena and acanthlte show a strong afflnlty and 

typically occur together, suggesting co-precipitation Electrum occurs in contact 

with galena, acanthite and native si/ver, and less commonly as rounded, Isolated 

grains Native silver occurs interstitlal to ail other ore minerais and as Irregular, 

isolated grains, particularly in calcite co-precipltated wlth quartz 

Individual electrum grains are commonly zoned, particularly where they 
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are in contact with native sllver. Semi-quantitatlve analysE:s using a scanning 

electron microscope equipped with an energy dispersive system showed that 

sorne electrum grains have gold-rich cores (ave. 41% Au), and silver rich rims 

(ave. 14% Au) (Appendix III). 

Paragenesis 

It IS slgniflcant that the ore minerais galena, acanthite, electrum and native 

silver occur primanly at the transition tram quartz to calcite dominance, and are 

concentrated in multl-stage hydrothermal breccias. These and other relationshlps 

described above can be represented by a paragenetic sequence consisting of 

pre-ore, ore and post-ore stages (Fig. 11). In the pre-ore stage, euhedral pyrite 

was deposlted ln early quartz veins, with minor sphalerite and chalcoPYrite. At 

the onset of ore depositlon, the veins were reopened and/or brecciated, resulting 

ln pyrite cataclasls, and th~ maJority of sphalerite and chalcopyrite was 

deposited. Dunng the ore stage, galena, acanthite, electrum and native silver 

were preclpltated contemporaneously with quartz and calCite (± chlorite) in 

hydrothermal brecclas ln the post-ore stage, mlnor amounts of hematite were 

deposited ln generally barren calcite veins (Fig. 12). 

FLUID INCLUSIONS 

Petrography 

Samples of ore stage quartz and calcite were selected for fluid inclusion 
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Figure 11. 

• 

The paragenetic sequence of minerahzation and alteratlon 
at Shasta . 
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Figure 12. 

• 

Schematic representation of typical ore-breccla formation at 
Shasta . 
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study, in order to "bracket" the transition from quartz to calcite dominance and 

constrain the physico-chemical conditions of ore deposltlon FIUld inclUSions 

suitable for analysls were Identlfled m both minerais, except very early flne

grained quartz, whlch IS turbid due to large numbers of 1-2 micron dlameter 

inclusions. Turbldity also made some samples of later quartz and calcite 

unusab/e. 

Three types of flUld Inclusions were observed hquid-vapour (L-V), IIqUld

only (L); and vapour-only (V) Ali mcluslons were mterpreted to be aqueous ln 

nature, as nelther carbonlc liquids or clathrates were observed on coohng, and 

crushing tests resulted ln vapour bubble collapse 

LlqUld-vapour Inclusions compnse about 50% of the total flUid inclUSion 

population. The majonty of quartz-hosted L-V inclusions are isolated but also 

occur in small three dimensional groups, away from crystal boundanes (Fig 

13a). They are rounded to cuspate m shape and average 3x5 microns m slze 

Calcite-hosted L-V Inclusions typlcally occur as planar groups or hnear trains, 

parallel to cleavage planes and crystal boundanes (Fig 13b). They dlsplay rod

shaped and negatlve crystal (rhomblc) morphologies, and average 5x1 0 microns 

in size Vapour to hquid phase ratios m L-V inclusions were calculated to range 

between 10-25% overall (Bodnar, 1983), but are more consistent (±5%) among 

close neighbours. 

Liquid-only Inclusions are relatively rare, and comprise less than 20% of 

the inclUSion population. These inclusions occur malnly in quartz, and almost 
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Figure 13. 

• 

Photr-micrographs of typical quartz-hosted inclusions (13a) 
anc calcite-hosted inclusions (13b). Transmitted light. 

37 



• 
A 

", 
l , 

... 
" 

., 
, . 

... 

'~ 

"" • • ~ 
&, .\~ "l ~ . 

" ~ .. 
~ • "i .... 

~ 

,.. 

20 mcrons 

• 



--------------- -- --

• 

• 

excluslvely in planar groups along vanably healed fracture planes, wlth rare 

coexlstln~ L-V inclusions ln quartz, liquid-only inclusions tend to be round and 

less than 2 microns ln dlameter, whereas ln calcite, theyare irregular to rhombic 

ln shape and up to 10 microns across. 

Vapour-only Inclusions constltute the remalnlng 30% of the InclusIon 

population. They occur mamly ln calcite, almost exclusively along partlally healed 

fractures and wlthin cleavage planes, wlth rare L +V inclusions. Vapour-only 

IncluSions are hlghly Irregular ln shape and size, ranging up to 30 microns 

across 

Origm 

L-V Inclusions that occur parallel to crystal boundaries in calcite are 

unamblguously pnmary ln nature. Those that occur parallel to (but not within) 

cleavage planes are also considered to be pnmary Llquid- and vapour-only 

IncluSions that occur along obvious fracture planes or within cleavage planes are 

assumed to be secondary in nature. Rare L-V Inclusions that coexist with Land 

V InclUSions along fracture planes are probably the result of leakage or necking 

down and are also consldered secondary 

L-V inclusions ln quartz are less easlly classified because of a lack of 

obvlous pnmary features However, these Inclusions display relatlvely consistent 

vapr'ur/hqUld ratios, which mdicates that leakage and neckmg-down have not 

been slgniflcant ln one case where unequivocally pnmary inclusions were 
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observed in a crystal growth zone, the mcluslons had vapour to hqUld ratios 

slmilar to the Isolated inclusions This suggests that the Isolated L-V inclusions 

ln quartz are probably pnmary. 

Microthermometry 

Microthermometnc analyses were conducted on pnmary and seeondary 

IIquid-vapour inclusions ln samples from mlnerallzed zones, lIsJng a FllIId Ine

USGS modified gas-flow heatmg and freezlng stage (Werre et al, 1979) 

Calibration was achleved uSlng synthetic aqueous inclusions, and measurements 

were accurate to ± 0 2°C for subzero temperatures and ± 2 aoc at the hlghest 

tempe ratures to wnleh samples were heated 

Dunng heatlng runs, ail inclusions homogelllzed to IIqUid between 130"C 

and 31 aoe Histograms of homogemzatlon temperatures (ThOC) (Fig 14) show 

that quartz-hosted Inclusions have a dominant Til peak centred at 280°C, wlth 

a spike at 295°C, and a subordinate Th peak at 220°C Calclte-hosted IIlciUSIOns 

have a dominant Th peak at 275°C, a subordlllate Th peak at 225°C, and a mlnor 

Th peak at 195°C. 

Microthermometnc traverses across two 1 em wlde vemlets (Fig 15) 

displayed similar progressions of deereaslng Th from early quartz to later calcite 

Inclusions ln quartz, closest to the vein wall, homogenJzed between 290"C and 

250°C, whereas inclusions in calcite homogenlzed between 260°C and 190°C, 

decreasing towards the veln centre 
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Figure 14. 

• 

Histograms of flUld inclusion microthermometric data and 
calculated flUld salinities for samples from mineralized zones 
(Oakes et al. 1990). Th is the homogenization temperature; 
Te IS the eutectlc or Initiai Ice meltlng temperature; Tm ice is 
the final Ice meltmg temperature . 
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Figure 15. 

• 

The distribution of Th for L-V inclusions across two narrow 
veinlets ln the Creek zone. The dotted line represents 
mineralization in sample CK84-14 70.3, (see Fig. 9b) . 
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On cooling, Inclusions froze routinely at about -40°C, but ice was never 

vIsible, due to the simllar refractlve Indices of the Ice and quartz. Eutectic melting 

temperatures (Te) were therefore very dlfflcult to measure, as meltlng was 

observed only as very subtle grawth or movement of the vapour bubble Initial 

Indications of meltlng were typlcally observed at temperatures above -9°C (Fig. 

14) The lowest temperature at which bubble movement was noted was 

approxlmately -20°C 

Final meltlng temperatures (Tm Ice) are tlghtly bracketed between -2°C 

and DoC, and there IS no sigmficant dlfference in the temperatures for quartz

and calclte-hosted inclusions. Calculated values of fluid salimty, uSlng the 

equatlon of Oakes et al (1990) vary between 0 and 5 welght percent NaCI 

eqUivalent, wlth a peak between 1-2 wl% NaCI eq. (Fig. 14). 

Decrepltate Analyses 

Three samples of quartz tram ore stage quartz-calcite velns were chosen 

for tlUld InclUSion decrepitate analyses (Haynes et aL, 1988) in order ta 

determlne the composition of the hydrothermal flUld Decrepitate residues (Fig. 

16) were produced by heating c1ean flUld InclUSion sections ta roughly 400°C ta 

decrepltatf> the inclUSions The resldues were then analyzed semi-quantitatively 

uSlng a scannlng electron microscope equipped with an energy dispersive X-ray 

spectrometer, set ta wlde raster mode. 

