I*I National Library
of Canada du Canada

Bibliothéque nationale

Canadian Theses Sewvice Service des théses canadiennes

Ottawa, Canada
K1A uN4

NOTICE

The quality of this microformis heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort nas been made to ensure the highest quality of
reproduction possible.

Ii pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especiatly if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Reproduction in full or in pan of this microform is governed
by the Canadian Copyright Act, R.S.C. 1870, ¢c. C-30, and
subsequent amendments.

NL-339 {r. 88/04) C

AVIS

La qualité de cette microforme dépend grandement de 1a
qualité de la thése soumise au microtilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc
tion.

Sl manque des pages, veuillez communiquer avec
Funiversité qui a conféré le grade

La gualite d'impression de certaines pages peut laisser a
désirer, surtout si les pages originaies ont été dactylogra
phiées & l'aide d'un ruban usé ou si l'université nous 4 fan
parvenir une photocopie de qualité intérieure

La reproduction, méme partielle, de cette microforme ¢l

soumise a la Loi canadienne sur le droit d'auteur. SRGC
1970, c. C-30, et ses amendements subséquents

Canadi



UNIVERSITY OF ALBERTA

A Light Stable Isotope and Flvid Inclusion Study of the
Sheep Creek Gold Camp, Salmo, British Columbia

by
Robert V. Hardy

A THESIS
Subm:.ited to the Faculty of Graduate Studies and Research

In Partiar Fulfilment of the Requirements For The Degree Of

MASTER OF SCIENCE

Department of GEOLOGY

EDMONTON, ALBERTA
Spring 1992



-
o5
o

3

National Library
of Canada

Bibliothéque nationsle
du Canada

Canadian Theses Service

Ottawa, Canada
K1A ON4

The author has granted an irevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, ioan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

Service des théses canadiennes

L'auteur a accordé une licence irrévocable et
non exclusive permettant a la Bibliothéque
nationale du Canada de reproduire, préter,
distribuer ou vendre des copies de sa thése
de quelque maniére et sous quelque forme
que ce soit pour mettre des exeniplaires de
cetie thése a la disposition des personnes
intéressées.

L'auteur conserve {a propriété du droit d'auteur
qui protége sa thése. Nila thése ni des extraits
substantiels de <celle-ci ne doivent étre
imprimés ou autrement reproduits sans son
autorisation.

ISBN @-315-731%52-4

[ 14!

Canadi



NAME OF AUTHOR:

TEIT.E OF THESIS:

DEGREL::

YEAR THIS DEGREE GRANTED:

UNIVERSITY OF

ALBERTA

JRLEBEASE FORM

Robert Verne Hardy
A Light Stable Isotope and tiuid
Inclusion Study of the Sheep Creek

Camp, Salmo, British Columbia.

Master of Luwuience

Spring 1992

Gold

Permission is hereby granted to the University of Alberta Library to

reproduce single copies of this thesis and to lend or seil such copies

for private scholarly or scientific purposes only.

The author reserves other publication rights, and ncither the thesis

nor extensive extracts from it may be printed or otherwise

reproduced  without the author's written permission.

i

Permanent Address:
P.O. Box 24

Viking,
Canada
TOB ANO

Alberta

1992



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RISEARCH

The Undersigned certify that they have recad. and recommend to the
Faculty of Graduvate Studies and Rescarch for acceptance, a  thesis
entitled: A Light Stable Isotope and Fiuid Inclusion Study of
the Sheep Creek Gold Camp, Saimo, British Columbia
submitted by Robert V. Hardy in partial {ulfillment  of  the
requirements for the Degree of MASTER OF SCIENCE.

Dr. Karlis MuchtCnbachs
-

i e S ongtn

P

LI

Dated ;’_.'Z__/_Lu' / 1992



DEDICATIONS

to

Arinna

Mother Earth: may she continue to bear this great burden,
Humanity,

and continue to do so with all her Power, Grace and Beauty.

Mom and Dad



ABSTRACT

The Sheep Creek Gold Camp is focated within an Hpper Proterozoie-Cimbirian
miogeoclinal suceession that straddles the castern edge of the Kootenay Are, an cast
facing terrane boundary that has been identified as a scament of the western margin of
the ancient Nortn America craton. The camp produced in excess ol 750,000 oy, vold
and half as much silver from 1.7 million tons of ore between 1900 0 1931, Recent
exploration in the camp has delineated new ore reserves.

Most prodaction has come irom high angle, northeasterly trending vertically and
laterally extensive massive and laminated quartz= pyrite veins which transcet regional
structures and all penetrative deformation. The major structures are doubly -plunging.
north-trending, overturaed tight to isoclinal anticlines composed predominantly of upper
greenschist facies quartzites, phyllites, micaccous schists and argillaccous quartzites.

A light stable isotope (O, H, C) and fluid inclusion rescarch project was
undertaken to investigate the geochemical rature of the gold mincralization, resulting in
an understanding of the P-V-T-X parameters of the vein forming fluids.

tluid inclusion rescarch indicates that these veins formed from H-0-CO»
(#CHy)-rich, low to moderately saline fluids at temperatures of 300=50°C under
conditions of variable pressures between 1-2 kbars. Phase separation s indicated by the
presence of consanguincous high XH>0-low XC0» and high XC0Os-low XH>0 primary
fluid inclusions. A west 1o cast regional depletion of methane in luid inclusions has
been documented.

0130quarz values average 14423 %o and calculated 380y ,9 values average
7.3=1.5%o. An east to west increase in 0180y, values of three to four per mil has
been observed and indicates cither a local thermal gradicnt with higher temperatures
towards the east at the time of mineralization or that lithological heterogencities resulted
in the modcrate variations in {luid isotopic cvolution.

0D values from vein quartz hosted inclusion waters range from -90 10-170 %,
averaging -129x21 % indicating a meteoric water origin for the bulk of the vein forming
tluids. 913C wvalues for vein calcites average -2.5=1.3 %o and  013C values for
limestones and calcarcous argillites average -1.9+2.4 %o, Decarbonization reactions of

the local calcarcous lithologies is the indicated source of carbon in the vein carbonates.
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CHAPTER 1

INTRODUCTION and RESEARCH OB: IVE

INTRODUCTION
The Sheep Creek Gold Camp is centred upon 1177 09" W longitude, 49 O8N
latitude within the Nelson Range of the Sclkirk Mountains in southeastern British

Columbia. The overall region. within which the Kootenay Arc (1o be described) and the

Sheep Creek Camp are located, is depicted in the physiographics terranes diagram (Figure
1.1.} from Monger et al (1982). The Kootenay Arc is located to the west of the Purcell
Anticlinorium (Figure 2.1) which defines the eastern margin of the Omineca Crystalline
Belt

The Kootenay Arc is host 10 a farge number of past and present producing mines
with five mining regions being of particular importance. These are: (1) the Rossland camp
located in the south western region of the the Canadian portion of the Kootenay Arc. The
first claim in the camp was the Lily May (1887) and in the summer of 1890 the main ore
bodies, the LeRoi, Centre Star and War Eagle were claimed. Although copper and gadd
were the major metals produced {rom the camp. silver. zinc, lcad and cadmium were also
recovered;  (2) The Siocan camp, located approximatly 100 kms NNE of Rossland. is
similarly famous for its early beginnings with the discovery of the Payne vein in 1891
resulting in a rush of stakings and an extended history of Ag. Pb, Zn. and minor Au and
cadmium production: (3} The BlueBell mine. located within the Badshot marbles of the
Riondel Peninsula was first staked in 1882 by R.E. Sproule and produced about 5 million
tonis of ore averaging approximately 5-8 % zinc. 5 % lead. 1-2 oz/ton silver, 0.1% copper
and cadmium (Hoy, 1980). (4) The Salmo: lead-zine, minc-Beit  (Fyles and Hewlet,
1959), located just west of the Sheep Creek Camp is of particular interest in that it is within
this belt of replacement and skarn aeposits that the Emerald, Feeney. and Dodger tungsten
mines arc located which were major producers of tungsten in British Colimbia (80%) until
the early 1960s. The H.B. mine. located just north of Emerald mine (Figure 2.2) is defined
as a zinc-lead-silver replacement deposit. (5) Sheep Creck mesotherimal lode gold deposits.

Detailed descriptions of more than 300 mincral properties in the region are given in
the works of Littie (1960), Fyles and Hewlett (1939). Fyles (1970). Ohmoto and Rye

(1970). Reesor (1973). Hoy (1980). These are only a few of the many geologists who



have worked in the region. Interestingly enough. exploration and rescarch in the Kootenay
Arc is continuing today at a level typically found for newly discovered regions, newly
discovered ideas. The group of geoscientists who have worked in and published from
Kootenay Arc rescarch is impressive and they have made this task of the Arc an enjoyaole

one. A few of these works are cited within the body of this paper.

THE SHEEP CREEK CAMP

Interest in the lode gold deposits in the Sheep Creek area was aroused as early as

1885 when the Hall brothers staked claims near the headwaters of Ymir Creek. The
Yeliowstone and Queen veins of the Sheep Creek Camp, located about 18 kms south of
Ymir Creck were staked in 1896 and since that time the camp has produce approximately
28.9 million grams (32 tons) of gold, 15.5 million grams (17 tons) of silver and modest
amounts of lead and zine (Schroeter et al., 1986; Mathews, 1953). Production to the end
of 951 {rom the Sheep Creek, as delincated by Mathews (1953), is listed in Table {.1. In
1986 the camp was ranked seventh of British Columbia's gold camps in terms of total
historic production. Mining activity was intense from the turn of the century until the
outbreak of World War 1, began again in 1928 and reached its peak in 1937. Therc was
little activity in the camp from about 1942 onwards. Most of the camp region is however
held by active claims and is, even amidst these times of economic recession, continuing to

be explored.

OBJECTIVE OF THIS STUDY

As a portion of a much larger scale crustal fluids research project being conducted

by Bruce Nesbitt and Karlis Muehlenbachs, the Sheep Creek Camp was chosen for a fluid
inclusion and light stable isotope study. One of the main objectives of the study was to
investigate the relationship between the geology of the vein system(s) and the light statle
isctopic (carbon, oxygen and hydrogen) signatures of 1he veins and the host rocks. 1n
conjunction with this investigation, a fluid inclusion study of both mineralized and
unmineralized quartz veins was underiaken with the purpose defining, as much as possible,
the nature of the vein-forming fluids. The inclusion study resulted in a better
understanding of the pressure-temperature regime of vein tormation as well as a good
understanding of the compositions of the vein-forming fluids and possible mechanisms for
gangue and metal precipitation. The isotopic study reveals and further supports the notion
that this picce of the Canadian Cordillera has experienced a protracted tectono-thermal

history and this has resulted in a complex of isotopic signatures, some of which can be

tJ



interpreted directly while others have indicated seenarios of isotopic (ane or mineralogical)
disequilibrium, and periods of thermal (hydrothermal) overprinting.

An attempt was made 1o sample not only the region of the gold mincraliztion but 1o
extend the research outward into the surrounding geology. The reason tor the expanded
sampling was to investigale any possible lateral variations in the geochemisuy of the veins
Interestingly cnough, trends in both fluid composition and isotopic signature were
identified. In addition. because ot the nature of some of the _luids in the quartz veins (they
carry a sigaificant methane component) it was possible to initiate an isotopic investigation
of the carbon and deuterium ratios in the vein methane. Although the result from this
portion of the study arc inconclusive, the rescarch has opencd another avenue for
investigating crustal fluid-rock interactions.

