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Abstract

Epithermal veins of the southern Dawson Range. Yukon. are hosted by a wide

range of lithologies. ranging from Proterozoic metasedimentary rocks to Late Cretaceous

volcanic rocks. Both the 105 Ma calc-alkaline Mount Nansen volcanic group and the 70

Ma shoshonitic Carmacks volcanic group also host small Au-Cu(±Mo) porphyry deposits.

Although the structurally-controlled mineralized veins are spatially assoeiated with

Mount Nansen felsic dykes. KIAr dates for sericitically and argillically altered dykes

proximal to mineralization are -70 Ma. indicating thermal resetting by a Carmaeks-age

hydrothermal event. These altered dykes are depleled in Na. Pb. Zn. and Cu. but enriched

in As and Sb. relative to unaltered dykes.

The base metal-rich epithermaJ veins are transitional between classic low and high

sulphidation deposit types. They were deposited by a Na+-dominated fluid with an

a\'erage salinity of -6 wt.o/c NaCI equiv.• a temperature of -30ü°C. a high S2- (0.20 m)

concentration. and signifieam COz (-1 mol.%). The isotopie composition of inclusion

tluids (31~O=--10 %c: ùD=--95 '!cc) indicate that the hydrothermal fluid was dominantly

meteoric. but a magmatic tluid contribution is suggested by the heavy 3n~0. Ô34S values

close to zero. and the high temperatures. salinities. ~S. and COz. The isotopie

compositions of Pb in galena correlate weIl with initial whole rock values for Carmacks

volcanic rocks. suggesting that much of the Pb. and other base metals. were leached from

the Carmacks volcanics. As and Sb. and by inferenee Au. are not locally derived.

The log f02 and pH conditions of mineralization \Vere between -34 ~nd -36. and

3-5. respectively. The deposition of base metal sulphides appears to have been eaused by

an increase in pH due to the consumption of H~ during the alteration of the hast rocks.

The decrease in ~S caused by sulphide precipitation destabilized Au(HSh- complexes.

prccipitating native gold. The mineralization was caused by the hydrothermal circulation

of acidic. meteoric water. probably driven by Carmaeks magmatism.
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Résumé

Les veines épi thermales du sud de la chaîne de Dawson au Yukon sont contenues

dans un large éventail de lithologies, allant d'assemblages métasédimentaires

Protérozoïques à des roches volcaniques du Crétacé. Les deux groupes volcaniques du

Crétacé. le groupe calco-alcalin de Mount Nansen daté à 105 Ma et le groupe

shoshonitique de Carmacks daté à 70 Ma, contiennent également de petits gisements

porphyriques de Au-Cu (±Mo). Bien que les veines minéralisées et controUées

structuralement soient associées spatialement aux dykes felsiques du groupe de Mount

Nansen. les datations K/Ar des dykes les plus argilitisés et séricitisés proches des veines

Jonncnt des âges d'environ 70 NIa, semblant indiquer un 'reset' thermique par un

é\'énement hydrothermal d'âge équivallent à celui du groupe de Carmacks. Ces dykes

altérés sont appauvris en Na, Pb. Zn et Cu et enrichis en As et Sb.

Les veines épithermales riches en métaux de base ont des caractéristiques

intermédiaires entre les types classiques de sulfuration faible et élevée. Elles ont été

déposées à partir d'un fluide dominé par Na+ ayant une salinité moyenne d'environ 60/0

en poids de NaCI équivalent. une température de 300°C. de fortes concentrations en cr (1

Ill) et en S!· (0.2 m), et une quantité significative de CO! (- 1 % molaire). La composition

isotopique des inclusions fluides (Ôl~O=--IO %c; ôD=--95 %c) indique que le fluide était

principalement d'origine météorique, mais les valeurs élevées en Ô
180, en isotopes du

soufre (Ô~~S=--I.O %c). en température, en salinité, en ~S et en CO! suggèrent la

contribution d'un fluide magmatique. Les compositions isotopiques en Pb des galènes

sont bien corrélées avec les valeurs isotopiques initiales de la roche totale du groupe de

Carmacks. suggérant que le Pb et les autres métaux de base ont été lessivés des roches

volcaniques du groupe de Carmacks. Les éléments As et Sb. et par déduction Au. ont été

introduits par le fluide hydrothermal.

Les conditions de log f02 et de pH de minéralisation sont respectivement

comprises entre -34 et -36. et <5. La déposition de sulfures de métaux de base à partir

de complexes chlorés semble être due à une augmentation de pH causée par la
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consommation d'ions H~ au cours de l'altération des roches encaÏssantes. La diminution

en ~S causée par la précipitation de sulfates a déstabilisé les complexes Au(HSh-. La

minéralisation semble être liée à la circulation d'un fluide hydrothermal donliné par de

l'eau météorique, certainement apporté par le groupe de Carmacks.
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Preface

This thesis consists of five chapters. The third chapter has been published. in

1997. as an unrefereed paper in "Yukon Geology and Exploration 1996". The fourth

chapter is also in manuscript format, and is intended for submission to a refereed journal.

Both manuscripts have been integrated as chapters formaued to the general layout of the

thesis.

The following is excerpted from Guidelines for Thesis Preparation, Faculty of

Gr:.ldUale Studies and Research. McGili university:

"Candidates have the option of including, as part of the thesis, the text of
one or more papers submiued for publication. or the c1early-duplicated text of one
or more published papers. These texts must be bound as an integral part of the
thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be wriuen in such a
\Vay that it is more than a mere collection of manuscripts: in other words, results
of a series of papers must be integrated.

The thesis must still conform to all other requirements of the "Guidelines
for Thesis Preparation". The thesis must include: A Table of Contents, an abstract
in English and French. an introduction which c1early states the rationale and
objectives of the study, a review of the literature. a final conclusion and summary.
and a thorough bibliography or reference list.

Additional material must be provided where appropriate Ce.g. in
appendices) and in sufficient detail to allow a c1ear and precise judgement to be
made of the importance and originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to who
contributed to such work and to what ex.tenl. Supervisors must attest to the
accuracy of such statements at the doctoral oral defence. Since the task of the
exan1iners is made more difficult in these cases, it is in the candidate's interest to
make perfectly c1ear the responsibilities of ail the authors of the co-authored
papers."
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CHAPTER 1 INTRODUCTION

• 1.1 General Statement

•

Numerous detailed studies have shown that epithermal vein deposits throughout the

Cordillera of North and South America share many common characteristics. These

common features include: a shaUow depth of formation « 1500 metres). an association

with igneous activity. and economic concentrations of gold and silver typically with only

subordinate base metais (e.g. Hayba et al.. 1985; Panteleyev. 1986; Heald et al .. 1987).

These epithermal deposits are believed to be deeper expressions of surface hot springs. in

which predominantly meteoric hydrothermal fluids deposit metals in veins or breccias at

lèmperatures up to 400°C. as a result of changes in fluid physicochemistry.

Epithermal deposits can be divided into high sulphidation, or acid-sulphate. and

lovi sulphidation. or adularia-sericite, types based on alteration and ore mineraJogy

<Hayba et al., 1985; Heald et al.. 1987). High sulphidation epithermal deposits contain

sulphide mineraIs with a high sulphur to metal ratio, such as enargite. luzonite. and

covellite. associated with characteristic argillic alteration assemblages dominated by

alunite or pyrophyllite (Sillitoe. 1993). High sulphidation deposits are thought to fonn

from acidic. sulphur-rich. oxidized tluids. generated by the condensation of S02-rich

magmatic volatiles (Heald et al.. 1987). Low sulphidation epithermal deposits contain

sulphide mineraIs with 10wer sulphur to metaI ratios and are associated with potassic,

sericitic. argillic. or chloritic alteration. They are thought to form from near-neutral,

sulphur-poor, reduced tluids dominated by meteoric water (Sillitoe. 1993) (Table 1.1).

Sillitoe (1989) demonstrated that low sulphidation. adularia-sericite deposits are

round in the peripheries and upper parts of porphyry molybdenum deposits. whereas both

lo\\" sulphidation and high sulphidation gold deposits form in the upper parts of porphyry

copper-gold. copper-molybdenum. and tin systems. Building on the proposed

relationship of epithermal gold deposits with underlying porphyry systems. Panteleyev

( 1986) proposed a "Canadian Cordilleran Epithermal Mode!", based on the Toodoggone

camp of British Columbia, which infers the existence of a continuum from porphyry

2



• Table 1.1

INTRODUCTION

Briet comparison of epithermal deposit types. Dawson Range epithermal vein charaeteristics are indicated
in italicized type.

LOW SULPHIDATIaN (ADULAAIA-SEAICITE)

Ore Charaeteristlcs

hlgh base metal proportion 1/3 01 known deposits
tllqn Aq;Au (due ro Aq-sulphides. sulphosalts)
vanable Cu
texture: vesns. caVlty lilJjng. brecclas - hlghly vanable
Au. Aq. Zn. Pb (Cu. Sb. As. Hg. Se)
pynte. electrum. Au. spnalente. qa/ena. (arsenofJynte)
no specifie characlenstJc assemblage
rare: enarglte-/uzomte. rennantlte. covellile

Alteration

charactenshc adulana ... senate
Quartz. chalcedony. calCIte. adulana. LUile. cartxJnate
no aluntte (exeept supergene)
chlonte
~ selenides. rhodoc.''lrosite. Iluonte
zomng: K-fefdspar ... Quartz + chlonte wlth ore ., sencltlc

;: àrgllhte lurther·, propyllllC lurthesl
common reactlon: plaoloclase -;> montmonllonlte ->kaohOite

Fluid Charaeteristics

near neulral pH (4-7)
fJredommant/y mereonc (5-10% maQmaflc?)
low fS: (0.01 m range). no rnagmallC SO:
lo'N CO2 (- 0.15-<).40 mol.%l
CI-net:
Pb from older country rocks
reducea
t'ligner Fe5 m spna/ente ( - 1-4 mol % or»

Geology

vofeanic aSSOCiation undear. usually mueh later
hlqhly vanable nost litholoqles
andesire-myollle aSSOClatJon {a/sa snoshom11c ~ a/kallc sUItes}
Cu-pefPhyry link uncJear
extenSIVe. hlan laCera! f10w

HIGH SULPHIDATION (ACID-SULPHATE)

Ore Charaeteristics

commen high base metal proportion
hlgh Au:Ag
tllgh Cu
lexture: replacement. brecoas. velns • liUle vanatlon
Cu. Au. Ag. As (Pb. Hg. Sb. Te. Sn. Mo. Bi)
l'ynte. enarqlte. chalcoPYrite. tennantlre. covelhle. Au. lellurides
typlcal assemblage 01 enarglte--IuZonlle + pynle % covelhle
rare: electrum, pyraprrite. arsenopynre

Alteration

charaetenstic aluOile ... kaolimte
Quartz. aluOite. bante. kao/intte. pyrOl'ny/lite
no adu/ana (Dawson RanQe?)
no chiante .
no se/emdes. rtlodochrostte. fluonte
zoning: advanced aI'Qillic .. Quanz with ore -> afQillic % sericitic

turther·> propy/itic furthesr
eommon reaellan: K-spar -> senote -> kao/imCe -> alunlle

Fluid Characteristics

very /aw pH f2-4)
magmabc-meleone
hlgn /5:1 (O. 1 m range). magmatle S02
hlgherCO:1 (- 0.15-14 mo/.%)
S-nch
Pb trom vo/cames or magmatic fluids
ollidizecl
low FeS ln sphalenle «1 mal."fa)

Geology

common close vo/caniC assoaarJon
commen volcanic hast Iithology
andeslle-daClte aSSOCIation
f)OSSlb/e CU-pDrphyry /ink
restneted area and extent

•

Camplled Irom HedenQulst et al.. 1996; Heald el al. 1987; Hayba el al.. t985: and Graney and Kesler. 1995.
Note Ihal Ihese are general and common eplthermal oeposlt cnaraelenstlCS. bu: are by no means Invanable or absalule. Oawson Range
deposlt charaetenSlJCS are Slmalarly vanable.

3
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•

copper and skarn through transitional (mesothermal) deposits, to epithermal veins, and

hot spring discharge deposits (see also Dawson et al.. 1991). Similar continuum models

have been proposed by Bonham (1989) and Sillitoe (1993) for epithermal deposits in the

western United States, and Sillitoe (1989) and Mitchell and Balee (1990) for epithermal

deposits in western Pacific island arcs.

Additiona1 important features of both types of epithermaI deposits incIude a

uhiquitous association in space and time with cale-alkaline igneous activity. and thus an

infl:rred correlation with subduction-related magmatism. and a possible genetic

rdationship with fclsic intrusive rocks (Sawkins, 1972). The epithermal deposits of the

Circum-Pacific are predominantly Tertiary in age (sorne later ~1esozoic), and typicaJIy

occur at elevations 2000 to 4000 metres above sea level, and are commonly removed by

erosion (Sawkins. 1972: Sillitoe. 1989: Table 1.2). An aItemate sub-class of epithermal

gold deposits is the "alkalic-type" (typically law sulphidatian). associated with potassic or

shoshonitic ("alkalic") magmatisrn (Richards. 1995).

The northernmost portion of the western Cordillera. in the Yukon Territary and

British Columbia. hosts numerous porphyry. rnesothermal, and epithermal depasits.

Typically the epithermaI depasits are attractive exploration targets because they generally

have high precious-to-base metal ratios (Panteleyev, 1986), far example. the lurassic

Toodoggone (Thiersch et al. 1997). and Eocene Mount Skukum (Love. 1989) camps.

Table 1.2 brietly summarizes the main features of a selection of Canadian Cordilleran

epithermal deposits. and includes severa! mesothermal, or transitianal (Nesbitt et al.,

1986: Panteleye\'. 1986: Nesbitt and Muehlenbachs. 1989) Cordilleran deposits for

comparison.

The gold-bearing polymetallic vein deposits of the southern Dawsan Range,

Yukon Territory. comprise an extensive series of structurally controlled gold-rich base­

mctal sulphide veins hosted by a wide variety of local rock types. They are thought ta be

4



Sllmmary 01 selected Canadiarl Cordilleran vein deposils

•
Table 1.2

Ore Ag/Au %5' Deposlt Type Deposlt Age Host Rock Mlneralogy 2 Alteration

•
~)

~....
rn
:Il

21 0:15 ocone

U1

3 mtnor

..:10 11l1ulllna'SCIIClle Mloccne

\l, 11~':> 5·45
(Ag. Pb,
ln,Cu
Au, Ag mlnOl

<1

1 Approllimale proportion 01 sulphide minerais in mineralized zones
1 Where known, Iisled in approllimale order 01 abundance: brackeled are minor phases

MInoraI Abbroviations: ac=acanlhltc/argonille, ad=adularia, ank=ankelltc, aspy=alscnopyllte, bar=bnrite, bl=boulangc(llc, bn=bornlle, c/llh=carbonale, cc=colcile, ch=chlofllC, cn=cinnabar,
cpy=chalcopyrite, el=eleclrum,lrb=!rcibergile, gal=g81cn8, hm=hcmalile, jm=jamcsoni1e, mc=marcasile, mo=molybdonile, ml=magnclilc, orp=orpimcnl, po=pyrrhollle, py=pyrilo,
pyr=pyrargyrile, IIg=roolgar, rt=rutile, sb=shbnilc, sph=sphalerile, ss=sulphosalls, lIe=lelrahedlltcllenanlile
Alleralion Abbrevjalions: A=argillic, Cb=carbonale, Ch=chlorilic, P=POlllsslc, Ph=phyllic, Pr=propyllic, Sl=sillcic

g
:Il
o
o
c:
g
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Table 1.2 conlinlJed

N.me Temp·re) NaCI(wt.%) Deplh bila bD Relerence

~DI'nermal

Dusty Mac, H.C 230·250 <1 140·1\60 m ·710 ·9 ·133 Taylor. 1996; ZhanQ cl al., 1989; Ncsbltt el al, 1986

Blackdome. B.C. 285 -12 03·1.4 km ·6.810·88 ·12510 ·134 Taylor, 1996; Dawson el at.. 1991; VIVlan cl al., 1987

EqUity Silver, B.e. 220·300 >5 lkm Taylor, 1996; Panlclcycv, 1966; Schrocler llnd Panleleyev, 1986:
Cyr 01 al., 1964; Wojdak and Sinclair, 1984; Barr, 1960

Cinola, H.C. 160,270 05 1.1·18 km +1310 +16 -·70 Tilylor, 1900; championy and SUlclau, 1982; Shen Cl al, 1982

Sllhak·PremlCl, 250 <1·4 Taylor, 1996, Grove, 1971; Panlolnyov, 1986
Slewart·lskul Camp. B C

Shasla 225 15 295·775 m ·1610·14 ·14810 ·171 Thiersch cl al, 1997; DJakow el al, 1991
ToodOOQone Camp B C 280 ·4 ta·3 5
Mounl Skukum, y T. 313 07 470m ·1110 ·14 - ·160 McDonald. 1990; love, 1989; MCUonalCl Cl al, 1986;

330 4.1 Nesbill el al, 1986
250 0.9

Venus, Y. T 180·240 5·9 +5 ·160 Taylor, 1996; Nesblll and Muehlenbachs. 1989; Wallon and
Nesbill 1966· McFaull 198" Morin 1961

Ml. Nansen, Y.T. -290 5'10 -Ikm ·1010 ·13 ·85 ta ·100 Hall and langdon, 1997; Sawver and Olckinson, 1986; Saager
and Bianco", 1971' Ihis sludv

lalorma, V.T 185 2·4.5 1·1.5km ·18.4 ·138 Mctnnes el al., 1990; Mclnnes, 1987
'165·430) (4·43)

SllCtymile River Arca, V.T. 200·300 2·2.5 lilasmacher and Friednch, 1992a; Glasmacher, 1990
165·275 <86

Mesolhermal
FallVlew Camp, B.e. 280·330 3·6 <lkm t410 t6 ·12110 ·148 Zhllng el al., 1989

Enckson 350 -2km t 110 +6 ·16010·130 Skclchlev and Sinclair, 1991; Anderson and Hodoson, 1989;
Cassior Dislrlcl B.C. Nesbill 01 al. 1986' Skolchlov el al. 1966
SilCtymlle River Area, Y.T. -330 6·18 G1asmacher, 1992b

Klondike Area, V.T 200·350 3.5·6 1·7km +83 ·150 Hushlon el aL. 1993; Mortensen el al, 1992
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genetically related to one of the two volcanic suites preserved in this area: the mid­

Cretaceous. high-K calc-alkaline Mount Nansen group or the Late Cretaceous.

shoshonitic Carmacks volcanic group. They exhibit many of the features of adularia­

sericilc. low sulphidation epithermal deposits (Hayba et al.. 1985; Heald et al.. 1987J.

which comprise virtually aIl epithermai deposits in the Canadian CordiIlera. although they

also share sorne characteristics of acid-sulphate. high sulphidation deposits (Table 1.1).

The following study investigates the occurrence of gold in the numerous atypical

adularia-sericite epithermal vein deposits of the southem Dawson Range. and attempts to

place them in the comext of a regional metallogenic event.

1.2 Dawson Range Gold Belt: Exploration History and Previous

Work

The Yukon Territory is host to many types of mineralization. including porphyry

copper deposits. epithermal vein deposits. and. perhaps most famously. placer gold

deposils. One area of extensive placer gold production is the Dawson Range of south

central Yukon. commonly referred to as the "Dawson Range gold belt" (Hart et al .. 1998).

This belt comprises a 60 km-long north-westerly trend of placer gold occurrences.

porphyry copper-gold showings. and gold-bearing polymetallic epithermal veins. During

the lime of the Klondike gold rush around Dawson City. placer gold was also discovered

in the Dawson Range around Mount Nansen and Freegold Mountain. approximately 50

kilometres west of the town of Carmacks (Figure 2.1). The first placer daims in the

Dawson Range were staked on Discovery Creek in the Mt. Nansen area in 1910 (Caimes.

19(7). while the firsl Iode daim was staked nearby in 1917 (Sawyer and Dickinson.

{976). Since the 1940s. the southern Dawson Range has enjoyed considerable

exploration and small-scale production. An examination of the angular morphology of

placer gold deposits in the Mount Nansen camp (LeBarge. 1995) has confirmed that the

sources of placer gold are local Iode deposits.
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The Dawson Range \Vas first mapped by Cairnes (1917) and then by Bostock

( 1936) who first noted the close correlation of gold showings with felsic dykes. and by

10hnston (1937). The first published 1:30.000 scale maps were completed by Carlson

(1987) and Payne et al. (1987). Assessment reports by prospectors and exploration

companies also provide more detailed maps. albeit of limited coverage. The Yukon

Minnie (1996) describes approximately 35 gold and base metal vein and porphyry

prospects in the Dawson Range. from the Mount Nansen area in the south to the

Prospector Mountain camp in the north (Figure 2.2). Two deposits have been rnined in

the pasl. the Ml. Nansen and the Laforma deposits. The Mt. Nansen gold mine operated

brietly in 1968-1969 and was reopened in 1996 (Han and Langdon. 1998; Sawyer and

Dickinson. 1976) using a cyanide circuit on oxide ore. The Laforma gold mine operated

in 1939-1940 and is currently being re-evaluated because of the rehabilitation of the

nearby l\11. Nansen mil!.

Several minerai deposits of the southem Dawson Range have been the subjects of

scientific study. McInnes et al. (1987. 1988. 1990) conducted a study of the Laforma

gold deposit. and two nearby prospects. the Antoniuk gold-bearing porphyrylbreccia and

the Emmons Hill polymetallic vein gold deposit. aIl in the Freegold Mountain camp

(Figure 2.2. Table 1.2). They also studied the petrology of the plutonic host rocks and

Mount Nansen rhyolitic dykes. The Frog and Lilypad prospects of the Prospector

Mountain area have been investigated by Glasmacher (1990). He and Grond et al. (1984)

also provided a description of the Carmacks volcanic group. Hart and Langdon (1998)

completed a study of the geology and minerai occurrences of the Mount Nansen camp,

and Anderson and Stroshein (1998) mapped the geology of the Flex vein system in the

~10unt Nansen camp.

Thcre has been considerable confusion in the past over the physicochemical

differences between. and the ages of. the !Vlount Nansen and the Carmacks volcanic

groups of the Dawson Range. Consequently. an understanding of the association of

mineralization with either volcanic group has been difficult. Mineralization has generally

8
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been attributed to the Mount Nansen volcanic event due to the proximity of mineralized

\'cins to felsic dykes, which have been assigned to the Mount Nansen group on the basis

of ficld relationships (Carlson. 1987; McInncs. 1987). McInnes (1987. 1988) determined

;ln age of 77.5 ± 3.1 Ma from a single aItered rhyoIitic dyke at the Laforma deposit using

the KIAr method. and interpreted this date. along with dates from the Carmacks volcanic

group from Grond et al. ( 1984) (68 to 73 Ma). as the age of the Mt. Nansen voIcanics.

More recent radiometric dating has. however, estabIished an average age of 70 Ma for the

Carmacks group volcanics (Stevens et aL. 1982; TempIeman-KIuit. 1984; Johnston. 1995;

Johnston et al.. 1996~ Wynne et aL. 1998~ this study), and an average age of 105 Ma for

the t\1ount Nansen Group (Templeman-Kluit. 1984; Carlson. 1987; Hunt and Roddick.

1<)91: this study). Because of this confusion. il clearer understanding of the relationship

between these two voIcanic groups and gold metallogeny is needed in the Dawson Range.

2.3 Objectives

This study comprises a detailed investigation of five mineraI deposits in

the Dawson Range Gold Belt: the Huestis and Tawa properties in the Mount Nansen

camp. the Tinta Hill and Emmons Hill properties in the Freegold Mountain camp, and the

Frag prospect at Prospectar Mountain. Data collected from the minerai deposits include

pctrography. tluid inclusion microthermometry and gas chromatography. oxygen and

hydrogen. sulphur, and lead isotopes. In a parallel study. whole-rack analyses and

,JOAr!:''}Ar age determinatians were conducted on samples of the Mount Nansen and

Carmacks volcanics callected from a large number of widely spaced IocaIities in order ta:

chemically diffcrentiate them. ta obtain reliable ages of emplacement. and to constrain

chel11ical change associated \vith hydrothermal alteration related ta ore deposition. The

objectivc of this study is to use the above geochemicaI data to highIight the simiIarities

and differences between the five studied epithermal deposits of the southem Dawson

Range in order ta: characterize the controIs on gold and base metai deposition. and
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determine whether the minera1ization is related to the Mount Nansen or the Carmacks

magmatic events.

10
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The southem end of the Dawson Range study area is located at approximately

62°N in southwest-central Yukon. within the northem Canadian Cordillera. The

Canadian Cordillera can be divided into five tectonic belts comprised of allochthonous

terranes accreted onto the ancestral North American craton along the Tintina fault (Fig.

2.1). a structure which preserves a strike-slip motion of over 400 km (Gabrielse. 1985).

The Dawson Range. a volcano-plutonic mountain range floored by meta-sedimentary

assemblages, straddles the Yukon-Tanana (Kootenay and Nisling) and Stikinia Terranes.

The Yukon-Tanana terrane has been recently divided into the Kootenay terrane, a

pericratonic tefrane derived from contiguous North American basement. and the Nisling

lcrrane. a displaced continental margin sequence comprising metamorphosed Proterozoic

to Paleozoic passive continental margin strata and partly metarnorphosed carbonaceous

and siliceous off-shelf sedimentary rocks (Clowes. 1997). The Stikinia terrane consists of

Devonian to Lower 1urassic platform carbonates. island arc volcanic rocks and

comagmatic plutons. and volcaniclastic rocks (Clowes, 1997). By the mid-Cretaceous.

lefrane accretion was essentially complete. and Late Cretaceous and younger magmatic

~\'enls rhroughout the belt are thought to be related to terrane dislocation and deformation

(Yorath. 1991). Gold mineralization in the southem Dawson Range postdates completion

of terrane accretion. occurring in epithermaI veins hosted by a variety of country rocks

belonging to both the Yukon-Tanana and the Stikinia terranes. Past authors have Iinked

the golf mineralization to either the mid-Cretaceous Mount Nansen or the Late

Cretaceous Carmacks magmatic events (e.g. Carlson, 1987; Mclnnes. 1987; Glasmacher.

1990: Hart and Langdon. 1998). The diversity of sedimentary and volcanic country rocks

implies a large range of possible sources for gold and base metal mineralization.

Paleomagnetic evidence consistently suggests that the Canadian Cordilleran

lerranes originated at considerable distances south of their present latitudes. Umhoefer

(1987), Irving and Wynne (1990), and Engebretson et al. (1985) have suggested that the

northem Cordillera was at the latitude of Baja Califomia at 100-90 Ma. and has
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Figure 2.1 Regional tectonic setting of south-central Yukon and location of the

southern Dawson Range study area (outlined area refers to Fig. 2.2).

Terrane boundaries are interpreted from Journeay and Williams (1995).

Y-T - Yukon-Tanana Terrane~ N.A. - North America: SK - Stikine

Terrane: CC - Cache Creek Terrane~ CPB - Coast Plutonic Bell.
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dislocated northwards a distance of sorne 2000 km by about 55 Ma with respect to the

North American continent. Wynne et al. (1998). Johnston et al. (1996). and Marquis and

Globerman ( 1988) suggest that the Carmacks group was erupted 1900 ± 700 km south of

its present latitude on the basis of paleomagnetic studies. around present-day Oregon at

70 Ma. Mineralization in the Dawson Range is thus interpreted to have developed in the

amalgamated Yukon-Tanana and Stikinia terranes between about 105 and 70 Ma. a

minimum of 2000 kilometres south of the present latitude. This invites comparisons with

metallogenic regions associated with the Yellowstone hotspot in the Western American

Cordillera. For example. Oppliger et al. (1997) have related the Carlin gold trend in

:"evada to the 40-30 Ma position of the Yellowstone hotspol.

2.2 Physiography and Glacial History

The Dawson Range is part of the Yukon Plateau Physiographic Province (Carlson.

1987). which is characterized by a moderately rugged topographie expression with

elcvations ranging from 900 to over 2000 metres (3000-6500 feet) above sea level. The

highest peak is Apex Mountain. which reaches an elevation of 2022 metres (6634 feet).