The only elements detected ln the residues were Na, K, Ca, CI and S, 
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which are present ln an average weight ratio of 5.3 2 9.1 (Table 1) USll1g the 

average salimty of L-V Inclusions (2 wt % NaCI eq. or 0 4111), It IS estlmated that 

the hydrothermal flUld contained appraxlmately 0 26m Na, 0 1 m K, 0 04111 Ca 

and 0 01 m S Charge balance calculatlons Indicate that catlOniC charge exceeds 

anionic charge by about 20%, whlch may be due ta the seml-quantltatlve nature 

of the decrepltate analyses, or ta undetected carbon ln the form of CO/or 

HC03-· 

CHLORITE GEOTHERMOMETRY 

Independent estlmates of the temperature of ore deposltlon were obtalned 

using the chlorite geothermometer of Cathelineau (1988) Temperatures are 

calculated using the emplncal relationship between temperature and the AI 

content ln the tetrahedral site of the chiante, determined byelectron mlcroprobe 

analyses (Appendlx III) Samples tested conslsted of veln matenal contalnlng 

chlorite that occurs at the contact between pre-ore quartz and ore stage quartz

calcite, and therefore represents the transItion fram quartz ta calcite dominance 

The results of seven analyses glve an average temperature of 262±5°C, whlch 

is in e;<eellent agreement with the temperatures estlmated fram flUld Inclusion 

microthermometry (280°-225°C) . 
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• Table 1 FIUld InclusIon Decrepltate Data (wt%) 

Na Ca K CI S 

JM87-23 2876 000 1276 5848 000 
3069 000 000 6931 000 
3329 1990 1245 3436 00 
2967 1318 878 3557 1281 
3682 000 000 6202 1 16 
1948 1 56 2615 51 58 1 23 
3990 601 000 50 71 338 

CK89-04 2384 446 2124 4226 821 
2274 944 1359 4166 1256 
2092 11 83 2239 3599 888 
1220 1812 2089 41 08 771 
1475 1302 2562 40 55 6 06 
1410 1870 23 08 3705 7 07 

JM 87-11 2283 563 2390 476 000 
2086 803 1590 464 888 
2096 1232 1950 4301 422 
2667 916 1630 4402 384 
3762 2147 870 3222 000 
2292 622 28 05 3866 415 

Average (wt%) 
Na Ca K CI S 
2521 942 1575 4487 475 

Average (at%) 
Na Ca K CI S 
3401 735 1250 3952 66 

Atomlc RatIos 
Na/CI CalNa K/Na AlI/CI S/CI 

086 022 037 1 36 017 

Molal Concentratlon* Na Ca K S 
026 006 01 001 

* Estlmated assumlng 2wt% Na eq = 0 4m 
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Figure 16 

• 

Mlcrophotograph of a typical fluid inclusion decrepitate 
observed in this study. Bladed crystals are KCI, groundmass 
is NaCI and CaCI 2 . 
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S TABLE ISOTOPES 

Sulphur 

Analyses of sulphur IsOtOplC composition were performed on samples of 

country rock and sulphlde mlnerallzatlon m an effort to Identify the source of 

sulphur m the hydrothermal system, and to examme the evolutlon of the 

mmerahzmg flUld wlth respect to f02 and pH conditions 

The sulphlde samples were chosen to represent a "cross-section" of 

mln~rahzatlon from pre-ore and ore stage vems and brecclas The samples 

conslsted malnly of hand plcked mmeral separates of pynte because of ItS ease 

of separation, other sulphlde minerais were so Intlrnately assoclated that they 

could not be mechanlcally separated Nevertheless, two composite samples of 

especlally hlgh grade mmerahzation conslstmg of sphalente, galena and 

acanthlte (± electrum) were also chosen for study Country rock samples 

consisted of dnll core assay pulps, representmg unmlnerahzed bulk samples of 

feldspar-quartz lapilli tuff Analyses were conducted at the University of 

Saskatchewan Isotope Laboratory and are accurate to wlthin 0 1 %0. Sulphur 

isotope compositions are reported m standard 6 notation, relative to the Canyon 

Dlablo trollite. 

The ISOtOplC compositions and the correspondlng gold-silver grades of the 

pyrite samples are reported ln Table 2 The 6~~S values for country rock pyrite 

average -1 6 ± 0 9%0, whereas vein pyrite 634S values range from -3.4 to -5.7%0, 

and the two composite samples had 634S values of -54 and -7.3%0 It is 
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Table 2 Sulphur Isotope Data 

Sample Grade Au/Ag (g/t) Measured 634S (%o) 

Pynte Separates 

CREEK' 
JMTC5-3 
CRK-1' 
JMHG-PT 
JMPTHG-D1 
JMPTHG-D2 
JMHGTR-B 

Composites 

JMPT-CBV 

JMPTHG-D2 

Bulk Country Rock 

8-1 425 
8-31 25 7 
8-31 25 7 

146 1 1340 
06 1555 
1 9 161 5 
71 1 1 7271 7 
345 0 1 22,100 0 
225 9 1 88,374 0 
94 1371 0 

10150 117,5180 
(70% ZnS, 24% PbS, 6% Ag2S) 

2259 188,3740 
(34% ZnS, 36% PbS, 30% Ag2S) 

barren 
02 1 1 0 

duplicate 

1 Quartz-hosted mmeralizatlon 

-34 
-3 5 
-3 8 
-4 7 
-5 0 
-5 6 
-5 7 

-54 

-7 3 

-07 
-2 5 
-2 5 

2 Calculatlons based on the equatlons of Ohmoto and Rye (1979) 

Calculated2 cf34sH2s (%0) 
280°C 225°C 

-47 -50 
-4 8 -5 1 
-5 1 -54 
-60 -6 3 
-6 3 -6 6 
-69 -72 
-7 0 -7 3 

-5 0 -49 

-5 9 -56 



• 

• 

significant that the 6348 values for vem pynte are lower than those for countly 

rock pyrite This trend to lower 634S values may reflect II1creases ln the fO.' - pH 

conditions of the fluld, whlch Will be examllled 111 greater detall 111 a later section 

634SH2S values for a hydrothermal fluld ln eqUllrbrrum wlth the sulphlde 

samples were calculated at 280°C and 225°C (correspondlng to tlle Th peaks 

indicated by fluld Inclusion mlcrathermometry) uSlI1g the appropllate fractlonatlon 

equatlons of Ohmoto and Rye (1979) ln the case of the composite sarnples, 

634SH2S was calculated from the combmed fractlonatlon of sphalente, galena and 

acanthite with H28, welghted accordmg to the proportions of these mmerals III 

the samples The latter were estlmated seml-quantltatlvely from scanl1lng 

electron microscope X- ray Images of Zn, Pb and Ag Calculated 6 1
'1 Sil ", values 

for pyrrte separates decrease fram -4 7 to -7 0%0 (at 280°C) as gold-sllver assays 

increase fram sub-economlc to ore grades The values of 6\4 Sil ,~, calculated for 

the composite samples are -5 0 and -5 9%0, for the lower and hlgher grade 

samples respectlvely 

Oxygen and Deuterium 

Analyses of oxygen and deuterrum IsOtOplC composition were conducted 

on samples of vein and breccla gangue minerais to determlne the provenance 

of the minerahzmg fluid Ali samples consisted of hand plcked mrneral separates 

fram ore stage velns and brecclas Oxygen Isotope analyses were conducted on 

separate~ nf quartz, calCite and chlonte, whereas hydrogen Isotope analyses 
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Table 3 Oxygen and Hydrogen Isotope Data 

Sam pie Measured 6'80 (%0) Calculated' 61110'''''01 (%11) 
Qtz Cal Chi 280°C 225"C 

JMHGPT 64 36 -1 2 -2 6 -47 
CBVEIN 60 39 -1 6 -2 3 -44 
HGTR-B 40 -2 2 -43 
84-14-72 3 57 -05 -2 6 
89-12-485 53 -23 
84-12-604 65 -1 1 
CBV-CHL2 6 1 -4 6 

Average 61 43 -1 6 -1 9 -4 1 

Sam pie Mmeral Measured 60 (%n) 601111101 (%11) 

89-12-485 Qtz -148 3 -148 
84-12-604 Qtz -171\ -171 
CBV-CHL 1 Chi -102 -152 ' 
CBV-CHL2 Chi -112 -162.' 

Average -158 

1 Calculated usmg the equatlons of Matsuhlsa et al (1979) for quartz, Fnedman and O'Ncl1 
(1977) for calcite 
2 Based on the emplrlcal curves of Taylor (1979) at 280°C 
3 Measured dlrectly fram crushed flUid Inclusions 



• 

• 

Wf:: re performed on chlonte separates and the f1U1d released from 

Inclusions ln quartz separates Analyses were conducted at the University of 

Saskatchewan Isotope Laboratory and are accu rate ta wlthm 0.1 %0 Oxygen and 

hydrogen IsotOplC compositions are reported ln standard 6 notation, relative to 

Standard Mean Ocean Water (Craig, 1961) in Table 3. 

611'10 values for quartz are weil constralned about an average of 6.1 ± 

o 5%0, whereas those of calcite are slightly lower at 4.3 ± 1.4%0 A single chlorite 

sample yielded a 6180 value of 6.1%0. The average 6180fluld values for a 

hydrothermal tlUld ln eqUlhbnum wlth these samples were calculated to be -1.6%0 

tram quartz and -1.9%0 tram calcite at 280°C, and -41%0 trom calcite at 225°C 

(consistent wlth the Th peaks Indicated for L-V flUld inclusions) uSlng the 

equatlons of Matsuhlsa et al. (1979), and Friedman and O'Neil (1977), 

respectlvely 

The measured 60 values of the quartz ~amples are -148%0 and -171%0. 

These are assumed to be eqUivalent to 6DflUld , since the principal source of 

hydrogen IS water released from InGiuslons that are interpreted to represent the 

original hydrothermal fluid. The measured 6D values for chlorite are -102%0 and-

112%0 6Dflu1d values calculated for a fluid in equilibrlum with the chlorite sarnples 

are -152%0 and -162%0 , using the empi rically denved fractlOnation factors of 

Taylor (1979) These values Ile weil withln the range of values determined 

dlrectly trom flUld inclUSions in quartz. The average value of 6DflUid obtalned from 

the combined data sets IS -158%0 . 
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DISCUSSION 

As previously noted, ore grade sllver-gold mlnerahzatlon at Shasta was 

deposited at the onset of calcite precipitation in vems and brecclas The 

occurrence of multl-stage, quartz-calcite hydrothermal brecclas IS strong 

eVldence for boilmg of the mlnerallzmg flUld, as is the flne-gralned nature of early 

quartz and the abundance of vapour-only lI1c1uslons, wlth coexlstmg L·V 

inclusions, observed ln later calcite The deposltlon of chalcedonic quartz 

indicates supersaturation of Si02, and implies a sharp drop ln temperature that 

could have been caused by adiabatic expansion of the bOlhng flUld It 15 therefore 

reasonable to conclude that the hydrothermal system bOlled at a relatlvely early 

stage, and contmued ta bOlI eplsodlcally at least untll after the ore minerais had 

been deposlted Accordingly, any discussion of the genesls of the deposlt needs 

to start by considering the hypothesls that boiling was also responslble for ore 

minerahzation. 