The paper is organized into five chapters. Chapter 11 is a summary of the geology of
the camp and the region that surrounds it. An attempt was madce to consider some of the
salient regional features. As will become obvious to the reader or is already known o
anyone who has worked in the Kootenay Arc. a thorough investigation into the saliemt
features would be another book in itself. Lithologies. structures and metamorphism within
the region is presented and tc this, a summary of the mineralogical-hydrothermal
characteristics of the Sheep Creek Gold Camp is added. Chapter 1 is a detailed account of
the fluid inclusion study. Chapter IV is a detailed account of the isotope study and Chapter
V is « comparison of the Sheep Creek vein system with the well documented characteristics
of known mesothermal gold systems (Nesbitt, 1991: Kerrich.1991) and a4 comparison with
the Pamour #1 minc of the Porcupine Camp, Ontario. Canada. A short discussion
regarding genetic models is also included in Chapter V.

So where's the cold ? The possibilitye that there is sult a sionificant quantity of ore
grade mineralization in the Sheep Creek camp is presently being investigated by Yellowjack
resources through a shallow drill program in the south secior of the camp. The geological
information that is available regarding this particular gold camp is relatively thorough.
Additional, well constrained geological. geochemical and geophysical rescarch
(exploration) is however needed to further assess the mineral potential of the region. The
term region is used here to suggest that it is probable that high grade mincralization is to he
found in similar sirucural features as those that carry the bulk of the Sheep Creek gold.
These structures are discussed in the beis of this work. Mathews (1953) and Fyles and
Hewlett (1959).

‘.
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Figure 1.1 Cordilleran physiographic terranes map and general location of the study arca.
Modified from Monger et al., 1982



TABI.E 1.1.
SUMMARY OF TOTAL RECORDED PRODUCTION (1900-19531)

COLUMBIA 1932, 1933
FAWN 1915, 1935

GOLD BELT

SHEEP CREEK GOLD CAMP

MOTHER LODE, NUGGET

1906-1922

RENO, BLUESTONLE

1928-1938

ORE HILI
1906-1940

SUMIT
1906-1938

QUEEN
1900-1938

SHEEP CREEK
(GOLD MINES LTD.)
1938-1951

VANCOUVER
1909-1933

ORI Gorh SITVER 1AD /INC
TONS O7. O/ 1 1S, I.13S.
42 31 36
74 131 13
257,338 79,954 32,7061
KOOTENAY BELLE 292 893 109937 37.133
429,667 231,032 154,502
(LEAD AND ZINC) ———> 155,625 143,033 92,625
3,669 2849 5413 186,940 166,753 §
1.205 870 1218 30,204 2,034
—y = Queen &
358,524 162,719 / Sheep Cieck
UIREN Minen
360,790 140,992
383 964 421
16,989 5,600 3,001

YELLOWSTONE
1900-1902

TOCTALS

364,793

377.5068

312.633 §




CHAPTER IL

GEOLOGY

INTRODUCTION:

Massive or laminated (in some cases brecciated) quartz veins, occupying cast-

trending high-angle dextral, strike-slip fault zones are the dominate source of gold
mineralization in the Sheep Creck Camp (Mathews, 1953: Robinson, 1949).

The camp, located in the Eastern Belt of the Salmo lead-zinc map-area, as defincd
by Fyles and Hewlett (1959), is structurally dominated by the Sheep Creek Anticlire. This
anticline is a major, overturned-isoclinal structure composing the medial portion of the
southern end of the Kootenay Arc. This, and associate structures, extend beyond the camp
to the north and south for more than fifty kilometers forming one of the more prominent
features of the Kootenay Arc, the Nelson Range, formerly named the "Quartzite Range" of
the Selkirk Mountains (Little, 1960).

Hedley (1955), introduced the name Kootenay Arc, a misnomer with respect to
present plate tectonic theory and nomenclature (Lambert,1989), the name does however
aptly describes this northerly trending. convex to the easl. arcuate belt of polydv{ormed and
metamorphosed, thrust-imbricated Proterozoic to early Mesozoic, autochihonous and
allocthonous composite terrane (Figure 2.1, from Parrisk: 2t al.,,1988). The Kootenay Arc
cxtends from near Clearwater Lake at approximately 120°%v. 52°N to the Columbia River
near 118°W, 48°IN (Lambert,1989) and separates the Purceil Anticlinorium in the cast from
the Mesozoic island arcs of Quesnellia in the west. It has undergone a protracted tectonic
history including plutonic activity beginning possibly as carly as the late Triassic (Hoy,
per.comm.) and continuing into the mid-Jurassic (=165 Ma.), the mid-Cretaceous (=100
Ma.) and the mid-Eocene (= 50 Ma.) (Archibald et al., 1983, 1984; Little,1960;
Armstrong, 1988).

Prominent geological structures with, 1 oor bounding the Kootenay Arc include the
Valhalla high-grade metamorphic complex, which is separated {~om the Neison plutonic
complex, immediately to the east of the Valhalla complex, by the Slocan Lake Feudt in the
north and the Champion Lake Fault, the southern extension of the Slocan Lake Fault .
These faults are early-Tertiary, north trending shaliow to steeply east dipping (30-40°; 40-
857 respectively) brittle-ductile zones of normal faulting (Parrish, 1984; Parrish et al., 1988

Corbett and Simony. 1984). Other regional scale normal faults arz found to the east of the

6



camp, two of which are the Blazed Creek Fault and centered upon the Hootenay Lake, the
Purcell Trench faule (Figure 2.1)

A well documented north trending, 10-15 km wide zone of high grade
metamorphism (sillimanite, K-feldspar) diminishing to greenschist o upper-greenschist
facies metamorphism is found straddling the Kootenay Lake. Potassium-argon dating of
rocks in this region show that there was a protracted cooling history as has been interpreted
by the strong correspondence and paraliclism of the Cretaceous 1o Eocene trend in
1sochrons with the increasing grades of metamorphism ( Archibald ct al., 1984).

The miogeoclinal Proterozoic 1o Lower Paleozoic metasedimentary sequence that
constitutes the Salmo-lcad zinc map-area and the Windermere Supergroup rocks located 1o
the cast of this belt, are separated trom the carly-Jurassic eugeoclinal rocks of the Rossland
Group by a composite region of thrust (= strike-slip) faults including the Waneta, Tillicum
(Einarson,1991), Argillitc and Black Bluft faults which approximately parallel the local
stratigraphic trend of the Konotenay Arc (Hoy et al.,1990; Andrew and Héy,1990; Fyles
and Hewlett,1959). The regional north-cast trending fold structure, the shearing and
penetrative foliation and thesc faults are considered to be manifestations of "... two periods

of pre-middle to late-Jurassic compressional deformation” (Hoy et al..1990).

TECTONIC SETTING and TERRANE EVOLUTION:

A century of mincral exploration and geological research has resulted in a good
interpretation of the stratigraphic successions and their regional correlations as well as a
moderate understanding of the geological evolution of the region. Recent deep crustal
structural research from Lithoprobe (Cook et al., 1988) and COCORP studics (Potter et al.,
1986) have shown that a number of Tertiary extensional structures extend to depths of
around 10 kilometers. Other deep crustal structures are being investigated turther. Lambert
(1989) summarizes three of the present existing theories of the tectonic origins of the Arc
and discussed the relative merits and shortcomings of cach of these theories. The
interpretive complexities inherent in delineating an all inclusive tectonic theory for the Arc is
far beyond the scope of this research. The following summary of the tectono-thermal
evolution of the Arc draws heavily upon the work of Archibald ct al. (1983; 1984) and
dues not directly address tectonic theory, but does consider the evolution of thought
regarding the Canadian Cordillera and a tectono-thermal history for the Kooienay Are.

The Canadian Cordillera is essentially composed of a collage of what Coney ct al.,
(1980) first termed suspect terranes,”...characierized by internal homogencity and

continuity of stratigraphy, tectonic stvle and history"”. with terrane boundaries that arc



fundamental stratigraphic discontinuitics that separate distinct temporal or physical
geological sequences (Coney et al.. 1980). Much of the Canadian Cordillera is composed

t

of a collage of allocthonous terranes, tectonically welded to a "...compressed,
parautochthonous continental margin terrace wedge consisting mainly of sediments croded
from the North American craton and deposited along its rifted western (paleo) margin®
(Archibald et al.,1983). Monger et al.(1982) expanded upon the earlier work ot Coney ct
al.(1980) and divided the Cordillera into five physiographically distinct beits based upon
the distinct geology and geomorphology of the belts. Monger et al (1982) subsequently
groups the allochthonous belts into two large, composite, allochthonous terranes as a
function of the belt's relationships with two major regional tectonic 'welts', the Coast
Plutonic Complex and the Omineca Crystalline Belt. It has been observed that "...the
Rocky Mountain, Intermontane and the Insular bells are suprastructures composed of
unmetamorphosed and low-grade metamorphic rocks, (which contrast with) the Omineca
Crystalline Belt and the Coast Plutonic Complex, in which the metamorphic and plutonic
infrastructure of the Cordillera is exposed and which became differentiated between
Jurassic and mid-Tertiary time when deformation, metamorphism, granitic magmatism and
uplift were concentrated in them."

It is within the Omineca Crystalline Belt, which Monger et al. (1982) originally
described as "...Mid-Proterozoic 10 mid-Paleozoic miogeoclinal rock, Paleozoic and lower
Mesozoic volcanogenic and pelitic rock, local Precambrian crystalline basement, highly
deformed and variably metamorphosed up 1o high-grades in mid-Mesozoic to early Tertiary
time and intruded by Jurassic and Cretaceous plutons” that the Kootenay Arc is located.
Archibald et al. (1983) summarizes the Kootenay Arc as "... a west facing monocline along
which the displaced continental margin terrace wedge is draped over the rificd Proterozoic
margin of the craton, and across which there is a change in structura! level involving ¢r
aggregate of about 20 km of mid-Proteroroic to Middle Jurassic strata (Price,1981)". This
monocline is characterized by intense penetrative foliation, coaxially refolded, early-west
verging faults and folds and regions of amphibolite-facies metamorphism as well as
numerous synkinematic and post-kinematic (Middle to Late Jurassic and Middie
Cretaceous) granitoid plutons.

Archibald et al., (1983: 1984) have developed an evolutionary profile of
deformation, meramorphism and plutonism from the carly -Jurassic to Eocene periods for
the Southern Kootenay Arc. The Sheep Creek Camp is located within their study area and
it is theretore believed that the tectonic evolution summarized be'~w applies in part if not
wholly to the geological evolution of the Sheep Creek Camp.

Prior 1o the protracted compressional. transpressional and extensional tectonics that



is suggested by the follow ing. it is believed that the autochthonous North Amenca oft-shelt
facies that compose much of the Kootenay Arc was subject to repeated rifting cvents
(Nelson, 1991; Thompson et al., 1987: Devlin, 1989). Hoy (1982) has suggested that the
complex carbonate hosted Pb-Zn deposits (Kootenay Arc-Type deposits, including HL.B.,
Feeney, Jackot, etc.: scee tigure 2.2) tound straddling the western edge of the miogeocline
are fundamentally syngenctic stratabound-stratatorm. proximal-distal scdimentary
cxhalative deposits which moderately resemble the MacMillan Pass arca in the Sclwyn
Basin (Nelson,1991).These deposits are hosted by the Reeves-Badshot iinwestone-dolomite
unit which is a significant marker horizon that extends along the greater portion of the
Kootenay Arc. As a result of there location in the Kootenay Arc. these deposits have been
subscquently deformed and altered. These deposits, focated in Fyles and Hewlett's "Mine
Belt" are presented here in an attempt to broaden the reader's understanding of the regional
ore mineralogy, which will not be dealt with in any detail in this study.