Treeline is at approximately 1400 metres elevation. below whieh thiek. low brush is the

dominant vegetation type. down to the valleys that are wooded with coniferous forest.

~orth-facing slopes at or below treeline are generaHy eovered with thiek moss. due to

permafrost. while south-facing slopes are drier and often grassy.

Four glacial events have been recognized in the central Yukon: the Nansen and

Klaza (1.08-0.84 ~1a). Reid (150-42.9 Ka) and MeConnell (29.6-10.3 Ka) advanees

(LeBarge. 1995). The Dawson Range study area escaped the Reid and MeConnell

glaciations. anù as a result the area is deeply weathered and has assumed a smoothed

profile in whieh ridges are generally continuous. eonnected by narrow saddles. and

valleys are "U" shaped. Outerop is rare exeept for eastellated outerops at ridge tops.

Nlapping has been facilitated by the observation that talus or felsenmeer on slopes has

travelled only short distances (metre-seale), and thus is a fairly aeeurate indication of the
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underlying bedrock. Prospecting and exploration mapping is generally accornplished by

bulldozer trenching.

2.3 Local Structure

The general structural fabric in the Dawson Range runs approximately north­

northwest - south-southeast. retlecting the trend of the Dawson Range and the Tintina

fault. The largest structure in the Dawson Range study area is the Big Creek fault. a

normal fault with southwest side down motion (Carlson. 1987), which appears ta follow

the \'alley of Big Creek in the northern part of the study area. According to Mclnnes

( 1997) there is also a dextral displacement of at least 14 kilometres on the Big Creek

fault. An incision in the valley side just south of Big Creek. and Carlson's (1987)

obscf\'ation that geological characteristics south of the creek are observed for a short

distance to the north. puts the exact location of the Big Creek fault into question. The Big

Crcek fauIt continues. or splays. to the southeast. through or just north of Freegold

ytountain (possibly equivalent ta the Camp fault ( Mclnnes, 1987).

The principal stress direction during Cretaceous deformation in the northem Cordillera

\\"i.lS 160° <Gabrielse. (985). and numerous smaller faults paraIlel to the generaJ northwest

orientation of the Big Creek fault are found throughout the study area. and exhibit both

normal and dextral strike-slip motion (Mclnnes et al.. 1988; Hart and Langdon. 1998)

(Figure 2.2). The majority of felsic dykes and mineralized veins also follow this

dominant trend. A second set of smaller-scale. sinistral faults oriented at 0200 host ore

blow-OUlS in the Mt. Nansen vein system. where they intersect the earlier northwest­

lrcnding faults and (Hart and Langdon. 1998). The Laforma gold vein is hosted by one of

thcse 0200 structures. A fïnal set of east-northeast-trending (0500 -080°) sinistral faults is

prominent in geulogical maps of the slUdy area (Carlson, 1997; Payne et al.. 1997), but

does nat appear to be related to mineralization. Felsic dyke and mineralized vein

orientations are dominantly northwest in the Mount Nansen camp, while north-northeast

trends are most common at Freegold and Prospector Mountains.
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Figure 2.2 Geology map of the southem Dawson Range. modified from Carlson

(1987) and Payne et al. (1987). Indicated on the map are the three main

exploration camps Cl'vlount Nansen. Freegold Mountain. and Prospector

l'vtountain) and ail gold and base metal deposits or prospects (Yukon

Minfile. (996) .
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This section provides a detailed description of the lithologies that make up the

southern Dawson Range and host the numerous mineraI occurrences therein and

addresses the discrepancies between the historie assignment of ages and names to these

units.

2.4.1 Basement Metamorphic Complex

Basement rocks outcrop primarily in the Mount Nansen area. where they exhibit a

north-striking structural grain and northeasterly-trending fold axes (Sawyer and

Dickinson. 1976). The Basement Metamorphic Complex comprises a Iower

metasedimentary unit of quartzite. quartz-feldspar-mica schist. quartz-feldspar gneiss. and

limestone. and an upper "schist and gneiss" unit comprising a foliated plutonic unit of

intermediate composition. a granitic gneiss. a layered gneissic unit. and amphibolite

(Carlson. 1987). Payne et al. (1987) recognized igneous protoliths to many of the

metamorphosed rock types within these two units. The Complex is Paleozoic to

Proterozoic in age (Tempeiman-Kluit and Wanless. 1980). and the grade of

metamorphism varies from greenschist to lower amphibolite facies (Payne et al.. 1987).

The rocks are characterized by a well-developed gneissic foliation generally metamorphic

in origin. although original bedding is locally recognizable (Carlson. 1987).

2.4.2 Big Creek Meta-Plutonic Suite

The Big Creek meta-plutonic Suite is a prominent unit that outcrops on both sides

of the Big Creek fault. and is covered to the northwest and the southeast by later

volcanics. The suite is dominated by the weakly foliated Big Creek Syenite. which is

characterized by very coarse. pink. tabular K-feldspar in a matrix of hornblende.

plagioclase and quartz and should properly be classified as a monzonite. A second

intrusive rock type in the Big Creek Suite consists of plagioclase. hornblende and quartz,
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and lacks the K-feldspar megacrysts (Carlson, 1987). A homblendite has been included

as a third subunit, but is likely just a homblende-rich phase or segregation of the main

intrusive unit (Payne et al., 1987). The Suite was emplaced at approximately 184 Ma

(Tempelman-Kluit, 1984). and locally preserves a strong tectonic foliation interpreted to

be due ta Late Jurassic uplift (Carlson. 1987).

Included in the Big Creek Meta-Plutonic Suite is Carlson' s (1987) Klotassin

l'vleta-Plutonic Suite. or "Granite Batholith" (Tempelman-Kluit. 1984). The Granite

Bathalith is dated at approximately 192 Ma (Tempelman-Kluil. 1984). and is essentially a

foliated. coarse-grained. hornblende-biotite diorite to granodiorite. Major phases in this

lithology include 50-75lk plagioclase. with lesser quartz, K-feldspar. hornblende, and

hiotite <Carlson. 1987). The Klotassin Batholith may be a distinct unit of the Big Creek

~leta-PlutonicSuite, but has commonly been considered to be part of the Dawson Range

Batholith because plutonic units with the name "Klotassin" have yielded ages ranging

from 200 Ma down to 95 Ma (Godwin. 1975; Tempelman-Kluit and Wanless, 1975; Le

Couteur and Tempelman-Kluit. 1976). One interpretation for these conflicting ages is

that the ages of the Juri.l-~sic Klotassin units have been reset by a mid-Cretaceous

magmatic event represented by the Coffee Creek Granite (see Section 2.4.4)

(Tempelman-Kluit and Wanless. 1975: Le Couteur and Tempelman-Kluit, 1976). The

name "Granite Batholith" \vill be used preferentially for this Jurassic granodiorite unit.

2.4.3 Mount Nansen Group

The Mount Nansen group is a high-potassium volcanic and plutonic suite that was

probably emplaced in a volcanic arc environment related to convergence of the Pacifie

Plate \\'ith the Cordilleran Insular Superterrane (Souther. 1991). Volcanic rocks of the

\lount Nansen group. now relaLively isolated in and around the Mount Nansen mining

..:amp. consisL largely of coarse volcanic breccia and small felsite tlows and/or high-level

domes. Previous workers have documented a few andesite lava flows (Carlson. 1987;

Payne et al., 1987), and mufic flows occur on Klaza Mountain. The volcanic breccias are

25



:.., .~PTER 2 GEOLOGY

•

•

typically bimodal. consisting of rounded andesite and rhyolite fragments. The andesite is

typically dark green to grey. with sparse phenocrysts of feldspar, pyroxene, hornblende

and/or biotite, now variably chloritized and epidotized as a result of recrystallization

under greenschist facies metamorphic conditions. Rhyolite fragments are very fine­

grained. rarely porphyritic. and consist primarily of quartz and feldspar thut is generally

altered to sericite and clay.

The Mount Nansen group also includes a prominent swarm of felsic, porphyritic

dykes found throughout the study ilrea. These dykes have an average age of 105 Ma

(Chapter 3: Tempelman-Kluit. 1984: Carlson. 1987: Hunt and Roddick, 1991) obtained

from bath U/Pb and KlAr methods on re1atively unaltered samples from areas periphera1

lO the mining camps. Dykes which have been dated by KIAr near areas of known

mineralization appear to record an alteration age of approximately 70-75 Ma (Chapter 3;

Stevens et al., 1982; Grond et al.. 1984; Mclnnes et al.. 1985; Hunt and Roddick. 1991).

The dykes are typically quartz- and feldspar-phyric. and are commonly sericitically and

argillically altered. These Mount Nansen felsic dykes have previously been thought to be

gcnetically as weIl as spatially related to Iode goId mineralization in the southern Dawson

Range (Carlson. 1987: Mclnnes. 1987; Yukon Minfile. 1996; Hart and Langdon. 1998).

2.4.4 Dawson Range Batholith

The Dawson Range Batholith is believed to be essentially comagmatic with the

rvlount Nansen suite, although it ranges in age from 105 to 90 Ma (Tempelman-Kluit and

\Vanless. 1975: 1980: Le Couteur and Tempelman-Kluit. 1976). This unit is exposed

almost continuously from Carmacks northwest to Alaska. and is believed to have intruded

the Yukon-Tanana Terrane as extensive sheet-like sills (Hart and Langdon. 1998). The

exposure of such a large area of plutonic rock implies a large degree of erosion since mid­

Cretaceous time (Souther. 1991). The Dawson Range Batholith inc1udes the Casino

Granodioritc~ a prominent unit throughout the study area dated at 106 Ma (Carlson,

1987). This unfoliated biotite-hornblende granodiorite is generally weakly altered, and is
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locally segregated into biotite- and homblende-rich varieties. The Coffee Creek Granite

appears to be closely related to the Casino Granodiorite and outcrops primarily along the

Big Creek fauit. This coarse-grained unit ranges in composition from granite to quartz

monzonite and has an age of approximately 95 Ma (Tempelman-Kluit and Wanless,

1975: Le Couteur and Tempelman-Kluit. (976).

The Dawson Range Batholith has included the Klotassin Suite Granodiorite,

which. according to Godwin (1975) and Tempelman-Kluit and Wanless (1975). has an

average age of 95 t\1a. However, because this unit is more likely originally of lurassic

age (Section 2.-L2). the tcrm "Klotassin" is not here applied to the Dawson Range

Batholith. although the term "Klotassin Suite Granodiorite" has been used in Chapter 3

for part of the Dawson Range Batholith.

2.4.5 Carmacks Group

The Carmacks group is a widespread volcanic series characterized by localized

thick lower units of andesitic turfs and breccias. succeeded by an upper unit of extensive

hasaltic t1ows. The Carmacks group outcrops in large isolated exposures from

\Vhitehorse to Dawson. and is bclieved to have covered most of southwest-central Yukon

at one time (1ohnston et al.. 1996). The Carmacks volcanic group has an average age of

70 Ma (Stevens et al.. 1982: Grond et al., 1984; Tempelman-Kluit. 1984; 10hnston. 1995;

Lowey et al.. 1986: this study). with individual age determinations from widespread

localities ranging from 65 to 71 Ma.

The Carmacks volcanic group appears to have been deposited over a surface with

appreciable relief (Souther. 1991), and the contact of the lower volcaniclastic Carmacks

unit with underlying lithologies is defined by a slight «10°) angular unconformity

(1ohnston et al.. (996). The Carmacks volcaniclastic unit can be divided into a lower

succession (200-500 metres) of volcanic breccias, tuffs. and minor thin flows. largely of

andesitic composition. which grades into a 400-500 metre-thick unit of interbedded
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ankaramitic basait. tuffs and tlows. This lower unit is overlain by a SOO-metre upper

succession of thick. extensive, basaltic tlows. AlI the lava tlows of the Carmacks group

in the Dawson Range area are shoshonitic in character. being highly potassic. enriched in

large ion lithophile and light rare earth elements. and depleted in the high field strength

dements. The ankaramitic tlows are strongly olivine- and clinopyroxene-phyric. contain

up to 15 wt.% MgO. with MgO peaking at the transition between the lower and upper

volcanic successions. The lavas are commonly amygdaloidal. with amygdules up to 10

cm in diameter filled with chaIcedonic and rarely drusy quartz or carbonate. reflecting

zeolite facies metamorphic conditions.

There was linle intrusive activity associated with the Carmacks event compared to

the !VIount Nansen event. Two small intrusions have been shown to be contemporaneous

\\'ith the Carmacks group; the Prospector Suite. a granitic plug exposed at Prospector

~10untain, and the Patton Porphyry at the Casino deposit, north of the study area

(Godwin. 1975; Tempelmao-KJuit. J984; Selby and Nesbitt. 1998). A swarm of feldspar­

phyric (± mafie phenocrysts such as biotite and pyroxene). mafic to intermediate dykes is

also found throughout the southem Dawson Range. with similar orientations to the felsic

dykes of the Mount Nansen group. These dykes are typicaUy sericitized and

carbonatized. especially in the three mining camps. The alteration and significance of

dykes of the Carmacks group will be discussed further in Chapter 3.

The Carmaeks group had been interpreted previously as having formed in a

subduction-related arc or transtensional. pull-apart environment (Souther. (991). Grond

et al. (1984) interpreted the potassic character of the Carmacks group as being

representative of an arc-distal or back-arc tectonic setting. However. several lines of

cvidence suggest that the Carmacks group may have affinities with flood basalts.

induding: the absence of coeval volcanism along the rest of the Canadian Cordillera. the

paucity of contemporaneous felsic intrusive rocks. the extensive tlat-Iying upper basaIt

flows. and the primitive compositions of the ankaramitic lavas (Francis and Johnston.

1998; Johnston et al., 1996). Wynne et al. (1998) and Johnston et al. (1996) present
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paleomagnetic data showing the remagnetization of aIder units in the south-central Yukon

to a remanent direction identical to that obtained from the Carmacks group. suggesting

that the Carmacks group may be a Late Cretaceous expression of the Yellowstone

hotspot. which is believed to have caused large-scale, regional hydrothermal circulation.

2.4.6 Big Creek 1Bow Creek Granite

This intrusion comprises medium- ta fine-grained biotite quartz monzonite to

granite. fine-grained alaskitic granophyre. and a very fine-grained. porphyritic border

phase. The border phase has been dated at approximately 60 Ma (Carlson. 1987),

although an earlier biotite KIAr date of 85 l\1a was obtained by Tempelman-Kluit (1984).

This unit is spatially associated with Mount Nansen volcanic rocks. and outcrops north of

Mount Nansen and Victoria Mountain. Tempelman-Kluit (1984) originally correlated the

Bow Creek Granite with the Mount Nansen group based on age and location. but Carlson

( 1987) relates it to the Carmacks group volcanics because of its Paleocene age and

similarity to glassy felsites and felsic pyroclastics at the base of the Carmacks group.

2.5 Mineralization

Few epithermal veins in the southem Dawson Range are hosted by volcanic rocks,

but rather by the plutonic rocks of the Big Creek Suite and the Dawson Range Batholith.

or by meta-sedimentary basement rocks. The notable exception to this generalization is

the Frog deposit at Prospector Mountain. which is hosted by the lower succession of the

Carmacks volcanic group. The Big Creek porphyry deposits, however, are hosted by

!\10unt Nansen stocks, while the Casino porphyry deposit is hosted by the Patton

Porphyry of the Carmacks group. This observation appears to indicate the existence of

two separate metallogenic events, and poses the problem of the volcanic association of

the mineralized epithermal veins in non-volcanic host rocks.
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The Huestis, Tawa. Tinta Hill. Emmons Hill, and Frog deposits are the main foeus

of this thesis. and are discussed in detail in Chapter 4. The purpose of this following

section is to detail the geology and mineralization of other deposits found in the southern

Dawson Range in arder to provide context for a discussion of the regional metallogeny.

2.5.1 Mount Nansen Camp

Mount Nansen Vein Mineralization

The "Mount Nansen trend" (Hart and Langdon. 1998) comprises a series of gold­

bearing veins that stretches for approximately 12 kilometres in a northwest-southeast

trcnding horst immediately east and southeast of Mount Nansen. The rocks are

dominated by granites of the Dawson Range Batholith and schists and gneisses of the

Basement Metamorphic Complex. Andesitic volcaniclastic rocks of the Mount Nansen

group are also present. but do not host the majority of the vein mineralization. From

southeast to northwest. the ~vlount Nansen trend includes: the Brown-McDade zone, the

Huestis-Flex-Webber vein system. the Spud and Odoff-King zones. the Goulter showing

(now Willow Creek. Eliza North. Eliza South. and Eliza Extension), the Cyprus, Kelly

and Etzel porphyries. and the Dic and Tawa veins (Yukon Minfile, 1996; Hart and

Langdon. 1998). The Tawa or Esansee prospect on the northeastem flank of Mount

7\iansen is the inferred nonhwestemmost extension of the Mount Nansen vein system.

The Mount Nansen trend is gold-rich; Saager and Bianconi (1971) report a gold

tïneness of approximately 800 fron1 the Huestis deposit. while Lister (1989) reports a

tïneness of 750 from the Brown-McDade zone. This study concentrates on the Huestis

and Tawa veins. as representatives of the Mount Nansen epithermal camp, which are

detailed in Chapter 4 .
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Cyprus Porphyry

The Cyprus copper-molybdenum porphyry deposit occurs in Mount Nansen group

quartz- and feldspar-phyric felsic stocks and associated quartz-tourmaline breccias. The

hast rocks are part of the Mount Nansen porphyry complex. a three-kilometre long zone

following the Mount Nansen trend characterized by porphyritic dykes. small plugs of

quartz monzonite and quartz diorite. and associated breccia pipes. Hypogene

mineralization in the porphyry complex includes. in order of decreasing abundance;

disscminated pyrite and chalcopyrite. and veinlet molybdenite. galena. sphalerite and

gold. with chalcocite and cavellite occurring as supergene mineraIs (Sawyer and

Dickinson. 1976). The deep hypogene zone averages 0.1 to 0.15 wt. Ck Cu and 0.0 1 wt.%

~oS:!, \Vith sporadic higher grades of up to 0.6 wt.% Cu and 0.06 wt.'k MoS:! (Sawyer

and Dickinson. 1976). These grades double in the overlying. 150 metre-thick supergene

zone. Leaching of the porphyry has completely oxidized the primaf)' sulphides to depths

of 70 metres below surface. Gold grades ranging up to 0.99 glt Au (Yukon Minfile.

!996) are associated with quartz fracture fillings not affected by leaching.

The Cyprus porphyry deposit exhibits four types of alteration (Sawyer and

Dickinson. 1976). Quartz-tourmaline alteration is present in breccia bodies. and is

characterized by the minerai assemblage of quartz. tourmaline and sericite. and accessory

kaolinite and apatite. The breccia clasts are silicified. sericilized. and variably

kaolinitized. and the tourmaline occurs disseminated in the breccia matrix. Potassic

alteration is also reponed in the central brecciated part of the porphyry system (Hart and

Langdon. 1998). These brecciated centres are surrounded by haloes of phyllie alteration.

composed of quartz. sericite. pyrite and kaolinite. Outside the phyllie zone. a widespread

argillic alteration zone has been developed. characterized by kaolinite. quartz. and minor

sericite. Propylitic alteration. recognized by the assemblage epidote. clinozoisite. albite.

chlorite. leucoxene. carbonate. pyrite. and minor sericite and clay minerais. has affected

most of the host Dawson Range Batholith. and is auributed to supergene processes by

Sawyer and Dickinson (1976) but may reflect greenschist facies metamorphism. Hart and
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Langdon (1998) propose a controversial mineralization model in which the Mount

Nansen porphyry complex is the deep magmatic portion of a porphyry to epithermaI

magmatic-hydrothermaI system. linking the Cyprus deposit with the Huestis and Tawa

vein systems. The porphyry deposits are aIso thought to be the source of the extensive

placer gold deposits in the Mount Nansen area (Hart and Langdon. 1998).

2.5.2 Freegold Camp (including Big Creek Trend)

Tinta Hill

The Tinta Hill deposit lies 6.4 kilometres east of Freegold Mountain. on the tlank

of Granite Mountain. The prospect comprises a series of quartz-sulphide veins that occur

in a near vertical. nonhwest-trending (3()()O) shear zone that is at least 3500 metres long

(Bostock. 1936: INAC. 1990) and up to 30 metres wide (Yukon Minfile. 1996). and is

still open at both ends. Morin (1981) reports high values of Pb. Zn. Cu. Ag. Cd. Mo. Sb

and Hg. and lower values of Mn. As. Tl and B. associated with Tinta Hill veins. The

Tinta Hill deposit is described in detail in Chapter 4.

Emmons Hill

The Emmons Hill quartz-barite-carbonate-sulphide vein and breccia zone is

hosted by the Basement !v1etamorphic Complex in a window in the Big Creek meta­

r!utonic Suite. Morin ( 1981) found unspecified concentrations of Au. Ag. Hg. As. Sb.

Zn. Pb. and BaSO~ in the vein material. and the Yukon Minfile (1996) reports barite.

stibnite. cinnabar. orpiment. ferroan carbonates and chalcedonic quartz (McInnes. 1987.

also reports the presence of marcasite). suggestive of a high-level "hot-spring"-type

hydrothermal system.

Mclnnes (1987) has classified the Emmons Hill deposit as a high-level

n:inlbreccia system. He rcported fluid inclusion homogcnization temperatures of
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140°-185°C and salinities of 0-0.5 W1.% Nael equivaJem in samples of barite. Barite

(ODH;O) and calcite (OI~O) from the deposit recorded non-meteoric water isotopie

signatures. and sulphur isotopie values of 2-39éc implied a magmatjc sulphur source. The

deposit was thought to have been emplaced in a near-surface. oxidizing environment from

a IO\".:-temperature. 10w-pH boiling hydrothermaJ fluid. McInnes (1987) interpreted the

Ernmons Hill deposit as a fossil hot spring system coeval with Mount Nansen rhyolite

\"olcanism. preserved as a result of a remarkably slow rate of denudation since the time of

emplacement. Chapter 4 will show that our dat~ and interpretation for the Emmons Hill

Jeposit that differ somewhat from those presented by Mclnnes (1987).

Laforma

The Laforma deposit at Freegold Mountain comprises a gold-bearing qu~rtz vein

in a north-northeast-trending shear zone that cuts granodiorite of the Dawson Range

Batholith. The Laforma vein is approximately 300 metres deep. 300 metres long. and up

ta one metre \Vide (Mclnnes et al.. 1990). Numerous rhyolite dykes of the Mount Nansen

group are found around the Laforma vein. oriented either northwest. parallel to the local

Pal fault. or following the trend of the Laforma vein. Andesite dykes. possibly belonging

lO the Carmacks group. are also found crosscutting the rhyolite dykes. and trending

generally northwest. McInnes (1987) reports that rhyolite dykes have been

hydrothermally altered preferentially compared to the andesite dylces. perhaps suggesting

lhal ore formation post-dated rhyolite dyke emplacement and was associated \Vith

andesite dyke intrusion. However. Mclnnes (1987) also notes that the shear structure that

hosts the Laforma vein has sinistrally displaced an andesite dyke by 75 metfes, suggesting

the possibility of an even later tectonic. ore-forming event.

Alteration of the granodiorite wall rocks is dominantly sericitic (McInnes et al..

1990). although silicifïcation and carbonatization are locally developed. The alteration is

typically stronger in the hanging wall than in the footwall. Argillic alteration is also
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vein-fault. but may be unrelated to the ore-forming event.

The Laforma vein is largely massive white quartz. with barite and calcite as late­

stage fracture-filling minerais. The central part of the vein has a cockscomb texture. with

Fe-Mg carbonate. sericite. and euhedral sulphide minerais tïlling vugs. The multi-stage

quartz texture of the vein at surface is indicative of brecciation and silicitïcation (Mclnnes

ct al.. 1990). Sulphide mineraIs include arsenopyrite. pyrite. tourmaline. gold. galena.

"phalerite. chalcopyrite. and tennantite. The vein is divided into the Upper Ore Zone.

from the surface (0 approximately 100 metres depth. the Boiling Zone. whieh extends

from 100 to 200 metres below the surface. and the Deep Ore Zone. below 200 metres

(~1cInnes et al.. 1990). The vein mineralogy is vertically zoned. Tourmaline. galena. Fe­

rich sphalerite and chalcopyrite occur only at depths greater than 175 metres and are most

abundant in the Deep Ore Zone. as are Fe-Mg carbonate and sericite intergrown with

quartz. By contrast, tennantite is only found above the 175-metre level. while

•

arsenopyritc and pyrite occur throughout the vein. Gold occurs as microscopie inclusions

in arsenopyrite and as isolated fine grains. rarely large enough to be visible. SEM-EDS

analyses (McInnes et al.. 1990) of the gold indicate an Ag content of less than 5 wt.%.

and rcserves have been caJculated at over 150.000 tonnes grading 5.62 glt Au (Yukon

Ylintïle. 1996).

Mclnnes (1987) and McInnes et al. (1988; 1990) concluded that gold

mineralization at Freegold Mountain was temporally and spatially related to Mount

~ansen rhyolitic valcanism. an observation that has been echoed by most workers in the

arca Oohnston. 1937; Sawyer and Dickinson. 1976). The Laforma gold-quartz vein is

thaught to be formed by metearic water of moderately low temperatures (1750
- 1950 C)

and salinities (2-4.5 W1.% Nael equivalent) (McInnes. 1987; Mclnnes et al., 1990). The

dcposit has a well-defined boiling zone. and is believed ta have been formed at an

approximate depth of 1 km. Based on hydrogen isotopie values. t\1cInnes (1987) and
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i\1clnnes et al. (l988; 1990) estimated that the deposit formed approximately 350-450 km

south of its present location.

Big Creek Porphyries

The Big Creek trend includes four porphyry deposits along the south rim of Big

Creek. south of the Big Creek fauIt. These comprise. from southeast to northwest. the

Revenue. Nucleus. Klazan. and Cash deposits. AIl the Big Creek porphyry deposits are

hosred by felsic porphyry stocks analogous in appearance and composition to felsic

porphyry dykes of the Mount Nansen group. A possible exception to this is the stock

hosting the Cash deposit. which has a chemical affinity lying between that of the Mount

Nansen and the Carmacks group. and differs in Îls more mafic phenocryst mineralogy.

The Revenue gold-eopper porphyry deposit oceurs in breccia and stockwork zones

within a sheared and brecciated quartz monzonite intrusion of the Dawson Range

Balholith. \Vith associated Mount Nansen porphyry dykes that eut Mount Nansen (?)

lapilli ruff-breccias. Hydrothermal alteration is generally weak. although local zones of

strong propylitie and argillie. and lesser phyllie. alteration have been found (Yukon

Minfile. 1996). Carlson ( 1987) reports a broad zone of silicification and pyritization with

associated weak argillic alteration that surrounds a stronger phyllie zone adjacent to the

intrusive breccia unit. Chalcopyrite. pyrite. and minor scheelite are the only mineraIs

rcported to he present (Yukon Minfile. 1996). although samples collected for this study

I:onsist of carly disseminared sphalerite (5.2-9.2 mol.% FeS) and later galena in

argillieally-altered. feldspar-phyric. felsie intrusive stock of the Mount Nansen group.

Carlson ( 1987) describes the occurrence of native sil ver. and reports grades of up to 5 glt

Au. 20 g/t Ag. and 1 \vt. o/c Cu in breccia zones. Exploration drilling in 1991 defined a

sulphide zone grading 0.14-0.27 glt Au and 0.18-0.20 wto/c Cu. a supergene sulphide zone

grading 1.00 glt Au and 0.66 wt% Cu. and an oxide cap grading 1.03 glt Au and 0.28%

Cu (Yukon Minfile. 1996).