P-T Conditions 

Evidence that the fluid boiled permits the homogemzation temperatures 

of L-V inclusions to be used to estlmate the deposltional temperature dlrectly 

These data (Flgs. 14 and 15) show clearly that the temperature was at a 

maximum ln the pre-ore quartz stage (295°C), and decreased through the ore 

stage from 280 to 225°C. Simllar temperatures (262 ± 5°C) were calculated 

using the chlonte geothermometer of Cathelineau (1988) . 
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The Initiai ore stage temperature of 280°C corresponds to a fluid pressure 

of approxlmately 64 bars, based on the liquid-vapour curve of Haas (1971) This 

is equivalent to hydrostatlc depth of about 750 m (for an aqueous solution 

contaming 2 wt% NaCI eqUivalent, see below) or a lithostatlc depth of 275 m. 

The former represents the maximum paleo-depth for ore grade mineralization at 

Shasta. The development of hydrothermal breccias mdicates that the f1uid 

pressure loca"y exceeded hthostatic pressure. This was probably due to local 

sealing of the hydrothermal conduit by early quartz depositlon and was likely 

restncted to higher levels ln the system (closer ta 275m). 

The above estimates of temperature and pressure indicate that the Shasta 

deposit formed under P-T conditions within the range typical of most epithermal 

deposits (100o-300°C; <1000 m). 

Fluid Source 

The oxygen and hydrogen isotopie compositions estimated for the ore fluid 

(Table 3) are most reasonably explalned by meteoric waters that evolved 

thraugh interaction with the volcanic roeks that hast the deposit. The 60 values 

are mueh lower than those charactenstic ofmagmatie or metamorphic fluids (Fig. 

17), but are slmllar to those of meteoric waters fram high latitudes or elevation. 

The 6 180 values, although also lower than those of magmatlc or metamorphic 

flUlds, dlsplay a significant positive shift away fram the Meteoric Water Llne (Fig. 

17) We attribute thls to extensive interaction with isotopically heavier volcanic 
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wall-rocks. This isotopie evidence for a domlnantly meteonc ore fluid IS also 

supported by the very low salinity of L-V Inclusions (1-5 wt% NaCI eq ). 

The proposed modification of 6180flllld as a result of flUld/rock mteractlon 

was investigated further by calculating water/rock ratios (W/R) uSlng the 

equatlons of Ohmoto and Rye (1974). These calculations assumed that the flUid 

had initial 6180 and 60 values of about -22%0 and -165%0, respectlvely, 

propylitically altered volcanics had 6180 and 60 values of -9%0 and -70%u, 

respectively (Diakow etaI., 1991; Field and Fifarek, 1985), and the flUld changed 

its composition by equilibratmg wlth host rock feldspar (O'Nell and Taylor, 1967) 

and chlorite (Taylor, 1979). The assumed lnitl~1 6180 and 60 values of the flUld 

correspond to those of meteonc waters currently found in this part of Bntlsh 

Columbia (Taylor, 1979). Although the deposlt is Jurasslc in age (Clark and 

Williams-Jones, 1990) and the host rocks are part of an allochthonous terrane, 

it IS likely that the elevatlon and latitude of deposltlon were not greater than that 

of the Toodoggone today. For slmphcity, we have therefore assumed that the 

isotopie composition of the local meteonc water has not changed slgnlflcantly 

since the Jurassic. 

The water/rock ratio and possible path of Isotopie evolutlon of the flUld are 

shown in Fig. 17 The former has a value of 0 1 at both 280°C and 225°C, uSlng 

the average 6180flUid and 6DflUid values calculated from quartz and calCite ln Table 

3. 

The above ratio is lower than those estlmated for many eplthermal 
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Figure 17. 

• 

A plot of 6D vs 6180 showing the estimated composition of 
the Shasta fluid and water/rock ratio. The latter was 
calculated assuming the fluid was of meteoric origin and was 
isotopically modified as a result of interaction with 
surrounding volcanic wall rocks . 
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deposlts ln the Basin and Range province of the Western United States (>0.5); 

notable exceptions are the Sodie and Tonopah deposits, for whlch W/R ratios 

were estlmated to be 001 and 02, respectively, (Field and Flfarek, 1985). It 

should be noted however, that bOlling tends to ennch 6180fiUld and 6Dflu1d values 

(Field and Flfarek, 1985), and th us the W/R ratios at Shasta may have been 

somewhat hlgher than those mterpreted above. 

Source of Sulphur and Metals 

The most hkely source of sulphur is the volcanic country rocks, which 

could have been scavenged for sulphur and ore metals by the circulating 

hydrothermal flUld. As dlscussed below, the interpreted I634SflUId (-1.6%0, the 

average 634S of bulk country rock) and the 634SH2S values calculated fram vein 

pyrite (-4.7 to -7 0%0) (Table 2) are both consistent wlth a magmatic (Le. 

volcanlc) source of sulphur (Field and Fifarek, 1985). 

Propylitlcal!y altered country rocks (Toodoggone and Stuhini) were 

probably also the main source of silica, calcium and potassium. Underlying 

IImestones of the ASltka Group, or interbedded IImestones of the Stuhlni Group 

may have provlded an additlonal source of calcium, and thls could account, in 

part, for the atyplcal, calcite-rich nature of the Shasta deposit. 

Subvolcanic Ommeca mtrusives are considered to be the most likely 

source of the heat that was reqUired ta drive the Shasta hydrathermal system, 

and through this aSsociation, may have supplied sorne of the sulphur, and base 
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and precious metals . 

f02-pH Conditions 

Changes in f02 and pH are commonly Invoked as causes of minerai 

de position ln hydrothermal systems ln order to Investigate the possible role of 

these parameters ln controlhng Ag-Au mlnerahzatlon at Shasta, we have 

constructed log f02 - pH diagrams (Flgs 17-19) at 280°C and 225"C 

(representing the range of ore deposltlon temperatures), that show the Initiai 

conditions and interpreted evolution of the hydrothermal flUld 

The concentrations of the various flUld components, whlch helped control 

the phase and species boundanes shown ln the dlagrams, were estlmated 

malnly from the flUld inclusion decrepitate analyses dlscussed prevlously These 

data indlcate that potassium, calCium and sulphur concentrations were on the 

order of 0.1 m, 004 m, and 001 m, respectlvely The carbon concentration, 

which is needed to determlne the solublhty of calCite, was below the detectlon 

limits of the decrepltate analyses. The lack of graphite ln the deposlt requlres 

that it was less than about 0.01 m (Ohmoto, 1972), we have assumed a carbon 

concentration of 0.001 m Predominance boundanes for sulphur specles, the K

feldspar/muscovlte phase boundary, the stablhty fields of the Iron oXlde and 

sulphide minerais, and the saturation boundary of calCite, were ail calculated 

using the computer program SUPCRIT92 (Johnson et al , 1991) Sllver minerai 

stability fields were calculated uSlng the data of Gammons and Sarnes (1989), 
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and the contours of 634SH2S from the data of Ohmoto (1972) The saturation limit 

for calcite and stabllity boundary for K-feldspar/muscovite are shown at several 

concentrations of potassium and carbon for comparative purposes. 

An estlmate of the initiai log f02-pH conditions of the ore flUid at the 

mceptlon of bOllmg at 280°C IS represented by the shaded area in Fig. 18. The 

Initiai pH IS constralned, by the occurrence of potassic alteration and the lack of 

calcite, to have been between 4.25 (the pH of K-feldspar-muscovlte equilibrium) 

and 6 (the pH of calcite saturation) These conditions are con~istent with the 

occurrence of pyrite ln the pre-ore minerai assemblage. The upper and lower 

hmlts of log f02 values are constralned by the pyrite-hematlte boundary and the 

FeS content of sphalerite (0-2% atomic) (Scott and Barnes, 1971), to have been 

-30 and -33, respectively 

Further constralnts on the probable initiai log f02 - pH conditions are 

provided by the 6
34 8 data for pyrite (Table 2), which o:;uggest that 634SH2S values 

ranged from -4 7 to -7 0 %0 at 280°C. The value of -4.7%0 is assumed to reflect 

the composition of H2S m the flUld at the onset of ore depositlon. This value, 

when compared wlth the contours for 634SH2S shown in Fig. 18 (based on the 

assumptlon that IJ4SflUld= -1 6%0, the average 634 S ofthe host volcanics) Indicates 

that log f02 and pH were in the range of -30.5 to -32.5 and 4.25 to 6, 

respectlvely 
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Figure 18. 

• 

Log f02 - pH diagram constructed at 280"C, showlng the 
predominance fields for aqueous sulphur specles, and 
stabllity fields for mmerals ln the Fe-S-O system, K-feldspar
muscovite and calclteI:[S]= 0 01m, [K]= 01 111, and 1= 0 5 
based on decrepltate and mlcrothermometriC data I[C]= 
0.001 m, 15 an assumed value (see text for more detal!) 
Thermodynamic calculatlons were performed uSlng the 
computer program SUPCRIT92 (Johnson et al, 1992). 
Contours of 6 34SH;S were calculated usmg the data of 
Ohmoto (1972) and an assumptlon that I6\<1S=0 The 
hOrizontal "2% FeS" hne ln the pyrite field reflects the Iron 
content in sphalente The shaded area represents the 
probable IIlltial flUld conditions, dlscussed ln the text The 
thlck contour Ime represents the range ln pH and log fOl 
conditions constramed by cS34SH/5 values 
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Fluid Evolution 

The observed minerai paragenesls dlsplays a progression trom pre-ore 

quartz and pyrite, to ore stage quartz-calcite and sllver-gold 111 Ille 1 ahzatlon, to 

pùst-ore calcite (±hematlte) Wlthm the ore stage Itself, there was a progression 

from early acanthlte to later electrum and native sllver These changes 111 

mineralogy, 1 e from calcite undf'rsaturatlon to saturation, trom acanthlte to 

native sllver, and pynte to hematlte stablhty, reqUire a correspundlilg evolutlon 

of the flUld to hlgher pH (Flgs 18 and 19) Whether or not there was also an 

IIlcrease m f0 2 cannot be estabhshed from these data However, the prevlously 

mentloned trend of 634SH2S to lower values wlth IIlcreaslng ore grade crable 2) 

IS strong eVldence that both fO 2 and pH Increased Slglllflcantly, these IIlcreases 

are predlcted consequences of bOlllng, pH and t0 2 mcrease due to loss of CO .. 

and H2 to the vapour phase, respectlvely (Drummond and Ohmoto, 1985) 

Ore Transport and Deposition Controls 

Seward (1976), Shenberger and Sarnes (1989), and Hayashl and 

Ohmoto (1991) have shown that gold IS most efflclently transported as a 

blsulphlde complex m most eplthermal envlronments The most common 

bisulphlde spec16s IS Au(HSh (Shenberger and Sarnes, 1989), although Hayashl 

and Ohmoto (1991) have shown that the HAu(HS)? specles IS also Important 

below pH=5.5 Chlonde complexmg of gold predommates only at temperatures 

above 30QoC, or If the fluld IS unusually H"S poor and chlonde-nch, (conditions 
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Figure 19. 