In mid-Jurassic time, Quesnellia, a composite allochthonous terrane (Tipper, 1984)
was accreted to and overlapped the western margin of ancient North America between 166
and 156 Ma. The Proterozoic Windermere Supergroup (southern Kootenay Are) and the
early Paleozoic Lardeau Group (central Kootenay Arc) were carried rapidly to depths of
more than 20 km. resulting in synkinematic regional metamorphism (Archibald,ct al.,
1983). Syn- to post-kinematic granitic rocks intruded both the descending miogeoclinal
rocks and Quesnellia during this time. These deformed and metamorphosed miogeoclinal
rocks were then uplifted by more than 7 km and subscquently thrust over and into the
composite accreted terrane ... prior to being intruded by post-kinematic granitic rocks,
many of which belong to the two mica suite of mid-Cretaccous ages”.  Archibald ct
al.(1983) furthes suggest that by mid-Cretaceous time the area “..had cvolved into a
tectontcally active metamorphic infrastucture and a tectonically dormant suprastructure” and
that this major period of magmatism may have been a result of Cretaccous compression
affecting the rocks of the Purcell Anticiinorium " prior to emplacement of the post-
kinematic, mid-Cretaceous plutons into a then tectonically dormant suprastructure between
115 and 90 Ma. They further suggest that following the mid-Cretaccous thermal
culmination, protracted cooling and slow uplift occurred until late-Cretaceous ime and that
this preceded Paleocene to Eocene "... rapid cooling of the still hot mid-Cretaccous
infrastucture due to uplift and erosion (0.4 - 0.6 km./Ma.) accompanying thrusting of the
miogeociinal strata over a steplike ramp in the basement during formation and final stages
of development of the Purcell Anticlinorium (Price,1981) between 65 and 55 Ma.”
(Archibald ct al..1984). Differential uplift and/o: tectonic denudation of the infrastructure
occurred in Eocene time.

9



K-Ar geochronology of biotites in the Salmo and Summit arcas of the Arc suggest
that post kinecmatic plutons were emplaced in mid-Cretaceous (= 100 Ma.) time and that
these dates provide a minimum estimate of the "true” cooling date ( biotite K-Ar cooled
below its closure temperature of approximately 280-320° C: Berger and York. 1979) and a
mesinmum estimate of the period of tectonic or hydrothermal overprinting. The younger
riwca dute recorded for the Sheep Creek stock is interpreted as a result of hydrothermal
alteration associated with the mineralization found there (= 98.3x1.1 Ma.) and the
concordant mica date of 102 Ma. for the Lost Creek and Summit stocks are considered to
be the age of these plutons (Archibald et al., 1983).

LITHOLOGIES:

The essentially confoimable sequence of metasedimentary , Upper Proterozoic to

Ordovician, North American niogeoclinal rocks that host the Sheep Creek vein system is
diverse in composition but ceniains units of remarkable homogeneity. The following is a
briet description of these !ithologies and begins with those rocks of the Hadrynian

Windermere Suresgroup found eost of the camp.

TOBY FORMATION:

Daly (1912) originally placed this thick (2.5 km) "roundstone” conglomerate unit
with the Irene Formation and termed it the Irene conglomerates. Little (1960) chose to
apply the name "Toby' to it to avoid any contusion with the overlying Irene Volcanic
Formation which is, in the lower portion of the section, interbedded with and transitional to
the conglomerate. The unit is well exposed from south of the border along a strike of =5°N
to its contact with the Bayonne batholith nearly 50 kms to the north.

Well rounded, coarse sand-size grains through to half metre boulders of micaceous
quartzite, white sucrosic quartz and subordinate amounts of grey or white dolomitic marbie
arc cemented together by a rather uniform greenish grey and grey muscovite, biotite,
chlorite schist. The unit is characteristically crushed and sheared and the majority of the
pebbles are deformed into sirike parallel obloids and lenses. Daly (1912), was probably
the first to suggest that because of the similarities in cobble color, composition and 'general
ficld habit', the source of this material was from the unconformably-underlying, Helikian-
Purcell Supergroup (Daly's Priest River Terrane) to the cast and suggests further that these
systems may have experienced penecontemporancous deformation.  No confirmation or
direct rejection of such an hypothesis has yet to be established, though Wheeler (1966) has
suggested "o that during the Windermere time, sediments deposited in the eastern belt were

derived from the cast. The source was partly from the edge of the continental interior,
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portions of which apparently exposed arcas of crvstalline basement. and partly from the
actively eroded highlands of the ancestral Purcell Mountains uplifted during the preceding
orogeny”. The relationship between the Purcell and Windermere Supergroups is quite
important to the issue of mineralization within the Kootenay Are but s not considered
further in this study.

IRENE VOLCANICS:

Conformably overlying and intercalated with the top of the Toby conglomerate is
this northerly trending (7°-30°N), steeply dipping (70°E-70°W) highly altered andesitic
volcanic unit with a 10 m. interbed of fine grained black limestone and lenticular
intercalations of dolomite and phyllite. The "greenstone” (the Irene Volcanics) is
predominantly schistose and is composed of actinolite. saussuritized plagioclase, quartz,
calcite, epidote, sericite and minor amounts of magnetite, pyrite and ilmenite (Little, 1960);
Daiy, 1912). Daly (1912) reports that much of the greenstone contains schistosity parallel
lenses of caleite (= quartz) amygdules. Although the precise origin of this unit has been
debated, Rice (1941), Park and Cannon, (1943). and Little (1950) have confirmed the
original extrusive origin that Daly had reported.

MONK FORMATION:

The Monk Formation (Unit (3, Figure 2.2) is characterized by the parallelism of s
penetrative foliation (strike N10°E, dipping 79°W-55°E) with the regional fabric; including
schistosity, bedding and axial planes and possibly some of the major thrust faults. The
original sedimentary structures in this formation have been effectively obliterated by
regional deformation though Daiy (1912) has established bedding auitude (N1O'E and 75-
90°W) from the contacts between grit and conglomerate units and the schists. The unit is
exposed as the core of a southerly plunging anticline overlain by the Three Sisters
Formation. The unit is composed of a 1.3 km scction of phyllitic slates, phyllites,
schistose conglomerates, sheared quartzites and quartz grits as well as kyanite bearing
sericite-quariz schists . Walker (1934), states that "...the scarcity ol outcrops, coupled
with the knowledge that the formation is highly folded upon itself, renders it impossible 10
describe it fully or to estimate its thickness". The significance of the unit with respeet to

this study is the parallelism of structure and foliation and the presence of kyanite.

THREE SISTERS FORMATION:
The top of the "..Monk Formation is conformably overlain by a mass of very
heavily bedded sandstones, grits and fine grained conglomerates, which in all respects are

identical in character with the coarser-grained phascs of the Monk Formation™ (Daly, 1912).



Dahy (1912) angmally subdivided this massive. greenish-grey grit and fine conglomerate
unit into the Wolf Formation and the overlying Dewdney Formation which as Daly
stated;"...By inscnsible gradations the Wolf Formation passes into the conformably
overlying Dewdney Formation.  The plane scparating them is thus an arbitrary one”,
suggests that no significant breaks in deposition occurred within this unit. Walker (1934)
attributed the name Three Sisters Formation to this unitform (in thickness and composition)
unit after the Three Sisters Peaks located east of the headwaters of the Sheep Creek, where
it is well exposed and forms the highest peaks in the arca. The formation is the most
massive of any of the units in the area and generally exhibits little evidence of bedding.
The rock fractures across the schistose cement and quartz grains to produce huge angular
blocks in the talus and scree slopes. Interbedded with the massive quartzite however are
minor units of alternating beds of grey grits and white quartzites and an interlying set of
argillaccous units which Daly (1912) describes as "...felted aggregates of quartz, feldspar,
biotite sericite and iron oxides". It is also clear from the bedding parallel schistosity, which
does not flow around the clastic grains and is cut off sharply by the grains, that the
"...schistosity produced by the common orientation of the micas is not due cither to
shearing of the rack or to the rotation of pre-existing scricite and biotite, but is due to the
crystallization of the minerals with their cleavages lying perpendicular to the direction of a
compressive torce” (Daly.1912).

This formation occupies the core of the Sheep Creek Anticline. the core of the
Baldy Anticline ( conceivably the northern extension of the Sheep Creek Anticline) and a

wide northerly trending belt in the east of the map area ( Figure 2.2).

PRECAMBRIAN - CAMBRIAN BOUNDARY:

The delineation of the boundary between the Precambrian Windermere Supergroup
lithologies and the contormably overlying Paleozoic rocks of the Quartzite Range
Formation has proven 1o be difficult.  Ultimately, atter a number of attempts to
chronologicaily locate these rocks (Daly,1912; Walker,1934; Rice, 1941; Park and
Cannon, 1943), Little, (1960) chose 10 place this boundary at the base of the Quartzite
Range Formation. This decision was based upon the presence of a few Cambrian trilobite
fragments (found south of the border in the "Gypsy Quartzite", the Quartzite Range
Formation corrclative in the Metaline quadrangle in Washington) as well as abundant
Lower Cambrian archacocyathids hosted by the basal limestone of the Laib Group, which
conformably overlies the Reno Formation, which similarly overlies the Quartzite Range

Formation.



QUARTZITE RANGE FORMATION:

The Quartzite Range Formation is the most signiticant lithological unit ot the Sheep
Creck Gold Camp. It is within this unit that the majority of the gold mineralization has
been obtained. Mathews (1953), subdivided the Quartzite Range Formation into three
major divisions; the Motherlode, the Nugget and the Navada Mcembers and further
subdivided the Motherlode and Nugget Members into the Lower, Middle and Upper units
and the Navada into the Lower Navada and the Upper Navada.

These predominantly massive, white-quartzites with minor intercalated argillaccous
quartzites retain much of their primary sedimentary structure including multiple beds of
well-preserved ripple marks and extensive crossbedded lithologics. This formation is best
exposed in the limbs of the Sheep Creek and the Baldy anticlines and has been traced for

nearly 240 kms northwards along the trend of the Kootenay Arc.

MOTHERLODE MEMBER:

This 335 metre thick unit of competent massive white-guartzite is so homogencous
that stratification is barely discernable although the Middle Motherlode is slightly more
argillaceous and contains a minor green-schist phase. The Motherlode occurs as a single
broad zone straddling the axis of the Sheep Creek Anticline in the southeast near Mount
Waldie and is separated north of there, where the Three Sisters Formation core the anticline
at surface. It ‘s also found to the east of the Sheep Creck Anticline as a broad northerly

trending unit oetween the Laib Syncline and the Three Sisters Formation

NUGGET MEMBER:

The Nugget Member consists of 165-275 metres of argillaccous quartzites, minor
argillites overlain by mixed argillaceous quartzites and massive quartzites which are in turn
overlain by massive white-quartzites. The Upper Nugget is the most competent structural
unit in the camp and the vein fissures (normal fault structures to be discussed) crossing
these quartzites are very clean and display minimal drag or shearing. The signmificance of
this =80 metre thick succession of strata is that ncarly all of the productive veins in the
camp (excluding the Reno and Bluestone veins) "...have yiclded ore from the Upper
Nugget beds, and it is estimated that fully hall the production of the camp has come from
veins” in this unit (Mathew.1953). This portion of the Quartzite Range Formation is found
in both limbs of the Sheep Creek Anticline and in the core of the Western Anticline near the
confluence of Waldic and Sheep Creek where much of the vein system was highly
mineralized.

The Middle Nugget beds are a distinctively less competent assemblage of quartzites,

v



dark argillaccous quartzites and stratificd argillites. These beds display minor variations in
thickness and where they are intersected by quartz veining contain (ed) some significant ore
shoots however, most of the "...vein fractures cutting the Middle Nugget beds contain
cither no quarts or quartz with subcommercial gold values" (Matnews. 1953).