35



GEOLOGY

•

•

Preliminary resulLs from a small set of two-phase tluid inclusions in sphalerite

indicate the existence of three different fluid episodes: a high-temperature population that

homogenizes at temperatures >5()()OC: a lower-temperature population that homogenizes

at approximately 330°C: and a third population that homogenizes at temperatures around

150°C. Cryogenie data was not obtained for the Revenue sphalerite samples. These

different fluids could represent different hydrothermaI events in the southem Dawson

Range. with the highest temperature fluid reflecting early porphyry-style mineralization.

th~ 3000 e Ouids representing later epithermal-type fluids. and the coolest tluids

r<,;presenting a late-stage waning tluid as preserved in secondary inclusions in epithermai

\'cins (see Chapter 4 for full tluid inclusion details). Clearly more data is needed to

contÏrm this scenario. but a full ~tudy of the porphyry mineralization is beyond the scope

of this study.

The Nucleus gold-coppcr-molybdenum deposit occurs in a highly fractured.

argillically-altcred and silicificd porphyry of the Mount Nansen group. microgranite or

granodiorite of the Big Creek Suite. and schist of the Basement Metamorphic Complex.

It is localized between twa north-trending quartz-feidspar porphyry dykes of the Mount

:"ansen group (Carlson. 1987: Yukon Minfile, 1996), but soil geochemistry suggests that

the depasit may be connected with the adjacent Revenue property (Yukon Minfile. 1996).

The reported suIphide mineraIs include chalcopyrite, molybdenite, and tetrahedrite.

Anomalous Au soil values are accompanied by anomalous values of As. Cu. W, and Ag.

Trenching and drilling has discovered an oxidized gold-bearing zone overlain by a

... upergene sulphide zone. covered by a 60-100 metre gold-bearing leached cap.

Exploration drilling in 1991 encountered grades of about 0.9 glt Au in the oxide zone, 0.9

g/t Au and 0.24 \\'1. 0C Cu in the supergene zone. and 1.0 glt Au and 0.04 wt. o/c Cu in the

lcached cap <Yukon Minfile. 1996). Combined reserves are estimated at 4.2 million

tonnes grading 1.0 g/t Au <Yukon ~linfile, 1996).

The Klazan prospect consists of quartz veins in brecciated and leached rhyolite

'\urrounding a stock of altered orthodase porphyry of the Mount Nansen group. which is
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anomalous in Mo. Cu. Pb. Zn~ Ag, Au. and As (Carlson. 1987; Yukon Minfile. 1996).

Pyrite and rare molybdenite. galena. and sphalerite mineralization have been reported

from surface trenches in gossanous rhyolite. Grades range up to 0.17 wt.% Cu over 44.2

metres. and 0.16 wt.% Cu and 0.68 wt.% ~1oS:! over 3.0 metres (Yukon Minfile, 1996).

The Cash copper-molybdenum deposit is reported to occur in association with

leldspar-phyric dykes and plugs of the Mount Nansen group (Yukon !vlintïle. 1996). The

rnineralized zone is centred on two small stocks of feldspar (andesine and minor

orthoclase) porphyry of quartz monzonitic to granodioritic composition (Sinclair et aL.

1981) that intrude the Basement Metamorphic Complex and the Big Creek Suite (Payne

et al.. 1987). In addition to feldspar. biotite and hornblende are common phenocryst

phases in the porphyry, in contrast to typical quartz- and feldspar-porphyry stocks or

dykes of the ~10unt Nansen group found throughout the southem Dawson Range. A

rccent abstract by Selby ( 1998) indicates thm Cash may have an age of 70 Ma. although

no evidence is provided. Hydrothermal alteration of the stocks has resulted in roughly

concentric potassic. phyllie. and propylitic zones. with local late argillic zones (Sinclair et

al.. 1981). Primaf)' sulphide mineraIs include pyrite. chalcopyrite. molybdenite and

hornite. which occur along fractures. in quartz veinlets. and disseminated in the feldspar

porphyry and related rocks. Galena and sphalerite are inferred to occur in this deposit due

to the presence of anomalous lead and zinc values in soil. The Yukon Minfile (1996)

reports a 20-year old reserve esti mate of 36.3 million tonnes grading 0.17 wt. o/c Cu and

0.018 wt. % MoS2. \Vith 0.2 g/t Au and 0.4 to 9.0 g/t Ag.

2.5.3 Prospector Mountain Camp

Frog

The Frog. or Lilypad. prospects occur in a series of discrete quartz veins on the

\vcstern flank of Prospector Mountain. Mineralization consists of gold- and silver­

bearing sulphosaits. galena. and chalcopyrite in a pyrite-quartz-carbonate gangue {Payne
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èl al.. 1987). Although total ore grades are not reported. one galena sample assayed 3361

g/l Ag. and sail sampling over the veins has encountered grades of up to 5 glt Au (Payne

ct al. 1987).

Glasmacher (1990) has determined a temperature of 320°C for gold-sulphide vein

formation on the basis of arsenopyrite thermometry. in approximate agreement with fluid

inclusion homogenization temperatures from four generations of quartz that indicate a

main deposition temperature of 310°C. Successive tluid populations yield temperatures

uf 270°C. 200°C. and 170°C. He reports the salinity of the primary mineralizing tluid to

average 23 wt.9é NaCI equivalent. and ta decrease with decreasing temperature. leading

him ta propose mixing between high-temperature. high-salinity. magmatic tluid. and low­

tcmperature. low-salinity meteoric water. Glasmacher (1990) also calculated a tluid pH

of between 3 and 5. and a log f02 of approximately -30 for the main-stage

mineralization. A magmatic or igneous source for Pb and S was postulated on the basis

of Pb- and S-isotopes. The genetic model proposed by Glasmacher (1990) for

mineralization at Prospector Mountain involves post-intrusion mixing of two tluids with

different physiochemical attributes. The ore metals are thought to be derived by leaching

of the surrounding Basement Metamorphic rocks. Carmacks volcanics or the Prospector

Suite. Our geochemical data for the Frog prospect (Chapter 4) support this general

mode!.

Casino

The Casino Cu-Mo-Au porphyry deposit lies approximately 50 kilometres

northwest of Prospector Mountain. outside the southern Dawson Range study area. but on

line with the Dawson Range mineraI belt (Hart and Selby. (998). Casino is reported to be

one of the highest-grade porphyry deposits in Canada (Yukon Minfile. 1996).

Mineralization is hosted by the Casino Complex. a swarm of subvolcanic intrusions and

rclated breccia bodies. comprising an undivided volcanic unit. tuffs. tuff breccias. cobble

brcccias. and the Patton porphyry. surrounded by the mid-Cretaceous Dawson Range
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Batholith. The volcanic unit is a pale. pervasively altered quartz- and sanidine-phyric

rock that occurs as small isolated outcrops. The Casino Intrusion comprises the Patton

porphyry, which contains 50 vol.% phenocrysts of plagioclase. with lesser biotite.

hornblende, quartz and opaques. and encloses a central breccia pipe. The conical Casino

breccia pipe is composed of fragments of flow-banded tuff, tuff breecia, and eobble

hreccia containing fragments of tuff breccia. The Patton porphyry has been dated at

bctween 69 and 72 Ma. and is thus the same age as the Carmacks volcanic group

(Godwin. 1975: 1976: Selby and Nesbilt. 1998).

Hypogenc alteration at the Casino deposit is characterized by a nearly concentric

zonation of potassie. phyllie. argillie. and propylitic alteration facies centred on the

Casino Intrusion (Godwin. 1976). The potassic alteration zone is located on the northern

edge of the breccia pipe. and contains biotite. quartz. K-feldspar. serieite, magnetite.

tourmaline. ankerite and gypsum. \Vith fincly disseminated sulphides. The phyllie

altcration zone is characterized by quartz and sericite. abundant tourmaline. and hernatite

and magnelÎte. with supergene clay mineraIs. and contains an internaI pyrite halo. The

ore zone is located within the phyllie alterarion zone between the potassic core and the

pyrite halo. \vhere copper and molybdenum attain their highest values. Clay mineraIs.

minor amounts of carbonate and ehlorite. and the absence of abundant sericite and quartz

tIefine a weak outer argillie facies. Abundant chloritization and carbonitization of

amphibole and biotite. minor clay mineraIs. albite and epidore eharacterize a peripheral

propylitic alteration zone. A 60 metre thick supergene oxide alteration zone characterized

by limonite and jarosite staining has been enriched in copper by a factor of 1.7 by the

replacement of chalcopyrite and pyrite by chalcocite (Yukon Minfile. 1996; Godwin.

1976: Archer and Main. 1971).

Ore mineralization at the Casino deposit consists of primary chalcopyrite.

molybdenite and gold. with minor bornite. tetrahedrite. huebnerite. galena and sphalerite.

alang with supcrgenc nati\'c copper. chalcanthite. malachite. brochanite. tenorite. azurite.

chakocitc. covcllite. and digcnite. as weIl as fluorite and zeolite gangue (Selby and

39



GEOLOGY

•

•

:'\esbitt. 1998~ Yukon Mintïle. 1996; Archer and Main. 1971). The mineralization occurs

as veins. disseminations. irregular patches. boxworks. and as coatings on pyrite grains

(Setby and Nesbitt. 1998). Associated veins of sphalerite. argentiferous galena.

chalcopyrite and pyrite. in quartz and barite gangue. are found in the Dawson Range

Batholith country rock surrounding the Casino area (Archer and Main. 1971). The

gcological reserves at the Casino deposit are 675 million tonnes grading 0.15 w1. % Cu.

0.02 \\"t.lJc- Mo. and 0.48 g/t Au (Selby and Nesbitt. 1998: Yukon rvlinfile. 1996).

Copper-molybdenum mineralization is aJso found in the Patlison Creek pluton. a

Casino intrusion located approximately 30 kilometres south of the Casino dcposit. There

is sorne uncertainty as ta the age and therefore the affinity of the Pattison Creek pluton. It

has been correlated with both the mid-Cretaceous Dawson Range Batholith as weIl as

with the Lale Cretaceous Casino Intrusion (Patton porphyry) (Hart and Selby. 1998; see

also Godwin. 1976). ~101ybdenite. chalcopyrite. and pyrite are round in narrow quartz

n:ins cutting quartz rnonzonite and alaskite. which are weakly phyllically and variably

argillically altered (Hart and Selby. L998). Hart and Selby (1998) report fluid inclusion

homogenization temperatures that average 240 ± 30°C. and saJinities between 0.2 and 5

\.... t. 7'c NaCl equivalent. an average OI~O value of 6 ± O.4%c and a oD value of -155 ± 99éc.

The low temperature. low salinity fluid characteristics are interpreted by Hart and Selby

( 1998) lO be doser to those of the Dawson Range epithermal vein systems rather than

those of porphyry systems. although this study will show that oxygen and hydrogen

isotopes from Dawson Range epithermal veins. and ta a lesser degree fluid inclusion

characteristics. also differ from those of the Pattison Creek deposi1.

The variable styles of mineralization and geological senings make it difficult to

propose a universal metallogenic model for the Dawson Range. The only obvious

conlmon features of the deposits are their close geographic proximity and the presence of

gold. The following chapters will concentrate on the epithermal gold-bearing veins, and

will present evidence suggesting that they can be related to a common metallogenic event.
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Abstract

Gold-rieh polymetallic vein deposits, and gold-eopper porphyry deposits, oceur

along a northwesterly trend across the southem Dawson Range. Vein mineralization is

hosted by lithologie units ranging from the Proterozoie-Paleozoie Basement Metamorphic

Complex. through the mid-Cretaceous Mt. Nansen volcanics, ta the Late Cretaeeous

Carmacks volcanies. The mineralized areas also eontain numerous porphyry dykes that

are spatially associated with gold veins, and historically have been thought to be

~eneticallv linked to them. Dvkes belonging to both the Mt. Nansen and Carmac1cs......, ., ..........

Groups are present. although Mt. Nansen dykes are the more common. Dykes proximal

to mineralized veins are strongly altered to sericite and clay.

Volcanie and subvolcanic rocks of the Mt. Nansen and Carmacks Groups can be

distinguished ehenlieally on the basis of their K content: the Mt. Nansen Group is a high­

K ealc-alkaline suite while the Carmaeks Group is a shoshonitie suite. Radiometrie age

determinations constrain the age of the Carmacks Group to approximately 70 Ma, while

the age of the Mt. Nansen Group is approximately 105 Ma. KlAr dates for altered Mt.

Nansen dykes, however, range from 94 to 61 Ma, reflecting resetting of Mt. Nansen ages

by a Carmaeks-age hydrothermaJ event. This hydrothermaJ event appears to have becn

rcsponsible for much of the mineralization in the southern Dawson Range.

Alteration in porphyritic dykes proximal to mineralization is characterized by a

strong depletion of Na. reflecting the replacement of feldspar by sericite and clay

minerais. Altered dykes also display a generJ.l depletion in the ore metals Pb. Zn. and Cu,

suggesting that these elements were mobilized from the host rocks during alteration and

precipitalcd in nearby gold-rich base metai veins. As. Sb. and Au. however, appear to

have bcen introduced directly l'rom the hydrothermaJ fluid .
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Since the early twentieth century the southem Dawson Range has been extensively

explored and exploited for its precious and base metal deposits. Placer gold production

has spanned the last century. although the local Iode sources for this gold are stilI poarly

understood. Several deposits in the area have been explaited historically (e.g. Mount

Nansen. Laforma) and. aner many years, these same deposits are again being considered

for their gold potential.

The majority of the known gold showings in the southem Dawson Range are

associatcd with nearby mid- and Late Cretaceous volcanic rocks and related intrusions.

which comprise the Mt. Nansen and Carmacks Group respectively. There has been

considerable confusion as to the ages and the distinction between the two volcanic groups

(Sawyer and Dickinson. 1976; Carlson. 1987; McInnes et al., 1988), but subvolcanic

porphyry dykes and stocks associated with mineralization have generally been assigned to

the Mt. Nansen Group (mid-Cretaceous). Exploration prospects in this part of the

Dawson Range occur along a northwesterly trend for a distance of approximately 50 km

in a common sequence of host rocks. The styles of mineralization hosted by these

lithologies. however. range in character from those of porphyry copper-gold to epithermal

vein deposits. Vein mineralization predominates, and varies in character from precious

metal ta polymetallic. There appears to be no visible pattern to the distribution of the

different vein types. although ail appear to be genetically related.

The important question from an exploration perspective is whether there is a

genetic relationship between mineralization and rnagmatism. The distinction between Mt.

~anscn and Carmacks porphyry dykes is essential to an understanding of the gold

mineralization in the Dawson Range, as porphyry dykes have long been recognized to be

spatially associated with vein mineralization (Yukon Minfile. 1996). This paper

examines the relationships between the gold occurrences and igneous rocks of the Mt.
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Nansen. Freegold Mtn.. and Prospector Mtn. areas in terms of the alteration developed in

porphyry dykes proximal to mineralization. and presents evidence that suggests the

majority of Iode gold mineralization is in fact related to the Late Cretaceous Carmacks

magmatic event. rather than the Mt. Nansen event to which porphyry dykes associated

with mineralization have traditionally been assigned.

3.2 General Geology

The rocks of the Mt. Nansen and Carmacks Groups overlap the Yukon-Tanana

and Slikine Terranes in the Dawson Range of central Yukon (Fig. 3.1). The general

slraligraphy of the southern Dawson Range described here differs somewhat from that in

rrevious geological reports (Carlson. 1987; Payne et al.. 1987) largely due to recent

radiomelric age determinations that have refined the stratigraphy of the Mt. Nansen

Volcanic Group (Table 3.1) and resulted in a re-evaluation of the Klotassin Suite.

The Paleozoic-Proterozoic Basement Metamorphic Complex comprises the oldest

rocks in the area and outcrops primarily around Mt. Nansen (Fig. 3.2). Its lower

metasedimentary unit (Unit 1) consists of quartzites. schists and gneisses. while the upper

schist and gneiss unit (Unit 2) includes foliated plutonic rocks and amphibolites. The

prominent Big Creek meta-plutonic Suite (Unit 4). which occurs mainly in the Freegold

Ylln. an~a. was emplaced at approximately (84 Ma (Tempelman-Kluit. 1984). This unit

comprises the weakly foliated Big Creek syenite (actually a monzonite) as weil as a

hornblendite. This intrusion was followed by eruption of the Mount Nansen Group (Unit

7) at approximately 105 Ma (Tempelman-Kluit. 1984; Carlson. 1987; Hunt and Roddick.

(991 ). The Mt. Nansen Group consists of bimodal volcanic breccias (andesite and

rhyolite fragments) now covering a relatively small area around the Mt. Nansen mining

camp. Few true lava flows have been identified by the authors. although these have been

rcported by earlier workers (e.g. Carlson. 1987). A swarm of intermediate to felsic

quartz-feldspar porphyry dykes and stocks (Unit 9) found throughout the map area is
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Figure 3.1 Regional tectonic setting of south-central Yukon and location of the

southern Dawson Range study area (outlined: Fig.3.1). Terrane boundaries

inlerpreled from Journeay and Williams (1995). Y-T - Yukon-Tanana

Terrane: N.A. - North America; SK - Stikine Terrane; CC - Cache Creek

Terrane: CPB - Coast Plutonic Bell.
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Figure 3.2 General geology of Dawson Range study area. Unit boundaries are

modified from Journeay and Williams (1995). Stars indicate deposits or

prospects listed in Yukon Minfile (1996).
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Table 3.1 Volcanic and plulonic délIes ( )

).
'tl

Sample Rock Typo location UTM E UTM N UTM Technique Age Error Source g
Number Zone (Ma) (Ma) w

Carmacks Group

SR·4 Basait 'Smoky Ridge" 367690 6927780 B 40Ar/39Ar 71.4 1.1
SA·9 Ankmarnitic Basait ·Srnoky Ridge· 366600 6930560 B 40Ar/39Ar 70.9 1.5
SR·14 Ankaramilic Basall ·Smoky Ridge" 367160 6929850 8 40Ar/39Ar 70.5 0.5
AX·2 Andesite·Basall Apex MIn. 652100 6930250 7 40Ar/39Ar 67.8 0.6
AX·22 Ankmnmilic Basait ApCK Mtn. 654160 6920000 7 40Ar/39Ar 70.9 0.6
Ml·15 Ankaramito M1l1er's Ridge 420100 6886340 8 40Ar/39Ar 68.6 1.0
na Daclle Plug MI. PIUS 364650 6939650 B KlAr Biotite 71.7 1.7 Temploman·Kluit, 1984
na Unilll13 MI. PIUS 367500 6939450 8 KlAr BioUle 680 3.4 Johnston,' 995
GSe 81·15 Basal1 Plug ·Smoky Rldgo· 366100 6932300 8 KlAr Hornblende 78.4 3.2 Stevens 01 aL, '982
GSe 81·50 Basait Plug "Smoky Ridge" 366100 6932300 a K/Ar Biotile 65.8 1.6 Slevens et aL, 1982
na Ouartz Monzonile Prospector MIn. 355150 6926550 8 KlAr Whole Rock 68.2 1.6 Templeman-Klull, '984

AVERAGE 70.2

Mount Nansen Group

VI C·1125 Unilll9b Mt. Nansen na na 8 UlPbZircon 105.1 Carlson,1987
1-.) C·l083 Allered Qtz·Fp Porphyry MI. Nansen na na 8 UlPb Zircon 101.5 Carlson, 1987

C-1115 Porphyrilic Monzonite Mt. Nansen na na 8 U/Pb Zircon (+64 um) 104.2 Carlson, 1987
C·ll'5 Porphyritlc Monzonlte Mt. Nansen na na 8 U/Pb Zircon (-64 lIm) 102.8 Carlson, '987
GSe 81·57 Felsile Killza MIn. 370300 6910200 8 KlAr Whole Rock 109 3 Templeman·Klult, '984 p
GSC 90·84 Fp·Hb Porphyry Dyke Bow Creek 374700 6898800 8 KlAr Whole Rock 107.9 1.6 Hunt and Roddick, 1991 ~

AVERAGE '05.' 1)
~
lfl

MN·24 Andesile Dyke MI. Nansen 381390 6886060 8 40Ar/39Ar 76.3 1.2 :t

MN·30 Andesite Agglomerate MI. Nansen 379940 6887960 8 40Ar/39Ar 89.7 2.0· ~
GSC 8'-37 Bt·Fp Porphyry Dyke Mt. Nansen 379400 6886600 6 KlAr Biotite 70.5 2.2 Stevens et aL, 1982 S
GSC 90·80 Altered Otz·Fp Porphyry Dyke Mt. Nansen 374300 6886900 8 KlAr Whole Rock 69.7 1.4 Hunt and Roddick, 199' ~

GSC 90·81 Altered Bt-Fp Porphyry Dyke Mt. Nansen 379400 6886800 8 KlAr Whole Rock 61.2 1.2 Hunt and Roddlck, '991 ~

GSC 90-82 Altered Otz-Fp Porphyry Dyke Mt. Nansen 385000 688'700 8 KlAr Whole Rock 69 1.7 Hunl and Roddick, 1991 ~
GSC 90·85 Trachyte Flow Mt. Nansen 385300 6898300 8 KlAr Whole Rock 93.7 1.5 Hunt and Roddlck, 199' m

<
F85·33B Altered Otz-Fp Porphyry Dyke Lalorma· Freegold Min. 389500 6906250 8 KlAr Whole Rock 77.5 6.2 Mclnnes el al., 1985 ll1

• indicate 40Ar/39Ar age determlnation perlormed lor this study by D. lUK at the University of Maine ~
na: not available ~

~
:D

~oz
CIl

ë!
o
-<
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associated with this volcanic suite. The Dawson Range Batholith (Unit 3) includes the

Klotassin Suite Granodiorite, the Casino Granodiorite and the Coffee Creek Quartz

Monzonite. and ranges in age from 105 to 90 Ma (Tempelman-Kluit and Wanless. 1975;

LeCouteur and Tempelman-KIuit. 1976). This unit is likely to be comagmatic with the

~vlt. ~ansen suite.

The last unit to be emplaced was the Late Cretaceous Carmacks Group. dated at

approximately 70 ± 4 Ma (Stevens et al.. 1982: Tempelman-KIuit. 1984; Johnston.

1995). This suite comprises two volcanic units, a thick lower succession of andesitic tuffs

and breccias (Vnits 12 and 13). and an upper series of extensive basaltic flows (Unit 14).

The Prospector Suite (Unit 15) is represented by a contemporaneous granitic plug

~xposed at Prospector Mountain. Porphyritic dykes of mafic to intermediate composition

or the Carmacks Group are also round throughout the map area, although they appear ta

be less numerous than the Mt. Nansen quartz-feldspar porphyry dykes.

Mineralization comprises a regionaI. trend of gold- and copper- bearing porphyry

deposits, interspersed with a large number of polymetallic vein prospects. aligned along

the Big Creek Fault. Locally. both polymetallic veins and porphyry dykes are also aligned

in northwesterly-trending directions and probably follow small parallel structures.

Ore sanlples collected for this study are. for the most part. from vein deposits in

the Mt. Nansen camp. the Freegold Mtn. camp and the Prospector Mtn. area. Typical ore

assemblages includc. in arder of decreasing abundance. pyrite, galena. sphalerite. and

chalcopyrite. with variable amounts of arsenopyrite. tetrahedrite-tennantite. boulangerite.

jamesonite. proustite-pyrargyrite. and hematite. Gold is typically refractory in pyrite and

arscnopyrite. The widespread occurrence of this assemblage suggests that many of these

\'cins are genetically related. Local differences in mineraJogy appear to reflect differences

in the host rocks. which range from the Basement Metamorphic Complex through to the

Lower Carmacks Group.
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The porphyry deposits are characterized by disseminated and veinlet pyrite and

chalcopyrite. as weIl as of supergene copper oxides and sulphides. Porphyry-style

mineralization in the southern Dawson Range is hosted almost exclusively by Mt. Nansen

Lluartz-feldspar porphyry stocks and granodiorites of the Dawson Range Batholith /

Klolassin Suite. An important exception is the Casino porphyry deposit (northwest of the

study area) \vhich has a well-constrained age of 70 NIa (Godwin. L976). indicating that

Carmacks intrusions also host porphyry-style mineralization.

3.3 Volcanic Suites and Porphyry Dykes

Il is reasonable to assume that Dawson Range gold mineralization is related

~p;J.tially ;J.nd temporally to either the ~It. Nansen or the Carmacks magmatic suites. as the

deposits are intimately associated with porphyry dykes and because these magmatic

cvents provided sources of heal at the lime of eruption.

A compilation of available age determinations for the two magmatic suites (Table

3.1 ) indicates that while Carmacks volcanic and intrusive samples record a consistent Late

Cretaceous age of 70 ± 4 Ma. .\'Il. !\"ansen volcanic and subvolcanic rocks show a bimodal

distribution of ages. Unaltered Ml. Nansen samples taken from areas that do not hast

Known mineralization. and altered samples that have been dated by V/Pb methods give an

a\"erage age of 105 ± 3 ~la. Geological field relationships support this mid-Cretaceous

age for the Mt. Nansen suite (Carlson. 1987). By contrast. altered Mt. Nansen samples. or

samples found at the Ml. Nansen mining camp. yield ages ranging from 94 to 61 Ma.

These Late Cretaceous dates are imerpreted to indicate of partial resetting due to the

alteration of these rocks. ralher than the crystallization ages (Carlson. 1987; McInnes et

al.. 1988 ,. The KIAr technique used for the bulk of the samples is interpreted ta date the

formation of sericite during hydrothermal alteration. while the V/Pb technique dates

magmatic zircons. which are resistant to alteration. The dates of the altered Mt. Nansen
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dykes approach the age of the Carmacks suite. The implication of these dates is that a

regional hydrothermal event of Late Cretaceous age related to Carmacks igneous activity

altered the Mt. Nansen porphyritic dykes and formed precious and base metal mineralized

veins in aIl lithologies aider than the Upper Carmacks volcanic unit.

The question that arises is whether one is confident in assigning rocks with Late

Cretaceous dates to the mid-Cretaceous Mt. Nansen Group rather than to the Carmacks

Group. These two volcanic suites have similar caIc-aikaline characteristics but can be

distinguished in the Dawson Range on the basis of potassium content (Fig. 3.3). The Mt.

~ansen Group is a high-K. caIc-alkaline volcanic suite which trends to high silica values.

while the Carmacks volcanic Group is a shoshonitic suite that does not attain the evolved

compositions of the felsic menlbers of the Mt. Nansen suite. Furthermore, the lava

compositions of the Carmacks suite extend to higher Mg values than those of the Mt.

Nansen suite (Fig. 3.4). It should be cautioned, however, that this distinction between the

Carmacks and the Mt. Nansen suites on the basis of potassium is only applicable to

Carmacks rocks in the Dawson Range. Carmacks rocks occurring in the Dawson City

area to the north and the Miners Range to the south do not exhibit a shoshonitic character.

and are indistinguishable from the Mt. Nansen suite on a K20 against SiOl or MgO

diagram.

In generaL the dykes of the Mt. Nansen Group tend to be more felsic than those of

the Carmacks Group. and dykes of both suites are more felsic than the lavas. As there is

extensive overlap in the compositions of the subvolcanic members of the two suites

(including dykes and stocks), however. this criterion cannot be used as an effective

discriminant between dykes of the two groups in the field. Although Mt. Nansen dykes

ex tend to higher silica values than Carmacks dykes. the most evolved rocks of both suites

contain quartz as a major phase. ln generaI. the porphyritic dykes or stocks of the Mt.

Nansen Group contain quartz as a phenocryst phase equal in proportion to feldspar
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Figure 3.3 K20-Si02 plot of fresh volcanic and plutonic rocks of the Mt. Nansen

Group (black symbols) and the Carrnacks Group (grey shaded symbols).

Symbols: triangles - lavas~ circles - dykes and intrusive rocks. Potassium

field boundaries taken from Pecerillo and Taylor (1976). Additional data

from Carlson (1987), Mclnnes et al. (1988). and Payne et al. (1987).
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Figure 3.4 K20-MgO plol of ail volcanic and plulonic rocks of lhe Mt. Nansen and

the Carmacks Groups. Symbols as in Figure 3.3.
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(plagioclase and orthoclase), whereas the phenocrysts of the Carmacks dykes are

predominantly feldspar with few or no quartz phenoerysts. Matie phenocryst phases are

more common in the Carmacks Group, although this observation may be biased by the

fact that many of the samples of Mt. Nansen subvolcanic rocks were altered, and the less

numerous Carmacks dykes tend to be more mafic in composition. The most striking

observation is that it is difficult to distinguish the subvolcanic rocks of the Mt. Nansen

suite from those of the Carmacks suite in hand sample.