• 

Log f02 - pH diagrams constructed at 280°C and 225°C, 
under the same conditions as Fig 18, showrng gold 
solubility contours calculated uSlng the data of Seward 
(1973) . 
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Figure 20. 

• 

Log f02 - pH diagrams constructed at 280<>C and 225°C, 
llnder the same condltlOitS as ln Fig 18, showing the 
boundary between acanthlte and native sllver, and sllver 
solubliity contours calculated usmg the data of (Gammons 
and Sarnes 1989) 
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which do not apply at Shasta) 

ln contrast to gold, silver forms stable complexes wlth both blsulphlde and 

chlonde ligands under eplthermal conditions (Seward, 1976, Gal1lmons and 

Barnes, 1989) However, at the pH, aH;S and aCI mterpreted fOI Shasta, the 

bisulphlde complex should domfllate ,cf Gamrnons and Barnes, 1980) 

ln vlew of the above discussion, and the Intllnate paragenetlc assr)clation 

of gold and sllver ~ .J1ch suggests that they were slmllarly transported and 

deposlted), we conr.iude that both metals were transported as blsulphlde 

complexes and, accordmgly, show contours of thelr solubllrty ln thl5 forrn on Figs 

18 and 19 From these dlagrams, It is eVldent that the evolutlon of the fluld to 

hlgher f0 2 and pH, documel1ted above (and shown by the arrows), corresponds 

to sharp decreases ln the solublilty of both gold and sllver It IS th us possible that 

de position of these rnetals was caused by the rncrease ln fO) and pH, wlllch, as 

mentloned earher are predlcted consequences of bOlllng Other possible causes 

of Au-Ag deposltlon are the direct destabillzation of blsulphlde complexes as a 

result of the loss of H2S to tr,e vapour phase, or decreases ln temperature, due 

to adlabatic expansion of the fluld 

ln ail probaëtlrty, ail of the above parameters played a role ln Au-Ag 

deposltlon, as Illustrated by the calculat/ons of Seward (1989) These 

calculatlons show that Just 4% of open system bOlilng of a saturated ore flUld at 

290°C woulc...: result ln the loss of 87 % of the H2' 66 % of the CO)' and 51 % of 

the H2S, leading to an mcrease ln pH of two log Ul1lts, slgl1lflcant Increases ln fO;> 
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and a drop in temperature ')f 20°C 'Seward, 1988) Vlrtually any comblnatlon of 

these changes ln H~S, pH, f02 or temperature would have ceen sufflcient lO 

have deposlted almost ail the gold and sllver ln the solution 

Deposlt Model 

The model whlch we favor IS one ln wh/ch ilydrothermal flulds of meteonc 

ong/11 were tocused by faults and fracture zones, and minerai deposlt/on 

occurred ln response to bOlllng wlthln these zones (Fig 21), The dlscontlnous 

nature of the hydrothermal brecclas at Shasta suggests that bOlling may have 

been restncted, locallzed by rolls or constnctions ln the fault plane, where 

throttllng of the hydrothermal f!uld could have occurred, and multl-stage brecc/as 

lm ply an eplsodlC bOlltng hlstory throughout the entlre deposlt 

Accordlng to thls model, meteortc flulds were heated at depth bya cooling 

late-Toodoggone equlvalent l:ltruslon (such as the Black Lake stock or a simllar 

Lody), and were clrculated through the volcanlc pIle, leachlng sulphur and metals 

(Fe, Cu, Pb, Zn, Au and Ag) matnly fram enclostng volcanlc rûcks, thereby 

becomlng ennched ln Ca and C from InteracthJn wlth propylttically altered country 

rock and/or underlYlng ASltka or Stuhlnt Group limestones The fluid was then 

channelled along north-west trending normal faults and fracture zones towards 

the surface 

InitIai bOlllng caused a rapld drop in temperature due to adiabatic 

expansion of the fluid, whlch resulted ln quartz supersaturation and precipitation 
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Figure 21 t , "ce~' 1,' lodel of the Shasta deposlt 
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of early, flne-gralned pre or9 quartz and pynte Loss nf volatll:= specles ta the 

vapour phase Increased the pH of the flUld, thereby promotmg potasslc alteration 

by the IIquld, and local sencltlc alteratlon by the aCldlc vapours 

Quartz deposltlon caused pélrtlal or complete seahng of the hydrothermal 

condUit ln many places, leadlng to throtthng or overpressunng, respectlvely, at 

those locations Where Iithostatic pressure was E'xceeded, hydrofractunng 

occurred, resultmg ln exp/()SIVe, decompresslonal flUld bOlllr'd whlch was 

responslble for ore stage mlnerahzatlon At thls stage, calcite, sphalente, 

chaicopynte, galena and acanthlte (±chlonte) became saturated and were 

preclpltated, mamly 2S a result of an Increase ln pH Electrum and native sllver 

were then preclpltated, ln response to Increased pH and/or oxygen fugaclty ~nd 

the decllne ln total sulphur concentration 

Fmally, the flUla evolved to a pOInt where the bulk of dlssolved slhca, base 

metals, sllver and gold had been preclJ:'ltated, and contJnued gentle bOlling 

resulted ln post-ore calcite (±hematlte) deposltlon, dunng the wanlng stages of 

the hydrothermal system 

Companson wlth Other Low Sulphldatlon Deposlts 

The Shasta deposlt IS simllar to many low sulphldatlon deposlts ln the 

North American Cord/llera ln /ts spatial and (Indirect) genetlc association wlth 

Iritermedlate-felslc volcamsm, and structural locallzatlon by extension al faults 

However, like other deposlts ln the Toodoggone River area of Bntlsh Columbia, 
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Shasta 15 JuraS51C ln age, whlch 15 slgmflcantly older than simllar deposlts m the 

Basin and Range province of the Western United States where many of the 

deposlts are Tertlary m age (Buchanan, 198.1) 

Mmeraloglcally, Shastél shares many charactenstlcs wlth the arlularia

senclte class of eplthermal aeposlts proposed by Hayba et al (1985) and Heald 

et al (1987), but It IS atYPlcal ln It'3 lack of vem adulana, and may be unique in 

that ore grade mlrieral/zatlon /s so closely assoclated wlth calcite gangue (c f 

Buchanan, 1981, Berger and Eirnon, 1982) Calcite IS not uncommon ln adulana

senclte eplthermal depos/ts, but It IS /nvanably late; ore mmerahzat/on /s 

charactenstlcally hosted by cha1cedony, quartz or amethystme quartz, and 

adulana 

The lack of vem aduland /s somewhat unusual, but K-feldspar is abundant 

m proximal, potass/cally altered wall-rocks This suggests that the wall-rocks may 

ha\,e been partlcularly react/ve, perhaps due ta thelr generally unwelded (i e 

porous) texture and/or relat/vely rlgh-K chemlstry (Dlakow et al, 1991). 

Alternatlvely, the lack of veln adulana may sllTlply reflect the level of exposure 

of the deposlt, whereln charactenstic "bolhng textures" such as banded adularia 

and/or bladed quartz (replacing calCite), wh/ch may have occurred at h/gher 

levels m the system, have been eroded slnce the deposlt was fe, med 

At the Lawyers deposlt, "acanthlte proJects inward fram the wall of [quartz] 

vugs with calcite ln the mterstlces" (Vullmuri et al., 1986). This feature appears 

to reflect a paragenesls s/mllar to that of the Shasta deposit, but chalcedony and 
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quartz are, nevertheless, t;1e main ore hasts a~ Lawyers The exclusive 

association betweer, hlgh grade sllver-gold 111Ineralization and the anset 01 calcite 

deposltlon ln a bOllmg system, IS apparently unique to th~-: Shasta deposlt, III the 

Toodoggone area 

SUMMARY AND CONCLUSIONS 

The Shasta c!eposlt IS an example of volcamc-hosted preclous metal 

mlneralizatlon whlch formed as a result of bOllmg III an eplthermal envlronment 

Its genesis began wlth the leachlng of metals and sulphur from the T oodoggone 

volcanlc pile by a meteonc fluld, whlch was heated at depth uy a cooltng 

subvolcanlc mtruslve Dunng circulation through the pile, the fluld became 

strongly ennched ln 6'80 due to extensive wall rock Interaction and low 

water/rock ratios The fluld was relatlvely dllutf', contatnlng an average of 1-2 

wt% NaCI eq , wlth approxlmate molal concentrations of 0 26 m NaCI, 0 1 f1I 

KCI, 0 04 m CaCI 2, and 001 m S 

After nsmg ta a depth of about 750 m, bOlling of the fluld caused hydro

fractunng, deposltlon of pre-ore quartz (+pynte) assoclated wlth potasslc 

alteratlon, and local sealtng of the condUit Eplsodlc bOlllng 111 respanse ta 

alternatmg sllica seallng, and throttlrng and/or hydro-brecclatron, was responsrble 

for ore deposltlon between 280 and 225°C O~e mrnerals were preclpltated 

concomltantly wlth the onset of calCite preCipitation, and consisted of sphalente, 

chalcopyri~e, galena, acanthlte, electrum and native sllver Local sencltlG 
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alteratlon was caused by aCldlc vapours whlch separated dunng bOlllng Post-ore 

calcltp. was preclpltated dunng the wanlng stages of the hydrothermal system 

The Initiai conditions of the ore fluld were between log f02 -31 to -33, and 

pH 4 25 to 6, but dunng ore deposltlon, the fluld evolved to more alkallne and 

oXldlzed conditions Quartz and calcite were deposlted ln response to decreases 

ln temperature and Increases ln pH, respective/y The mcreased pH a/so caused 

preCipItatIon of base metal sulphfdes Sflver and go Id were transported malnly 

as blsulphlde complexes, and were deposlted due to a loss of H2S, and 

Increases ln oxygen fugaclty and pH 

The Shasta deposlt shares many charactenstlcs of the Icw sulphldation, 

adulana-senclte class of eplthermal deposlt, but IS unusual ln ItS lack of veln 

adulana, bladed quartz (replaclng calcite) and the typlcal eplthermal trace 

elements of mercury, antlmony and arsenic Shasta may be unique ln that hlgh 

grade ore deposltlon was dlrectly related to the onset of calcite precIpitation ln 

a bOlling system, ar.d may therefore represent a distinct "calcite transltlonal" sub

class of low sulphldatlon or adulana-senclte eplthermal deposlt 
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CHAPTER 3 CONCLUSIONS 