The wop o the Lower Nuggct is esscentially the lowest poriion of ihe succession that
has produced any gold and has been thus described as the bottom of the critical quartzite
beds. This notably incompetent. =50 metre thick succession of argillites interbedded with
argillaccous quartzites does not. interestingly enough, display the complexities of variable
thicknesses and complex folding as are observed in the incompetent Reno Formation

overlying the Quartzite Range Formation and is essentially unmineralized.

NAVADA MEMBER:

This somewhat thinner member of the Quartzite Range Formation is, from the
Lower Navada upwards. a relatively competent succession of dark. thin-bedded guartzites
and argillaceous quartzites extending into the massive white quartzites of the the Upper
Navada. The member does however display some close folding and variable thickness and
has been host 1o oreshoots in a number of the mines including the Gold Belt; Kootenay

Belle A: the Bluestone: the Reno mine and the Queen vein.

RENO FORMATION:

Conformably overlving and locally transitional into the Upper Navada quartzites is
this complex succession ol micaceous quartzites and phnyllites, wiich have been severely
folded into a package of lithologies of variable thicknesses. (Mathews termed these rocks
aruillites and argillaceous quartzites but Little (1660) belicves these to be less descriptive
terms. In the following discussion both terms will be used interchangeably as 1 cannot
quality the situation directly.) As is the case with all the other lithological units in this
district, the actual definitions of the formations have varied and evolved. Mathews (1953)
has adequately defined this formation as occurring between the Upper Navada member,
located cast of the summit, and the base of the intolded Laib formation, an easily
recognized white, massive limestone which weather buff-honey comb. The greater
proportion of the Reno Formation (estimated to be approximately 200 metres thick though
varving from as hittle as 153m. to as much as 275m, as observed on the eastern limb of the
Western Anticline; is comprised of phyllitic quartzites, phylites and light brown micaceous
schists. North of the Rene mine. Mathews (1933) was able *o subdivide the formation into
the lower phylitic and micaccous quartzites and the upper impure greenish-grey quartzites

members. He did not attempt this subdivision elsewhere. The formation has been severely
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folded with numcrous and complex dragtolds (parasitic folds) that range in amplitude trom
a few inches to tens of feet (how do you convert imperial approximations 7). ‘The beds
thicken and thin as a result of this folding and Mathews suggests that abnormally thick
sections of this incompetent formation is a function of duplication by tight and small scale
tolding. In the pe locality near Reno Mountain. contact metamorphism has increased the
competency of the formation and as a result of this. the vein Iracturing in the Reno nune
has allowed for the extensive ore bodies which contrasts with clsewhere, where the
fractures in the Reno formation tend to cither dic out or diminish in displacement with
significant changes in attitude as the fauits pass frem the Navada Quartzites into the
incompete.:t Reno beds. Other than the Reno mine and two veins in the upper portions of

the Gold Belt minc. veins in the Reno Formation hav e been non-productine.

LAIB FORMATION:

Further up this conformable succession of formations is the Laib Formation which
has been defined as a thick assemblage of phyllites. micaceous quartzites and limestones
(Fyles and Hewlen 1959). The scequen. o deseribed originally as the lower part ol
Walkers' and Dalys' Pend d'Oreille series (including parts of Dalys' Becehive and the entire
Lonestar Formations) is best exposed on the upper slopes ot Reno Mountain and the ridge
northwest of the Reno mine (termed Hidden Crecek ridge in this report). T2 formatior also
occupies the trough of the Lait syncline and the basal limestone is reported to extend along
the core of the isoclinal syncline. located between the Sheep Crock Antictine and the
Western Anticline, from Reno Mountain southwards beyond Mnt. Waldic to just above
Lost Creek. These rocks have been mapped as an extensive portion of Fyles and
Hewlett's(1959) "Mine Belt", which extends southward across the U.S. border and
northwards, (where it is correlated with the Badshot marbles and the overlying Lardeau
Formation) along the Kootenay Arc as {ar north as the Goldstream distiict.

The importance of this succession of limestones (marbles) and dofomitic
limestones, phyllites and schists lies in iis potential for hosting Ph-Zn (= Ag.Au,W,Cd)
deposits as well as being a possible source for some of the constituents found in the vein
systems of the Sheep Creck Camp, (cg. carbonates). Mathews (1933) subdivided the
formation, within the Sheep Creck Camp, into six members ot which the first. third and
fifth are distinctly calcareous and the intervening members are exclusively argillaccous.
The "argillaccous’ beds are locally metamorphosed to biotite and simphibolite schists and
this entire package is similarly complicated by numerocus (olds and much faulting though
detailed mnapping in the camp is limited.

Alihough this formation compriscs a relatively signiticant porton ot the hithological



package comprising the Sheep Creek Camp. the mineralization hosted by these units s
essentially restricted to the calcareous beds and is base metal enriched and carries a higher
percentage of silver. The total amount of ore from the Sumit and Ore Hill mines s
comparatively small relative to the production for the camp with widths of high-grade

mincralization being "...measurable in inches rather than feet” (Mathews,1953).

NELWAY FORMATION:

These Middle Cambrian, predominantly black-dark grey. limestones. phyllites and
calcarcous schists, occur in a number of areas within the district (Littie,1960) but only
c:uicrop s a fault bound inlier found east of the camp near the core of the Laib syncline.
Where the formation can be observed without fault relationships, it grades conformably
into the underlying L aib Formation and has been paleontologically dated (using trilobite and
brachiopod taunuas by association with its correlative umit, the "Metaline' limestones south
of the U.S. border), as mid-Middle Cambrian.

ACTIVE FORMATION:

As a direct result of the "...fortuitous discovery of Ordovician fossils in" this
tormation, Lide (1960) was able to seprate this discontinuous belt of dominandy black
argillites with minor slates, phyllites. argillaceous limestones and dolomites of this
disconformably fault bound unit from the Laib Formation. Fyles and Hewlett (1959) have
essentially defined their Black Argillite Belt as a function of this succession bound on the
cast by the Black Bluff Fault and on the west by the Argillite Fault. These rocks, as occur
i the Sheep Creek region, comprise a more or less monotonous succession of well cleaved
argillites and rare calcarcous intercalations; all of which appear to be intensely silicified. .13
Little (19€3) points out "... The structure of the Active Formation in the type area
(northwest ©f the Sheep Creek Camp) 1 affling and only by very detailed mapping might
the solution of the problem be obtained. The formation appears to be completely 'wrapped
around’ the large granite stock on Porcupine Creek”. In the region depicted in Figure 2.2,
the strata strike roughly parallel with the thrust faults, having extremely variabie dips and as
Fyles and Hewlett suggest, the Black Blutt Fault is folded in the valley of Hidden Creek
which may account for the presently unexplained seemingly conformable relationship of
this formation with Lower Cambrian rocks tound in the Hidden Creek valiey (Little, 1960).
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INTRUSIVE ROCKS:

A remarkable complex ot intrusive bodies he iterally saturated the supracrustal

rocks detailed above. Throughout the Kootenay Arc are granitic through to svenitic bodies
that span an intrusive history of at least 130 million years. In an attempt to establish a
framework from which a discussion of heat sources or volatle and or fhud sources may be

based, a few of the local intrusive rocks will be considered.

JURASSIC INTRUSIVE:
Silver King Suite:

The oldest intrusive rocks within the immediate district ( within approximately 460
kms radius from the Sheep Creek Camp) is a suite of essentially granodiontie-dioritic albite
porphyry rocks called the Silver King suite. Originally, these rocks were considered as a
proximal satellite suite of the Nelson Batholith. Recent work has shown that these rocks are
separate from the Nelson Batholith and have been dated as being approximately 10 Ma
older, as syntectonic bodics of 178-182 M age (HOy, pers.ccomm). This suite of small,
semi-concordant plutons are hosted by the Elise and Hall formations of the Rossland
Group and are located approximately 20 kilometers N-NW of the Sheep Creek Camp.
(Hoy, and Andrew, 1988).

“Tail” of the Nelson Batholith:

Recent work on the 'tail' of the Neison Batholith done by Vogl and Simony (1992)
has shown that this portion of the much larger intrusive body to the north and west,
"...consists of three subvertical, subparallel, compositionally distinct sheets: a western
quartz diorite. a central leuco-quartz monzonite and an castern quartz monzonite”.

This complex intrusive body has been dated by Duncan and Parnish (1979), (Rb-
Sr, whole rock) at 150 =9 Ma which is somewhat younger than the dates listed for the
various phases of the main Nelson body which span the period of 160-172 Ma (sce Brown
and Logan, 1988 for references and dates).

As is the case with many of the plutonic bodies in the region, xenolithic massces.
roof pendants and screens of local supracrustal rocks are found within the @i, ‘Two of
these bodies which are of particular interest are found near Kutetl Creek (approximately 24
kms north of the Sheep Creek Camp). Recent work by Jon Einarson identifics the fault
that juxtaposes Ymir Group (late Triassic-carly Jurassic) allochthonous rocks from rocks
that resemble the Upper Mississippian to late Triassic Slocan/Milford (pericratonic) rocks.
as a northern extension of the Waneta Fault. Further detailed study of the detormation and

strain within the screens and pendants and the granitic rock itsclf "..suggests that



deformation within the “tail’ ook place during or shortly atter emplacement with the heat
from cmplacemenm providing a thermal soltening and giving rise o wide homogencous
shear zones” (Vogl and Simony, 1992).

Other mid-laie Jurassic. granitoid intrusive bodies that occur closer to the Sheep
Creck Camp include the Mine Stock, dated at 171 Ma (U-Pb by Calderwood et al., 1990)
which also has a K-Ar muscovite date of 166 Ma and a K-Ar biotite date of 165 Ma
(Archibald ct al., 1983). The Wall Stock, locatred just north ol the Minc Stock, has » K-Ar
biotite date of 147 Ma and a K-Ar muscovite date of 156 Ma, whereas the Porcupine Creek
Stock, located north of the camp has been dated by Wanless et al. (1968) at 157 Ma from
hornblende K-Ar and 107 Ma from biotite. Archibald et al. (1983) suggests that the
anomalous biotite date is a result of K-Ar resetting by the influcnce of the nearby

Cretaceous plutons and stocks.

CRETACEOUS INTRUSIVES:
Salmo Stock;

The Sheep Creck Camp is essentially surrounded by and in parts underlain by
granitoid bodies ol mid-Cretaceous age. These bodics include the relatively large Salmo
Stock to the north-northwest of the camp. This body, as described by Fyles and Hewlett
(1959) and observed by the author, is composed of variable medium grained rocks ranging
from quartz-rich biotite granite to diorite phases and has an extremely complex marginal
transition into the surrounding supracrustal rocks including xenolithic fragments,
granitization (*j of the country rock and complex biotite-granodiorite migmatites. ((%)
Granitization, as defined by Mason (1978); is a process whereby rocks are progressively
transformed in the solid state, below their melting points into granite, a special case of
regional metasomatism. What geological pheromena Fyles and Hewlett are actually
referring to s difficult to surmise though metasomatic alteration of the metasediments is
locally abundant.) This marginal zone of granitized and brecciated metasediments is cut by
massive dikes of granite containing inclusions of rock that resembles more pristine granite
which suggests "...that granitization of the sedimentary rocks was followed by intrusion of
large parts of the stock and or peripheral dikes” (Fyies and Hewlett, 1959). This body has
been dated at 115 Ma (Rb-Sr: Einarson 1991).

The Lost Creek Stock:
The Lost Creek Stock is exposed in the Lost Creek valley over an area of about 40

km- and through a vertical range of about 1.2 km. Mathews (1953) has described this 102
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Ma intrusive body (Archibald et al..1983) as a quartz monzonite which consists of
microcline-microperthite. abundant albite, strained quartz and muscovite with minor garnet.
This stock transgresses the deformed metasediments in the region put has not disrupted the
pre-existing structure.