The "lavas" of the Mt. Nansen suite are typicaJly agglomerates. as is the lower unit

of the Carmacks suite. The Mt. Nansen agglomerate is a well-consolidated. heterolithic

rock with a bimodal population of felsie and more mafie fragments (Plate 3.1 a). In

contrast. the Carmacks agglomerate is a friable. monolithie rock consisting of andesitic

fragments (Plate 3.1 b). There are many different types of fragmentaI units in the lower

Carmaeks member. however. including agglomerates. mudtlows. and water-reworked

deposits. Any true mafic lava tlow may be recognized almost immediately as belonging

ta the Carmacks Group.

3.4 Alteration

Dykes and stocks spatially associated with mineralized veins in the southern

Dawson Range are invariably altered. many intensely. The main aJteration minerais

present in the altered dykes arc serieite (here used broadly to indicate either the fine­

grained K-mica muscovite or the Na-mica paragonite) and kaolinite (aiso possibly

pyrophyllite). ln addition to these ubiquitous miner~ls. there are variable amounts of

carbonate. recrystallized quartz. and. especially in mafie dykes. clay minerais such as

nontronite. Altered felsic porphyritie rocks retain quartz phenocrysts. although these are

generally more rounded than in fresh dykes. In thin section, a narrow reaction rim of fine­

grained recrystallized quartz typically surrounds each quartz phenocryst (Plate 3.ld).

Feldspar phenocrysts turn white with alteration, reflecting their new mica. clay. and
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Plate 3.1 a) Agglomerate from the lower Carmacks volcanic unit exposed at Miller's

Ridge north-east of the town of Carmacks. Sorne fragments have been

outlined for greaLer visibililY.

b) Mt. Nansen agglomerate exposed at Mt. Nansen above Discovery Creek.

Sorne fragments have been outlined for greater visibility.

c) Thin section of fresh Carmacks dyke (sample PR-26) under crossed

polarizers. The field of view is -5 mm. qtz - quartz~ K-fp - K-feldspar: plag ­

plagioclase.

d) Thin section of altered Mt. Nansen dyke (sample FG-I) under crossed

polarizers. The field of view is -2 mm. fp - feldspar: ser - sericite~ kaol ­

kaolinitc .
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carbonate mineralogy. Altered rocks are typically white to buff and have an extremely

tïne-grained matrix. in contrast to fresh samples that are typically pink in colour with

coarser-grained matrices. Mafic porphyritic dykes display the same general alteration

characteristics. with a lightening in colour due to alteration being the most striking

fcature. 1\1afic phenocrysts (amphiboles. pyroxenes and biotite) are altered to carbonate

and ivlg- or Fe-bearing clay mineraIs.

Analysis of chemical changes due to alteration is difficult to validate because

altered and fresh dykes cannot been sampled in close proximity to each other; in

mineralized areas dykes are invariably altered and no fresh equivalents rernain. This

problem is compounded by the wide range in magmatic compositions of both fresh and

altered dykcs. and the uncertainty that a fresh equivalent for each altered rock has been

samplcd. Established methods for quantitatively estimating chemical changes due to

alteration. such as Grant' s (1986) isochon method or that of ~1acLean and Kranidiotis

( 1987). require the identification of a fresh precursor rock.

In order to evaluate the chemical changes. which have occurred during alteration

of dykes adjacent to mineralization. it is necessary to consider the Mt. Nansen and

Carmacks suites separately. because the fractionation trends for the two series are quite

Jifferent (Fig. 3.5). While the Mt. Nansen suite defines a linear trend in plots of

aluminum versus other immobile elements. the Carmacks data are ambiguous with respect

to aluminum. In the Mt. Nansen rocks there is a continuous decrease in AI with

fractionation. reflecting the fact that feldspar is a phenocryst phase even in the most rnafic

rocks. The behaviour of Al in the Carmacks lavas is controlled by the appearance of

fcldspar as a phenocryst phase. where AI rises with fractionation until the point at which

feldspar begins ta cryslallize. after which AI decreases with continued fractionation .
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Figure 3.5 Ti02-AI:!O:; plot showing fractionation trends for Mt. Nansen and

Carmacks Groups. Symbols as in Figure 3.3 .
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3.4.1 Mt. Nansen Dykes

The well-behaved AI trend in the Mt. Nansen rocks allows the aJteration of

Mt. Nansen dyke rocks to be studied quantitatively. As seen in Figure 3.5. aluminum

appears to behave as an immobile element during alteration. as weIl as monitors

fractionation in the Mt. Nansen suite. Fresh and altered rocks fall on the same trend.

indicating that AI and Ti were not affected by alteration. Implicit in this interpretation is

that not only were AI and Ti immobile but also that there was no significant change in the

overall mass during alteratian. Plots of mobile elements against AI can therefore be used

lo distinguish between the effects of alteratian and those due ta crystal fractionation.

The lan!Cst chemical chanQ:e durin2 alteration is in sodium. which has underQ:one- ...... - ....

cxtreme depletion in the intensely altered samples (Fig. 3.6). These samples retain no

texturai e\"Ïdencc of their primary magmatic mineralogy. On the basis of this natural

hreak in sodium values wc filtered the data for Mt. Nansen dyke samples ioto two Na

groups (Fig. 3.6): an altered group with less than 0.5 W1. Çé Na. and a fresh group

containing over 3 wc 9é Na. Grouping the data in this fashion enabled us ta identify

changes in other elements in the altered rocks. assuming that Al remained constant during

alleration. Potassium shows a slight decrease in many altered samples. although a few

appcar ta ha\"c undergane K addition. and the overall change is small. The parallel

uecrcasc in calcium content with aluminum concentration retlects fractionation in the Mt.

Nansen suite. but the most altcred samples also clearly show calcium depletion. Silicon is

unambiguously addcd in ail altered samples. retlecting the ubiquitous silicification

cvident in thin section.

Magnesium and iron are not consistent 10 their behaviour during alteration.

although their relative changes are consistent with the degree of fractionation. At the

mafic end of dyke compositions (i.e. those with higher aluminum contents) iron and

magnesium appear slightly depleted during alteration. while in the more felsic samples

these two elements are enriched. To summarize. in altered Mt. Nansen dykes proximal ta
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mineralization. Na is extremely depleted. Ca is depleted. K is generaHy somewhat

depleted. Si is added. and Mg and Fe are depleted in mafie dykes and enriched in felsie

dykes. relative to their fresh equivalents.

The lead. copper. and. to a lesser extent. zinc data (Fig. 3.7) for the altered Mt.

:'\ansen dykes show considerable scaner. but suggest a slight overall depletion relative ta

fresh Mt. Nansen dykes. Arsenic and antimony. known ta be present in appreciable

concentrations in mineralized veins. display an unambiguous enrichment in aH the altered

Jykcs.

3.4.2 Carmacks Dykes

The Carmacks dyke swarm is less extensive than the Mt. Nansen dyke swarm. and

rclatively fcw Carmacks dykcs have been found in mineralized areas. Most of the felsic

Carmacks dykes are the intrusive roeks of the Prospector Mtn. pluton. and the few altered

dykes found in mineralized areas aIl have basaltic to andesitic precursors. Altered dykes

in the Carmacks suite are recognized petrographieally by the development of serieite. clay

and carbonate alteration mineraIs. and are characterized chemically by extreme sodium

Jcpletion.

A 7 metrc-wide Carmacks basal tic dyke. sampled in DDH 95-151 on the Mount

:'\ansen prapeny. displays il range of alteration. thereby enabling a quantitative evaluatian

of the chemical changes due ta alteration. The dyke is relatively fresh close to one af its

margins (Mr\ 95-33 J. somewhat altered (MN 95-34) in its interior. and intensely altered at

thl: opposite margin (M~ 95-35 J. immediately adjacent ta a mineralized veine These three

...ample ... represent a suite for which chemical changes due to alteration associated with

mineralization can he confidently evaluated. because uniform initial composition and

emplacement age are assured.

63



•

•

Figure 3.6 Major element oxides plotted against alumina to emphasize mass changes

due to alteration for the rvlt. Nansen suite. Symbols: open triangles ­

lavas: solid circles - unaltered dykes; shaded crosses - altered dykes .
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Figure 3.7 Base metaIs plotted against alumina to show mass changes due to

alteration for (he Mt. Nansen Group. Symbols as in Figure 3.6.
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For this dyke the method of mass change calculation described by MacLean and

Kranidiotis (1987) and MacLean (1990) was utilized to quantify the changes in the twa

altered samples relative to the freshest sample (Figs. 3.8 and 3.9). [n this method the

masses of elements in the altered samples are recalcu1ated to the concentration of a

monitor immobile element in the fresh sample. Aluminum was chosen as the monitor

hecause it is a major clement and therefore nol subject ta nugger effecls. because it is

known to be relatively immobile during alteration (MacLean. 1990). and for consistency

with the preceding approach used for Mt. Nansen samples.

The results for the Carmacks dyke are similar to those for the Mt. Nansen dykes.

:\a shows a strong depletion in both altered samples. as does Mg and to a lesser degree K.

Ho\\'c\'cr. the concentration of Si is essentiaHy constant. while Fe is enriched. Ca is

dcpletcd in the slightly altered dyke sample. but enriched in the intensely aItered sample.

Ore metais arc consistently enriched in the inlensely altered sample. [n the slightly altered

dyke sample. however. Pb. Cu and Zn are somewhat depleted. but As and Sb are strongly

enriched.
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Figure 3.8 Mass changes of major element oxides due to alteration of a Carmacks

dyke following the method discussed in text. Slightly altered sample MN

95-34 (shaded) and strongly altered sample MN 95-35 (solid) are plotted

\Vith respect to unaltered sample MN 95-33 (baseline).
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Figure 3.9 Mass changes in base metal concentrations resulting from alteration of a

Carmacks dyke. Colours and technique as in Figure 3.8.



•

•

500

400 -

300 -
(1)
C)
c::
ca
~

() 200 --

en
en
ca
~

~ 100 -

0

o

-100

Sb



CAHMACKS HVDROTHERr.tAL EVEf.n: ALTERATIO~1 Sruov

• 3.5 Discussion

•

The most significant chemical change that accompanied a1teration in both suites of

altered dykes is an extreme depletion in sodium. This may be rcadil)' explained by the

leaching of sodium released during feldspar breakdown by a hydrothermal fluid

undersaturated with respect to sodium. Preliminary tluid inclusion data indicate a low

salinity for the mineralizing tluid. Fresh dyke rocks are rich in feldspar. both as a

phenocryst phase (Mt. Nansen) and as a groundmass minerai (Carmacks). and the most

Cl>mmon alteration minerais arc sericite and kaolinite. The chemical change taking place

LÎuring alteration may be represented by the reactions:

3 NaAISi30x + 2 H- (aq.) -. NaAI 3Si30 IO(OHb + 6 SiO:! + 2 Na- (aq.J

albite paragonite quartz

2 NaAhSi30 IO(OHb + 2 H'" (aq.) + 3 H20 -. 3 AI2Si:!O)(OH)~ + 2 Na~ (aq.)

paragonite kaolinite

Equivalent reactions involving K-feldspar and muscovite may explain the slight depletion

in K abserved in both suites of altered dykes because orthoclase and/or anorthoclase

typically alters ta muscovite and then to kaolinite under acidic conditions.

Potassium is an important eIement to consider in evaluating the aIteration. for two

important reasons. Firstly. because we have shown that alteration and mineralization

\Vere contemporaneous with shoshonitic Carmacks magmatism. the behaviour of K during

al teration may provide an indication of the nature of circulating hydrothermal tluids.

\ilagmatic water derived from a shoshonitic magma might be expected to be richer in K

than typical meteoric water. As K is slightly depleted in the altered dykes of both suites.

the hydrothermal tluid rcsponsible for alteration and mineralization could have been

LÎominantly meteoric. or undersaturated with respect to K. Secondly. because the

chcnlical classification between the Carmacks and Mt. Nansen suites is based upon
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potassium. significant K change would render this criterion useless for classifying altered

rocks. Since the K change estimated for both suites of aJtered dykes is less than 20% for

ail but the most altered Carmacks sample (MN 95-35). however. by their K content

Carmacks dykes can be readily distinguished from Mt. Nansen rocks.

Although the alteration of Mt. Nansen and Carmacks dykes was similar in terms

of the behaviour of alkalis. other elements behaved differently in each suite. For example.

Si is enriched in altered Mt. Nansen dykes. but is slightly depleted in the most altered

Carmacks dyke. Conversely. Ca was depleted during alteration of Mt. Nansen dykes, but

I.:llriched in the most altered Carmacks dyke. In altered mafic Mt. Nansen dykes. Fe and

\1g are depleted. while in the altered felsic Ml. Nansen dykes. these two elements are

enriched. [n the altered Carmacks samples (aIl mafic). Mg is leached. but Fe is slightly

enriched.

No Mt. Nansen dykes were sampled immediately proximal to a minera1ized vein.

as was the case for the intensely altered Carmacks sample MN 95-35. Thus. the Mt.

:\ansen altered samples are better compared with the slightly altered Carmacks dyke

sample MN 95-34. retlecting interaction with a mineralizing fluid distal to areas of ore

Jcposition. The mass changes estimated for the altered Mt. Nansen samples are the same

as those calculated for Carmacks sample MN 95-34. with the exception of that for Fe.

Comparison between Mt. Nansen samples and Carmacks sample MN 95-34

bccomes particularly significant when assessing the changes in ore metaIs resulting from

alteration. [n the Mt. Nansen dykes. Pb. Zn, and Cu are depleted during alteration. and As

and Sb are highly enriched. Except for As and Sb. ore merals in the Carmacks dyke are

dcplcted in the slightly altered sample of the Carmacks dyke. but enriched in the most

altered sample directly adjacent to the mineralized vein. It is possible that the tluid

responsible for mineralization has leached Pb. Cu and Zn from the dyke and deposited

them in the adjacent vein. The consistent enrichment in As and Sb with alteration•
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however. indicates that these elements were introduced by the hydrothermal fluid and

were not leached from the precursor dykes. The fact that Au and Sb are transportable

LInder similar conditions by hydrothcrmal solutions may indicate that the Au was aiso

introduced by the hydrothermal tluid (Williams-Jones and Normand. 1996).

3.6 Summary and Conclusions

The results of this study suggest that there is a genetic relationship between

Carmacks magmatism. altcr..llion and gold mineralizalion in the southem Dawson Range.

\lineraJization in the form of precious- and base-metal veins and gold-capper porphyries

is abundant in aIl rock units aider than the upper Carnlacks in the southern Dawson

Range. particularly in the areas of Mt. Nansen. Freegold Mtn. and Prospector Mtn. This

area is noteworthy for its large concentration of porphyry dykes and stocks, many in areas

of intense altcration. The dykes have generally been ascribed to the Mt. Nansen

magmatic suite. but it is now evident thm dykes of Carmacks affinity are present in the

same locations. aJbeit in smaller numbers.

Lavas. dykes and stocks in the southern Dawson Range may be identified as

belonging to either the Mt. Nansen or the Carmacks magmatic suites on the basis of their

potassium content. The Carmacks Group is a shoshonitic suite while the Mt. Nansen

Group is a high-K calc-alkaline suite. The Carmacks lavas extend to higher Mg contents

than the Ml. Nansen suite. while the Mt. Nansen suite extends to relatively higher Si. The

most matÏc Mt. Nansen rocks are only andesitic in composition. while the Carmacks suite

èxtends 10 primitive magnesian basaIts.

The Mt. Nansen suite is well-constrained to a mid-Cretaceous age of 105 Ma.

while the Carmacks suite is a 70 Ma. Late Cretaceous event. ALtered Mt. Nansen dykes

have been dated at between 94 and 61 Ma. and previous studies have explained these

altered rocks in terms of a second Mt. Nansen evenl (Carlson. 1987; Mc[nnes et al..
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(988): however we attribute these young ages to the reseuing of Mt. Nansen ages by a

Carmaeks-age hydrothermal event that \Vas responsible for much of the mineralization in

the southem Dawson Range. The close spatial relationship between mineralized veins and

Mt. Nansen dykes appears to be fortuitous because a1teration of these dykes. and thus

mineralization. is a Late Cretaceous. Carmacks event.

This relationship may only be true for vein mineralization. however. as il is

appears that porphyry-style mineralization in Mt. Nansen stocks is a Mt. Nansen event

(Sawyer and Dickinson. 19Î6~ tluid inclusion study in progress). Carmacks intrusions

also host porphyry-style mineralization. and beeause Mt. Nansen porphyry stocks appear

to have been altered by the Carmacks hydrothermal event. the exact relationship between

vein and porphyry mineralization must be examined in more detail. The strong Na and

slight K depletion of altered Mt. Nansen and Carmacks dykes contrasts with the typical

K-rich alteration assoeiated with porphyry copper mineralization (Beane and Titley.

1981), and may provide a basis for e\"aluating the Dawson Range mineralization as

representing a possible "porphyry copper to epithermai transition" type system (Cyr et al..

1984: Panteleyev, 1986: Schroeter and Panteleyev, 1986).

The most significant change due to aiteration in the dykes of both suites is an

cxtreme loss of sodium. mineralogically represented by the replacement of feldspar by

serieite and clay mineraIs. This Na deplelion is an effective guide to identifying areas of

intense alteration and therefore proximal nlineralization. Other eommon changes include

addition of Si and a variably small depletion of K. Altered dykes display general

depletion in Pb. Zn and Cu, suggesting that these elements were mobilized during

altcration for subsequent deposition in base metal veins. As and Sb are greatly enriched

in aIl altered dykes. and are likely to have been introduced together with gold by

hydrothermal solutions responsible for the mineralization .
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Appendix 3.1 Representative chemical analyses of the Mount Nansen group

Mt. Nansen Group
MN-52

Fresh Dyke
Mt. Nansen

386840
6886675

8

SR-1
Fresh Dyke

-Smoky Ridge"
367140

6926410
8

FG-1
Artered Dyke
Freegold Mtn.

388610
6908600

8

MN 95·31
Altered Dyke
(DDH 95-151)

387455
6881700

8

10.96
1.84

20.12
7.29
1.30
0.38
1.22
0.22
1.02
0.22
0.57
0.10
0.56
0.08

•

MaJor Elements ln wt. % liRF -Mcalil University)
Si02 55.54 63.52 63.71 n.32 n.70
Ti02 1.08 0.65 0.64 0.08 0.06
Al203 17.57 15.54 16.27 13.19 14.73
FeO 8.14 5.34 3.91 0.33 0.39
MnO 0.17 0.09 0.07 0.01 0.01
MgO 3.89 3.31 1.92 0.05 0.22
CaO 7.69 5.08 3.51 0.66 0.01
Na20 3.48 2.62 4.59 3.42 0.02
K20 1.7é 2.60 3.32 4.82 4.28
P205 0.21 0.12 0.29 0.02 0.02
LOI 0.27 0.85 1.24 0.40 2.11
Total 99.80 99.71 99.47 100.30 99.55
Trace Elements in ppm (Ba, Rb, Sr, Y, Zr, Nb, Cr, Ni by XRF McGiII, others by ICP-MS)
Ba 1146.0 1108.0 1834.0 437.0 1171.0
Rb 42.6 81.1 100.8 233.8 154.0
Sr 677.0 319.5 733.1 62.3 17.3
Sc 26.0 19.0 9.0 0.0 3.0
Y 23.2 24.5 14.7 24.4 11.7
Zr 112.1 173.9 194.3 57.6 46.8
Nb 6.5 98 12.4 21.6 12.3
V 223.0 116.0 67.0 7.0 0.0
Ta 0.0 0.0 0.9 0.0 0.0
Hf 3.6 0.0 4.8 3.3 4.3
Th 0.0 0.0 12.0 22.2 8.3
U 0.0 0.0 3.1 2.4 3.5
Pb 10.0 0.0 10.0 24.9 0.0
Cu 29.0 28.0 26.0 25.0 20.0
Zn 122.0 93.0 97.0 44.0 54.0
Cr 17.1 89.6 44.5 0.0 0.0
Co 21.0 10.0 10.0 0.0 5.0
As 3.2 2.2 7.9 0.0 88.2
Sb 0.0 1.1 6.0 0.0 0.0
Rare Earth Elements in ppm (ICP-MS - Activation Laboratories Lld.)
La 0.00 0.00 42.07 10.18
Pr 0.00 0.00 7.21 2.00
Ce 53.00 0.00 75.14 19.59
Nd 000 0.00 32.95 7.90
Sm 0.00 0.00 5.28 1.52
Eu 000 0.00 1.49 0.48
Gd 0.00 0.00 3.81 1.65
Tb 0.00 0.00 0.52 0.33
Dy 0.00 0.00 2.50 1.95
Ho 0.00 0.00 0.41 0.57
Er 0.00 0.00 1. 14 1.43
Tm 0.00 0.00 0.15 0.29
Yb 0.00 0.00 1.02 1.64
Lu 0.00 0.00 0.15 0.24
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68.07
0.38

15.01
3.11
0.07
1.10
2.00
0.02
2.58
0.11
6.54

99.00

1831.0
80.5
41.3
4.0
17.5

193.5
9.7

37.0
0.6
5.2

32.0
4.1

28.0
46.0
71.0
4.8
10.0
26.3
28.1

67.63
9.66

108.10
37.00
4.62
1.12
3.95
0.50
2.55
0.52
1.50
0.26
1.53
0.29
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Appendix 3.2 Representative chemicaJ analyses of the Carmacks group

26.33
5.52

50.08
26.65
5.29
1.53
4.60
0.70
3.84
0.74
2.12
0.30
1.95
0.31

48.20
o.n
14.24
8.19
0.28
2.n
6.30
0.21
2.30
0.35
14.95
98.56

1878.0
69.1
155.9
20.0
24.1
125.3
8.2

149.0
0.3
3.2
6.8
2.2

25.0
68.0

309.0
238.8
32.0
20.S
36.7

MN 95-35
Allered Dyke
(DDH 95-151)

387455
6881700

8

28.04
6.06

54.43
29.18
5.61
1.61
4.81
0.74
4.20
0.78
2.25
0.33
2.05
0.34

MN 95·34
Altered Dyke
(DDH 95-151)

387455
6881700

8

MN95~3

Fresh Dyke
(DDH 95-151)

387455
6881700

8

PA·26
Fresh Dyke

Prospector Mtn.
354125

6926375
8

Carmacks Group

Major Elements ln wt. % llRF. MCGI" University)
Si02 60.35 50.55 64.78 51.62 52.73
Ti02 0.84 0.71 0.61 0.78 0.83
AI203 16.81 10.70 16.22 15.04 15.32
FeO 4.99 7.80 3.88 7.27 7.86
MnO 0.25 0.15 0.08 0.16 0.17
MgO 1.43 15.85 1.58 5.71 2.39
CaO 1.93 6.42 3.13 5.92 4.66
Na20 1.53 2.05 3.72 2.72 0.44
K20 10.34 2.88 3.94 3.95 3.49
P205 0.34 0.45 0.26 0.36 0.38
LOI 0.31 1.96 1.31 5.59 10.99
Total 99.13 99.52 99.50 99.12 99.26
Trace Elements in ppm (Ba. Rb. Sr. Y. Zr. Nb. Cr. Ni by XRF McGiII. others by ICP.MS)
Ba 1959.0 1493.0 1609.0 3359.0 2021.0
Rb 366.7 74.1 163.0 109.8 97.7
Sr 321.2 527.4 540.6 768.2 166.8
Sc 0.0 19.0 0.0 17.0 26.0
V 21.5 17.3 17.7 23.3 25.4
Zr 247.3 105.4 209.6 145.1 135.9
Nb 24.1 7.9 14.9 6.7 8.5
V 93.0 144.0 64.0 141.0 172.0
Ta 2.0 0.0 1.3 0.4 0.6
Hf 6.1 2.0 5.7 3.4 3.4
Th 24.9 0.0 18.8 8.2 7.4
U 9.2 0.0 7.7 2.5 2.0
Pb 254.0 7.4 51.0 23.0 16.0
Cu 61.0 82.0 SO.O 63.0 52.0
Zn 150.0 110.0 126.0 154.0 135.0
Cr 14.4 1092.0 13.7 190.9 242.9
Co 6.0 48.0 S.O 22.0 11.0
As 7.3 3.S 12.3 1.3 3.4
Sb 6.4 0.0 8.1 8.8 17.9
Rare Earth Elements in ppm (ICP-MS - Activation Laboratories Ltd.)
La 40.88 0.00 37.39 27.38
Pr 6.44 0.00 6.29 5.83
Ce 70.78 48.00 66.47 52.72
Nd 27.46 0.00 28.24 27.38
Sm 4.72 0.00 4.61 5.48
Eu '.19 0.00 1.28 1.71
Gd 3.n 0.00 3.87 4.65
Tb 0.57 0.00 0.56 0.73
Dy 3.12 0.00 2.83 3.80
Ho 0.60 0.00 0.52 0.73
Er 1.81 0.00 1.51 2.08
Tm 0.28 0.00 0.23 0.30
Yb 1.74 0.00 1.40 1.99
Lu 0.29 0.00 0.23 0.31
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Bridge to Chapter 4

In the previous chapter. the Mount Nansen and the Carmacks volcanic groups

\vere distinguished on the basis of petrography, major and trace element geochemistry,

and ages. The alteration of country rocks in the vicinity of gold mineralization was

shawn to be characterized by an extreme depletion of Na+, which could be a useful

exploration guide in this area. Ar dating showed that the ages of the Mount Nansen rocks

in the vicinity of gold mineralization were thermally reset to that of the Carmacks group.

Chapter 4 pursues the possible role of the Carmacks magmatic event in the

regional goId metallogeny of the Dawson Range with a study of epithermal gold veins

thenlselves. Fluid inclusion microthermometry. decrepitate analyses. gas

chromatography. and stable isotope data are presented. along with sulphur and lead

isotopie analyses of base metal sulphides. These data are brought together in the

formulation of a cohesi ve Au metallogenic model for the Dawson Range.
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Chapter 4
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The southem Dawson Range of the south central Yukon contains a series of

structurally controlled epithermal veins hosted by lithologies ranging from Proterozoic

metasedimentary assemblages to Late Cretaceous volcanic rocks. Two volcanic suites are

present in the area: the 105 Ma Mount Nansen group and the 70 Ma Carmacks group,

bath of which also hast smaII Au-Cu(+Mo) porphyry deposits.

The epithermal vems are dominated by base metal sulphides in the paragenetic

sequence: pyrite, arsenopyrite. sphalerite, chalcopyrite. gaiena, enargite. (sulphosaIts).

and tetrahedrite. Gald occurs predominantly as submicroscopic inclusions within a

variety of sulphide mineraIs. Fluid inclusion microthermometry, decrepitate analyses,

and gas chromatography indicate that the mineraIizing hydrothermaI fluid had an average

salinity of 5.8 wt.% NaCl equiv. (2-16 wt.%), was Na+-dominated with lesser K+ and

Ca2
-. had cr and 5 20 concentrations of appraximately 0.99 m and 0.20 nt, respectively,

and was moderately CO2-rich (0.6- 1.4 mol. %), and that the deposition of ore minerais

occurred at a temperature of approximately 300°C (210-380°C). The oxygen and

hydrogen isotopie composition of inclusion fluids indicate that the tluid was dominantIy

meteoric, and evolved through interaction with country rocks (Ô
180 =-15.0 to -5.0%0; ôD

= -85 to -108%c). A small magmatic fluid contribution is suggested by a small proportion

of samples with heavier Ô180. and the relatively high temperature, salinities, LS, and CO:!.