1 Shasta IS a volcanlc-hosted eplthermal sllver-gold deposlt of JUI,lSSIC <lçJe 

Emplacement of the deposlt was structurally controlled by fi <lCtUIO Lones 

assoclated wlth graben faultmg, but the occurrence offille-gralllpd qlléllt/, 

abundant vapour-rrch inclusions and the hydrothermal nature of ore çJrddt) 

brecclas, Irei/cate that ore deposltlon was controlled by bOllmg of thl" 

hydrothermal flu d 

2 The hydrothermal fluld was of meteonc ongln but became strongly enm:hed 

ln 6180 due extensive wall-rock Interaction and low 'Nater/rock ratios Ore 

metals were leached from the Toodoggone volcamc pile d'.mng heéltlng of 

the fluld by subvolcanlc Intrusives The fluld was relatlvely dllute, 

averaglng 1-2 wt% NaCI equlvalent, and contamed avera~le 

concentrations of 026 m Na, 0 1 m K, 004 m Ca, and 0 01 ln S 

3 The mlnerahzatlon hlstory began wlth pre-ore quartz, deposlted ln early 

stockwork velns, followed by ore stage quartl-calclte, preclpltated ln 

hydrothermal brecclas and reopened vems, and ended wlth post-ore 

calcite, deposlted ln the latest vems Hydrothermal brecclas were the 

result of throttllng or over-pressunng of the veln flUld, due to partial or 

complete se311ng of the hydrothermal condUIt by the ~eposltlon of early 

quartz 

4 Potasslc wall-rock alteratlon observed ln stockwork zones was assoclated 
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wlth early quartz deposltion and was therefore not dlrectly related ta ore 

formation Senr.itlc wall-rock alteration, observed locally ln close proximlty 

ta ore grade quartz-calcite breccias, IS mterpreted ta have been the result 

of interaction wlth aCldlc vapours separated from the bOlhng fluid. 

5. Ore deposltion occurred between 280 and 225°C in response ta bOlhng of the 

hydrothermal flUld at a maximum depth of 750 m InitiaI fluid conditions 

were approxlmately log f02 -31 to -33, and pH 425 to 6.0, and during ore 

deposltron, the flUld evolved to hlgher values, whlch lead ta the 

precipitation of sllver-gold ore minerais concomitantly wlth the onset of 

calCite saturation 

6 Sllver and gold were transported as bisulphide complexes, and were 

precipltated as a result of increased pH and/or oxygen fugacity, and 

decreased concentration of total sulphur, due to loss of CO 2 , H2S and H2 

to the vapour phase during boiling. Quartz and calcite were deposited as 

a result of a decrease ln temperature (due to adiabatic expansion) and an 

increase ln pH, respectively fhe Increase ln pH was also the main control 

on base metal (Fe, Zn, Cu, and Pb) depositlon. 

7 Shasta represents a calcite-rlch example of the low sulphldation, adula ria

sericlte category of epithermal deposits. !t is somewhat unusual in its lack 

of vem adulana, and may be unique ln that ore deposition was directly 

related ta a transition from quartz ta calcite precipitation in a boiling 

hydrothermal system . 
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8. The exploration significance of the proposed model hmges on several features 

IdentifJed in this study, mcluding the boihng/brecclatlon control on sllver

gold mlnerahzatlon; the strong association of hlgh grade ore wlth the 

onset of calcite precipitation, and the spatial association of sencltlc 

alteratlon with boilmg Consequently, sencitlc alteratlon may provlde a 

useful guide to exploration for potentlally mlnerahzed calclte-nch 

hydrothermal brecclas Furthermore, accordmg to the Interpreted 

morphology (north-west plunglng, mverted "V"), structural settmg (graben 

fault) and substantial paleo-depth of the deposlt (750 m), the best 

mineralization potentlal may he down plunge ln the down-dropped graben 

block, west of the Shasta fault. 
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APPr=NOIX 1 

Whole-rock Geochemical, Silver and Gold Assay Data for OOH90-Q9 and OOH9Q-10. 

Sample From Ag Au Cu Pb Zn SIOz AlzO] Fe2O] MgO CaO Nap KP TIOz pps MnO CrzO, 

90901 51 22 079 9 58 96 6973 11 14 268 070 414 1 73 548 029 010 020 0024 
90902 61 394 122 19 54 102 6401 11 64 285 087 639 177 535 030 011 029 002 
90903 18 1 542 228 13 11 38 77 00 977 1 70 066 231 1 38 491 024 007 017 0074 
90904 196 302 1 88 7 40 66 7752 960 1 88 080 221 1 21 514 026 009 014 0037 
90905 206 796 333 38 548 596 5814 410 1 93 092 1880 007 221 011 009 046 0026 
90906 21 5 3260 389 61 717 716 6784 635 240 069 11 21 022 380 016 005 027 0023 
90907 224 2310 337 35 259 184 6478 971 315 065 949 062 559 024 011 028 0016 
90908 234 1580 163 23 144 124 5685 1041 318 081 1313 092 619 026 011 039 0016 
90909 244 10700 1095 63 514 714 5704 1036 312 0';9 1329 1 12 492 028 013 043 0015 
90910 254 4700 732 43 381 634 51 03 791 246 1 22 1910 082 367 021 010 054 0019 
90911 264 12400 1798 80 649 1101 4367 666 282 1 12 2421 037 421 015 011 062 0017 
90912 274 4720 650 22 131 209 7369 11 27 1 67 058 260 040 789 025 005 012 0043 
90913 287 680 085 15 84 103 71 08 11 96 283 098 320 1 43 591 030 011 022 0023 
90914 301 1500 266 19 76 113 5794 1097 250 090 1261 1 10 396 026 008 036 002 
90915 31 6 1640 168 22 132 133 6106 952 292 079 1244 089 364 024 010 035 0025 

90916 331 1320 139 23 92 172 6642 1355 341 1 28 490 179 404 032 019 021 0021 
90917 341 151 0 160 18 74 146 6546 1370 367 1 12 545 1 80 380 034 012 ')19 0021 
90918 352 300 030 15 22 62 6391 1304 321 1 06 688 195 380 032 009 123 0019 
90919 36 -;- 802 095 11 56 95 6896 1189 293 1 05 514 1 83 407 030 009 .'} 21 0021 
90920 382 794 1 19 27 71 93 6618 1041 258 088 834 149 404 026 006 C 24 0023 
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APPENDIX 1 (cont) 

Sample From Ag Au Cu Pb Zn 510: AI,O, Fe2O, MgO CaO Na:O K:O TIO: P:O~ MnO Cr,O: 

91001 40 280 036 17 29 57 6755 902 237 063 865 1 31 434 024 006 025 0029 
91002 55 125 043 11 15 71 6944 1254 326 1 07 359 236 498 032 011 019 0019 
91003 70 201 057 10 25 59 6858 1250 323 1 06 380 224 529 033 009 023 002 
91004 85 226 046 11 630 259 6971 1310 332 1 05 254 241 539 034 014 021 0019 
91005 100 94 022 12 57 106 6850 1374 342 143 ? 46 279 512 036 014 026 0017 
91006 11 5 2580 320 35 351 645 6906 1259 368 1 85 269 220 480 032 011 036 0019 
91007 13 a 242 045 15 59 111 7020 1299 345 1 18 220 238 533 033 012 021 0023 
91008 145 342 066 14 71 123 6913 11 61 302 1 ln 470 195 477 029 009 028 0025 
91009· 160 60 015 13 21 101 67 BB 1413 362 Î 40 290 246 467 037 014 023 0018 
91010 18 1 2740 359 27 325 302 6168 11 08 367 1 64 885 1 71 461 027 009 041 0018 
91011 189 3520 649 27 388 367 5273 903 335 1 38 1592 126 392 022 009 052 0018 
91012 199 81 5 1 30 19 134 155 7016 1257 341 1 13 235 2 OB 537 032 012 027 0021 
91013 205 7300 1150 53 38 124 6215 995 363 203 914 129 376 023 008 052 0024 
91014 21 a 386 a 653 3. 683 892 6458 886 282 1 24 971 1 17 359 022 011 039 0025 
91015 220 3B70 789 27 745 910 6399 870 291 1 12 1000 096 407 022 004 037 0023 
91016 231 6200 755 37 1218 2537 4784 216 1 09 046 2678 010 1 30 005 006 063 002 
91017 236 5800 7 11 32 403 603 6370 566 1 85 064 1341 048 331 012 006 030 002 
91018 243 2300 2 O~ 13 149 243 6015 770 2 13 055 1349 047 480 018 012 037 0023 
91019 253 230 041 4 20 60 5976 la 72 288 095 1047 091 487 027 016 038 0016 
91020 263 143 019 5 17 80 6741 1304 314 122 381 1 86 470 033 014 025 0018 
91021 275 644 062 8 59 118 6166 1019 292 1 35 965 1 51 374 027 014 C 38 0019 
91022 29 a 283 025 6 31 122 6287 1285 329 1 47 670 189 381 033 016 031 0017 
91023 307 472 056 11 62 143 6726 1263 307 1 26 439 168 454 032 010 027 0021 
91024 327 960 081 12 92 183 6516 944 263 1 32 849 1 21 377 023 010 037 0028 
91025 340 302 041 6 14 69 6198 1022 259 1 06 983 144 451 024 012 037 0021 
91026 355 44 012 -C 10 64 6365 1316 310 1 19 590 1 69 505 032 022 028 0022 