North of the northern apophysis oi the Lost Creek Stock. in the valiey of the Sheep
Creek, it is believed that this same body was intersected at the bottom ot the Queen shalt
and in a hole drilled towards the west from the #12 level of the Queen vein. Mathews
(1953) interprets the mineralogical and structural similaritics of this buricd granitic mass to
more closely resemble the Lost Creek Stock than the Sheep Creck Stock which s located a
mere 800 (+) metres to the west-northwest.

The Sheep Creek Stock;

The Sheep Creek Stock is mapped as a microcline-microperthite. quartz, oligoclase
biotite, muscovite-bearing granite. The quartz is relatively unstrained though the biotite is
commonly replaced by chlorite and garnet; sphene(titanite), zircon and apatite are locally
present. The stock is certainly not an homogencous body and as reported by Walker
(1934), on the northwest side of the stock, the porphyritic granite is intruded by a fine
grained granite which in turn is intruded by a hornblende granodiorite (Mathews TOS3),
An approximately 40 m section of this body near Fawn Creek contains from cast to west, a
friable section of biotite-muscovite granite, discordantly intersccted by a 30 cm aplitic dike.
Underlying the two mica granite 1s a 2 metre thick microcline-porphyry iamprophyre which
is overlying a complex mylonitic cataclastic zone containing coarse two-mica granite and
quartz vein brececia blocks and semi-obloid serpentinized lamprophyre clasts in a matrix off
saussuritized plagioclase, talc and serpentinite. This fault zone is transgressed by an
extremely lustrous, almost opalescent Scm white quartz vein. The rest of the section (about
15 metres) is composed of a fine grained granodiorite-quartz monzonite which ultimately
disappears to the west under overburden. North of this outcrop the Sheep Creek Stock
contains an inhicr malfic (hornblende-augite "diorite’) phase or this coarse grained basic rock
is a xenolith from some unknown source.

The walls of this stock are reported 10 be nearly vertical and by observations of its
contacts with the country rock, Mathews belicves that the stock doces not widen with depth.
Unlike the Lost Creek Stock, the Sheep Creck Stock has thrusted into and deformed the
structure of the surrounding metasediments (Active and Laib Formations) producing a
bowing of the folded beds around the stock. As has been stated previously, the stock is
tentatively classified as a mid-Cretaceous body though it is obvious from this discussion

that a detailed petrologic, structural, radiogenic and stable isotopic study would reveal a
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plcthora ol interesting data regarding the origin of this "granitic’ stock.
The 98.3=1.1 Ma, K-Ar biotite date for this rock is possibly not only a result of
hydrothermal alteration but conceivabily only one of many radiogenic isotopic data that

could be obtained from the ‘suiic” of rocks that compose this stock.

EOCENE INTRUSIVES:

Coryell augite-biotitc monzonite plugs have not been observed in the Sheep Creek
Camp, but they do occur less than seven kilometers to the southwest in both the Active
Formation on the north west face of Iron Mountain and in the Laib Formation immediately
cast of the Emerald skarn deposit. One other Focene plug occurs approximately 23
kilometer north-northeast of the camp essentially on strike with the Laib syncline. Fyles
and Hewlett (1959) describe the bodies to the southwest as uniform, coarse-grained,
cquigranular, augite-biotite, orthociase, oligoclase-labradorite bearing rocks with the plugs
having steeply dipping cylindrical surface configurations. The contacts with the country
rock are moderately sharp and do not noticeably deform the surrounding suggesting that
they were "...emplaced by a passive process involving stoping and assimilation” (Fyles
and Hewlett,1959).

APLITIC SILLS AND DIKES:

Quartz porphvrics. quartz-feldspar porphyrics or more typically. "aplites’ occur as a
major sill swarm and as isolated sills and dikes in the Sheep Creek Camp and throughout
the greater part of the district (Mathews, 1953). In most instances these bodies, which
range from less than a metre to more than thirty metres thick, parallel the strike of the
foliation of the enclosing rock but will not necessarily be found parallel to its dip (Fyles and
Hew fett 1939), Some ol the sibls have been mapped adong sirike for distances in exeess ol
8.5 kilometers as is exemplified by the sill swarm which extends along the east limb of the
intervening syncline. This sill exits in places as two or three en €chelon sills separated by
metasediment (ie. multiple sills), and will converge into a complex sill consisting of one or
more phases and in other places exists as a single massive phase.

In the Sheep Creck Camp, the aplite is typically a light grey to green-brown-grey.
dense composite of scattered phenocrysts of quartz and/or microcline-microperthite in a fine
groundmass of feldspar, quartz and muscovite. The groundmass, as described by
Mathews (1953), can range texturally from micrographic, to microspherulitic to an irregular
mass. The interesting aspect of these bodies is that they weather in such a fashion as to be
practicath indistinguishable trom the white quartzites.

Althougrh no radiogenic dates exist for these sills and dikes, structural relationships



show that the sill swarm clearly post-dates folding, regional metamorphism and probably
alb ot the aphites post-date the dextral displacement along the northeasterly-trending vein
fractures. Vein quartz is truncated by the sills but as minor pyrite veinlets sometimes
transgress the sills in the vicinity of the major vein fractures, it is ditficult to establish the
timing of certain portions of the vein paragenesis with that of the aplitic intrusions. Also
worth considering is the observation in the Clyde No.3 adit where aplite terminates against
the vein fracture and "...at one place a projection of quartz porphyry extends across the
fault and has been faulted to the left about 10 inches. It is apparent that this sill has been
affected only by very late movement along the Clyde vein fracture which was in the

opposite direction and of much smaller magnitude than that of the main period of faulting”
(Mathews, 1953).

LAMPROPHYRE DIKES:

The Salmo area is also characterized by a wide varicty of both pre-mincralization
and post-mineralization lamprophyre dikes which exhibit a broad range of texture and
mineralogical compositions. These bodies are gencrally dark colored with aphanitic,
porphyritic and medium grained textures and have well detined country rock contacts and
chill margins. Compositions range from grey, biotite-talc-serpentinized olivine rich rocks
to light grey-green chloritic rich dikes, all of which are further characterized by the presence
of both angular and weli rounded inclusions of the host rock metasediments, granitoids and
vein quartz ( Little, 1960).

In the Sheep Creek Camip. Miathews (1953) has identiticd pre-vem and post-vein
lamprophyres. The pre-vein dikes are generally paralicl with the regional foliation and fold
axes and dip both conformably and disconcordantly with the surrounding mctasediments.
They have been observed in a number of the underground workings to be clearly offsct by
the northeasterly trending vein fractures and are cut by vein quartz. These lamprophyres
display mctamorphic textures and along with the biotite, cpidote, clinozoisite and
amphibole alteration, commonly carry pyrite, some of which is auriferous, although far
below mining grade.

The post-vein dikes range in width from a few centimetres to more than a metre.
Although expressing many of the same alteration characteristics and attitudes s the pre-
veir dikes (they parallel regional strike and are locally enclosed by the mctasediments,
conforming to bedding as concordant sheets) they gencerally transgress bedding and relate
much more closely to pre-existing taults.

Preliminary lead isotope data obtained from a number of the famprophyres from

both in and ncar the camp (Al Smith. pers comm.) plot within a crustal contamination (=



source) region. which neither supports nor contradicts either a mantle or crustal origin but
is ulumatcly regarded as the most probable Pb-Pb compositions, considering the amcunt of
upper crustal material included within these bodies (Al Smith and Al Brandon. pers.
COMIM. ).

The abundance of olivine and biotite with ultrabasic alteration products such as
antigorite, serpentinite, carbonate and tale, suggest these rocks to be of mica-olivinite of
kimberlitic affinitv; hcwever chemical analyses indicate that they are significantly more
siliceous and, except for the difficultics inherent in classifying these altered minettes,
kersantites and/or absorkites. these classifications would be more appropriate

(Mathews, 1953). The term, lamprophyres, is therefore most commonly used.

METAMORPHISM:

Regional and contact metamorphism has affected most if not all of the rock in this

region.  On a regional basis, the summary work ol Archibald ¢t al. (19831984 and
references cited) have identified a consistent pattern of high grade (sillimanite, K-feldspar)
metamorphism diminishing to greenschist (biotite, chlorite) phase metamorphism which
straddlcs the Kootenay Lake in the central Kootenay Bay region and essentially parallels the
structural trend of the region. Archibald et al. (1983) expands upon these observations and
attempts 1o a apply the bathozonal scheme ol Carmichacl (1978) to the region "...in an
attempt o estimate the amount of post-i:tamophic uplift and erosion" as well as to further
qualify the metamorphic complexities of the region. Sillimanite-K-feldspar regional
metamorphic assemblages are indicative of pressures in the range of 5 to 6 kbars and
because of the presence of muscovite (muscovite in the presence of quartz. will breakdown
between 650 and 700°C (Hyndman, 1981)) the inferred wemperature maximum is < 650°C

Closer to the Sheep Creek Camp, Glover (1978, from Archibald et al.,1983)
"...reported that andalusite in the contact aureole of the Summit Stock overgrew the pre-
existing foliation as well as synkinematic staurolite porphyroblasts in the aureole of the
Mine Stock™ and Archibald et al. (1983) have inferred that the complex contact
metamorphism in the aurceole of the Summit Stock is characteristic ot bathozones 1 1o
bathozones 2 (pressure = (> 2.0 < 3.5 kbars)) and that regional metamorphism in this area
occurred at deeper crustal levels in the realm of bathozones 3 to 5; (pressure = ( > 3.5 10 =
7.0 kbars)).

The Sheep Creek Camp has been described by Mathews (1953) as having been
aftected by relatively low-grade regional metamorphism, and he argues this point on the
grounds that there is a gencral lack of characteristic metamorphic minerals. He continues

though with a description of the spotted (dark-grey spots consisting of lens shaped
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segregations ol quartz-biotie and muscovite) phyvibies and the Tusticus white amnd ey
andalusite schists which occur near the Columbia adit and southeast of the Reno mine.
Also worth noting is the amphibolite developed from the schists of the Motherlode and
Three Sisters Formations located on the east ridge of Reno Mountain.

Contact metamorphism affects much of the geology in the region.  The most
important of which is probalbly the bioute rich hornlels that occur m the Reno nune and the
lower western workings of the Sheep Creek mine.  Garnet is locally present in the
metasediments north of the Reno mine. In a number of the quartz-calcite veins studied for
fluid inclusion work; tremolite, clinozoisite. epidote and chlorite have been observed.

Sorting through this array of metamorphic assemblages and overprinting
phenomenon and cestablishing a conclusion on the ickitn e grade of the metamorphism to
the Sheep Creek Camp is at this time not possible, though an estimate of upper greenschist
io amphibolite grade metamorphism may be sutficient for further considerations regarding
metallogenesis.

STRUCTURAL GEOLOGY:

The Kootenay Arc is unique in that unlike the northwestern regional trend for the
greater portion of the Canadian Cordillera, the trend of the 'Arc' essentially outlines the
trend of the high grade metamorphic complexes to the west (ie. Monashee, Frenchman
Cap. Thor Odin. Valhalla. and Kettle-Grand Forks) and the eastern edee of the Nelson and

Kuskanex bathohiths (Little,1960). Parailclism ot foliaiions, lold axcs, and many ol the

regional fault structures is of particular interest as the regional trend swings from essentially
east in the southern region, through north-northeast in the region of the Sheep Creck

Camp, to north along the Kootenay Lake and northwest and west at points beyond. The

similarities of the detailed structure throuchout the Are are remarkable. This svstem of

complex polydeformaton includes: three phases ot tolding (Crosby, 1968; Hoy, 1980) and
many fault structures including; thrusts, oblique thrusts, strike-slip faults, cn ¢chelon sets
of normal and oblique normal faults, vertical faults through to horizontal faults.