The fluids from inclusions in vein ore have significantly heavier ôD than present-day

meteoric water in the Dawson Range. suggesting the possibility of significant northward

motion since their formation. 5ulphur isotopic values (Ô
34S =-2.4 to +0.2 %c) suggest an

igneous or magmatic sulphur source, and the isotopic composition of Pb in galenas is

similar to the initial whole rock values of the Carmacks volcanic group. The log f02 and

pH conditions of mineralization are interpreted to have been between -34 and -36, and <5,

respectively. The fluids are thought to be part of a regional hydrothermal event related to

the Late Cretaceous Carmacks volcanic group.
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The Dawson Range veins differ from typicaJ lo\\' sulphidation epithermal deposits

in the presence of high sulphidation ore mineraIs such as enargite. tennantite. and barite.

alteratian mineraIs such as sericite and clay with little ta no adularia. and tluids with low

pH. high 1:S. and moderately high CO:!. characteristics which ma)' be attributed ta the

contribution of fluids from the shashanitic Carmacks volcanic group. Amadei is

proposed \vhereby acid hydrothermaI tluids driven by the emplacement of the Carmacks

group resulted in sericitic and argillic aIteration. triggering the deposition of numerous

gold- and base metal-rich epithermal veins that are transitianal between classic low and

high sulphidatian types. The depositian of base metaI sulphides is interpreted ta have

been caused by an increase in pH due ta the consumption of H+ during sericitic and

argillic alteration of the hast rocks. This deposition of base metaI mineraIs reduced the

~S. which destabilized gald bisulphide complexes (the dominant farm of soluble Au),

lhereby causing the precipitation of native goId.

4.1 Introduction

The Dawson Range gold be1t is a northwest-trending series of gold-rich

epithermaI vein deposits. copper-gold porphyry deposits. minor skams. and extensive in­

silU (LeBarge, 1995) placer deposits. that stretch for approximately 100 kilometres

parallel to the Big Creek faull. northwest of Carmacks. in the south-central Yukon (Fig.

-L 1J. Important epithermaI vein deposits in this belt have been exploited by the Mount

~ansen and the Laforma goId mines. Other significant epithermal deposits include the

Tawa. Tinta Hill. Emmons Hill and Frog prospects. These deposits share a common

geological setting. and are mineralogically similar. suggesting that they represent a single

rnctallogenic event. Although uneconomic. porphyry Cu-Au deposits such as Revenue.

Nucleus. and Cash. along the southwest side of the Big Creek fault. and Cyprus at the

~1ount Nansen camp. are noteworthy in their close association with. but uncertain

relationship to the epithermal deposits. Recent exploration has focussed mostly on the
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Figure 4.1

EPITHERMAL METALLOGErIY

Geological setting and gold prospects of the southem Dawson Range.

Yukon. simplified from Carlson (1987) and Payne et al. (1987). Indicated

are the three exploration camps. Mount Nansen. Freegold Mountain. and

Prospector Mountain. and all vein and porphyry deposits or prospects in

the acea (Yukon Minfile. 1996).
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northernmost Casino Cu-Mo-Au porphyry deposit. outside the present southern Dawson

range study area.

Although most of the deposits of the Dawson Range have been described in sorne

detail. and sorne have becn studied geochernically, there has been no previous attempt to

develop a comprehensive metallogenic model. Sorne of the prerequisites to

understanding Au metallogenesis in the Dawson Range are establishing the relationships,

if any. among the various vein deposits. between the epithermaI deposits and the

porphyry depasits. and between mineralization and volcanism. The purpose of this study

is ta characterize the nature of the epithermaI vein deposits of the southem Dawson

Range. and to establish their arigin. using the following as representative exarnples: from

south to north. the Huestis and Tawa deposits of the Mount Nansen camp. the Tinta Hill

and Emmons Hill deposits of the Freegold Mountain camp. and the Frog deposit at the

Praspector Mountain camp.

The epithermal veins of the southern Dawson Range have mineralogicai and

alteration characteristics rnost similar to the adularia-sericite (Hedenquist et al.. 1996;

Hayba et aL. 1985; Heald et al. 1989). or low-sulphidation. type of epithermal deposit.

Certain ore. alteration. and fluid characteristics of the deposits. however. suggest that they

may be transitional between low-sulphidation and high-sulphidation types. The

epithermal veins of the sauthem Dawson Range differ a~ a group From typical adularia­

sericite deposits in that adularia is generally absent. while argillic and sericitic alteration

is well-developed. and in the occurrence of sorne high-sulphidation state minerals, the

sulphide-rich character of the veins. as weil as in the chcmistry of the ore-forming fluid.

The sulphide mineraIs comprise. in general order of abundance. pyrite, galena. sphalerite,

and chalcopyrite. and varying proportions of arsenopyrite and sulphosalt mineraIs (mainly

Sb-bearing). Gold is reported to occur most commonly as submicroscopic inclusions in

severaI of the sulphide minerais (Saager and Bianconi. 1971; Mclnnes et aL. 1990;

Glasmacher. 1990: Hart and Langdon. 1998). The deposits are hosted by a wide variety

of host rocks. including Protcrozoic-Paleazoic metasedimentary rocks. lurassic to
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Cretaceous plutons. and Late Cretaceous andesitic to basaltic tuffs and flows. Sericitic.

silicic. argillic and rare potassic alteration has been noted surrounding the vein

mineralization.

Previous researchers have investigated sorne of the epithermal deposits. Mclnnes

( 1987) and McInnes et al. ( (990) described the geology and geochemistry of the Laforrna

deposit of the Freegold Mountain camp (Fig. 4.1) and concluded that goid and minor base

melal nlÎneralization in quartz veins was emplaced in a boiling system genetically related

to subvolcanic porphyry dykes of the Mount Nansen vo1canic group. Glasmacher (1990)

mode lied the Frog deposit at the Prospector Mountain camp as the product of a rneteoric­

magrnatic tluid system derived from and caused by the extrusion of the Carmacks

\'alcanic group. Hart and Langdon (1998) described the geology of the Mount Nansen

vein-porphyry system and attributed both styles of mineralization to the intrusion of

\1ount Nansen parphyry stocks. Most workers in the Dawson Range have attributed both

parphyry-style and epithermal vein mineralization outside of Carmacks group lithologies

ta the Maunt Nansen vo1canic event (Carlson, 1987: McInnes. 1987: Yukon Minfiie.

1996: Hart and Langdon, 1998). Johnston et a1. (1996). Srnuk et al. (1997), and Hart et

al. (1998). however. have suggested that the epithermal rnineralization may be related to

the Carrnacks vo1canic event based on evidence from hydrothermal alteration and

paleornagnetic data. In this study we present fluid inclusion and isotopic data that

characterize the geochemistry of the sulphide and goid rich epithermal system in the

soulhern Dawson Range. and suggest that a Late Cretaceous metallogenic event was

responsible for epithermal mineralization that was superirnposed on earlier rnid­

Cretaceous porphyry-style mineralization.

4.2 Geological Setting

The Dawson Range straddles the Yukon-Tanana and the Stikinia Cordilleran

lerranes. The Yukon-Tanana terrane comprises the pericratonic Kootenay terrane and the

Proterozoic to Paleozoic Nisling terrane. a metamorphosed passive continental margin
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sedimentary sequence. The Stikinia terrane consists of Devonian to Lower lurassic

platform carbonate rocks. island arc volcanic and volcaniclastic rocks. and comagmatic

plutons (Clowes. 1997). Paleomagnetic evidence consistently suggests that the Canadian

CordiIIeran terranes originated at considerable distances south of their present latitudes.

Umhoefer (1987), Wynne et al. (1998), Irving and Wynne (1990). and Engebretson et al.

(1985) have suggested that the northern CordiIIera was at the latitude of southem

California at 100-90 Ma. and has dislocated northwards a distance of sorne 2000 km by

about 55 Ma with respect to the North American continent.

The oldest rocks in the southern Dawson Range study area comprise the Paleozoic

to Proterozoic Basement Metamorphic Complex. a series of metasedimentary units

o\'erlain by schists and gneisses (Tempelman-Kluit and Wanless. 1980; Carlson. 1987;

Payne et al.. 1987). This package has been metamorphosed from greenschist to the lower

amphibolite facies. and comprises part of the Yukon-Tanana terrane. These rocks have

been inrruded by the 192 Ma Granite Batholith (Tempelman-Kluit. 1984). a foliated

diorite to granodiorite. and the 184 Ma Big Creek Syenite (Tempelman-Kluit. 1984;

Carlson. 1987). a plagioclase-hombiende-quanz (± potassium feldspar megacrysts)

monzonite. which together comprise the Big Creek Meta-Plutonic Suite of the Stikinia

[errane.

The earliest volcanic unit. which outcrops in the southern part of the field area. is

the mid-Cretaceous Mount Nansen group with high-potassium. calc-aJkaline affinities.

This (05 Ma (Tempelman-Kluit. 1984; Carlson. 1987; Hunt and Roddick. 1991; Smuk et

al.. 1997) unit consists of a coarse. weJl-consolidated. bimodal volcanic breccia. with

fragments of variably altered andesite and rhyolite in a fine-grained andesitic matrix. The

Mount Nansen group is metamorphosed to the greenschist facies. and Carlson (1987)

interprets the exposure as the roots of the volcanic system. implying a large degree of

erosion since mid-Cretaceous time. A coeval swarm of quartz- and feldspar-phyric

rhyolitic dykes are found throughout the study area (Smuk et al.. 1997). and have been

considered to be genetically related to epithermal and porphyry-style mineralization
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<Carlson. 1987; Mclnnes. 1987~ Yukon Minfile. 1996; Hart and Langdon. 1998). The

comagmatic Dawson Range Batholith ranges in age from 106 to 90 Ma (Tempelman­

Kluit and Wanless. 1975; LeCouteur and Tempelman-KIuit. 1976). and comprises at least

two distinct units. the prominent biotite-hornblende Casino Granodiorite. and the granitic

ta quartz monzonitic Caffee Creek Granite.

The Carmacks group is an extensive sequence of shoshonitic volcanics that has

been dated at 70 Ma (Stevens et al.. 1982: Grond et al.. 1984: Tempelman-Kluit. 1984;

Johnston. 1995: Smuk et aL. 1997). The Lower Carmacks unit is divided into a >500

metre-thick lowermost succession of andesitic volcanic breccias. tuffs. and minor thin

flows. and also includes minor mudflows and water-reworked deposits. This lowermost

unit grades upward inta a 500 metre-thick suite of interbedded andesitic to basaltic tuffs

and flows. The Upper Carmacks unit comprises a nearly flat-Iying series of thick.

oli"ine- and clinopyroxene-phyric ankaramite to basaIt flows (Johnston et aL. 1996;

Smuk et al.. 1997). A small volume of coeval intrusive rocks is represented by the

Prospector Suite. a granite plug exposed at Prospector Mountain. and the Casino

Intrusion. which hosts the Casino Cu-Mo-Au porphyry deposit (Godwin. 1976:

Tempelman-Kluit. 1984: Selby and Nesbitt. 1998) nonhwest of the study area. A swarm

of feldspar-phyric mafic to intermediate dykes also occurs throughout the study area.

albeit less frequently than the more felsic dykes associated with the Mount Nansen group

(Smuk et al., 1997). Based on its geochemical and paleomagnetic signatures. Johnston et

al. (1996) interpret the Carmacks group as the product of shaBow lithospheric melting

caused by the Late Cretaceous Yellowstone hotspot. The small Bow Creek Granite. a

biotite quartz monzonite to granite pluton. outcrops just nonh of Mount Nansen. and has

been tentatively correlated with the Carmacks group based on dates of 60 Ma (Carlson.

1987) and 85 Ma (Tempelman-Kluit. 1984).

The general structural fabric of the Dawson Range runs northwest by southeast.

paralleling the Tintina fault to the east and the Shakwak-Denali Trench ta the southwest.

The Big Creek fault is the largest structure in the Dawson Range. and has been interpreted
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as a normal fault \Vith the southwest side down (Carlson. 1987) that has also experienced

a dextral displacement of sorne 14 kilometres (Mclnnes. 1987). Numerous smaller faults

trending 130° (0 160°. also displaying both normal and dextral strike-slip motion

(Mc Innes et al.. 1988; Hart and Langdon. 1998) are prominent throughout the southem

Dawson Range, and host the majority of porphyry dykes of both volcanic groups as weIl

as mineralized veins. T\\'o other sets of nonheas(-trending (20° and 50°-80°). sinistrally­

displaced fauIts are aiso developed in the area and are aiso commonI)' associated with

Jykes and veins. There is also sorne evidence of northeast-trending (40°), POS(­

mineralization fall1ting (Anderson and Stroshein. 1998). The nllmerous mineral deposits

of the Dawson Range folio\\' a northwest linear trend along the southwest of the Big

Creek fault. and are offset slightly further to the southwest in the Mount Nansen camp.

4.3 Mineral Deposit Geology

Five epithermal vein deposits were sampled from three large exploration camps in

the southern Dawson Range. They are found in a wide range of host rocks. and represent

a small range in mineralization styles. These veins are the Huestis and Tawa deposits of

the ~lount Nansen camp. the Tinta Hill and the Emmons Hill deposits of the Freegold

Mountain camp. and the Frog deposit of the Prospector Mountain camp (Fig. 4.1).

Observations of the geology of the minerai deposits were restricted to those that could be

made on samples collected from muck piles at the deposits. as underground workings

were inaccessible. It was thercfore necessary to depend on reports of earlier researchers

for descriptions of the immediate geological setting to the deposits and host rock

alteratian.

4.3.1 Mount Nansen Camp

Huestis

The Huestis deposit forms part of the interconnected vein system of the Mount

~ansen trend (Hart and Langdon. 1998) that extends for approximately 12 kilometres in a
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northwest trending horst occupied by granodiorite of the Dawson Range Batholith and

schists and gneisses of the Basement Metamorphic Complexe Andesites of the Mount

~ansen group hast a small proportion of the vein prospects. Hart and Langdon (1998)

document extensive argillic (kaolinite. illite. and montmorillonite) and common phyllic

(sericite. quartz. disseminated pyrite) alteration in up to 10 m wide envelopes surrounding

epithermal veins of the Mount Nansen trend. The degree of alteration around veins was

round to reflect the host rock composition; granodiorite hast rocks are the most

t:xlensivcly altered. followed by andesites. and then the basement metamorphic rocks

(Han and Langdon. 1998 J.

The b~lse metal- and gold-rich Huestis quanz vein strikes 3200 and dips at 800 to

lhe northeast. and has becn traced for approximately 550 metres aJong strike and 400

metres down dip. Underground reserves have been calculated at 123.800 tonnes grading

1-+.1 g/t Au and 291 g/t Ag (Hart and Langdon. 1998). although anomalous grades of up

1O 246 g/t Au and 2226 g/t Ag have been reponed (Morin. (981). The plagioclase­

hornblende to amphibolite gneiss and feldspar mica schist hosting the Huestis deposit

(Anderson and Stroshcin. 1998) are altered from 1.5 to 15 metres (5-50 feet) away from

lhe vcin (Saager and Bianconi. 1971). but lack a consistent alteration zonation. This

alteration is dominantly sericitic and is characterized by sericite. quartz. pyrite. chlorite.

and carbonate. Argillic alteration is locally evident by the kaolinization of feldspars and

lhe blcaching of the host rocks. Silicification occurs immediately adjacent to the vein.

and sporadic zones of carbonate and epidote. while minor quartz. pyrite. and chlorite.

replace host gneisses distally.

The Huestis vein is a sulphide-rich. finely laminated to massive structure that is

locally brecciated. Three texturai types of polymetallic sulphide ore have been identified;

massive. laminated. and breccia. aIl displaying the same mineraI paragenesis (Fig. 4.2).

The massive ore is characterized by a ratio of sulphides to quartz of approximately 3: 1.

and is dominated by early euhedral arsenopyrite and sphaierite surrounded by grains of

later euhedral quartz. The sulphide-dorninant laminaled type is characterized by zones of
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Figure 4.2 Generalized paragenetic sequence of mineralization at the Huestis, Tawa,

Tinta Hill. Emmons Hill, and Frog deposits. Dashed lines represent

variable or minor occurrence. Specifie paragenetic sequences for each

dcposit are described in the text.
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altcrnating arsenopyrite-rich. sphalerite-rich. and tetrahedrite-rich ore on a mm- to cm­

scale. The brecciated type ore is cemented and veined by quartz and pyrite. with open

spaces being filled by late carbonate. Other phases within the Huestis vein include minor

interstitial gaJena partially replaced by tetrahedrite. boulangerite. jamesonite. zinkenite.

and chalcostibite. The Huestis vein also contains an unidentified euhedral bladed to

tïbrous Pb(±Fe. Ag)-Sb-sulphosalt possibly replacing the earliest phase enclosed 10

arscnopyrite and sphalerite. Semi-quantitative electron microprobe EDS analyses aiso

indicate the presence of severa! unknown Pb-(Cu)-Sb-(As)-suiphosait species in Huestis

ore san1ples. Sb typically predominates over As. although As occasionally equals or

excceds Sb. Sphalerite displays tine oscillatory zoning from a deep red to amber colour.

corresponding ta a compositional range from 17.0 ta 6.5 mol. o/é FeS.

Hart and Langdon ( 1998) found that between 10% and 25% of the Mount Nansen

gold occurs as free gold or eIectrum. mostly as grains within quartz as weB as associated

\\'ith pyrite. chalcopyrite and arsenopyrite. Anomalous concentrations of gold were

detected by electron microprobe WDS analyses of pyrite. while silver was found to be

concentrated within sulphosalts (up ta 10 mol.%). Saager and Bianconi (1971) report a

goId fineness of approximately 800 for the Mount Nansen deposit. Ag is reported to

occur in freibergite. galena and jamesonite. and Au to form smalI interstitial particles of

the native metai between or occurring as inclusions within galena. freibergite. jamesonite.

hournanite. sphalerite. pyrite. arsenopyrite. and gangue mineraIs (Saager and Bianconi.

1lJ71). Total siln:r la gold ratios average 20: 1 but range from ID: 1 to 200: 1 from vein to

'"cin (Hal1 and Langdan. 1998). Saager and Bianconi (1971) have also documented the

presence of freibergite. bournonite and stibnite in the Huestis veins.

Tawa

The Tawa depasit lies on the eastern tlanks of Mount Nansen. and is the inferred

Ilorthwesternmost extension of the Mount Nansen vein system that includes the Huestis

"cin to the southcaSl (Hart and Langdon. 1998). The Tawa veins are hosted by the Coffee
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Creek Granite and the Casino Granodiorite of the Dawson Range Batholith \vithin fault

zones trending 1100 to 140°. Saunders (1980) reports that the vein-fault zones dip steeply

to the northeast. while the Yukon Minfile (1996) reports a steep dip to the southwest.

indicating that the zones are nearly vertical. Assays have been highly variable along the

length of the vein system. but the best assays include 5.62 glt Au and 31.5 g1t Ag over 2.5

mctres. and 15.1 glt Au and 483.6 glt Ag over 1.8 metres (Yukon Minfile. 1996). The

host rocks have been subjected to strong argillie alteration (pervasive kaolinization of

feldspars (Saunders. 1980)) and minor phyllie alteration (serieite and pyrite). It is.

howc\"er. not known whether the argillic aJteration is of hypogene or supergene origine

Three ore types have been identified at the Tawa deposit: pyrite-rich quartz veins,

massive arsenopyrite-pyrite veins, and laminated polymetallie sulphide-rich veins.

Pyrite-rich ore consists of >509é early euhedraI pyrite, followed by large, euhedral quartz

grains. and laler interstitial chalcopyrite whieh was replaced by enargite (famatinite) and

lctrahedrilC. with minor covellite replacing aIl three. The massive ore consists primarily

of arsenopyrite and pyrite. followed by mlnor quartz. sphalerite with well-developed

chalcopyrite disease. gaIena. and chalcopyrite. and later tetrahedrite and enargite which

replace chalcopyrite. The banded ore i5 characterized by three coneentrie 5 em-wide

zones that contain the same mineraI species in the same paragenetie arder, but in different

proportions (Fig 4.2). The outer zone consists primarily of large, euhedral crystals of

arscnopyrite and pyrite. which grades into a finer-grained zone dominated by arsenopyrite

and pyrite. and then into a core zone dominated by sphalerite and galena. Quartz forms

large euhedral crysrals that deposited temporally between pyrite and galena, as weIl as

Iater. small crystals and veinlets enclosing minor pods of serieite. Sulphosalts are

generally absent in this deposit. although very minor concentrations of lare-stage

jamesonite may be present locally. Sphalerite contains coarse. irregular. red to arober

concentric zones. similarly to the sphalerite of the Huestis deposit. Gold was detected by

scmi-quantitative electron microprobe EDS analyses in tetrahedrite. although it probably

alsa accurs as inclusions in other sulphide mineraIs. as documented for the Huestis

Jepasit.
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4.3.2 Freegold Mountain Camp

Tinta Hill

The Tinta Hill deposit lies severaI kilometres east of Freegold Mountain. within

faliated and loeally gneissic granodiorite or quartz diorite of the Granite Batholith of the

Big Creek Meta-Plutonic Suite. The deposit comprises a series of quartz-sulphide veins

lhat occur in a near-vertical. narthwest-trending (300°) shear zone that is at least 3500

mctres lang <lNAC. 1990) and up ta 30.5 metres wide (Yukon ~1infile. 1996). The main

n:in is 0.9 to 1.8 rnetres wide. Reserves have been estimated at over 500.000 tonnes

grading 222.9 glt Ag. 4.1 g/t Au. 7.2 W1. c:'c Pb. 2.6 W1. Ck Zn. and 0.4 w1. % Cu (Carlson.

1987; Yukon Minfile. 1996). Aceording to Morin (1981). the host roek is argillically and

propylitically altered. whereas the Yukon Minfile (1996) reports weak potassic and

phyllie alteration envelopes around the veins. Tough (1981) deseribes intense alteration

in the vicinity of the main shear zone cansisting of pink K-feldspar. clay mineraIs.

sericite. chlorite. silica. and epidote. Based on samples collected from muck piles. the

dominant alteraLÎon mineraIs are sericite in the hast rock groundmass and kaolinite after

fcldspar.

ivlineralized vems from the Tinta Hill deposit comprise banded and sugary

massive texturaI types. Banded veins are by far the most common. and are characterized

hy coarse ore minerais. crack and seal veinlets. and cockscomb-textured quartz. Pyrite

and minor chalcopyrite deposited first in a band near the vein margins. followed by

quartz. which forms large euhedral crystals. Chalcopyrite was then partially replaced by

cnargite, galena precipitated after enargite, and both mineraIs were in tum replaeed

partially by tetrahedrite (Fig 4.2). The outer band grades inward ioto one in whieh quanz

is the first phase precipitated. and yellow, anhedral. unzoned sphalerite and then galena

fallows chalcopyrite. and pyrite almost disappears. Chalcopyrite was replaced by

cnargite. galena by tetrahedrite. and rare pyrargyrite (with 1:6 As:Sb) replaeed pyrite.

The centres of the veins are dominated by quartz and coeval sphalerite and galena. while

93



::;,i':'PTER 4 EPITHERMAL METALLOGEtlV

•

•

chalcopyrite occurs only as a minor interstitial phase, and carbonate rarely occurs as

open-space fil!. Discrete stringer veinlets with core zone mineralogy can also be seen in

quartz veins. at least sorne of which are paragenetically late.

The sugary massive veins differ only in texture from the banded veins. They are

ùonlinated by small rounded crystals of quartz. yellow sphalerite. and galena. and have

numerous vugs lined with drusy quartz. Sphalerite compositions in both vein types only

r~tnge l'rom 1.7 ta 3.6 mol.Ck FeS. and there is no evident systematic zoning. L::ue-stage

~lringer veinlets tend ta contain more Fe-rich sphalerite (3.5 ta 9.1 mol. 'le). Covellite and

anglesite were the only supergene mineraIs observed in the t\\'O ore types, although Tough

( (981) also repons cerrusite. smithsonite. azurite and malachite. Gold was detected by

c1ectron microprobe EDS analyses in chalcopyrite and galena.

Emmons Hill

The Emmons Hill deposit is hosted by an inlier of the Basement i\1etamorphic

Complex in the Big Creek Meta-Plutonic Suite. The host rock is a north-striking biotite­

quartz-feldspar gneiss intercalated \Vith amphibolite and minor feldspathic quartzite. eut

by grey-green. feldspar-homblende-phyric and pale white-green quartz-phyric dykes

(\1orin. 1981). The Yukon Minfile (1996) reports quartz-feldspar porphyry dykes that

~poradically follow the vein-fault zone. The Emmons Hill vein is at least 120 metres long

anu 10 metres wide. strikes nonh-northeast and dips steeply to the east (Morin, 1981;

Yukon Minfile. 1981). Morin (1981) and Mclnnes (1987) repon intense, pale green

argillic aheration in the wallrock schist. Specimens from this deposit grade up to 24.0 g/t

:\u. 5.5 g/t Ag and 3.6 Wt.o/e Sb (Yukon Minfile, 1996).

Samples collected for this study from the Emmons Hill deposit compnse

mineralized and unmincralized barite-carbonate veins and sorne minor barite-carbonate­

quartz breccias. Morin (1981) describes four different types of breccia ore from the

lkposit characterized by: 1) grey rounded quartz clasts in a coarse-grained stibnite and
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galena matrix, 2) white angular quartz clasts in a black. fine-grained. sulphide-rich,

siliceous "sinter", 3) dark brown siderite clasts in a grey ankerite ± barite matrix. and 4)

minor clasts of black sinter in a quartz matrix. The "sinter" ore type ,vas not represented

among the samples collected for this study. McInnes (1987) reports the occurrence of

stibnite-supported breccia samples with clasts of rhyolite, metasediments and strongly

banded silica.

\Vhere present. ore mineraIs constitute less thiJn 50 vol. 0C of the vein materiaI, and

arc daminated by early. euhedral ta raunded sphalerite. which is irre gularly zoned from

ycIlow ta orange corresponding ta 0.01 to 1.48 mal.% FeS. Sphalerite precipitation was

fallowed closely by barite, as weil as by dendritic aggregates of arsenopyrite laths

encrusted onto pyrite. Mclnnes (1987) identified this combinatiorl as marcasite, but

electron microprobe EDS analyses confirm the presence of FeAsS with micron-sized

FeS~ centres. These centres may be marcasite but are more likely to be pyrite. given that

discrete pyrite crystals occur in the veins. Later smal!. subhedral quartz masses and pods

of scricite surround the earlier phases. which were followed closely by galena and minor

chalcapyrite. Enargite (1uzonite ('?). and possibly also famatinite) occurs as minor, lale

discrete aggregates and replacements. and galena and chalcopyrite are replaced by an

unidentified Pb-As-sulphosalt (Fig 4.2). This assemblage is cemented by up to 50 vol.%

brawn. cancentrically zoned to unzoned carbonate. Mclnnes (1987) and Morin (1981)

report the presence of stibnite, cinnabar. and orpiment. although these phases were not

observed by the authors. Sporadic concentrations of gold were detected in pyrite,

sphalerite. and galena by microprobe EDS analysis. The Emmons Hill ore differs from

other examined Dawson Range deposits in that As dominates over Sb in sulphosalts and

pseudo-sulphosalts.
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The Frog or Lilypad deposit occurs on the western flank of Prospector Mountain

\vithin andesitie flows. tuffs. and volcanic breccias of the lower Carmacks group, which

have been intruded by the granitic Prospector Suite. The volcanic succession overlies the

Basement Metamorphic Complex. Veins strike north-northeast. dip steeply to the east,

and range up to severai metres in width and several hundred metres in length (Payne et

al.. 1987; Yukon Minfile. 1996). Payne et al. (1987) mapped sericitic and silicie

aiteration of the quartz monzonite in the vieinity of the Frog deposit, and found argillic

envelopes surrounding mineralized veins. as was observed by the authors. Glasmacher

(1990). however, divided alteration envelopes around the veins into an inner qUarlZ­

muscovite zone. an intermediate quartz-adularia zone, and an outer propylitic zone. The

veins have been Ieached by weathering to a depth of at least 150 metres (Payne et al .•

1987: Yukon Minfile. 1996).

The mineralized veins observed at the Frog deposit differ from the polymetallic

veins encountered elsewhere in the southern Dawson Range in that there are five spatially

separate types of vein. each of which is characterized by its dominant minerals: 1) galena,

2) chalcopyrite-galena. 3) sphalerite-quartz. 4) specular hematite, and 5) tourmaline veins.

Ali the sulphide veins. however. display a similar paragenesis. and differ only in the

proportions of mineraI phases (Fig. 4.2). The sulphide veins are located on the order of

teos of metres apart.