• Least altered ref .. ~nce saMple used for mass balance calculatlons 
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• APPENDIX Il 

FIUld Inclusion Data 

Sample Minerai Th oC T
o 

oC T", Ice oC Sahnlty' 

87-23-387 CAL 2838 -0 1 02 
87-23-387 CAL 2458 -0 5 09 
87-23-387 CAL 2643 -1 3 24 
87-23-387 CAL 2782 
e.7-23-387 CAL 2675 00 00 
87-23-387 CAL 2830 
87-23-387 CAL 3030 00 00 
87-23-387 CAL 2849 -0 3 05 
87-23-387 QTZ 3000 -0 2 04 
87-23-387 QTZ 2470 -0 3 05 
87-23-387 QTZ 2672 -0 2 04 
87-23-387 QTZ 2250 -0 :-; 05 
87-23-387 MINCAL 1970 
87-23-387 MINCAL 2630 
87-23-387 MINCAL 2850 
87-23-387 MINCAL 2870 
87-23-387 CAL 2380 -2 0 37 
87-23-387 CAL 2350 -1 3 24 
87-23-387 CAL 2695 -1 0 06 1 1 
87-23-387 CAL 2450 
87-23-387 CAL 291 0 
87-23-387 CAL 2748 -0 8 -0 4 07 
87-23-387 QTZ 3073 -1 7 -1 2 22 
87-23-387 CAL 1390 -1 8 -0 3 05 
87-23-387 CAL 2040 
87-23-387 CAL 2547 -0 3 00 00 
87-23-387 CAL 2250 -0 3 00 00 
87-23-387 CAL 2500 
87-23-387 CAL -1 3 -0 6 1 1 
87-23-387 MIN QTZ 2240 
87-23-387 MIN QTZ 2644 
87-23-387 MIN QTZ 2955 -0 7 -0 2 04 
89-04-356 MIN QTZ 2755 -0 8 -02 04 
89-04-356 MIN OTZ 2752 -0 9 -0 2 04 
89-04-356 MIN QTZ 2968 -1 4 26 
89-04-356 MIN OTZ 3059 -06 1 1 
89-04-356 CTZ 2805 -2 2 -1 7 3 1 
89-04-356 MIN OTZ 1632 
89-04-356 MIN QTZ 1852 
89-04-356 MIN OTZ 2259 
89-04-356 MIN QTZ 2695 
89-04-356 MIN QTZ 1586 -0 5 00 00 
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• Sample Minerai Tt, oC Te oC Tm Ice oC Sallnlty" 

89-04-356 MIN aTZ 261 0 -0 13 -0 2 04 
89-04-356 MIN aTZ 3030 -05 00 00 
89-04-356 MIN aTZ 2520 -0 4 00 00 
89-04-356 MIN aTZ 2530 -04 00 00 
89-04-356 MIN aTZ 2620 
89-04-356 MIN aTZ 3000 -0 5 -0 1 02 
89-04-356 MIN aTZ 1935 -0 1 05 09 
89-04-356 MIN aTZ 2645 02 04 
89-04-356 MIN aTZ 2874 -0 1 00 00 
89-04-356 MIN aTZ 2927 -0 4 o 1 02 
89-04-356 MIN aTZ 3007 
89-04-356 MIN aTZ 2229 
89-04-356 MIN aTZ 2183 
89-04-356 MIN aTZ 2916 
87-12-954 MIN CAL 2638 
87-12-954 MIN CAL 2325 -2 4 -1 6 29 
87-12-954 MIN CAL 2524 -1 1 20 
87-12-954 MIN CAL 2656 -0 9 1 6 
87-12-954 MIN CAL 2849 -0 6 1 1 
87-12-954 MIN CAL 2846 -0 7 1 3 
87-12-954 MIN CAL 281 5 -0 8 1 4 
83-6-557 CAL 2230 -20 -1 4 26 
83-6-557 CAL 1750 -2 2 04 07 
83-6-557 CAL 277 0 -1 5 -0 4 07 
89-28-764 CAL 2800 
88-01-1165 CAL 2650 
88-01-1165 CAL 2600 
88-01-1165 CAL 277 0 
88-01-1165 CAL 2872 -1 2 -0 6 1 1 
88-01-1165 CAL 2843 -1 4 26 
88-01-1165 CAL 281 3 
88-01-1165 CAL 2136 00 00 
88-01-1165 CAL 272 8 -0 9 -0 1 02 
88-01-1165 CAL 2996 -2 0 -0 4 07 
88-01-116 5 CAL 2904 -2 5 -0 7 1 3 
88-01-1165 CAL 2668 
88-01-1165 CAL 2853 -3 0 -1 0 1 8 
88-01-1165 CAL 2687 -4 0 -0 9 1 6 
88-01-1165 CAL 2565 -2 0 00 00 
88-01-1165 CAL 2831 -2 0 -0 6 1 1 
88-01-1165 CAL 2604 -2 0 -0 1 02 
88-01-1165 CAL 2657 
88-UI-1165 CAL 261 9 -2 0 00 00 
88-01-1165 cAL 301 5 -3 0 -0 1 02 
88-15-89 (- CAL 2299 00 00 
88-15-896 CAL 145 a 
88-15-896 CAL 182 a 
88-15-896 CAL 2657 -0 8 00 00 
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• Sample Minerai Tt, oC T" oC T" Ice "C Scllllllty' 

88-15-896 CAL 1978 00 00 
88-15-896 CAL 1870 
88-15-896 CAL 2405 
88-15-896 CAL 2080 
88-15-896 CAL 1850 
88-15-896 CAL 1990 -0 1 0;) 
88-15-896 CAL 2295 -0 5 OD 
84-2-400 CAL 2170 -3 0 -0 4 07 
84-2-400 CAL 2400 
84-2-400 CAL 1920 
84-2-400 CAL 2220 -40 -1 5 2 8 
84-2-400 CAL 2330 -1 5 2 8 
84-2-400 CAL 2260 -30 -1 5 28 
84-2-400 CAL 2360 -6 0 -1 2 ') ') 

._ L_ 

84-2-400 CAL 2300 -0 1 0/ 
84-2-400 CAL 2420 -0 1 ù7 
84-2-400 CAL 241 0 
84-2-400 CAL 2300 -0 1 0:> 
84-2-400 CAL 2450 -2 0 00 00 
84-2-400 CAL 2560 
84-2-400 CAL 2550 
84-2-400 CAL 240 a -4 0 00 00 
84-2-400 CAL 2250 -4 0 00 00 
84-2-400 CAL 1930 -50 -1 3 24 
84-2-400 CAL 2000 -2 0 00 00 
84-14-703 MIN aTZ 2860 -9 0 -1 0 1 8 
84-14-703 OTZ 2105 -6 0 -1 5 28 
84-14-703 CAL 2190 -4 0 -1 8 3 3 
84-14-703 CAL 2250 -6 0 -1 5 28 
84-14-703 CAL 2230 -50 -1 5 28 
84-14-703 CAL 2050 
84-14-703 CAL 2280 -50 -1 3 24 
84-14-703 CAL 2250 -1 3 24 
84-14-703 CAL 2880 
87-11-652 CAL 2921 -1 1 -0 3 o f) 
87-11-652 CAL 271 P, -1 2 -0 2 04 
87-11-652 CAL 2872 -0 :3 or, 
87-11-652 CAL 2733 -2 2 -0 3 05 
87-11-652 CAL 2732 
87-11-652 CAL 2795 -30 -0 7 1 3 
87-11-652 CAL 2764 -3 5 -0 8 1 4 
87-11-652 CAL 2714 -0 8 1 4 
87-11-652 CAL 2763 
87-11-652 CAL 2764 
87-11-652 CAL 2747 -0 8 1 4 
87-11-652 CAL 2847 -2 1 -0 6 1 1 
87-11-652 CAL 271 2 -2 4 -0 6 1 1 
87-11-652 CAL 2977 -1 8 -0 6 1 1 
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• Sample Minerai Th oC Te oC Tm Ice oC Sallmty* 

87-11-652 CAL 2850 -2 8 -0 7 1 3 
87-11-806 OTZ 2905 -3 0 -0 8 1 4 
87-11-806 OTZ 2156 -50 -2 0 37 
87-11-806 OTZ 2885 -1 7 3 1 
87-11-806 OTZ 3060 -0 3 05 
87-11-806 OTZ 2890 -4 6 -1 9 35 
87-11-806 OTZ 2750 -1 6 29 
87 -11-806 CAL 2560 -4 2 -0 2 04 
87-11-806 CAL 2852 -4 0 -2 0 37 
87 -11-806 CAL 2881 -0 1 02 
87-11-806 MINOTZ 2798 
87-11-806 MINOTZ 2731 -5 0 -0 3 05 
87-11-806 MINOTZ 2898 00 00 
87-11-806 MINOTZ 3000 -50 -0 2 04 
87-11-806 MINOTZ 2865 
87-11-806 MINOTZ 2960 -3 0 00 00 
87-11-806 MINOTZ 3060 -46 -0 1 02 
87-11-806 MINOTZ 3000 -7 0 -1 4 26 
87-11-806 MINOTZ 2747 -7 0 -1 3 24 
87-11-806 MINOTZ 2504 
87-11-806 MINOTZ 2747 -4 0 -1 2 22 
87-11-806 MINOTZ 2596 -1 1 20 
87-11-806 MINOTZ 2537 

• Salimty calculated uSlng the equatlon on Oakes et al, (1990) 

• 84 

. ------------------------------------------



• 

• 

APPENO:X III 

Mlcroprobe Analyses 
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• Table 1 FIUld Inciuslon Decrepltate Data (wt%) 

Na Ca K CI S 

JM87-23 2876 000 1276 5848 000 
3069 000 000 6931 000 
3329 1990 1245 3436 00 
2967 13 18 878 3557 1281 
3682 000 000 6202 1 16 
1948 1 56 2615 51 58 123 
3990 601 000 5071 338 