Mineralization within the Kootenay Arc and the Sheep Creek Camp has been shown
to be mtimately related to structural controls (Hedley 19SS Walker 1934 Mathews, 1953:
Fyles and Hewlett,1959; Fyles, 1967; Ohmoio and Rye,1971) and although the structures
of the region are extremely complex, a good understanding of these systems has evolved
over the past century.

The following is a summary of the structure of the Sheep Creck Camp proper with
an inclusion ol a few of the regional structural entities behicved o be ol significance to the

mineralizing event(s) in the camp. Structures include: primary sedimentary features, folds,
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joints, faults, radial tension cracks, cleavage and crenulations.

PRIMARY SLDIMENTARY FEATURLS:

Bedding, cross bedding and graded bedding have in many instances, survived the
intense deformation that has affected all of the sedimentary rocks of the camp. None of the
rather spectacular ripple structures observed in the Quartzite Formation southwest and
northwest of the camp have however been observed. The significance of the primary
features is that they have been ol considerable value in delining the multplicity of primary

and secondary structural features.

FOLDS:

A complex of north-northwest trending. tight to isoclinal overturned to vertical
synclines and anticlines characterize the Sheep Creek Camp and the district 1o the east and
the district 1o the west. The Sheep Creek Anticline ('Eastern’ Anticline) is characterized by
a somewhat serpentine axial plane which fluctuates in strike from N15°E in the south, to
about N20°E in the central region, to N10°E near Reno Mnt., where the fold is believed to
be truncated by the geological complexitics of the Hidden Creck Valley (an cast-west
extension of the Black Blutt fault (?))(Little, 1960). From limb attitudes, the overturned
structures axial plane dips from 75°E in the south to about 65°E near Yellowstone Peak,
and farther north on the east ridge of Reno Mountain the axial plane is generally 10° of
vertical. Mathews (1953) also states that structural observations in the underground
workings in the Kootenay Belle mine have shown a flatiening ol ncarly 207 from the upper
levels to the lower levels (75°E 10 S5°E).

The anticline is further characterized by late cross folding which has resulted in a
sinuous axes that plunges south from Reno Mountain, north on the south side of Sheep
Creck and then reverses again to plunge (up to 30°S) in the region of the South Salmo
River (Highway #3a). The anticline opens considerably from the north to the south and
south of the Ripple Creek fault, the structure is neither isoclinal or overturned (Little,1960).

The complexitics of the Western Anticline have been unravelled to a greater degree
as a result of the observations in the extensive mine workings. The Western Anticline is
similarly overturned and tight with the western limb dipping steeply east and the eastern
limb dipping from 23-60° castward.  The 1old parallels the Eastern Anucline and the
intervening synclinal structure and plunges similarly. The Western Anticline has not
however been observed south of the Lost Creek Stock (though many fold structures are
recorded in the area. (Fyles and Hewleuw.1959; Littie,1960) or north of Hidden Creek

Ridge. Any simplistic notions about these structures are further undermined by the detailed
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studies which show that infolded subsidiary structures and Large to mesoscopic dragtolds
(parasitic) arc common {eatures. pariicularly in the less competent ithologies and that all ot
these structures are fauhed by transverse. verticul and dipping strike-parallel and horizontal
faults.

FOLDS TO THE EAST and FOLDS TO THE WEST:

Structures to the east of the 'Unnamed fold’ (cored by the Monk Formation,
lithology (0) on Figure 2.2) have been described by Daly (1912). Walker (1934), and L.ittle
(1960) as homoclinal: however. several small folds have been observed south-southenst of
Bridal Lake. Glover (1978) reperts that the region surrounding the Summit Creck Stock is
much more complex than suggested by carlier works. The structures involve the
superposition of small scale northerly plunging Z-shaped folds which are overprinted by
the Summit Creek Anticline, "... a steep to moderate northwesterly plunging fold" which
probably developed in response o differential movement along the Blazed Creek Tauli 1o
the east of the fold and the emplacement of the Mine Stock.

The regionally extensive Laib syncline has been described as overturned. with a
stee; easterly dipping axial plane. The structure has been traced from south of the Ripple
Creck fault, where it is complicated by faulting. through the region depicted in Figure 2.2,
and north of the Hidden Creek Fault for more than 20 kms where it is ultimately truncated
by the Seeman Creek Fault. Litde (1960) describes this tauit as a zone, defined by small
fault scarps which juxtaposes the Quartzite Range and Three Sisters Formations in the
south block (no attitude on the fault is available) against younger (?) Palcozoic rocks (Vogl
and Simony's (1992) 'Distal North American Miogcoclinal rocks').

Folding o the woest of the Western Anticline (west ol the intenvenmg Actine
Formation where the structure has not been detailed) has been well documented by Fyles
and Hewlett (1959) and similar to those folds discussed above, is representative of a period
of overturned, tight to isoclinal folding followed by secondary folding, which is essentially
coaxial. The secondary felding probably occurred late within the primary tectonic
COMPICSSIVE Fegime.

Folding of a similar nature has also been identified in the Rossland Group rocks
located across the Palcozoic (miogeoclinal)-Mesozoic (eugeoctinal) zone of unconformity.
The only recorded folds are the 20°S plunging Mnt. Kelly Syncline, an unnamed faulted
syncline to the east and an intervening antiformal structure described by Little (1960).
Recent rescarch by Hos and Andrew (1990) has suggested that the antlorm can be

attributed to complex faulting in the region and is not. theretore mapped as an anticline.
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FAULTS:

The Sheep Creek Camp and surrounding region has undergone an extended period
of faulting including thrust faulting, normal faulting, strike-slip faulting and combinations
of thesc. The most significant regional structures were originally defined by Fyles and
Hewlett (1959) as regional thrust faults and these faults were used to delineate the four
arcas or belts, The Mesozoic volcanic arca (Rossland Group) is separated to the cast from
the lead-zinc Mine Belt by the Waneta Fault and the Mine Belt is separated from the
Argillite Belt by the Argillite Fault. Farther to the east the Argillite Belt is separated from
the Eastern Belt ,where the Sheep Creek Camp is located, by the Black Bluff Fault. In
addition 1o these three major faults, a fourth regionally extensive structure, named the
Tillicum Crecek Fault (Einarson.1991). exhibits similin characieristics and s located
between the Argillite Fault and the Waneta "thrust”. The quotation marks are placed upon
the word "thrusts" to introduce the fact that although these structures were defined as thrust
faults, limited field data did not at the time allow for estimates of movement and the
structures were therefore regarded as thrusts by their sieep easterly dips and their
relationships to the primary tolds (Fyles and Hewlet, 1939). 1o addition. carly movement
differed from late movement; the movement in the northern portions of these faults differed
from that in the south and recent work by Einarson (1991) suggests that these structures
(the Waneta and Tillicum Faults) may be overturned.

The Waneta fauit predates the Wallack Creek Pluton (115 - pre-108 Ma,
Linarson, 1991) thougli posi-intrusive movenient is indicated by sheurs and lault parallel
mylonitic zones developed within the intrusive body ( Hoy and Andrew,1990). Farther
north, in the region of the metasedimentary pendants within the tail of the Nelson
Batholith, Vogl and Simony (1992) have suggested that trace parallel mylonitic zones
within the central phase of the batholith indicate that there was possibly synchronous
cmplacement and lault shear. 1 these iwo wemporal constraints (the Walluck Creek Plaion
(108 Ma) and the Nelson Batholith tail (150 Ma)) are considered, the Waneta fault is an
expression of cither protracted movement or periodic reactivation spanning a period of at
lcast 42 million years.

The Black Bluff Fault straddles the eastern boundary of the Active Formation and
brings 1t into contact with rocks ol the Laib or Nelway Formations.  The Lault has been
observed 10 acutely cross strata of the Reeves Member, the dolomitic member of the
Nelway Formation and. although not intimately known, crosses stratigraphic units of the
Active Formation. The Black Blutt Fault has been traced from northwest of the Reno mine
along the western contact of the Reeves limestone. southwards essentially parallel (o

regional trend of the Are. o the Pend dé Oreille river about hall a kilometer south of the



Remac mine. Variations in the the character of the shear zone depends upon the lithologics
that the fault transgresses. Highlv fractured and crushed dolomite, crushed and sheared
famprophyre and polished. graphitic Lule-planes mothe Actne Formaton detine the tault
zone. Details of the fault show that it is highly irrcgular along strike and tfluctuates from
nearly vertical to gently east-southceast dips. Surtace expression of the fault is rarc in the
region north of the Lost Creek Pluton and it has been detined more as a function of the
offsetting of the lithologies than as a zone of movement. Strike paralicl. north-trending
normal tauls, (discussed below ) may possibly be corrclatives of the Black Blult Tauli

though neither Fyles and Hewlett nor Mathews have presented such a relationship.

FAULTS AND JOINTS IN THE SHEEP CREEK CAMP:

The rocks of the Sheep Creck Camp have been faulted. jointed and cleaved along
essenually every possible atutude. The tive best delined scts ot taubs are: (1) "vein
fractures", which are northeasterly trending, deztral, oblique-normal faults characierized by
steep (often listric) shear planes that may or may not contain quanz veins with or without
gold and associate mineralization. (2) Northwesterly trending, sinistral faults which are
generally not gold bearing but are possibly coeval with the vein fractures. (3) Northerly
uending, dextral-normal Laults which clearly post-date the tiansverse Laults. (b Horzonta!
or near horizontal faults with hanging wall displacement towards the west. These faults are
also late relative to the transverse faults. (5) Mathews (1953) includes these bedding plane
faults in his discussion of joints. The spatial significance and relative movement along

these structures suggest that they should be considered under the heading faults.

VEIN FRACTURES;

The term "vein fracture” has been applied to this set of cast, northeast trending
(N5S0°E-90°E) faults, which transgress all {folding and foliation throughout the entire length
of the camp. Tt is this en ¢ehelon svstem of faults and veins that host all of the known
production in the camp.

It has been shown that along these faults the north wall has been displaced
eastward, from more than 60 metres to less than a metre, and in most cases the south wall
has been displaced down dip generally less than half of the horizontal displacement. In
contrast (o this. Late left-hand displacement has been observed in ~ome of the fractures
notably the Clyde, Queen, 75 and 2590 vein fractures.  Vein tractures exist as single
fractures, metre wide zones of closely spaced fractures, branching vein fractures or ¢
€chelon fracture sets distributed over a width of as much as 60 metres. Thesce fracuures are

also observed to deviate along strike as a function of the host rock competencey. the gencera!



rule being that the strike will swing to the left as the fracture progresses from compctent
lithologics to less competent rock. Vein {ractures are generally steep south dipping but
ranue from 45°S as in the Keotenay Belle A mine to 80°N as is exposed in portions of the
Reno veins. Eighty five degrees. south is the average dip of these fractures in the camp.
GIougi L fias oo Ubsciv B dirainy wr dhe Daeads dhel Gic v ci Hedtuios Hian seniea i
with depth. The reverse of the iast observation is also recorded for a number of the veins.
Vein tractures generally have lateral extents in excess of 350 metres and have been
traced for distances exceeding a kilometer. None of the mine workings have bottomed out
and therefore no lower limit of vertical extent has been established: however. " the vertical
range througih which vein lraciures arc Known o occulr execads {1200 m) buetween the
lowest level of the Queen vein in the central part of the camp and the highest exposures of
the Reno vein on the north and of an unnamed vein fracture 250m south of Mount Waldie”
(Mathews, 1953).  Several of the individual fractures have been traced through vertical
extents of SO0 metres and the Reno vein svstem has been followed eontinuously for nearly
60U metres. Single verns have as a ruic @ iendency o widen at depih and toial thichnesses

in cxcess of five metres (Queen vein) have been observed (Mathews. 1953).