The galena veins are almost monominerallic. but contain minor chalcopyrite and

quartz filling the void spaccs between galena grains, which are coated with anglesite. The

chalcopyrite-galena veins contain early quartz followed by pyrite; later gaJena and

chalcopyrite occur as large crystals replaced by an unidentified Pb-Cu-Sb sulphosalt

(possibly bournonite) and a small proportion of jamesonite and boulangerite. Ail are
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corroded by later quartz and supergene covellite. Late-stage quartz. rninor sericite.

hematite. goethite. and malachite veinlets dominate the groundmass and replace the

original sulphides. Sphalerite-quartz veins are dominated by multi-phase quartz.

Arsenopyrite is a minor early phase. and was followed by precipitation of large euhedral

quartz crystals with interstitial chalcopyrite and deep orange sphalerite with chalcopyrite

disease. The sphalerite has been replaced almost completely by covellite. Late fine­

grained quartz is accompanied by small sericite pods and minor bladed hematitc. Relics

of unaltered sphalerite \Vere analyzed by electron microprobe and were found to contain

3.6 to 11.6 mol. o/c FeS. Gold was detected in arsenopyrite. and silver was detected in

galena. Glasmacher (1990) also repons the presence of molybdenite. native gold.

boulangerite. tennantite-tetrahedrite. bornite. digenite. and cubanite from unknown

locations in the Frog deposit.

4.4 Regional Alteration

Altered porphyritic dykes occur in close proximity to the mineralized veins. and

have been traditionally related to ore formation (e.g. Yukon Minfile. 1996). Although

dykes in the souchern Dawson Range have been historically a'isigned to the Mount

~ansen group. our work has shown that dykes belonging to bath the Mount Nansen and

the Carmacks groups occur in mineralized areas (Smuk et al.. 1997). Two average ages

are prominent within the dyke suites (see compilation in Smuk et al.. 1997); Carmacks

porphyry dykes and plugs with an average age of 70 Ma. and fresh Mount Nansen dykes

with an average age of 105 Ma. Altered Mount Nansen dykes yield ages between 77 and

61 Ma. i.e.. similar to those of the Carmacks group. Alteration is ubiquitous and intense

in dykes proximal to the mineralized camps. and Mclnnes (1987) has reponed that

andesite dykes (Carmacks group) are less aitered than felsic dykes (Mount Nansen group)

around the Laforma gold dcposit in the Freegold Mountain camp.

The main alteration mineraI is sericitc (muscovite and/or paragonite). although

kaolinite. pyrophyllite. and variable proportions of carbonate and fine-grained quartz are
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also present (Smuk et al.. 1997). Alteration of the felsic dykes of the Mount Nansen

group resulted in recrystallized quartz rims around rounded quartz phenocrysts. the

bleaehing of feldspar phenocrysts. and an overall change in colour of the rock from the

original pink to white or buff. The mafie phenocrysts of Carmacks porphyritic dykes are

altered to carbonate and (Mg.Fe)-bearing clay minerais. [n both suites. alteration is

charaeterized by extreme dcpletion in sodium. a slight depletion in potassium. and the

addition of silicon (Smuk et al.. 1997). Altered dykes are aise depleted in lead. zinc. and

copper. implying that the dykes. and possibly other country rocks. contributed a small

proportion of the base metaIs in the mineralized veins. Altered dykes are. ho,,"'ever.

enriched in base metals immediately adjacent to mineralized veins. implying that there

was also an important contribution of base metaIs from the alteration fluid. Altered dykes

are ubiquitously strongIy enriched in arsenic and antimony. suggesting that these

clements. and by inference gold (\\,il1iams-Jones and Normand. 1997). were derived

entirely from the hydrothernlal fluid responsible for aiteration and mineralization.

4.5 Fluid Inclusions

A fluid inclusion study was undertaken on the five vein deposits of the southem

Dawson Range. in order to make cornparisons among the fluids responsible for ore

deposition in the various nlineralizcd camps. Where possible. fluid inclusions were

studied in sphalerite in preference to those in gangue n1inerals. on the assumption that the

former were more Iikely to represent the ore-forming fluid. ln the case of the Emmons

Hill deposit. data for a small population of fluid inclusions in sphalerite was

supplemented by fluid inclusions in paragenetically early barite. Similarly. for the Frog

dcposit. the small arnount of sphalerite and the paucity of visible tluid inclusions therein

necessitated the study of inclusions in paragenetically earlier quartz (the early, large,

euhedraI quartz crystals in sphalerite-quartz veins discussed in Section 4.3.3) .
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4.5.1 Petrography

Primary fluid inclusions in sphalerite from the southem Dawson Range

consistent)y contain liquid and vapour. with the vapour bubble occupying 15 to 20% of

the inclusion volume. They differ among deposits in their c1arity. which is a function of

sphalerite colour. and their abundance. Liquid-vapour ratios are consistent both within

and between sphalerite grains. regardless of compositional zoning. Primary inclusions in

sphalerite are isolated and randomly oriented. but occur rarely in small c1usters or planes

parallel la growth surfaces. Their diameters range from 5 ta 30 IJ.m. and their shapes

range l'rom ovoid to negative crystals. Commonly these inclusions are very dark due to

internai light refraction. and have thick black rims on their interior circumferences. which

in sorne cases makes microthermometric nleasurements difficuit.

Primary fluid inclusions in sphalerite l'rom the Huestis deposit occur as rare

isalaled ovaids. IOta 15 ~m-long. and appear to be trapped preferentially in deep red. Fe­

rich zones. As a result. they are commonly very dark. In the Tawa deposit. primary fluid

inclusions range in diameter from 5 (0 15 ~m. although the majority are approximately 5

~m long. They occur as trains and c1usters of dark grey ta black inclusions in amber ta

deep red sphalcrite. They are commonly obscured by numerous solid inclusions,

primarily of chalcopyrite. and did not yield reliable cryogenie data due to their dark

calour and small size. Primary tluid inclusions in sphalerite from the Tinta Hill deposit

are relatively large ( IOta 30 ~m) and clear owing to the light yellow colour of the hosto

and yielded reliable microthermometric data. Emmons Hill fluid inclusions are typicaHy

< 10 ~rn-Iong. isolated. rare. and occur in yellow to orange sphalerite amongst numerous

unidentified solid inclusions.

Trapped solids are rarely observed in primary fluid inclusions in sphalerite from

the Tinta Hill and the Tawa deposits. Trapped solids observed in ten primary fluid

inclusions from Tinta Hill range from 1 to 5 ~m in length. and include a small triangular

opaque minerai that is probably chalcopyrite. and a prismatic to anhedral. anisotropie
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rninera1. These two trapped mineraIs rarely occur together. Approxirnately 5% of

primary inclusions at the Tawa deposit contain a <2 J.lrn long trapped solid similar to the

anisotropie solid described above for Tinta Hill.

Primary Iiquid-vapour f1uid inclusions in barite from the Emmons Hill deposit are

dark grey in colour. generally rounded. and up to 20 J.1m in diameter. They occur as

isolated inclusions or in small clusters with no obvious relationship to crystal form.

Primary. liquid-vapour fluid inclusions in quartz from the Frog deposit occur in clusters

and along planes subparallel to grain boundaries. In contrast to inclusions in sphalerite.

primary inclusions in quartz are irregularly shaped and relatively transparent. with

diameters ranging from approximately 5 to 20 J,1m.

Secondary liquid-vapour f1uid inclusions comprise less than 10% of the tluid

inclusion populations of sphalerite. quartz. and barite. They are elongated to irregularly

~haped. shallow. more transparent compared to primary tluid inclusions. and lie along

oriented planar trains within and across mineraI grains. Secondary inclusions have

variable sizes. ranging from 1 to over 200 J.lm in length. and the vapour bubble typically

constitutes from 5 to 10% of the inclusion volume.

4.5.2 Microthermometry

rvlicrothermometric analyses were undertaken on primary fluid inclusions in

~phalerite from the Huestis. Tawa. Tinta Hill. and Emmons Hill deposits. in barite from

the Emmons Hill deposit. and in quartz from the Frog deposit. Analyses were performed

on a Fluid Inc.-modified U.S.G.S. gas-flow heating-freezing stage (Reynolds. 1992). and

calibrated using synthetic CO:! and H:!O inclusions. Measurement accuracies are ± a.2 a C

for subzero temperatures and ± 2.0a C for higher temperatures.

Microthermometric and inferred salinity data for the five deposits are presented in

Table 4.1 and Figures 4.3 and 4.4. respectively. All primary f1uid inclusions
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TAble 4.1 Fluid inclusion microthermornetric data

Number of Range of Til Mode Number of Range of Tm Mean

Deposlt Sample Mineral Inclusions (OC) (OC) Inclusions (.oC) (.oC)

Mount Nansen Camp

Huestis MN·90 sphnlerlle 21 260.1·300.5 285.9 16 5.8·1.4 3.8

MN 95·5 spholerile 17 235.9·272.6 253.6' 14 11.9·1.9 6.1

Tawa MN 95·10 sphalente 33 262.3·350.2 333.7 4 6.0·3.9 5.0

freegold Mountaln Camp

Tinta Hill FG TH·2A1 sphalerito 36 264.7·310.0 294.1 27 66-2.1 4.2

FG TH-a sphalenle 53 250.7·320.6 295.0 25 11.8-1.0 3.4

FG TH·2C sphalorite 11 115.0·232.3 116.0 10 2.0-1.0 1.3

FG 95-15 sphalcrile 42 241.6'303,3 246.5, 291.0 27 7.2-2.7 5.0

Emmons Hill FG 95·7 sphalerile 9 209.1·30B.1 244.0' 1 2.1 2.1

FG 95·7 barite 17 22B.B·344.6 312.0 6 4.9-0.0 2.4

ProspectaI Mountaln Camp

Frog PR 95·18 quar1z 25 243.5-384.1 303,5 lB 4.3·0.3 3.2
Frog 1

LP-4 quartz 14 281.0·331.0 312.2 14 3.6-2.0 2.8

, indicates average value where no distinct mode ellists

1 unpublished data tram Hart and Salby
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homogenized to liquid. Upon cooling. inclusions froze at temperatures ranging from -350

ro -5DOC. First ice melting was rarely observed. and eutectic temperatures were routinely

overestimated as the temperature of first movement of the vapour bubble. Where liquid

could be distinguished from ice. first ice melting temperatures were no lower than -24°C,

suggesting that the fluid is dominated by NaCI + KCI (Roedder. 1984). Final ice melting

occurred when the movement of the vapour bubble ceased. Secondary tluid inclusions all

had final ice melting temperatures ranging from - 1.00 to O.O°C, and homogenized to

liquid at temperatures ranging from approximately 100° to 200°C.

Mount Nansen Camp

Homogenization temperatures (Th) for primary fluid inclusions in sphalerite from

the Hucstis deposit ranged from 236° ta 301°C, but cxhibited narrower ranges for each

ore type. Those in polymetallic ore (MN 95-5) yielded Th values ranging from 2360 to

273°C. \vith no distinct nl0dal temperature. ln massive ore (MN-9D), the tluid inclusions

ga\Oc higher Th values ranging from 260° ta 300°C with a mode at 286°C. Fluid

inclusions in sphalerite from the nearby Tawa deposit displayed a slightly wider range of

Th. from 262° ta 3500
• with a significant mode at 334°C (Fig. 4.3).

Final ice melting temperatures (Tm) for tluid inclusions in polymetallic ore ranged

between -1 1.9° and - L9°C. \Vith an average of -6.1 oC. while those of massive ore ranged

between -5.8 ù and -l.O°C. \Vith an average of -3.S oC. These data correspond ta average

salinities of 8.0 and 6.4 WL 9é NaCI equiv.. respectively (Patter et al.. 1978) (Fig. 4.4).

The few fluid inclusions in sphalerite from the Tawa deposit that yielded reliable

l:ryogenic data yielded final ice melting temperatures from -6.0°C to -3.9°C. with an

average of -S.O°C corresponding to a salinity of 5.0 wt. % NaCI equiv.
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Figure 4.3

EpITHERr.'AL MElALLOGEra

Stacked histograms of tluid inclusion homogenization data for the a)

Mount Nansen camp. b) Freegold Mountain camp. and c) Prospector

Mountain camp (* indicates unpublished data from Hart and Selby) .

103



•
20 -

f::-; Huestis lammated and brecoa ore

16 ~ D Huestis massive ore

Tawa

~

1 1
1
1

!
a

bD Tinta Hill

Emmons Hill

~Jl~t
---------------~Lh~--------

8

4 -

12 ......

o
45 -

oJ1

30

15 -

Emmons HIll bante

10 ~

400

c

350300250200150

Frog quartzo Frog Quartz"

4~

6 -~

ln Ila ---"---i.'--..L1~----......~-----'--

100

8-

2-

Temperature (OC)

•



•
EPITHERa.!AL METALLOGENY

•

Figure 4.4 Stacked histograms of calcuJated fluid inclusion salinity data for the a)

Mount Nansen camp. b) Freegold Mountain camp. and c) Prospector

Mountain camp (* indicates unpublished data from Hart and Selby).
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Freegold Mountain Camp

Homogenization temperatures for fluid inclusions in sphalerite from the Tinta Hill

deposit ranged between 242° and 321°C with a large distinct mode at approximately

293°C for three samples. Sample FG TH-2e was exceptionaI. with Th ranging from 115°

La 232c C. \Vith a mode aL 116°C. retlecting lower temperature sphalerite deposition in a

late stringer veinle1. Fluid inclusions in sphalerite from the Emmons Hill deposit yielded

homogenization tempcratures ranging from 209° ta 30SoC, with an average of 244° and

slightly higher temperatures for barite. ranging from 229° to 345°C with a mode at 312°C

(Fig. 4.3),

Tinta Hill fluid inclusions yielded a wide range of ice melting temperatures fram

_1.0 0 ta -11.8°C. eorresponding ta salinities of 1.7 ta 10.7 W1.% NaCI equivalen1. Fluid

inclusions from late veinlet sphalerite (FG TH-2C) displayed the highest Tm, ranging

from -2.0 C ta -1.O°C. Only one fluid inclusion from sphalerite from the Emmans Hill

deposit yielded a reliable TIIl~ -2.1 oC. eorresponding ta a salinity of 3.5 wt.% NaCI equiv.

Barite from the Emmons Hill depasit yielded Tm iee temperatures from -4.9° ta O.O°C,

wiLh an average af -2AoC and a salinity of 3.8 wt.9é NaCI equiv. (Fig. 4.4).

Prospector Mountain Camp

Primary tluid inclusions in pre-ore quartz (PR 95-1S) from the Frog deposit

yielded homogenization temperatures in the range of 244° to 384°C. with a distinct mode

aL 304°C. Unpublished data from Hart and Selby (LP-4) on post-ore quartz veinlets

yicldcd similar tcmperalures. in the range of 281 a to 331°C. with a mode at 312°C (Fig.

4.3). Cryogenie data for the two quartz populations are similar, with a range in final ice

melting temperatures for the pre-ore quartz of -4.3° to -O.3°C with an average of -3.2a C,

and for post-ore quartz of -3.6° ta -2.0°C with an average of -2.8°C. correspanding ta

average salinitics of 6.4 and 6.2 W1.% NaCI equiv., respectively (Fig. 4.4).
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4.5.3 Decrepitate Analyses

Semiquantitative SEM-EDS analyses were performed on precipitates from

decrepitated fluid inclusions in doubly-polished ehips of sphalerite and small cubes of

galcna from the Huestis. Tinta Hill and Frog deposits. Samples were cleaned repeatedly

in nanopure water. mounted on silica plates, rapidly oven-heated to 600°C. and

immediately earbon-coated and analyzed. The high temperature of 600°C necessary to

Jecrepitate sphalerite-hosted tluid inclusions was determined by stepwise heating. and the

same temperature wa.." applied to galena samples. Volatility of solutes is known to be

signitïcant at temperatures above 400°C (Alderton et al.. 1982: Roedder. 1984: Haynes et

al.. 1988). and is likely ta be a problem at the high temperatures required for the

decrepitation of fluid inclusions in sphalerite. Chlorine was at least partially conserved in

precipitates from galena. but was not retained in preeipitates from sphalerite, and thus the

rcsults for sphalerite samples were discarded. The preeipitates analyzed were mainly

l'rom the liquid released by inclusions onto the silica substrate. In sorne cases precipitates

on the galena surfaces were analyzed but these were corrected for sulphur.

Deerepitate residues from fluid inclusions in galena contain Na, K, Ca, Cl and S in

the approximate atomie percent proportions of 25: 14: 13:39:9 for the Huestis deposit,

23: Il :43: 1ï:6 for the Tinta Hill deposit. and 21 :5:27:32: 15 for the Frog deposit (Table

-l.2). Charge balance is approximately conserved in the galena precipitates for the Huestis

and Frog deposits. but for the Tinta Hill galena precipitates cation charge greatly exceeds

the anionic charge. which may be due either to undetected carbonic species, volatile loss.

or analysis of trapped solids. It should also be noted that the large proportion of Ca

cstimated for the Tinta Hill deposit is not supported by eutectic ice melting temperatures

(Roedder. 1984). The mineralizing fluids are in the NaCI-KCI-CaCI::!-H::!O system. but

rcsults are interpreted based on the NaCI-H:!O system.
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Table 4.2 Decrepitate data for f1uid inclusions in galena (wt.%)

Deposit sample Na k Ca CI S

Huestis MN 95-5 23.36 17.57 6.72 45.99 6.37
28.00 1.60 21.21 40.51 8.68
32.60 0.00 16.72 30.21 20.48
16.99 39.14 9.51 30.50 3.86

Avg. 25.15 13.78 13.33 38.71 9.02

Tinta Hill FG TH-B 65.00 12.91 2.75 10.05 9.29
4.72 14.79 65.56 7.10 7.83
11.78 0.00 77.61 10.60 0.00
31.59 16.13 8.07 34.82 9.39

Avg. 22.46 11.05 43.20 16.86 6.42

Frog PR 95-7 40.20 0.00 0.00 14.72 45.09
20.79 2.66 43.86 32.69 0.00
21.09 5.00 30.91 28.80 14.20
0.00 18.40 4.31 n.30 0.00
19.21 2.21 46.94 20.95 10.69

AVQ. 21.67 4.79 26.52 32.03 14.99
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4.5.4 Gas Chromatography

No evidence of significant dissolved COz or CIL was observed in fluid inclusions.

however, small concentrations of CO:! and CH4 were detected by gas chromatographic

anaJysis of fluids released from bulk sampJes of sphalerite and galena from the Huestis.

Tinta Hill. and Frog deposits (Table 4.3). Since secondary fluid inclusions make up less

than 1O~ of the tluid inclusion population in sphalerite and galena co-precipitated with

sphalerite. these results are taken to largely reflect the composition of primary fluid

inclusions investigated microthermometrically. We cannot excIude. however, the

possibility that the proportion of secondary inclusions is larger in galena than in

sphalerire. Sufficient pure minerai separates for gas chromatography could not be

obtained from the Tawa or the Emmons Hill deposits.

The analyses were performed with an Hp®-5890 Series-II gas chromatograph

equipped with a wide bore capillary column. a micro-thermal conductivity detector

(TCD), and a photoionization detector (PID). A detailed description of the analyticaI

system is provided by Salvi (1994) and Salvi and Williams-Jones (1997). Galena samples

were reduced to fragments less than 1. mm in diameter. hand-picked to ensure purity.

washed repeatedly in doubly-distilled water. and dried under a fumehood (see Bray et al..

1<)91 ). Between 0.5 and 1. g of material were crushed and the released gases were

introduced inta the gas chromatograph with an argon carrier gas. The absolute

concentrations of the gas species are a function of the volume of water released from the

fluid inclusions.

The fa:! of the fluids was calculated from the measured CO2/CH4 ratio using the

equilibrium constant for the reaction:

CO:! + 2H:!0 = CH4 + 202

Log K values were calculated using the average homogenization temperatures for each

sample and 300 bar pressure using the program SUPCRT92 (Johnson et al.. 1991; Shock.

1998). Correction factors for the ratio Cfi.JC02 between entrapment and analysis
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Deposll Sample Mineral T (OC) N2 CH4 CO2 H20 CHJC02 10gK log t02

(nmoll (mole %1 (nmoll (mole%) (nmol) (mole %) (nmoll (mole %)

Huestis MN 95·5 sphEllerile 250 0.48 0.0036 4.67 0.0350 114.95 0.B607 13235 99.10 0.04 -76.73 -37.67

Tinta Hill FG TH·2C sphalcrite 120 0.15 0.0079 O.lB 0.0095 15.9B 0.8426 lB80 99.12 0.01 -107.16 ·52.61

FG 95·17 galena 290 2.00 0.0284 0.61 0.0086 41.98 0.5955 7005 99.37 0.01 ·70.58 ·34.37

Frog PA 95·7 galena 300 0.36 0.0290 16.81 1.3553 1223 98.60

PA 95·11 galena 300 5.15 0.0802 76.03 1.1841 6340 98.74

'calculated uSlng SUPCAT92 (Johnson cl ni, 1992; Shock. 1998)

Analyses reproduciblo 10 beller Ihan :115% (Salvi and Wllllams·Jones, 1997)
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temperatures were close to unity (Dubessy, 1984). The highest concentration of CH.. was

measured in the sample from the Huestis deposit (CH.JC02 = 0.04), followed by the two

samples from the Tinta Hill deposit (CH.JC02 = 0.0 1). In contrast to these deposits, no

CH.: was detected in the two samples from the Frog deposit. The absence of CH.. may

retlect a shorter fluid residence time and consequent lack of equilibration in the system

C-Q-H (Giggenbach. 1997). The data for one of the Tinta Hill samples and the Huestis

sample yield similar values of calculated log fOl of -37.7 and -34.4. whereas the log f02

of the paragenetically late sample FG TH-2C [rom Tinta Hill is much lower at -52.6. The

activities of COl in fluid inclusions in galena determined by gas chromatography are not

sufficiently high to significantly affect the salinities estimated from freezing point

depression temperatures (Hedenquist and Henley. 1985).

4.6 Oxygen and Hydrogen Isotopes

Analyses of the hydrogen and oxygen isotopic compositions of fluid inclusions in

six hand-picked samples of sphalerite and galena from the Huestis, Tinta Hill, and Frog

deposits were performed at the Stable Isotope Laboratory at Queen's University,

following the method described in Koehler et al. (1991) (Fig. 4.5). Errors using this

technique are ±5 S'cc for ODH:O and ±I for On~OH:O for alkali brine solutions.

The oD values obtained from fluid inclusions in sphalerite ranged from -108 to

-85 9éc. while the (51 ~O values range from - 15.0 to -5.0 '!cc. (Table 4.4). Within this range,

oxygen is isotopically lightest at Tinta Hill, plotting on the meteoric water line, and is

progressively heavier at Huestis and Frog. These data are consistent with a dominantly

meteoric ore tluid. The shift in 0 180 may indicate either progressive water-rock

interaction. describing a horizontal line through the data. and/or sorne degree of

progressive mixing with magmatic water/vapour.
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Table 4.4 Oxygen and hydrogen isotope data trom f1uid inclusions

Deposit Sample Mineral ô"O oC
(per mil) (per mil)

Huestis MN 95-5 sphalerite -9.6 -85
Huestis MN9A sphalerite -12.4 -102
Tinta Hill FG 95-17 sphalerite -15.0 -104
Frog PR 95·7 galena -9.9 -108
Frog PR 95-9 galena -6.8 -85
Frog PR 95-11 galena -s.a -100
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Figure 4.5 Oxygen and hydrogen isotope data for sphalerite- and galena-hosted

inclusion tluids. Open symbols indicate galena data from McInnes et al.

(1990). Fields of representative geothermal waters from the Yellowstone

area are shown by shaded (Parry and Bowman, 1990), open (Parry and

Bowman, 1990), stippled (Thordsen et al.. 1992), and dashed open

(Mariner et al.. 1992) fields. The composition of Dawson Range rainwater

is from Mclnnes et al. (1990). Average magmatic water and igneous rock

fields were taken from Taylor (1974).
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4.7 Sulphur Isotopes
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Samples of galena. sphalerite. and barite from the five deposits were analyzed for

their sulphur isotopie composition at the Ottawa-Carlton Geoscience Centre Stable

Isotope Facility using a VG SIRA 12 mass spectrometer and the methad described in Fritz

et al. ( 1974). Analytical errors associated with this method are estimated ta be ±O.2 %c.

The (53JS values obtained on galena ranged from -9.1 to -0.8 %c. The lowest value

is from an anomalously low-temperature sample (FG TH-2e) from Tinta Hill. and the

highest value is from the Frog deposit. Sphalerite (5145 values ranged from -5.9 %c. (Tinta

Hill FG TH-2C>. to +0.1 9éc at Emmons Hill. The single analysis of barite, hawever, from

Emmons Hill gave a value of + 15.3 %c. (53JSH~S values were calculated for a hydrothermal

tluid in equilibrium with each minerai at Th. using the fractionation factors of Ohmoto

and Rye (1979) (Table 4.5). These values show a narrow range from -1.6 to + 1.6 %c for

bath galena and sphalerite. with the exception of the low-temperature sample FG TH-2C

from Tinta Hill (-6.6 to -4.9 ?éd and barite from Emmons Hill (+ 13.5 %c).

4.8 Lead Isotopes

Lead isotopie analyses were conducted on six galena separates representing the

tïve mineraI deposits investigated, four whole rock samples of Mount Nansen voIcanic

rocks. and nineteen representative whole rock samples (part of a larger data set from

Francis and Johnston (1998» of the Carmacks Graup (Table 4.6). Samples were analyzed

at the GEOTOP laboratory of the Université du Québec à Montréal using anion-exchange

chromatography (Manhès et aL. 1980) for lead separation and a single collector VG

SECTOR thermal ionization mass spectrometer for isotope analysis. The 20' uncertainties

for the lead isotope ratios are 0.1 Lié/amu.
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Table 45 Sulphur Isotope data

ôJ'S gJ'SH,S2 C.icul.tedi
Deposlt Sample MineraI Temperature Enrichment Minerai

(OC) (per mil) factor (per mil) Pairs Temp. (OC)

Hueslis MN 95·5 galena 253 ·2.4 ·2.3 ·0.1 sphal-gal 250

MN 95-5 spllalerile 253 ·1.2 04 -1.6

Tawa MN 95·10 galena 333 -2.4 -1.7 -0.7 sphal-gal 330

MN 95·10 sphalerile 333 -0.4 0.3 -0.7

Tinta Hill FG TH-2C galena 116 -9.1 ·4.2 -4.9 sphal·gal 114

FG TH·2C sphalorite 116 ·5.9 0.7 -6.6 --
Ernrnons Hill FG 95-7 galena 244 -0.8 ·2.4 1.6 sphal-gal 241

.....
FG 95·7 sphalerile 244 .0.2 0.4 -0.2 bar-gal 492.....