CK89-0A 2384 446 2124 4226 821 
2274 944 1359 4166 1256 
2092 11 83 2239 3599 888 
1220 18 12 2089 4108 771 
1475 1302 2562 4055 606 
1410 1870 2308 3705 707 

JM 87-11 2283 563 2390 476 000 
2086 803 1590 464 888 
2096 1232 1950 43.01 422 
2667 9 16 1630 4402 384 
3762 21 47 870 32.22 000 
2292 622 2805 3866 415 

Average (wt%) 
Na Ca K CI S 
2521 942 1575 4487 475 

Average (at%) 
Na Ca K CI S 
34.01 735 1250 3952 66 

Atomle Ratios 
Na/CI CalNa K/Na Ali/CI SICI 

086 022 037 1.36 017 

Molal Concentratlon* Na Ca K S 
026 006 0.1 001 

• Estlmated assummg 2wt% Na eq = D.4m 
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Table 2 Sulphllr Isotope Data 

Sample Grade AulAg (g/t) MeaslIred 6" S (%0) 

Pyrite Separates 

CREEK' 
JMTC5-3 
CRK-1 ' 
JMHG-PT 
J l'JI PTHG-D 1 
JMPTHG-D2 
JMHGTR-B 

Composites 

JMPT-CBV 

JMPTHG-D2 

Bulk Country Rock: 

8-1 425 
8-31 257 
8-31 257 

146 1 1340 
061 555 
19/ 61 5 
71 1 1 7271 7 
3450 122,100 0 
225 9 1 88,374 0 
94 1 3710 

1015.0 117,5180 
(70% ZnS, 24% PbS, 6% A9 2S) 

2259 188,374 0 
(34% ZnS, 36% PbS, 30% A9 2 S) 

barren 
02 1 1 0 
dupllcate 

1 Quartz-hosted mmerallzatlon 

-3 4 
-3 5 
-3 8 
-47 
-5 0 
-5 6 
-57 

-5.4 

-7 3 

-0 7 
-2 5 
-2 5 

2 Calculations based on the equatlons of Ohmoto and Rye (1979) 

CalclIlated' cfI1SIl.~ ('Xl,,) 
280°C 225"C 

-47 -50 
-48 -5 1 
-5 1 -54 
-60 -63 
-63 -66 
-69 -72 
-70 -73 

-50 -49 

-59 -56 
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Table 3 Oxygen and Hydrogen Isotope Data 

Sample Measured 6180 (%0) Calculated1 
6180flUId (%0) 

atz Cal Chi 280°C 225°C 

JMHGPT 64 36 -1 2 -2 6 -4.7 
CBVEIN 60 39 -16 -23 -44 
HGTR-B 40 -2.2 -43 
84-14-723 57 -05 -2.6 
89-12-485 53 -23 
84-12-604 65 -1 1 
CBV-CHL2 6 1 _462 

Average 61 43 -1 6 -1 9 -41 

Sample Minerai Measured 6D (%0) 6Df'Uld (%0) 

89-12-485 atz -1483 -148 
84-12-604 atz -171 3 -171 
CBV-CHL 1 Chi -102 -1522 

CBV-CHL2 Chi -112 -1622 

Average -158 

1 Calculated usmg the equatlons of Matsuhlsa et al (1979) for quartz, Fnedman and O'Nel1 
(1977) for calcite 
2 Based on the emplrlcal curves of Taylor (1979) at 280°C 
3 Measured dlrectly from crushed flUld inclusions 



• 
Shasta Electrum SEM Data 

(seml-quantltatlve, Xray analyses) 

Sam pIe gram Au (at%) Ag (at%) Comment 

JMPTHG-A 1 401 599 
2 41.5 585 
3 307 693 
4a 41 1 58.9 core 
4b 383 61.7 core 
4c 191 809 nm 
4d 165 835 nm 

JMPTHG-C 1 58 942 
2 54 945 
3 68 932 
4 ,~ 8 952 
Sa 413 587 core 
Sb 105 895 nm 
6 438 562 
7 95 905 
8a 444 556 core 
ab 97 903 nm 

Average 
Ali 241 759 
Cores 41.3 587 
Rlms 139 861 

• 



• • 
Shasta Sphalerite Probe Data 

\Jeight Percent 

Sample Cooments Zn Fe Cu Cd S Total 
X X % % % % 

JMPT-HGD-1A 65.69 0.40 0.30 0.88 32.42 99.69 
JMPT-HGD-1B 66.13 0.20 0.02 0.82 32.41 99.58 
JMPT-HGD-2A 65.25 0.82 0.09 1.51 32.19 99.86 
JMPT-HGD-2B 65.83 0.11 0.00 1.28 32.28 99.49 
JMPT-HGD-3A 65.75 0.01 0.00 0.96 32.47 99.19 
JMPT-HGD-3B 64.95 1.00 0.00 1.00 32.51 99.46 
JMPT-HGD-3C 66.49 0.00 0.03 1. 12 32.44 100.07 
CB-YEiN-1A 65.09 1.01 0.15 0.55 32.93 99.73 
CB-YEIN-1B 65.46 1.24 0.10 0.56 32.43 99.78 
CB-YEIN-1C 65.24 1.02 0.14 0.57 32.57 99.53 

Average (10) 65.59 0.58 0.08 0.92 32.46 99.64 
Average (7) JMPT-HGD 65.73 0.36 0.06 1.08 32.39 99.62 
Average (3) CB-YEIN 65.26 1.09 0.13 0.56 32.64 99.68 

stoichiometric Proportions <1 S atom) 

Sample Cooments Fe FeS FeS XFe XFe Zn Fe Cu Cd S 
at. % mol % sample sp sample 

JMPT-HGO-1A 0.35 0.696 0.636 0.007 0.006 0.99 0.01 0.00 0.01 1.00 
JMPT-HGO-1B 0.18 0.358 0.004 1.00 0.00 0.00 0.01 1.00 
JMPT-HGD-2A 0.72 1.423 0.014 0.99 0.01 0.00 0.01 1.00 
JMPT-HGO-2B 0.10 0.199 0.002 1.00 0.00 0.00 0.01 1.00 
JMPT-HGO-3A 0.01 0.020 0.000 0.99 0.00 0.00 0.01 1.00 
JMPT-HGO-3B 0.88 1.754 0.018 0.98 0.02 0.00 0.01 1.00 
JMPT-HGO-3C 0.00 0.000 0.000 1.01 0.00 0.00 0.01 1.00 
CB-YEIN-1A 0.88 1.765 1.893 0.018 0.019 0.97 0.02 0.00 0.00 1.00 
CB-VEIN-1B 1.08 2.141 0.022 0.99 0.02 0.00 0.00 1.00 
CB-VEIN-1C 0.89 1.774 0.018 0.98 0.02 0.00 0.01 1.00 

Average (10) 0.51 1.013 0.010 0.99 0.01 0.00 0.01 1.00 
Average (7) JMPT-HGD 0.32 0.636 0.006 1.00 0.01 0.00 0.01 1.00 
Average (3) CB-VEIN 0.95 1.894 0.019 0.98 0.02 0.00 0.00 1.00 

Ilotes: Number in parentheses following average is number of analyses. 
XFe=Fe/<Fe+Zn), based on atomic percent; mol % FeS ln sphalerite. 
Calculations for atomic % Fe, XFe and FeS are uncorrected for Cu, and thus do not account for possIble chalcopyrite inclusions. 
Lower detection limits 0.02-0.04 wt %; except 0.05 wt % for Zn. 
Ca~eca camebax electron microprobe using PAP correction scheme; 20 kV, 20 nA, 25 s, 4 um beam. 



• • 
Shasta Sphalerite Equilibria 

Saq>le Cooments XFe T aS2 T aS2 T aS2 
deg C log deg C log deg C log 

JMPT-HGD-1A 0.007 280 -9.3 250 -10.9 3.:10 -8.3 
JMPT-HGD-1B 0.004 280 -8.7 250 -10.3 300 -7.8 
JMPT-HGD-2A 0.014 280 -9.9 250 -11.5 300 -9.0 
JMPT-HGD-2B 0.002 280 -8.2 250 -9.8 300 -7.3 
JMPT-HGD-3A 0.000 280 -6.2 250 -7.8 300 -5.3 
JMPT-HGD-3B 0.018 280 -10.1 250 -11.7 300 -9.1 
JMPT-HGD-3C 0.000 280 ERR 250 ERR 300 ERR 
CB-VEIN-1A 0.018 280 - 10.1 250 -11.7 300 -9.2 
CB-VEIN-1B 0.022 280 -10.3 250 -11.9 300 -9.3 
CB-VEIN-1C 0.018 280 -'0.1 250 -11.7 300 -9.2 

Average (10) 0.010 280 -9.6 250 - 1 1.2 300 -8.7 
Average (7) JMPT-HGD 0.006 280 -9.2 250 -10.8 300 -8.3 
Average (3) CB-VEIN 0.019 280 -10.2 250 -11.8 300 -9.2 

Notes: S2 activities calculated assumlng divariant assemblage of sphalerite-pyrlte. 
aS2 calculated using equation of Barton and Skinner (1979); If equatlon of Scott and Barnes (1971) is used, aS2 would be 0.4 log units 
lower at 280 deg C, 0.5 log unlts lower at 250 deg C, and 0.3 log units lower at 300 deg C. 