NORTHWESTERLY-TRENDING FAULTS:

These nearly vertical WNW (45°W on average) siriking faults have been observed
to be sinistral, essentially strike-slip with displacements of not more than 1U metres. One
of these faults, intersected in the 1880 drift of the Gold Belt mine does carry sulfide bearing
quartz though assay values across the vein did not exceed 0.i0 oz.on goid
(Mathews, 1953). One interesting observation regardirg these faults is that the number of
these northw estorly trending faultis remarkubiy small compored to thase that are recorded
irom the Possiand Group rocks and the northern portions of the Salmo-lead zine belt.

where northveest trending faulis are downthrown to the north (Fyles and Hewlett, 1959).

NORTHERLY-TRENDING NORMAL FAULTS:

Three of 1the five know n northeriv trending normal fauliss the Queen. the Thampson
and the Hangingwall faults, are exposed in the underground workings of the Sheep Creek
minc, where they acutely transect and/or follow the axis of the Western Anticline. The
Qucen fault strikes between N3°E and N10°W. dips about 45°E and has hangingwall
displacement of abouvt 15 metres left strike-slip and about one hundred metres of dip slip.

he Queen tault coasists goieratiy as o siies one (=) mictic gouge sone hat has also been
Srcogmnized to branch into several faults.

The Thompson fault essentially parallels the Queen fault in strike but dips much



more steeply cast (307 toonearly verueal), Dip-shipis recorded as uctusting beineen 15
and 9 mctres and strike-slip displacement. because ot the taults paraliel onentaton with
respec. to the axial plance of the Western Anticline,has not been measured accurately though
both left lateral movement from less than a metre to 15 metres and minor right lateral
movement has becn observed. The Hangingwall Foeult, exposcd cast of the Thompson
Faulto srikes approximatehy, 307 west and dips steeply south, southw est with apparcntly
normal movement of a few metres. Little data is uvailable regarding the Cavote adit normal
fault which transgresses the Western Anticline «: - -ut two and a half kilometers north of the
Queen, Thompson and Hanging faults. The dip on this fault varies from 45 to 707 cast

with a dip-slip of (estimated) 15 metres.

The Weasel Creek Fault, the largest normal fault known in the camp. trends nearly
parallel to the beds throughout the entire extend of the camp from north of Reno Mountain,
across the east face of Yellowstone Peak and south past King Lake along the Lost Creek-
Waldie Creek divide. The fault 1s poorly defined. consisting of @ zone of shattered rock
that at one point is so obscure that dip cannot be determimed. The oncntation and repetition
of stratigraphy suggest however that the rocks have been displaced no less than 300 metres

along a moderate 1o steep westerly dipping fault zonce.

FLAT-LYING FAULTS:

Many horizontal, hanging wall 1o the wost Daits Tine Deen observed otiscting
rock in the order of less than a metre to ten metres or less. These faults are observed to be
post-vein fracture and are observed o be both younger (Gold Belt mine) and older than

(Reno mine) lamprophyre dikes. (Mathews. 1953).

ORE PETROL.OGY: QUARTZ VEINS ind MINFRATIZATION:

An excellent review of the quartz vein characteristics, gold and suiphide mineralogy
as well as a paragenetic sequence is given by Mathews' (1953), "Geology of the Sheep
Creek Camp”. Sources for Mathews' work were primarily from mine records of vein
grades and widths and the extensive siudy done by Robinson (1949) on the geology and
mincralizauon of the camp. Petrotogical work done throoghiout the couise ob ths stindy has,
in most instances, concurred with the findings of Mathews and Robinson.

Gold mincralization is intimately associated with massive or laminated quartz veins
that are confined. in this particular sciting. to the casterly trending fault structures
previously described as vein tractures. The following is i short description ot the quartz

muncralization. e gcncial vCint stiuciyic. dHic Sulpiiide dai v i :1«.\1 HohiciainiZaton
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as well as a staterment on wall rock alteration.

Ouarts and OQuiarts Voins:

Milky-white, massive quartz and/or laminated gquartz with sulphide mineralization is
the principai constituent of these veins.  The quartz is typically an aggregate ot small
(<d4mm to tenths of a millimetre) quartz grains that are generally anhedral and
cquidimensional to slightly elongate. Only rarely do elongate crystals develop and for the
most part. no preferred orienmation ol grains is observed and only rarely is there any
indication of open space filling. As Mathew's (1953) suggests, less than a few per cent of
the quartz has grown in open spaces. VYug and comb structures have been observed in
some of the rare small («<3mm) branching veinleis. In the massive quartz veins, crystals of
quartz are typically interlocking and in many instances the grain boundary suturing is very
complex. "hike those of somie particularly mvicate jig-saw puzzie” (Mathews 19353). In
much of the vein quariz there is a complex of: (1) larger quartz grains that exhibit incipient
reerystaliization and/or complex strain characteristics, (2) relatively homogenous masses of
cquidimensional quartz and (3) complexes of (1and2) with zones of unstrained slightly
coarser simply sutured quartz crystals.

Two vencrations of quariz migicre bon Bave been docamented. The first
generation produced the bulk of the vein material, foliowed by complex fracturing and the
second generation of quartz, which also included sulphides infilling the fractures and
shears. Much fracturing and shearing of the vein quartz occurs, with simple shearing being
roughly parallcl to the vein walls and complex. intersecting braided-shearing being
relatively restricted o mernal portions ol the veins Cross bracturmg has been documented

to occur near the margins of the veins (Robinson,1949).

Veins, Controls on Widths:

The width of the quartz veining within the vein fractures is apparently related to five
phy sical (chemical) tactors:

(1Y Greater vein widths are observed to occur where the vein {racture is within the more
competent quartzites or argillacecous quartzites. It has been also been noted that the
massive veining will pinch out as the vein tracture enters incompetent rock (argillites,
phyHites) and then returns to massive veining as the fracture passes back into
C'\)l]]pt.llulll bll"ullgiii)hl@ uilils.

(2) As is the case with the orientation of the vein fractures, (they tend to swing easterly as
they pass from incompetent to competent rock) vein widths increase substantially as

the vein trends more casterly.



(3) Where veins intersect (branch) vein widths tend to be areater.

(4) Those vein tractures that have undergone the greatest right lateral displacement are muost
often thicker than those that exhibit only minimal displacement.

(5) In all veins, the tendency 1o increase in width with depth has been observed. Pinching
and swelling throughout the extent of the vein s oo commoniy obsery ed. though
veins have only been observed to pinch out with clevation and none at depth.

The actual geometry of these veins is extremely complex with variations in both thicknesses

and attitudes throughout their extents.

MINERALIZATION:

Ore mineralization within the vein structures occurs as ore shoots and these shoots
are irregular to vertically elongate and occur for the most part. randomly throughout the
vein and the vein system. One of the most significant constraints upon the localization of
the ore is the relationship of mineralized veins to cither the Nugget or Navada Members of
the Quartzite Range Formation. Nearly all of tic goid pioducton has boen from those partis
of the vein where one or both walls consist of quartzite. The one exeeption to this
observation being the Reno mine where it has been observed that contact metamorphism
has altered much of the less competent rock to a hornfels, which is characteristically more
competent and bechaves. structurally. more like that of the underlying quartzites
(Mathews, 1953).

Some changes with depth in the mineralization and textural characteristics have heen
observed. Reporis indicate that some of the veins at depth contain various aluminum
silicates as well as chlorite. A decrease in the proportion of galena and sphalerite o that of
quartz has been observed in the Reno and Kootenav Belle veins and the general observation
ol fowcer grades ol ore at increasing depths has been considaicd an mipotiaint parameter fo
exploration; however, no act.al confirmation on this possibility has occurred.

The mineralogy of the ore shoots is simple, basically pyrite and quartz with minor
amounts of sphalerite and less amounts ot galena. Other mincerals of Jess abundance are;
calcite. siderite, muscovite, sericite, pyrrhotite, chalcopyrite. scheelite, (wolframite ?),
arsenopyrite, marcasite, tetrahedrite, pyrargyrite or proustie, and gold. Supergene nuncials
that have been observed in the camp include; limonite, malachite, anglesite, smithsonite and
(tungstite).

A paragenetic sequence for these veins has been worked out by Robinson (1949)
and is presented in Figure 2.4 and summarized by Mathews (1053),

(a) Introduction ot quartz and schechie

(b) Shearing and fracturing of carly vcin filling



(¢) Introduction ot sulnhides, late quartz and calcite
with the soin mincals ntroduceds ossenally sequeniiatlv, with minor overlep in the
following order;
(1) Quartz, pyrite and (?Arscnopyrite)
(2) Pyrrhotite, sphalerite and chalcopyrite
(3) Galena, tetrahedrite and ruby silver minerals
(+) Gold
Many of these mineral are rare to the point of exclusion, and therefore it would be
possible to constrict the paragenetic sequence for a greater portion of the overall camgp to:
(a) Introduction of quartz
(b) Shearing and tracturing of early vein filling
(¢) Introducton ol pyrite

(d) Deposition of gold.

Sulphides occur as: (1) long vein paraliel laminations often of considerable width,
interlayered with the quartz. (2) in oblique fractures in the vein quartz, (3) as small (>5mm)
irregular masses or as, (4) disscminated crystal.

Pyrite is most commonly found as single grains or laminations or disseminated,
anhedral to euhedral masses. Pyrite is observed to traverse fractured quartz grains, but
more commonly fractures in pyrite grains or masscs are infilled with quartz.

Sphalcrite and galena occur occasionally within the quartzite bearing gold veins but
are more commonly encountered in einther the Reno mine or the imestone hosted veins of
the Ore Hill and Sumit mines. Sphalerite, the second most common sulphide, is often
accompanied by galena, pyrrhotite and periodically chalcopyrite. It occurs as irregular

masscs and/or veinlets that cut through and/or embay pyrite.

Gold

Gold is found “..as minute, isolated particles in quartz or as small grains adjacent
to. ¢ in grains of suphide minerals" (Robinson,1949). The majority of the gold has been
observed to occur with pyrite and sphalerite at the contacts between the sulphides and the
quartz grains. . Gold grains have also occasionally been observed within the sulphides as
isolated particles and/or fracture infillings. Particles of gold more typically occur at
contacts between quartz and pyrite, quartz and sphalerite and less commonly between
sulphide grains.

About a third of the gold observed by Robinson (1949) occurs in quartz as small

(=30 microns, though grains of 200 microns are indicated) isolated. rounded o drregular

9%}
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particles. March larger grains (=2mm) irregular and rounded particies of gold, enclosed by
quariz, were observed through the course of this study, though most of the polished

section work on sulphide bearing ore. contirmed the observations of Robinson.

Silver

The Sheep Creek Camp has produced 364,793 ounces of silver . The AwAg ratio
(Table 1.1) is noticeably reversed in a number of the mines and this reflects the fact that
these ore bodics (Ore Hill, Sumit, Columbia, and portions of the Reno) carry significantly
more base metai sulphides. Much of the silver is intimately associated with the base metals
as either proustite-pyrargyrite (Ag;AsS3-Ag;SbS4). tetrahedrite 'blebs’ in and about the
galena and sphalerite rich vein material, or as clemental replacements in gaicna. Some of
the silver is undoubtedly associated with the gol¢ as a number of the 'gold only' veins have
produced silver. Robinson (1949) reports that the Au:Ag ratios in these veins are quite

variable and no geological association has been identitied for these variabilitics.