~

FG 95-7 barlte 312 .15.3 1.8 13.5 bar·sphal 480

Frog PA 95·7 galena 303 ·1.9 ·1.9 0.0

'Temperatures lrom ftuld Inclusion homogenizatlon ternperatures,lnferred for galena from sphalerite

2 Equations Irom Ohmoto and Aye, 1979, based on data from Czamanske and Aye, 1974
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Table 4.6 Lead isotope data

Location Sample Trpe 20IiPbelMpb 201pbfCMPb ~pW=Pb

Minerai bêposlts
Huestis MN 95-05 galena 19.146 15.621 38.759
Tawa MN 95-10 galena 19.101 15.611 38.690
Tinta Hill FG TH·2C galena 19.165 15.636 38.802
Emmons Hill FG 95-41 galena 19.192 15.649 38.857
Frog PR 95-7 galena 19.139 15.625 38.758

PR 95-11 galena 19.168 15.653 38.862
Mount Nansen Voleanics
Klaza Mtn. KZ-4 rhyolitic fp ppy dyke 19.475 15.688 39-250

KZ·6 andesite 19.508 15.694 39.444
KZ·11 andesite 19.572 15.700 39.445
KZ-12 dacite 19.557 15.706 39.435

tarrnacliS Yoicanlcs
Fire Lookout FL-1 basaIt 19.342 15.605 38.ne

FL-4 basait 19.312 15.628 38.874
FL-7 basaIt 19.320 15.627 38.906
FL-10 ankaramite 19.330 15.627 38.966
FL-12 andesite 19.304 15.620 38.873
FL-16 ankaramite 19.301 15.621 38.878

Miller' s Ridge ML-7 high-Mg andesite 19.328 15.627 38.912
ML-20 ankaramite 19.317 15.635 38.874
ML-21 ankaramite 19.326 15.635 38.942
ML-2e andesite 19.361 15.555 39.405
ML·41 basaIt 19.326 15.619 38.882
ML-50 basait 19.238 15.621 38.836

Prospector Mtn. PR-l0 andesite 19.300 15.645 38.918
PR-11 rhyolitic qtz-fp ppy dyke 19.469 15.638 38.971
PR-12 andesite 19.220 15.625 38.820
PR-13 dacitic qtz-fp ppy dyke 19.462 15.667 39.193

·Smoky Ridge" SR-4 high-Mg andesite 19.359 15.627 38.913
(N. Big Creek) SR·8 andesite 19.358 15.598 38.913

SR·11 ankaramite 19.320 15.596 38.n5
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• Lead isotope data for galenas from the southem Dawson Range cluster at

compositions more radiogenic than would be expected for a single-stage evolution (Doe

and Stacey. 1974; Cumming and Richards. 1975; Stacey and Kramers. 1975). The galena

lead isotopic data coincides mainly with those for the Carmacks group at 70 Ma. but

define a linear trend towards the Pb isotopic composition of the Mount Nansen group at

70 Ma (Fig. 4.6).

4.9

4.9.1

Discussion

P-T Conditions

•

Ali deposits presently exposed in the southem Dawson Range were covered by the

~xt~nsi\'e tlal-Iying volcanic tlows of the Carmacks group during Late Cretaceous lime.

Howcver. evidence presented by Souther ( 1991) indicates that the Carmacks group was

dcposiled on a surface with signitïcant relief. implying a large variation in the thickness

of volcanic caver. Ignoring any significant erosion between mid-Cretaceous and Late

Cretaccous time. the present maximum thickness (1200 m) of the Carmacks volcanics

would indicate a maximum lithostatic pressure of approxirnately 360 bars. The

corrcsponding hydrostatic pressure would be 120 bars. whereas the minimum trapping

pressure given by the intersection of the isochore with the boiling curve would be -80

bars. Corrections for tluid inclusion homogenization temperatures at a pressure of 360

bars are approximately 20°C (Potter. 1977). Emmons Hill is the lowest-Iying deposit in

the study area at approximately 1100 metres above sea level. while Frog at Prospector

Mountain is at an elevation of just over 1500 metres. The difference in elevation of 400

metres. or 120 bars (Iithostalic). is equivalent to a correction of the homogenization

tcmpcratures to trapping temperatures of approximately SoC. which is far less than the

ob~er\'ed spread in the temperature data.

Isotopic fractionation of sulphur between coexisting sphalerite and galena retlects

tcmperatures ranging from 241 to 330°C. with the exception of sample FG TH-2C which

implies a temperature of 114°C (Table 4.5). Sulphide isotopic temperatures are
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Figure 4.6 Lead isotope data for the Mount Nansen and Carmacks volcanic groups

and galenas of the Dawson Range. The solid symbols represent new data

l'rom this sLUdy. \\'hile the open symbols are data from Godwin et al.

( 1988). \Vhole-roek Pb-isotopie values from the Carmacks group have

been eorreeted ta their formation age of 70 Ma (see Smuk et al., 1997). In

arder to evaluate the source relationship between galena Pb-isotopes and

the two volcanie groups, the whole-rock Pb-isotopie values for the Mount

Nansen samples have been corrected to 70 Ma. the age of Carmacks

extrusion. as weil as to 105 Ma. the average age of the Mount Nansen

group (dates from Smuk et al., 1997). The galena evolution curve (crosses

with dates) (data from Cumming and Richards, 1975. and Stacey and

Kramers. 1975). the Shale Curve of Godwin and Sinclair (1982),

analogous ta Zartman and Haines' (1988) Upper Crustal Curve, the

Bluebell Curve of Andrew et al. (1984), and the Mantie Evolution Curve

of Doe and Zartman (1979) modified by Zartman and Haines (1988) are

shown for comparison.
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vcry similar to the fluid inclusion homogenization temperatures. implying that pressures

were equal to or less than those estimated above. Barite-sulphide pairs from Emmons

Hill yield anomalously high temperatures (480° and 491°C). suggesting that these

mineraIs were deposited under disequilibium conditions. with barite predating the

sulphide mineraIs.

Although sulphur isotope temperatures were not obtained for the Frog deposit. a

lo\v pressure of formation may be inferred geologically. Glasmacher ( 1990) estimated a

maximum pressure of 400 bars based on the discrepancy of 20-30°C between t1uid

inclusion homogenization tcmperatures and those determined from arsenopyrite.

sphalerite-pyrrhotite. and chlorite geothermooleters. [n summary, we estimate that the

deposits investigated in this study formed at temperatures of approximately 300°C (285 ±

45 C C) and a pressure of - 300 bars.

4.9.2 Fluid Origin

As discussed earlier. the 80 and ÔISa values analyzed in this study reflect a

dominance by meteoric water. but indicale sorne modification by water-rock interaction

and/or sorne degree of progressive mixing with magmatic fluid. Support for a possible

small magmatic contribution for aIl Dawson Range veins is the relatively high CO:!

content of tluid inclusions (1.4-0.6 0101.%) (Table 4.2), comparable to values of ~3.0

mol. Clé for high sulphidation deposits as opposed to typical low sulphidation deposit

\"alucs of 50.4 moI.Clé (Graney and Kesler. 1995). The presence of C02-bearing fluids is

abu suggestcd by the carbonatc alteration of mafic phenocrysts in Carmacks dykes (Smuk

el al.. J997). The shifts of the Huestis and Frog fluids from the meteoric water line (and

Tinta Hill t1uid) lowards hcavier ôlSO correlate with increasing temperature and CO:!

content. The Tinta Hill tluids have a meteoric water signature. with a Th of -250-290°C.

and the lowest CO:! concentration (0.6 mol. %). while the Frog fluids have higher

homogenization temperaturcs (Th = -300-3 15°C) as weIl as the highest CO:! contents (1.4

mol. 9(-) .
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There is a large difference between the BD value (-184 %c) of present-day Dawson

Range rainwater (summer 1986) as measured by McInnes et al. ( 1990) and the BD values

of Dawson Range vein ore (-85 to -108 9éc). implying sorne degree of latitude change. or

a difference in elevation. If the BD shift is taken solely as an indication of latitude, data

from the southem Dawson Range suggest that the veins were deposited at latitudes south

of present-day Yello\vstone (or possibly at the same latitude as Yello\vstone but in a

coastal environment and/or at a lower elevation).

SD values reported by McInnes et al. (1990) from fluid inclusions in quartz From

Jeep ore From the Laforma deposit at the Freegold Mountain camp are considerably Iower

than those obtained in this study. The shift in BI~O (caIculated From S180q1z) from the

meteoric water line suggests similar fluid-rock interaction (± fluid mixing) to our Dawson

Range data. but the position of Laforma data with respect ta SD could indicate that this

deposit formed more recently and thus further north than the other Dawson Range

deposits. The idea that the Laforma deposit may be metallogenically separate from the

other southem Dawson Range gald deposits is supported by the lower temperatures and

salinities of the Laforma ore fluids. the paucity of base metaIs in the deposit. and the

indication of fluid boiling (McInnes et al.. 1990).

The values of Sn;O caIculated fram calcite and SO values fram tluid inclusions in

coexisting barite From the Emmons Hill deposit are higher than those determined for the

other deposits in this study. and were tentatively interpreted by McInnes et al. (1990) as

an isotopie shift due ta possible boiling. These higher values may simply retlect a greater

dcgree of \Vater-rock interaction or tluid mixing. or altemately retleet a different source

for the oxidized sulphur in barite that would also account for the lack of S-isotopie

equilibrium between eoexisting barite and sulphides. For example. the proximity of the

barite from Emmons Hill to the magmatie water field (Fig. 4.5) could suggest a magmatic

502 input.
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Glasmacher (1990) proposed, on the basis of tluid inclusion microthermometry, that the

formation of the Frog deposit involved the mixing between meteoric and magmatic tluids.

However, this is oot supported by fluid inclusion homogenization temperature and

salinity relationships from the present study, i.e. there is no trend of decreasing salinity

with decreasing temperature (Fig. 4.7).

The oxygen and hydrogen isotopie composition of tluid inclusions in the ore

minerais of the five vein deposits of the southern Dawson Range indicate that the tluid is

dominantly of meteoric origin. and nlost likely evolved through interaction with country

rocks. The data are aiso consistent with a small input of magmatic water, an

interpretation that is supported by the correlation of heavier isotopie compositions with

high tluid inclusion temperatures. salinities. and mole fractions of COl.

4.9.3 Sources of Ore Components

Values of ù:;~S of H:!S calculated from the equilibria of dissolved HlS in the ore

tluids with galena and sphalerite range from 1.6 to +1.6 %c. indicating that the source of

the sulphur was primarily igneous (Ohmoto and Goldhaber. 1997). These values are

similar ta those calculated from pyrite from the Laforma deposit (-0.05 to +0.95 %c)

(McInnes et aL. (990). whereas those determined by Glasmacher (1990) from pyrite,

galena and sphalerite in the Frog deposit are systematically higher (Ù34SH~S = -1.3 to +4.5

lJc(). with only one out of nine values bcing negative. The reasoo for the higher 53"S

\'alues reported for the Frog ores is unknown.

The lead isotopie compositions of galenas from several velO deposits from the

southem Dawson Range are similar to lead isotopie values from the Carmacks volcanic

group after correction of the latter to 70 Ma. The trend of data towards the Mount Nansen

volcanie group may imply sorne degree of mixing with lead from these older volcanies.

However, in the absence of Pb-isotopie data from other country rocks in the area.

~specially the Basement Metamorphie Complex, the possibility of an enriehed source
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Figure 4.7 Salinity (Wl.% NaCl equiv.) versus homogenization temperature for tluid

inclusions from the southern Dawson Range.
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other than the Mount Nansen volcanics cannat be ruled oul. The metasedimentary rocks

of the Basement Metamorphic Complex may be tentatively correlated with the North

Ameriean pericratonic sediments used to construct Godwin and Sinclair' s (1982) ShaJe

Curve, and thus the trend in the gaIcna lead data may reflect mixing with Iead from these

oider rocks.

A depletian in base metais in altered Mount Nansen and Carmacks porphyry

Jykes has been taken as an indication that the dykes \Vere a possible source of ore metals

(Smuk et al.. 1997), and is supponed by the trend of the galena Pb-isotopie data towards

the Pb-isotopie composition of the Mount Nansen volcanic rocks. Significant additions

of As and Sb to the altered dykes, however. indicate that these metais. and by inference

gold (Oppliger et al., 1997; Williams-Jones and Normand, 1997), were introduced from a

larger reservoir by the hydrothermal tluid. Regardless of sorne possible rnixing with

more radiogenic Pb, the bulk of the Iead and presurnably other metais in epithermai veins

of the southem Dawson Range and in the Carmacks-hosted Casino porphyry deposit

appears 10 be derived from the Carmacks volcanics.

4.9.4 102 - pH Conditions

Log fOl - pH conditions during the formation of mineralized veins are reasonably

wclI-constrained by mineraI assemblages in the veins and in alteration zones, as weil as

by direct measurement of minerai and tluid compositions. Log fO"!, - pH diagrams were

constructed at a temperature of 300°C and a pressure of 300 bars, the homogenization

temperature of tluid inclusions and the estimated Iithostatic Ioad, and at two different total

sulphur activities (Fig. 4.8a. b). The activities of most fluid components were estimated

from their concentration ratios in tluid inclusion decrepitate results for the Huestis

deposit, the Debye-Hückel relationship, and the microthermometrically determined

salinity. The activities of Na.... K·, Cal., Cr. and Sl- 50 estimated are 0.48 nz, 0.16 m, 0.14

111.0.99 m. and 0.20 m, respectively. The measured sulphur concentration is surprisingly
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high. but is consistent in aIl three deposits. However. such a high sulphur concentration

would imply a large field of stability for sulphur that is not supported by field

observation. In view of this. a maximum activity of 0.1 III was assumed (Fig. 4.8a). The

effect of lowering ~S is ilIustrated for a ~S concentration of 0.01 m in Figure 4.8b.

The calcite solubility curve was constructed using CO:!. CH..; and H:!O

concentrations of 115 7]m.4.7 17111 and 13235 7]111. respectively. values measured by gas

chromatography on Huestis ore. The Huestis results were used for consistency with

J~crepitate results. and are representative of the data for the other deposits. except Frog.

as discussed carlier. The CO2 concentration as a function of H20 is high at 0.48 111

(Xo>;=O.009) but is consistent with the absence of clathrate in frozen tluid inclusions.

Log K values for reactions describing the predominance fields for sulphur species.

phase boundaries among K-feldspar. muscovite and kaolinite. the stability fields for Fe­

and Cu-sulphide and oxide minerais, and the calcite saturation curve, were calculated

L1sing the S UPCRT92 software package (Johnson et al.. 1991) and the complementary

lhermodynamic dalabase of Shock (1998). Activity coefficient parameters for the above

calculalions were taken from Helgeson et al. (1981). Zinc and lead solubility curves. at

aqueous concentrations of 1 and 100 ppm (Anderson, 1973), were calculated at 300°C

assuming the dominant Zn complex is ZnClo2 (Ruaya and Seward. 1986). and the Pb

complex is PbCr~ (Seward. 1984). Activity coefficient data for these zinc and lead

complexes were taken from Barren and Anderson ( 1988). Lines showing the variation of

XFcS in sphalerite were calculated using the procedure described in Barton & Skinner

( 1979).

Gold solubility curves were calculated for Au(HSf2 (Shenberger and Bames,

1989). Auer:! (Gammons and Williams-Jones. 1995a: 1995b), and AuHSo complexes

(Benning and Seward, 1996). using the thermodynamic parameters provided by these

authors. The gold species AuHSo and AuCr:! may become important in high temperature,

low pH systems (Benning and Seward. 1996: Gammons and Williams-Jones, 1995a;
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Figure 4.8 Log f02-pH stability fields of Fe-S-O mineraIs. K-feldspar. muscovite.

kaolinite. calcite. anglesite. galena. chalcopyrite. bornite + pyrite. and

predominance tïelds for the aqueous sulphur spccies at 300°C. 300 bars.

Figures a) and b) are for ~S of 0.1 111 and 0.01 11l. respectively. for

activities of Cr. K.... and Ca2
+ of 1. 0.16. and 0.14. respectively. X~S in

sphalerite in the HzS field is contoured as a dashed-dot line. Solubilities of

Zn and Pb are contoured as dotted lines. and the solubilities of Au(HSr:!.

AuHS o. and AuCr:! as thin sol id Iines. The probable initial and

depositionaJ conditions of the ore fluid are shawn by the shaded areas .
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1995b). although Mikucki (1998) recently demonstrated that Au(HS)"2 is likely the

dominant species for the temperature. pH. and 1:S conditions of Dawson Range

epithermal fluids.

The constraints on initial log fO~ - pH conditions for 1:S = 0.1 m are shown by the

shaded box in Figure 8a. pH is constrained to values between approximately 3 and 5 by

the corn mon hast rock alteration of K-feldspar to sericite (and to a smaller extent to

kaolinitc J. as well as by the general absence of calcite. except as late-stage infilling. in the

mineralized veins. Limits on log f02 are constrained by the pyrite stability field. the

absence of bornite. and the FeS content «1-17 0101.%) of sphalerite (approximately

bctween -36 and -34). and gas chromatographic results for C02-C~ equilibria indicating

log fO:. values of -37.7 and -34.4 bars for the Huestis and Tinta Hill deposits.

respectively. At these estimated initial conditions. the concentration of Zn in solution

\\'ould have been from -1-1000 ppm. and that of Pb would have been :::;1-100 ppm. Gold

\\'ould have been predominantly in the farm of Au(HS)"2 and would have had a

concentration of 100 ppb-l ppm.

4.9.5 Fluid Evolution and Oepositional Contrais

The Dawson Range epithermai system is initially best described by the behaviour

of ils base metal components. :'\incc the ratio of base metais to reported precious metai

concentrations is on the order of at least 10: 1. In addition. although the exact location and

paragencsis of gold in the cpithcrmal veins is unknown. anomalous concentrations have

been round in various base metal sulphides. most notably in sphalerite and arsenopyrite.

Although the hydrothermal fluid that was responsible for the alteration of feldspar

to mica and clay must initially have been acidic. the consumption of H+ during alteration

caused the nuid pH 10 incrcasc:

3 KAl5i10s +:; H- = KAhShOIU(OHh + 6 SiO:! + 2 K+.
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An increase in pH greatly decreases the solubility of Zn and Pb as chloride complexes

(Fig. 4.8a):

ZnChO + H:!S = ZnS + 2 cr + 2 H+.

The resultant precipitation of these metals as sulphide minerais would have been

facilitated by the high concentration of sulphur in the tluid. The solubility of base metals

is also strongly dependant on temperature (Anderson. 1973), and the precipitation of

sphalerite and galena \Vould have been enhanced by cooling of the hydrothermal fluid as

it came into contact with the relatively eold host rocks. A shift to higher pH. across the

calcite solubility line. is suggested by the presence of late calcite in several of the veins.

If the gold in the hydrothermal tluid was predominantly complexed as Au(HSr:!,

as predicted by Figure 4.8a. a simple increase in pH would have increased its solubility.

However. the precipitation of sphalerite and galena (as well as other sulphide minerais)

\Vould have served to reduce the concentration of ~S in the tluid. and thus reduce the

stability of Au(HSf2 as shawn by the shift of the solubility lines to higher log fO:!.

thereby promoting the deposition of Au metal (Fig. 4.8b).

4.9.6 Metallogenic Model

It is reasonable ta assume that epithermal veins formed during or closely

following one of the t\Vo volcanic events in the southem Dawson Range. PaJeomagnetic

c\'idcnce suggests that the voluminous extrusion of the Carmacks volcanic group caused a

large-scale regional hydrothermal event (Johnston et al.. 1996; Wynne et aL, 1998), a

model supported by the thermal resetting of 105 Ma Mount Nansen porphyry dykes to a

Carmacks alteration age of 70 Ma (Smuk et al.. 1997). Sulphur isotopie data suggest that

the hydrothermal tluid had an igneous or magmatic source. and the gaiena lead isotopie

compositions are similar to the age-eorrected whole rock Pb-isotopes of the Carmacks

volcanic group. implieating that this group was a major source of metais. The depletion

uf base metals in altered dykes of both volcanic groups suggests that a small component

of the metals was likely derived locally from the other lithological units that host the
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deposits. The large additions of As and Sb in the altered dykes. however. suggest an

external source for these, and probably other, rnetals. Fluid inclusion rnicrothermornetric

data and oxygen and hydrogen isotopic data require a meleoric water dominated system,

but are consistent with sorne degree of water-rock interaction, or small degrees of mixing

with magmatic water. In view of these data, it is Iikely that the hydrothermai fluid

responsible for epithermal mineralization was predominantly meteoric in origin. but was

Jri vcn by the heat of the Carmacks igneous event and scavenged metals from the

Carmacks volcanic pile. as weil as the underlying country rocks.

The relatively high chlorinity estimated for the hydrothermal fluid permitted the

transport of significant concentrations of base metals as chloride complexes, and the

accompanying high sulphur activity facilitated the deposition of these metais as sulphide

minerais. The deposition of base metals from solution was likely caused by an increase in

lluiJ pH due to the consumption of H- during sericitic and argillic alteration of the host

rocks. The pH increase promoted the solubility of gold that \Vas present predominantIy as

Au( HS r1. but this effect was small relati ve to the destabilization of the gold-bisulphide

complexes due to the reduction in rs caused by the deposition of base metal sulphides.

Although the epithermal vcms of the southem Dawson Range rnay be best

Jescribed as la\\" sulphidation deposits. several characteristics of the mineralization

~uggest that the deposits may be lransitional between low and high sulphidation types.

Characteristics that differ from typical (Hedenquist et al.. 1996; Arribas. 1995; Heaid et

al.. 1987; Hayba el aL. 1985) law sulphidation epithermal deposits inc1ude the presence

of ore minerais such as enargite. (tennantite and barite), alteration minerais such as

sericite and kaolinite with linle to no adularia. and fluids with low pH. high ~S, and

moderately high CO:!. as weil as slightly high temperatures and salinities. This

characterization is perhaps best demonstrated by the Emmons Hill deposit, which

contains barite. fluids with isotopically heavy oxygen (McInnes, 1987), and As-rich

sulphides and sulphosalts. The Dawson Range veins have many similarities to the Kelian

law sulphidation Au deposit of Indonesia. for which relatively hot, saline, and C01-rich
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hydrothermal fluids. and depth of formation (-1500 m), have been cited as evidence of a

transitional setting between epithermal and porphyry styles of mineralization (Van

Leeuwan et al.. 1990; Hedenquist et al., 1996). The transitional nature of the epithermal

veins couId be explained in part by their close association with the shoshonitic Carmacks

volcanics. In alkalic-type low sulphidation epithennal gold deposits. such as the well­

known Cripple Creek. Black Hills. Porgera. Ladolam. and Emperor districts. evidence of

a magmatic fluid or vapour contribution is supported by high temperarures (S350°C).

high salinities (~IO wt.% NaCI equiv.). variable CO;:! contents, As and Sb enrichments.

and heavy Ô/80 values (Richards. 1995: 1992: Paterson et al.. 1989; Mutschler and

Mooney. 1993). Au-telluride mineralization typical of alkalic-type epithermal veins is

not. however. present in the Dawson Range. Spatial and genetic associations between

gold-copper mineraI deposits and potassic igneous suites have been noted around the

Circum-Pacitïc (Müller and Groves. 1997).

The paleomagnetic (J ohnston et al.. 1996; Wynne et al.. 1998) and alteration

(Smuk et al.. 1997) evidence that the Carmacks magmatic event was responsible for a

widespread hydrothermal event throughout the Dawson Range is further evidence that the

genesis of the gold-bearing. base metal-rich. epithermal veins of the southem Dawson

Range was associaled with Carmacks magmatism. In the Mount Nansen area .. this

mineralizing event was likely superimposed on a mid-Cretaceous Cu-Au porphyry system

hosted by Mount Nansen intrusions. If the epithermal veins were higher-Ievel

counterparts to a porphyry system (Hayba et al.. 1985: Panteleyev. 1986; Heald et aL,

1987). they wou Id correlate with the 70 Ma Casino Cu-Mo-Au deposit, and cou!d have

been located below a high-level vein system typical of low sulphidation hot spring

dcposits. Considering the amount of weathering and glacial erosion that has taken place

since the Late Cretaceous (Le Barge, 1995: Carlson. 1987). as weil as the abundance of

proximal placer gold deposits. it is likely that such high-Ievel Iode veins are absent in this

area. However, additional deposits of the Carmacks polymetallic vein-type may be

discovered in areas proximal to and in Carmacks group successions in outlying areas.
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4.10 Conclusions

The results of this study provide evidence for a regional metallogenic event

related to Late Cretaceous shoshonitie volcanism, whieh resulted in the development of

epithermaI gold- and base metal-rieh veins transitionaI between low and high sulphidation

types. The intense alteration (Smuk et al.. 1997) and paleomagnetic resetting (Johnston et

al.. 1997~ Wynne et al.. 1998) of pre-existing country rocks provide evidence for a Iarge­

seale hydrothermal system through the southem Dawson Range driven by the Carmacks

magmatie event. The hydrothermal t1uid and resultant mineraiized veins were foeussed in

rault systems. The Au-Cu porphyry deposits hosted by mid-Cretaceous Mount Nansen

group intrusions. however. are likely unrelated to the epithermaI veins.

The hydrothermal fluid was dominantly of meteoric origin, aIthough it appears to

have undergone oxygen isotopie exehange with country rocks. A small magmatie

component is suggested by the moderately high temperatures. salinities. 1:5 and C02

concentrations, and the low pH of inclusion fluids. Base metals were leached from both

the Carmacks volcanics and older lithologies, and were transported in solution as chloride

complexes. while goId was transported primarily as Au(HSh-. The precipitation of base

metal sulphides sueh as galena and sphalerite was eaused by an inerease in pH due to the

loss of H~ from initially acidic fluids during serieitie and argillic alteration of country

rocks. The resultant and likely concurrent reduction in the 1:S concentration destabilized

the goId-thio complexes.

Although the epithermal veins of the southem Dawson Range may generally be

described as low sulphidation type. the lack of adularia alteration. the strong base metaI

character of the veins. the presence of high-sulphidation minerais. and moderately high

Iluid temperatures and Cr. ts, and CO::! concentrations indicate that the veins are

transitional between low and high sulphidation types. The transitional nature of the

epithermal veins may reflect a system that was deeply emplaced but distal from the

magmatic centre. Given the regional extent of the Carmacks hydrothermal event and the
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fact that the deposition of gold and base metals was caused by the reaction of fluids with

country rocks. it is likely that this type of vein deposit may be common throughout the

Dawson Range.
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This study has attempted to provide a metallogenic framework for epithermal vein

mineralization in the southem Dawson Range. and makes sorne inferences as to the

relative timing of associated porphyry-style mineralization. The results of whole rock

geochemistry. mass-change studies. age dating. fluid inclusion microthermometry. gas

chromatography. and oxygen. hydrogen. sulphur, and lead isotopie analyses suggest that

there is a genetic relationship between Late Cretaceous Carmacks magmatism, alteration

and epithermal mineralization in the southern Dawson Range.

Lavas. dykes. and stocks in the southern Dawson Range have been shown to

belong to either the lOS Ma Mount Nansen or the 70 Ma Carmacks magmatic suites on

the basis of their potassium content. The Carmacks group is a shoshonitic suite proposed

ta result from lithospheric melting above the Late Cretaceous Yellowstone hotspot

lJohnston et al.. 1996: Francis and Johnston. 1998; \Vynne et al.. 1998), while the Mount

~ansen Group is a high-K. subduction-related calc-alkaline suite (Souther. 1991).

Altered Mount Nansen dykes have been dated at between 94 and 61 Ma. ages that are

interpreted to represent the reseuing of Mount Nansen ages by a Carmacks-age

hydrothermal evenl. The occurrence of a large-scale hydrothermaI system is supported

by the remagnetization of older units in the south-central Yukon to a remanent direction

identical to that obtained for the Carmacks group (Johnston et al.. 1996; Wynne et al.,

1998). The close spatial relationship between mineralized veins and Mount Nansen dykes

appears to be fortUïtOllS. however. as porphyry-style mineralization in Mount Nansen

stocks appears to be a 105 Ma event (Sawyer and Dickinson. 1976). Carmacks intrusions

also host porphyry-style mineralization. and thus the existence of two mineralization

events is well-established. regardless of the age of the epithermal veins. The results of

this study have c1arified previous confusi()n about the relationship between Au

mineralization and the Mount Nansen and Carmacks magmatic events.

The most significant change during alteration of the dykes of bath suites was an

extreme loss of sodium. mineralogically retlected by the replacement of feldspar by

scricite and clay minerais. This Na depletion is an effective guide to areas of intense
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hydrothermal alteration and proximal mineralization. Other changes include the addition

of Si and a slight depletion in K. Since the K change estimated for both suites of altered

dykes is less than 20%. by their K content Carmacks dykes can be readily distinguished

from Mount Nansen rocks. Altered dykes display general depletions in Pb, Zn and Cu,

suggesting that these elements were mobilized during alteration and subsequently

deposited in base metal veins. As and Sb are greatly enriched in ail altered dykes.

however. and are likely to have been introduced logether with gold by hydrothermal

solutions responsible for the mineralization.