• • 
Shasta Chlorite Probe Data 

lIeight Percent 

Sa""le Corrments Si02 Ti02 Al203 FeO MnO MgO CaO Total 
X X X X X X " " 

87-32-40.2-1A vein margin 27.38 0.01 19.70 15.98 4.53 19.30 0.07 86.98 
87-32-40.2-18 vein margin 27.94 0.01 19.89 15.76 3.28 21.74 0.06 88.66 
8-2-'14.2-1A ve1n marg1n 25.38 0.01 19.34 23.70 2.89 '4.58 0.03 85.94 
8-2-114.2-18 vein margin 25.66 0.03 20.04 24.55 2.66 14.35 0.08 87.37 
8-2-114.2-1C vein margin 26.09 0.00 19.77 23.97 3.07 15.04 0.07 88.01 
8-2-114.2-2A vein margin 26.20 0.00 19.79 22.27 3.19 15.84 0.04 87.32 
8-2-114.2-28 vein margin 26.22 0.03 19.60 21.62 2.59 16.97 0.07 87.09 
87-23-40.2-2A vein 30.15 0.01 16.60 16.47 1.37 23.09 0.10 87.79 
87-32-40.2- 2B vein 29.50 0.01 17.46 16.12 1.70 22.40 0.11 87.30 
89-11-39.5-2A vein 30.42 0.02 20.70 13.74 4.28 18.05 0.13 87.33 
89-11-26.0-1A vein 31.50 0.03 19.90 13.09 1.94 21.30 0.12 87.88 
89-11-26.0-18 vein 29.86 0.01 19.00 13.23 1.13 23.78 0.08 87.10 
89-11-26.0-2A vein 28.36 0.01 20.61 14.22 2.74 21.02 0.14 87.10 

Average (7) vein margin 26.41 0.01 19.73 21.12 3.17 16.83 0.06 87.34 
Average (6) vein 29.96 0.02 19.05 14.48 2.19 21.61 0.11 87.42 



• • 
Shasta Chlorite Probe Data. Cont'd 

Stoichiometric Proportions (28 0) 

San.,le COITI11ents Si Aliv sunZ ALvi Ti Fe Mn Mg Ca sl.ll1Y 

87-32-40.2-1A vein margin 5.976 2.024 8.00 3.044 0.001 1.312 0.838 6.277 0.017 11.49 
87-32-40.2-18 vein margin 5.917 2.083 8.00 2.881 0.001 1.256 0.588 6.861 0.014 11.60 
8-2-114.2-1A veln margin 6.017 1.983 8.00 3.421 0.002 2.113 0.580 5.153 0.009 11.28 
8-2-114.2-18 vein margin 6.000 2.000 8.00 3.521 0.005 2.160 0.527 5.001 0.021 11.23 
8-2-114.2-1C vein margin 6.025 1.975 8.00 3.405 0.001 2.082 0.601 5.177 0.018 11.28 
8-2-114.2-2A vein margin 6.007 1.993 8.00 3.355 0.0(1'-1 1 922 0.619 5.414 0.010 11.32 
8-2-114.2-28 vein margin 5.979 2.021 8.00 3.244 0.Oil4 1.855 0.499 5.765 0.016 11.38 
87-23-40.2-2A vein 6.418 1.582 8.00 2.583 0.0('2 1.319 0.247 7.324 0.023 11.50 
87-32-40.2-28 vein 6.310 1.690 8.00 2.712 0.002 1.29B 0.308 7.142 0.025 11.49 
89-11-39.5-2A vein 6.390 1.610 8.00 3.515 0.00.\ 1.086 0.761 5.650 0.029 11.04 
89-11-26.0-1A vein 6.453 1.547 8.00 3.259 0.004 1. )no 0.337 6.504 0.027 11.14 
B9-11-26.0-18 vein 6.202 1.798 8.00 2.854 0.002 1.L'34 0.199 7.363 0.018 11.47 
89-11-26.0-2A vein 6.001 1.999 8.00 3.141 0.002 1. n~ 0.490 6.630 0.031 11.43 

Average (7) vein margin 5.987 2.013 8.00 3.260 0.002 1.802 0.609 5.687 0.015 11.37 
Average (6) vein 6.296 1.704 8.00 3.013 0.003 1. 145 0.390 6.767 0.026 11.34 

Notes: Remainder of welght totals assumed to be H20. 0 by stoichiometry; total Fe as FeO. 
Number in brackets followlng average is number of analyses. 
lower detection limlts 0.02-0.03 wt X, except 0.04-0.05 wt X for MgO and FeO. PrecIsion for Al203 estimated at +/-, X relatIve to measured values. 
Camecs Camebax electron ~:croprobe uSlng PAP correction scheme; 20 nA, 15 kV, 25 s, 4 um beam • 

..- ~ 
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• 
Shasta Chlorite Geothermometry 

Sa""le Corrments AI iv T 
deg C 

87-32-40.2-1A vein margin 1.012 264 
87-32-40.2-18 vein margin 1.042 273 
8-2-114.2-1A vein margin 0.991 257 
8-2-114.2-18 vein margin 1.000 260 
8-2-"4.2-1C vein margin 0.988 256 
8-2-114.2-ZA vein margin 0.996 259 
8-2-114.2-28 vein margin 1.011 263 
87-23-40.2-2A vein 0.79' 193 
87-32-40.2-28 vein 0.845 210 
89-1'-39.5-2A vein 0.805 197 
89-11-Z6.0-1A vein 0.773 187 
89-11-26.0-18 vein 0.899 227 
89-11-26.0-ZA vein 0.999 260 

Average (7) vein margin 1.006 262 
Average (6) vein 0.852 212 

Notes: Aliv is stoichiometric proportion of tetrahedral aluminum, based on 14 0 (half cell; see table of chlorite data). 
Temperatures calculated using the empirical relationship between site occupancy and T as described by Cathelineau (1988). 
Error based on analytical uncertainty of probe data alone is +/-3 deg C. 
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Shasta Acanthite Probe Data 

Ileight Percent 

Sample Corrments Au Ag Cu Fe Zn Hg el Cd S Total 
% % % % % % % % % % 

JI'.PT-HGD-1A 0.01 86.12 0.19 0.03 0.00 O.OL 0.00 0.00 13.34 99.70 
JMPT-HGD-1B 0.00 85.97 0.27 0.01 0.00 0.00 0.04 0.00 13.41 99.69 
JMPT-HGD-1C 0.00 86.02 0.18 0.04 0.02 0.03 0.02 0.00 13.82 100.12 

Average (3) 0.00 86.04 0.21 0.03 0.01 0.01 0.02 0.00 13.52 99.84 

Stoichlometrlc Proportions (1 S atem) 

Sample Cooments Au Ag Cu Fe Zn Hg BI Cd S 

JMPT-HGD-1A 0.00 1.92 0.01 0.00 0.00 0.00 0.00 0.00 1.00 
JMPT-HGD-1B 0.00 1.91 0.01 0.00 0.00 0.00 0.00 0.00 1.00 
JMPT-HGD-1C 0.00 1.85 0.01 0.00 0.00 0.00 0.00 0.00 1.00 

Average (3) 0.00 1.89 0.01 0.00 0.00 0.00 0.00 0.00 1. 00 

Notes: Humber ln parentheses following average IS number of analyses. 
Lower detection llmlts 0.02-0.06 wt %; except 0.08 wt % for Au and BI, 0.09 for Hg and 0.10 wt % for Cd. 
Cameca Camebax electrO" microprobe using PAP correctIon scheme; 20 kV. 20 nA. 25 s. 4 um beam. 
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• • 
Shasta Electrum/Silver Probe Data 

IJelght Percent 

Sample COITII1ents Au Ag Cu Fe Zn Hg Bi Cd S Total 

~ % % % % % % % % % 

JMPT - HGD - 1 C 0.00 99.21 0.05 0.02 0.02 0.02 0.03 0.00 0.03 99.37 

JMPT - HGO- 10 0.03 99.88 0.00 0.00 0.00 0.00 0 .. 00 0.00 0.05 99.96 

JMPT - HGD -1 E 2.48 97.52 0.07 0.01 0.05 0.06 0.06 0.00 O." 100.36 

JMPT-HGO-3A 0.00 99.45 0.04 0.05 0.02 0.02 0.00 0.00 0.08 99.65 

Average (4) 0.63 99.02 0.04 0.02 0.02 0.02 0.02 0.00 0.07 99.84 

AtomlC Percent 

Sample Conments Ag:Au XAg XAg Au Ag Cu Fe Zn Hg BI Cd S 
sample 

JMPT-HGO-1C 0.000 1.00 1.00 0.00 99.70 0.08 0.04 0.04 0.01 0.01 0.00 0.12 

JMPT-HGO-10 0.000 1.00 0.02 99.82 0.00 0.00 0.00 0.00 0.00 0.00 0.16 

JMPT-HGO-1E 0.025 0.99 1.37 97.99 0.11 0.03 0.08 0.03 0.03 0.00 0.35 

JMPT-HGD-3A 0.000 1.00 0.00 99.55 0.06 0.09 0.03 0.01 0.00 0.00 0.26 

Average (4) 0.006 1.00 0.35 99.27 0.06 0.04 0.04 0.01 0.01 0.00 0.22 

Notes: Number ln parentheses followlng average lS number of analyses. 
XAg=Ag/(Ag+Au). and average values also given each sample; Ag:Au is weight ratio. 
Lower detection limits 0.04-0.09 wt ~; except 0.10 wt % for Hg ana Cd, 0.03 for Fe, and 0.01 wt % for S. 
Cameca Camebax electron microprobe using PAP correction schpme; 20 kV, 20 nA, 25 s. 4 um beam. 



• 
Shasta Carbonate Probe Data 

XC03 

Sample Corrments FeC03 MgC03 CaC03 MnC03 FeO 
mol % mol % mol % mol % % 

87-32-40.2-2A 0.20 0.05 95.99 3.76 0.13 
87-32-40.2-2B 0.00 0.00 98.47 1.53 0.01 
87-32-40.2-2C 0.00 0.00 97.40 2.60 0.01 
87-32-40.2-20 0.00 0.00 97.06 2.94 0.00 

Average (4) late, mlnerallzed veln carb 0.05 0.01 97.22 2.71 0.03 

Notes: 0 by stolchlometry; remalnder of welght totals assumed to be C02. Total Fe as FeO. 
Number ln brackets followlng average lS number of analyses. 
Lower detectlon llmlts 0.04-0.07 wt %; except 0.02 wt % for MgO. 

Welght Percent 

MgO CaO MnO 
% % % 

0.03 53.37 2.64 
0.00 54.16 1.06 
0.00 53.58 1.80 
0.00 53.60 2.05 

0.01 53.68 1.89 

C1meca Camebax electron mlcroprobe using PAP correctIon scheme; 15 nA, 10 kv, 25 s, 7 um beam. 

• 

Total 
% 

56.17 
55.22 
55.39 
55.65 

55_61 