Epithermal veins are dominated by base metal sulphides. in the approximate

paragenetic order: pyrite. arsenopyrite. sphalerite. chalcopyrite. gaJena, enargite,

(sulphosalts). and tetrahedrite. Gold occurs predominantly as submicroscopic inclusions

within suiphide mineraIs. Fluid inclusion microthermometry. decrepitate analyses and

gas chromatography of samples from the epithermal veins indicate that the mineralizing

hydrothermal fluid had a temperature of approximately 300°C. \Vas Na'"-dominated but

aise contained K+ and Ca:!'" in Iesser proportions, had cr and S2- concentrations of

approximately 0.99 m and 0.20 /7l. respectively. and was moderately CO:! rich. Fluid

inclusion data from the Mount Nansen-aged Revenue Au-Cu porphyry deposit indicate

the existence of three hydrothermaI episodes: an early porphyry-style mineralizing event

(>400°C). a later epithermal event (-300°C). and a terminal low temperature event

« ISO°C) unassociated \vith mineralization.

The oxygen and hydrogen isotopie compositions of fluid inclusions in the ore

minerais of five vein deposits of the southem Dawson Range indicate that the fluid is

dominantly of meteoric origine and most likely evolved through interaction with country

rocKs. A small contribution from magmatic water is suggested by the isotopie

composition and other physicochemical parameters of the fluide but is not unequivocally

supported by the temperature-salinity relationships. The progressive shift of the three

analyzed Dawson Range fluids from the meteoric water line towards heavier 8180 cao be

correlated with their styles of mineralization. temperatures of deposition, and with their
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co:! concentrations. There is a large difference between the BD value of present-day

Dawson Range rainwater as measured by Mclnnes et al. (1990) and the BD values of

Dawson Range vein ore. irnplying sorne degree of latitude change. If the BD shift is taken

solely as an indication of latitude. data from the southem Dawson Range suggest that the

\'eins were deposited at latitudes close to that of present-day Yellowstone.

Sulphur isotopie data suggest that the hydrothermal fluid had an igneous or

magmatic source, and the sirnilarity of the galena lead isotopes to the age-corrected whole

rock Pb-isotopie composition of Carmacks volcanic rocks suggests that the Carmacks

group was the main source of metals. although there was sorne contribution of metals

from either Mount Nansen volcanics or sorne other lithology. The relatively high

eSlimatcd chlorinity of the hydrotherrnal fluid favoured the transport of base metals as

chloride complexes, and the accompanying high sulphur activity facilitated the deposition

of these metals as sulphidc mineraIs. The deposition of base metals from solution was

Iikely caused by an increase in pH due to the consumption of H'" during sericitic and

argillic altcration of the host rocks. The resuItant destabilization of gold-thio complexes

due 10 the deposition of base metal sulphides promoted the coprecipitation of native gold.

Since it is the country rock alteration that responsible for sulphide and gold deposition.

areas that are intensely sericitical!y and argillically altered are favourable indicators of

mineralized epithermal veins.

Certain characteristics of Dawson Range veins that differ from typical

(Hedenquist et al.. 1996~ Arribas. 1995; Heald et a1.. 1987~ Hayba et a1., 1985) low

sulphidation epithermai deposits include the presence of ore minerais such as enargite,

(tennantite and barite), aiteration minerais such as sericite and kaolinite. but littie or no

aduIaria. and t1uids with low pH. high ~S, and moderately high COl. The transitional

nature of the epithermal veins couid be explained in part by their close association with

the shoshonitic Carmacks volcanics. In alkalic low sulphidation epithermal gold deposits,

such as the well-known Cripple Creek, Black Hills. Porgera, Ladolam, and Emperor

districts, evidence for a significant magmatic fluid component is well-established in the
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l'orm of high temperature (:~;J50°C), high salinities (~10 wL % Nael equiv.), high COl,

and heavy bl80 in inclusion fluids (Richards, 1995; Paterson et al., (989). Spatial and

genetic associations between gold-copper mineraI deposits and potassic igneous suites

have been noted around the Circum-Pacific (Müller and Groves. 1997). Aithough the

mechanism for the relationship is poorly understood. it seems to be a funetion of a high

oxidation state and volatile contents of potassic magmas. Similarities exist between the

Dawson Range veins and the Kelian low sulphidation Au deposit in Indonesia. for which

comparably hot. saline. and C01-rich hydrothermal fluids, and depth of formation of

-1500 m, have been eited as evidence that the deposit is transitional between epitherrnal

and porphyry styles of mineralization (Van Leeuwan et al., 1990: Hedenquist et al.,

1<)96). If the Dawson Range epithermai veins are higher-Ievel analogues of a porphyry

system (Hayba et al.. 1985: Panteleyev. 1986; Heald et al., 1987). they may correlate \Vith

the 70 Ma Casino Cu-Mo-Au deposit. and eould have been emplaced below a low

sulphidation. high-Ievel vein system typical of hot spring deposits.

The results of this study provide evidenee for a regionai metallogenie event

closely related to a Late Cretaeeous shoshonitic magmatic evenL Further insights could

be obtained by extending the tluid inclusion and isotopie analyses to the porphyry

deposits hosted by Mount Nansen and Carmacks intrusions. as weIl as to a greater

number of epithermal veins in the southem Dawson Range. A larger set of tluid inclusion

tlccrepitate or leachate data wouId better constrain the fluid ehemistry and thus the fluid

source and evolution. Further gas chromatographie analyses on ore mineraIs and possibly

whole rock vo1canic samples would add to the seant CO;! data set. and confirm the link

between vo1canism and mineralization. Direct dating of a varied population of veins

wouId provide unequivocal evidence for epithermal metallogenesis. A study of the

geochemistry of placer gold in the southem Dawson Range. in comparison to that of Iode

gold in veins and porphyry bodies might identify the Iode source of the extensive placer

Au deposits. Lead isotope data from Dawson Range country rocks might define the other

end-member of the lead mixing line (Fig. 4.6), and constrain the source of metals in the

vein deposits. Although the "transitional" nature of the Dawson Range epitherrnal
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mineralization has not been commonly reported in the literature. it may be a cornmon

feature of Au vein mineralization around the Circurn-Pacific.

The most fundamental question is the nature of the mechanisrn linking Au

mineralization to potassic or shoshonitic Ooosely termed "alkalic") igneous rocks. High­

K igneous rocks comprise between 5 and 10% of arc rocks. yet are known to be

associated with 40Ck of the largest epithermal and porphyry deposits of the Circum­

Paci fïc (Müller and Graves. 1997). The relationship between minerai deposits and

potassic rocks in within-plate senings. i.e. generated by plumes or extensional tectonics,

is not weil established. nor well-documented (~1üller and Groves. 1997; Mutschler and

Mooney. 1993). Moreover. the recent suggestion that the Carlin gold trend may be

gcnetically relaled to the Yellowstone plume (Oppliger et al.. 1997), as has been

suggesled for the Carmacks group (Johnston et al.. 1996; Francis and Johnston. 1998),

in\'Ïtes comparison with gold mineralization along the North American Cordillera.
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Dawson Range Fluid Inclusion Microthermometric Data

Mount Nansen Camp
TmDeposit Sampie T" T, Tee 5alinity Mineral

Huestis MN9D 283.5 -4.4 7.0 sphalerite
Huestis MN9D 277.6 -2.9 4.8 sphalerite
Huestis MN9D 281.2 -36.6 -5.5 -3.9 6.3 sphalerite
Huestis MN9D 283.4 -5.2 8.1 sphalerite

Huestis MN 90 260.1 -2.9 4.8 sphalerite
Huestis MN 90 263.2 -3.1 5.1 sphalerite

Huestis MN9D 271.5 -3.6 5.8 sphalerite
Huestis MN9D 274.2 -3.8 6.1 sphalerite
Huestis MN9D 290.0 -5.8 8.9 sphalerite
Huestis MN9D 291.0 -4.0 6.4 sphalerite
HuestlS MN 90 289.0 -2.0 3.4 sphalerite
Huestls MN90 288.0 -5.2 8.1 sphalerite
Huestls MN9D 287.0 -4.3 6.9 sphalerite
Huestis MN90 279.0 -3.8 6.1 sphalerite
Huestls MN9D 283.0 -5.1 8.0 sphalerite
Huestis MN 90 298.8 sphalerite
Huestis MN 9D 306.3 sphalerite
Huestis MN9D 273.1 -19.0 -1.4 2.4 sphalerite

Huestis MN9C 300.5 sphalerite
Huestis MN9F 289.8 sphalerite

Huestis MN9F 287.8 sphalerite

Huestis MN 95-5 265.5 sphalerite

Huestis MN 95-5 263.7 sphalerite
Huestls MN 95-5 250.2 sphalerite
Huestis MN 95-5 255.9 -42.9 -26.6 -4.1 6.6 sphalerite
Huestrs MN 95-5 267.7 -39.2 -1.9 3.2 sphalerite
Huestls MN 95-5 250.4 -45.6 -2.5 4.2 sphalerite
Huestls MN 95-5 250.3 -43.1 -4.2 6.7 sphalerite
Huestls MN 95-5 242.1 -42.0 -5.1 8.0 sphalente
Huestls MN 95-5 235.9 -43.0 -5.1 8.0 sphalerite
Huestis MN 95-5 239.2 -45.0 -5.1 8.0 sphalerite
Huestis MN 95-5 238.8 -44.7 -5.1 8.0 sphalerite
Huestis MN 95-5 241.2 -44.0 -5.1 8.0 sphalerite
Huestis MN 95-5 231.2 -43.0 -5.1 8.0 sphalerite
Huestis MN 95-5 270.0 -48.0 -23.0 -10.5 14.5 sphalerite
Huestis MN 95-5 266.7 -48.0 -22.0 -10.0 14.0 sphalerite
Huestls MN 95-5 272.6 -48.0 -23.0 -11.8 15.8 sphalerite
Huestls MN 95-5 269.0 -48.0 -22.0 -10.0 14.0 sphalerite

•
149



ApPENOIX 1

• Mount Nansen Camp
Oeposit Sample T" Tf Te- Tm Salinity Mineral

Tawa MN 95-10 296.1 sphalerite
Tawa MN 95-10 210.9 sphalerite
Tawa MN 95-10 288.8 sphalerite
Tawa MN 95-10 339.0 -48.4 -13.4 -6.0 9.2 sphalerite
Tawa MN 95-10 313.9 sphalerite
Tawa MN 95-10 314.4 sphalerite
Tawa MN 95-10 337.8 sphalerite
Tawa MN 95-10 333.6 sphalerite
Tawa MN 95-10 330.2 sphalerite
Tawa MN 95-10 330.7 sphalerite
Tawa MN 95-10 331.0 sphalerite
Tawa MN 95-10 332.7 sphalerite
Tawa MN 95-10 330.9 sphalerite
Tawa MN 95-10 331.3 sphalerite
Tawa MN 95-10 324.2 sphalerite
Tawa MN 95-10 324.8 sphalerite
Tawa MN 95-10 327.1 sphalerite
Tawa MN 95-10 327.1 sphalerite
Tawa MN 95-10 334.4 sphalerite
Tawa MN 95-10 334.3 sphalerite
Tawa MN 95-10 335.6 sphalerite
Tawa MN 95-10 332.7 sphaJerite
Tawa MN 95-10 332.0 sphalerite
Tawa MN 95-10 336.4 sphalerite
Tawa MN 95-10 331.6 sphaJerite
Tawa MN 95-10 262.3 sphalerite
Tawa MN 95-10 310.6 -35.2 -22.1 -3.9 6.3 sphalerite
Tawa MN 95-10 319.7 sphalerite
Tawa MN 95-10 350.2 sphalerite
Tawa MN 95-10 344.7 sphalerite
Tawa MN 95-10 330.0 -30.0 -4.1 6.6 sphaJerite
Tawa MN 95-10 337.0 sphalerite
Tawa MN 95-10 339.0 -25.4 -6.0 9.2 sphalerite
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ApPENDIX 1

• Freegold Mountain Camp
Deposit S.mple T" T. T.- Tm S.linity Mineral

Emmons Hill FG 95-7 138.0 sphalerite
Emmons Hill FG 95-7 217.4 sphalerite
Emmons Hill FG 95-7 209.1 sphalerite
Emmons Hill FG 95-7 278.3 sphalerite
Emmons Hill FG 95-7 239.0 -48.5 -19.8 -2.1 3.5 sphalerite
Emmons Hill FG 95-7 243.1 sphalerite
Emmons Hill FG 95-7 262.4 sphalerite
Emmons Hill FG 95-7 258.4 sphalerite
Emmons Hill FG 95-7 308.1 sphalerite
Emmons Hill FG 95-7 253.8 barite
Emmons Hill FG 95-7 337.0 barite
Emmons Hill FG 95-7 262.8 barite
Emmons Hill FG 95-7 281.3 -38.6 0.0 0.0 barite
Emmons Hill FG 95-7 311.4 -40.4 -2.3 3.9 barite
Emmons Hill FG 95-7 312.7 -45.0 -2.1 3.5 barite
Emmons Hill FG 95-7 298.8 -40.0 -20.5 -3.2 5.2 barite
Emmons Hill FG 95-7 228.8 -43.0 -2.3 3.9 barite
Emmons Hill FG 95-7 334.5 barite
Emmons Hill FG 95-7 324.2 barite
Emmons Hill FG 95-7 344.6 barite
Emmons Hill FG 95-7 326.2 -38.5 -4.9 7.7 barite
Emmons Hill FG 95-7 266.1 barite
Emmons Hill FG 95-7 290.9 barite
Emmons Hill FG 95-7 302.1 barite
Emmons Hill FG 95-7 303.7 barite
Emmons Hill FG 95-7 317.9 barite
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ApPENOIX 1

• Freegold Mount.in Camp
Oeposit Semple Th Tf T.- Tm Selinity Mine,..

Tinta Hill FG-TH2A1 306.9 -4.4 7.0 sphalerite
Tinta Hill FG-TH2A1 292.2 -3.1 5.1 sphalerite
Tinta Hill FG-TH2A1 275.5 -3.2 5.2 sphalerite

Tinta Hill FG-TH2A1 283.9 -2.5 4.2 sphalerite
Tinta Hill FG-TH2A1 270.1 -3.0 4.9 sphalerite
Tinta Hill FG-TH2A1 290.0 -4.3 6.9 sphalerite
Tinta Hill FG-TH2A1 280.7 -3.7 6.0 sphalerite
Tinta Hill FG-TH2A1 288.4 -25.7 -4.2 -4.2 6.7 sphalerite
Tinta Hill FG-TH2A1 189.6 sphalerite
Tinta Hill FG-TH2A1 198.1 sphalerite
Tinta Hill FG-TH2A1 264.7 sphalerite
Tinta Hill FG-TH2A1 295.0 -4.3 6.9 sphalerite
Tinta Hill FG-TH2A1 300.0 -3.6 5.8 sphalerite
Tinta Hill FG-TH2A1 305.0 -4.6 7.3 sphalerite
Tinta Hill FG-TH2A1 310.0 -4.5 7.2 sphalerite
Tinta Hill FG-TH2A1 291.0 -4.3 6.9 sphalerite
Tinta Hill FG-TH2A1 289.0 -4.2 6.7 sphalerite
Tinta Hill FG-TH2A1 285.4 -44.4 -2.1 3.5 sphalerite
Tinta Hill FG-TH2A1 275.8 -44.0 -11.1 -4.5 7.2 sphalerite
Tinta Hill FG-TH2A1 272.3 -44.0 -4.8 7.6 sphalerite
Tinta Hill FG-TH2A1 293.9 -18.3 -4.2 6.7 sphalerite
Tinta Hill FG-TH2A1 292.1 -3.6 5.8 sphalerite
Tinta Hill FG-TH2Al 289.9 -44.8 -4.1 6.6 sphalerite
Tinta Hill FG-TH2A1 290.8 -5.3 8.3 sphalerite
Tinta Hill FG-TH2A1 292.6 -6.6 10.0 sphalerite
Tinta Hill FG-TH2A1 296.0 -6.6 10.0 sphalerite
Tinta Hill FG-TH2A1 295.1 -6.1 9.3 sphalerite
Tinta Hill FG-TH2A1 292.2 -5.6 8.7 sphalerite
Tinta Hill FG-TH2A1 296.4 sphalerite
Tinta Hill FG-TH2Al 297.8 sphalerite
Tinta Hill FG-TH2A1 298.0 sphalerite
Tinta Hill FG-TH2Al 298.4 -2.9 4.8 sphalerite
Tinta Hill FG-TH2A1 295.9 -3.9 6.3 sphalerite
Tinta Hill FG-TH2A1 304.6 sphalerite
Tinta Hill FG-TH2A1 292.7 sphalerite
Tinta Hill FG-TH2A1 300.1 sphalerite
Tinta Hill FG TH-S 274.7 -25.0 -4.3 6.9 sphalerite
Tinta Hill FG TH-S 268.2 -37.1 -14.5 -2.5 4.2 sphalerite
Tinta Hill FG TH-S 264.2 -26.0 -8.7 12.5 sphalerite
Tinta Hill FG TH-S 265.5 -39.0 -14.6 -3.5 5.7 sphalerite
Tinta Hill FG TH-S 293.3 -64.8 -16.4 -5.7 8.8 sphalerite
Tinta Hill FG TH-S 298.7 sphalerite
Tinta Hill FG TH-B 301.1 sphalerite
Tinta Hill FG TH-B 266.8 -21.8 -2.0 3.4 sphalerite
Tinta Hill FG TH-S 250.7 -47.4 -14.2 -5.6 8.7 sphalerite
Tinta Hill FG TH-B 298.2 sphalerite

Tinta Hill FG TH-S 278.9 -46.0 -14.0 -1.8 3.1 sphalerite
Tinta Hill FG TH-B 254.2 sphalerite

•
152



ApPENOIX 1

• Freegold Mountain Camp
Deposit Sample Th Tt T- Tm Salinity Minerale

Tinta Hill FG TH-S 258.9 -52.9 -18.4 -11.8 15.8 sphalerite
Tinta Hill FG TH-S 279.3 -58.4 -14.5 -1.3 2.2 sphalerite
Tinta Hill FG TH·S 280.7 -50.0 -13.4 -2.2 3.7 sphalerite
TInta Hill FG TH-S 320.6 -46.9 -18.4 -7.0 10.5 sphalerite
Tinta Hill FG TH-S 297.1 -50.8 -16.8 -2.0 3.4 sphalerite
Tinta Hill FG TH-S 310.7 -52.0 -11.4 -1.5 2.6 sphalerite
Tinta Hill FG TH-S 311.6 -48.2 -21.2 -1.9 3.2 sphalerite

TInta Hill FG TH-S 256.7 -48.0 -16.4 -1.3 2.2 sphalerite

Tinta Hill FG TH-S 273.3 sphalerite
Tinta Hill FG TH-S 278.0 sphalerite
Tinta Hill FG TH-S 300.1 sphalerite
Tinta Hill FG TH-S 281.2 -47.1 -12.2 -6.0 9.2 sphalerite

Tinta Hill FG TH-S 300.6 -49.8 -16.2 ·2.4 4.0 sphaJerite

Tinta Hill FG TH-S 292.7 -51.7 -12.6 -1.6 2.7 sphalerite

Tinta Hill FG TH-S 253.1 -49.8 -15.2 -2.1 3.5 sphalerite

Tinta Hill FG TH-S 255.7 -18.5 -loS 2.6 sphalerite
Tinta Hill FG TH-S 290.3 -52.8 -14.5 -2.9 4.8 sphalerite
Tinta Hill FG TH-S 288.3 -53.7 -13.3 -1.0 1.7 sphalerite
Tinta Hill FG TH-S 289.6 -48.1 -12.5 -2.0 3.4 sphalerite
Tmta Hill FG TH-S 277.2 sphalerite
Tinta Hill FG TH-S 287.2 -52.2 -12.1 -1.6 2.7 sphalerite
Tinta Hill FG TH-S 257.7 sphalerite
Tinta Hill FG TH-S 252.3 sphalerite
Tinta Hill FG TH-S 264.2 sphalerite
Tinta Hill FG TH-S 268.9 sphalerite
Tinta Hill FG TH·S 2n.8 sphalerite
Tinta Hill FG TH·S 279.0 sphalerite
Tinta Hill FG TH-S 298.0 sphalerite

Tinta Hill FG TH-S 292.1 sphalerite
Tinta Hill FG TH-S 288.2 sphalerite
Tinta Hill FG TH-S 288.9 sphalerite

Tinta Hill FG TH-S 306.6 sphalerite
Tinta Hill FG TH-S 292.1 sphalerite

Tinta Hill FG TH-S 283.8 sphalerite

Tinta Hill FG TH-S 301.1 sphalerite

Tinta Hill FG TH-S 297.7 sphaJerite

Tinta Hill FG TH-S 303.0 sphaJerite
Tinta Hill FG TH-S 293.2 sphaJerite

Tinta Hill FG TH-S 297.1 sphalerite

Tinta Hill FG TH-S 281.7 sphalerite

Tinta Hill FG TH-S 283.1 sphalerite

Tinta Hill FG TH-2C 128.0 -35.8 -15.8 -1.3 2.2 sphalerite

Tinta Hill FG TH-2C 116.1 -35.0 -14.8 -1.2 2.1 sphalerite

Tinta Hill FG TH-2C 117.0 -1.0 1.7 sphalerite

Tinta Hill FG TH-2C 116.0 -1.4 2.4 sphalerite

Tinta Hill FG TH-2C 115.0 -1.2 2.1 sphalerite

Tinta Hill FG TH-2C 115.5 -1.3 2.2 sphalerite

Tinta Hill FG TH-2C 116.5 -1.1 1.9 sphalerite

Tinta Hill FG TH-2C 116.3 -1.4 2.4 sphalerite
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ApPEP40lX 1

• Freegold Mountain Camp
Oeposit S.mple Til T, T.- Tm 511linity Mine,..

Tinta Hill FG TH-2C 115.8 -1.2 2.1 sphalerite
Tinta Hill FG TH-2C 120.0 -41.0 -2.0 3.4 sphalerite
Tinta Hill FG TH-2C 232.3 sphalerite
Tinta Hill FG 95-15 296.3 -45.1 -29.2 -4.2 6.7 sphaJerite
Tinta Hill FG 95-15 298.0 -49.2 -5.5 8.5 sphaJerite
Tinta Hill FG 95-15 294.8 -47.6 -24.7 -5.6 8.7 sphaJerite
Tinta Hill FG 95-15 297.7 -49.0 -5.5 8.5 sphaJerite
Tinta Hill FG 95-15 295.1 sphalerite
Tinta Hill FG 95-15 298.9 sphalerite
Tinta Hill FG 95-15 298.7 -5.7 8.8 sphalerite
Tinta Hill FG 95-15 289.6 -48.1 -15.1 -2.9 4.8 sphaJerite
Tinta Hill FG 95-15 281.9 -3.0 4.9 sphalerite
Tinta Hill FG 95-15 283.0 -2.8 4.6 sphalerite
Tinta Hill FG 95-15 285.0 -3.1 5.1 sphaJerite
Tinta Hill FG 95-15 287.0 -2.7 4.5 sphalerite
Tinta Hill FG 95-15 300.0 -46.6 -6.4 9.7 sphalerite
Tinta Hill FG 95-15 301.0 -46.6 -6.4 9.7 sphaJerite
Tinta Hill FG 95-15 299.6 -47.8 -20.2 -5.5 8.5 sphalerite
Tinta Hill FG 95-15 303.3 sphaJerite
Tinta Hill FG 95-15 300.0 -5.8 8.9 sphalerite
Tinta Hill FG 95-15 249.2 -46.3 -20.7 -4.4 7.0 sphalerite
Tinta Hill FG 95-15 246.2 -41.0 -7.2 10.7 sphalerite
Tinta Hill FG 95-15 255.8 -42.0 -6.4 9.7 sphalerite
Tinta Hill FG 95-15 242.3 -46.3 -4.4 7.0 sphalerite
Tinta Hill FG 95-15 249.2 -44.3 -4.4 7.0 sphalerite
Tinta Hill FG 95-15 241.6 -42.0 -6.4 9.7 sphalerite
Tinta Hill FG 95-15 246.3 -42.0 -6.4 9.7 sphalerite
Tinta Hill FG 95-15 249.5 -32.5 sphalerite
Tinta Hill FG 95-15 260.5 sphalerite
Tinta Hill FG 95-15 247.8 sphalerite
Tinta Hill FG 95-15 298.6 -5.8 8.9 sphalerite
Tinta Hill FG 95-15 289.3 sphalerite
Tinta Hi!1 FG 95-15 294.6 -47.1 -5.4 8.4 sphalerite
Tinta Hill FG 95-15 278.8 -45.0 sphalerite
Tinta Hill FG 95-15 283.8 -47.1 -22.6 -4.2 6.7 sphalerite
Tinta Hill FG 95-15 296.8 sphalerite
Tinta Hill FG 95-15 283.1 sphalerite
Tinta Hill FG 95-15 283.6 sphalerite
Tinta Hill FG 95-15 282.6 sphalerite
Tinta Hill FG 95-15 284.5 sphalerite
Tinta Hill FG 95-15 291.4 sphalerite
Tinta Hill FG 95-15 259.5 sphalerite
Tinta Hill FG 95-15 293.7 -24.8 -3.8 6.1 sphalerite
Tinta Hill FG 95-15 286.6 -44.4 -20.4 -5.7 8.8 sphalerite

Tinta Hill FG 95-15 268.5 -40.9 -4.8 7.6 sphalerite
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APPENDIX 1

• Prospector Mountain C.mp
Deposit 5ample T" Tf T.- T", 58linity Mine,.1

Frog PR 95-18 384.1 quartz
Frog PR 95-18 340.9 quartz
Frog PR 95·18 344.6 quartz
Frog PR 95-18 298.7 -2.8 4.6 quartz
Frog PR 95-18 305.7 -3.4 5.5 quartz
Frog PR 95-18 303.2 -2.8 4.6 quartz
Frog PR 95·18 299.1 -42.0 -3.1 5.1 quartz
Frog PR 95-18 304.7 -40.6 -2.1 3.5 quartz
Frog PA 95-18 284.2 -42.5 -0.3 0.5 quartz
Frog PA 95-18 264.6 -5.2 8.1 quartz
Frog PA 95-18 318.2 quartz
Frog PA 95-18 318.7 quartz
Frog PA 95-18 317.7 quartz
Frog PA 95-18 318.2 quartz
Frog PA 95-18 325.4 -39.0 -4.3 6.9 quartz
Frog PA 95-18 299.6 -44.2 -1.9 3.2 quartz
Frog PR 95-18 243.5 -3.9 6.3 quartz
Frog PR 95-18 303.2 -42.6 -3.8 6.1 quartz
Frog PA 95-18 301.9 -43.8 -3.8 6.1 quartz
Frog PA 95-18 302.5 -43.0 -3.8 6.1 quartz
Frog PA 95-18 303.0 -43.0 -3.8 6.1 quartz
Frog PA 95-18 302.9 -43.0 -3.8 6.1 quartz
Frog PA 95-18 286.0 -45.1 -3.0 4.9 quartz
Frog PR 95-18 304.3 -42.6 -2.3 3.9 quartz
Frog PR 95-18 298.3 -21.4 -3.B 6.1 quartz
LJiypad LP-4 330.0 -2.0 3.7 quartz

LJiypad LP-4 30S.0 -2.0 3.7 quartz

Lllypad LP-4 281.0 ·2.5 4.7 quar.z
Lllypad LP-4 3030 ·2.1 3.9 quartz
LI/ypad LP-4 327.0 -2.2 4.1 quartz
Ltlypad LP-4 313.0 -2.6 4.9 quartz

Lllypad LP-4 2990 -20.0 ·3.0 5.7 quartz
LI/ypad LP-4 310.0 -18.0 -3.2 6.1 quartz

Lilypad LP-4 313.0 ·18.0 -3.3 6.3 quartz

Lllypad LP-4 313.0 -78.0 -3.1 5.9 quartz
Lllypad LP-4 297.0 -18.0 -3.S 6.9 quartz

Lllypad LP-4 337.0 -17.0 -3.4 6.5 quartz

Lllypad LP-4 304.0 ·19.0 -3.3 6.3 quartz
LIJypad LP-4 312.0 ·1S.0 -3.2 6. T quartz

The above Iraliazed data are Irom Hart and Se/by

NB: Te· in most cases IS not the accurate Te but the temperature of first visible change. usually vapour
bubble movement

•
155