WALL ROCK ALTERATION:

Hydrothermal alteration of the country rock hosting the auriferous quartz veins,
excluding those veins that are hosicd by limestones, is minimal and is described as minor
amounts of host rock invading veinlets of quartz, with or without calcite. Calcite is
observed as a late alteration mineral and may exist as veining or local carbonate floodings.
Sericite and muscovite have been obscived 1o overprint metamorphic biotite in some of the
more schistose host rocks and pale green sericite has been observed to fill short fractures
within the quartzites at distances generaly no more than a halt metie from veins. Pyrite has
been observed in Reno Formation quartzites at a distance ol two and a half metres from the
nearest known vein, though this mineral is more often obscrved as minor disscminations
closer to those veins that actually produced some degree of alteration in their host rocks.

Much of the quartz that is located in veins is considered as being altered, bleached

and sibiciticd quartzites. This coneept i~ argocd for m many ol the discussions prosented

by Mathews (1953) and observations in the field secm to confirm this interpretation of

some of the less understood veins.
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Figure 2.1. Location of the Sheep Creck Camp (identified by the star) within the
genceralized tectonic assemblage map of southeastern British Columbia and northern
Washington, Idaho and Montana (modified from Parrish et al.,, 1988). Faults and
mectamorphic complexes are designated as follows: BF, Blazed Creck fault; CC,
Clachnacudainn complex; CRF, Columbia River fault; ERF, Eagle River fault; GE,
Grandy fault: GWF, Greenwood fault system; HLF, Hall Lake Fault; JJF, Jumpoft Joe
fault; KC Kettle-Grand Forks complex: MC, Monashee complex; MY, Moyie fault; NF,
Newport fault; PRC, Priest River complex; PTF, Purcell Trench fault; SLF, Slocan Lake
fault; SMEF, St. Mary fault: TO. Thor Odin arca; VC, Valhalla complex; VSZ, Valkyr
Shear zone; WFE Wancta fault.
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Windemere Supergroup
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Figure 2.3, Generalized vein and mine location map indicating orientation of the vein

system with respect to the Sheep Creek Anticline, the Western Anticline, Reno Mountain,
Yellowstone Peak and Mnt Waldie. North trending lines are the axial traces of the indicated
folds. Veins are approximately to scale
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Figure 2.4 Paragenetic sequence as determined by M.C. Robinson

(1949) with additions ot muscovite and siderite trom the current study.



CHAPTER III
FT.UID INCLUSION RESEARCH

INTRODUCTION:

Hydrothermal quartz veins are a common feature of many geologic environments.
Quartz + carbonate veins are found throughout the Kootenay Arc and are as<ociated with
significant base and/or precious metal mineralization. The ability to characterize ancient
hydrothermal systems is the principal motivation in fluid inclusion study and in particular,
the study of those systems associated with commercial grades of mineralization. If it is
possible to establish the pressure, temperature and composition of the fluids in the ancient
hydrothermal system, it is also probable that spatial and temporal variations within the
system can be documented.

Fluid inclusions offer the only direct means to study the fluids and the associated
pressure-temperature parameters of ancient hydrothermal processes. Although the natural
complexities of fluid-rock interactions preclude a true and complete understanding of the
actual geological events, careful research and interpretation of the fluid inclusions can give
geologists a more thorough understanding of a particular hydrotherma! setting.

Hollister et al. (1981) suggest that prior to initiating a fluid inclusion research
program, a clear understanding of the tectonic, metamorphic, igneous and hydrothermal
evolution of the region is required so as to relate these specific events to the fluid inclusion
research. In addition to having a good understanding of the regions geological history,
knowledge of the paragenetic sequence is essential. Spatial variations in fluid characteristics
can only be observed if a substantial vertical and horizontal representation of the rock suite
is obtained. Ideally, petrographic evidence will relate the fluid inclusion research to the
physio-chemical process being investigated.

To acqui:: maximum benefit from the research, fluid inclusions must be studied
qualitatively and quantitatively. Before this can occur however, two fundamental
assumptions regarding the inclusions must be considered (Roedder,1984; Burruss, 1981;
Diamond, 1986):

I. A fluid inclusion is a closed system of constant volume and composition.

II. The fluid inclusion was trapped as an homogeneous, single phase fluid.

40



For any fluid inclusion study to be valid. it is imperative that the rescarcher cither
demonstrate that these assumptions arce correct or be able to rccognize when these
assumptions arc invalid. Roedder (1934) considers exeeptions to these assumptions and
suggests that any post-trapping changes in fluid inclusion volume will affeet the
thermome cs of the inclusion.  The actual volume change in quartz, the host for all
inclusions in this study. is a function of thermal expansion and compressibility and as
Roedder suggests, is negligible. Leakage or partial deerepitation of the inclusion due to
natural phenomena is potentially one of the most significant sources of error. The fact that
ruch of the vein material studied exhibits high strain and partial reerystallization sugpests
that data from these samples be interpreted with caution. Fortunately, most veins that have
undergone post-trapping strain or metamorphism host few, if any, workable inclusions.

There are two major exceptions to the assumption that the fluid was trapped as an
homogeneous single phase. These exceptions are:  (a) the fluid was trapped as an
immiscible, heterogencous mixture of fluid phases and, (b) any f{luid inclusion can
recrystallize, "neck down", or "neck off", as to reduce high surface energy. This second
process will result in the tormation of two or more smaller inclusions that do not accurately
represent trapping conditions. Microthermometric research of necked off inclusions will
invariably result in invalid data. For the case of heterogencous phase entrapment,
microthermometric data can be valid and can be used for interpretation.

Mineralized and unmineralized quartz from discordant and foliation parallcl
(foliatorm) veins of the Sheep Creek district were collecied from mine dumps. outcrops
and underground exposures. Subtle variations in quartz texture eventually proved o be
important criteria for separating quartz with no or few workablc inclusions from material
which hosts workable inclusions. Massive homogencous milky quartz, the most common
type in the district, is generally filled with clouds of unworkable, microfine (<1.0um) fluid
inclusions. In most cases, quartz which exhibited minor optical clarity would contain
workable inclusions. As has been previously mentioned, open space vuggy or comb
quartz is exceedingly rare in the Sheep Creek Camp.

Of the more than 100 doubly polished quartz "wafers” ( = 0.2 mm) which were
made, thirty five samples, which contained inclusions large cnough to obscerve (>3.0pm)
fluid phases and phase changes, were chosen for microthermometry. In many instances
the size of the inclusion was the major limiting factor regarding the number of phasc
transitions observed and with very small inclusions, (<5.0um) the potential cerror in
microthermometry becomes significantly high. Few inclusions of this size or smaller were
studied an¢ :hey generally revealed only a few phase transitions. As a result of this

relatively poor return from the samples collected, only a few of the mincralized fracture
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veins were studied in detail. the results of which are held in comparison with those samples

ass et od with gold e ~uitide mineralization.

ANALYTICAL TFCHNIQUE

A "FLUID INC." adapted U.S.G.S. Gas-Flow Heating/ Freezing System, with a
Doric Trendicator 410A  digital thermometric control system attached to a Lenz-Wetzlar
microscope with 10X periplan oculars and 4X, 10X, 32X EF objective lenses was used for
all microthcrmometric analyses. The heating-freezing stage was calibrated using a distilled
water-ice bath, pure CO, inclu-iors in Alpine vein quartz liquid nitrogen, and Merck
standards. "Standard errurs are = 0.2C° for freezing values and = 2.0C° tor heating to
300C (Rushton,1991).

Ficlds of inclusions suitable for heating/ireezing studies were identified and
mapped. Mapping of the inclusion fields was of primary importance for relocating
individual inclusions or fields and for recording initial inclusion characteristics such as size,
shape, origin and phase volumes. Upon completion of the mapping process, cooling
(freezing) and heating runs were conducted. Inclusion decrepitation, (the rupturing of the
inclusion due to internal overpressuring as a result of heating) proved to be a significant
protlem and this, in conjunction with the need to avoid any inclusion stretching errors
(Reodder, 1984). suggested that cooling studies be compleied prior to heating the

inclusions above 50 C°.

PHASE TRANSITIONS

Fluid inclusion microthermometry i: essentially the study of closed system phase
transformations. The inherent worth of the non-destructive process of heating and cooling
an isochoric-isoplethic system is entirely dependent upon the ability to observe and
accurately record phase changes and 1o relate the observations to known phase equilibria.
As the number of available components in a fluid systern increase. the number of possible
phases and phase transitions also increase. Phase equilibria have been well documented for
many relevant unary systems (eg. CO»z, H-O) and binary systems (¢g.CO2-H;0, H>O-
NaCl, CO>-CH,, Burruss, 1981). Much recent work has extended documentation of such
gcologically significant ternary systems as HO-NaCl-CO,, (“ehrig et al.,, 1979; Bowers
and Helgeson,1983a) and it is believed that "Judicious use of an ideal mixing model for
more complex fluids allows quantitative deductions on fluids as complex as the quaternary
system CO>-CH4-H>O-NaCl" (Burruss, 1981). The experimental and analytical



complexities inficrent in such multi-component systems sugyest that these analvses will be
semi-quantitative at best. Semi-quantitative and qualitative fluid inclusion rescarch can

however be useful regarding the interpretation of hydrothermal (luid-rock processes.

The following is a brief discussion of the phase transitions observed and recorded in this

study as well as their possible implicaticns.
COOLING

(i) Final Melting Temperature ot Solid CO-> Tm,m:

Nucleation of any solid phases in tluid inclusions is extremely sluggish and for ihis
reason all solid-liquid phase transitions are measured as tinal melting points, not {reczing
temperatures. It CO; is contained within an inclusion, it will frecze upon super-cooiing ai
approximately -100°C and will melt at the invariant point for CO> of -36.6°C. I{ this phasc
change is observed to be sluggish (drawn out over a few degrees) and the final meli
temperature is depressed below -56.6°C additional miscible volatiles are present in the
carbonic phase (Burruss,1981). Methane, nitre2en, hydrogen suliide and higher order
hydrocarbons are oftzn asscciated with hydr hermal systems and are often tound in the
inclusions. Tmg,, can be used i co - with Tt (homogenization of the carbonic
phase. to be discussed below Y to e~ -ttt - density of the carbonic phase as well as the
ratio of other volatiles in the CO> phi

(i) Final Melting Temperature ot Clathrate Hydrate, Tmpyn:

A fluid sysiem that contains 2~ and H~O will form clatpraie nydraies when cooied
sufficiently. Clathrate hydrates are compounds that consist of a lattice-work of water
molecules that form cavitics which are occupied by simple 1o complex volatiles (Scitz ¢t
al.,1987). The common formula for type I, CO, clathrate is CO> = 5.75H;0 and the
formation of this particular ciathrate will affect the overall volume percent of COaand H>O
at low temperature but will not ultimately atfect compositional calculations.  Clathrate
formation in the system CO,-CH,-H>O can significantly affect estimates of composition as
these estimates are based upon the CO»-CHy system. It is the dilferential partitioning of
the volatile species between coexisting carbonic fluids and clathrate that stretches the
assumption of Hollister and Burruss, (1976) that the ternary system CO,-CHy-Hz0 can be
treated as a binary CO,-CH, system at low temperatures. Scitz et al. (1987) arguce that itis
the CH4 that will partition into the clathrate whereas Parrish and Prousnitz (1972) suggest

that the CO> will be the major guest species in these complex clathrates. From the work of



Scitz et al. (1987). an underestimation of 5-8%- CH, in the volatile phasce could result from
the misinterpretation of microthermometric data in the presence of compex clathrate
hydrates.

Quantitative CO» -H>O0 clathrate equilibria studies as summarized by Hollister and
Burruss (1976) and discussed by Burruss (1981). can denote the presence of a pure CO- -
H-O system. In most geologic situations however, NaCl or other similar elecirolytes will
be present and these added components will decrease "...the chemicel potential of water,
thereby lowering the temperature of formation of the clathrate hydrates” (Burruss 1981).
The depression of clathrate dissociation below +10°C (the dissociation temperature for pure
CO5-H>0 clathrate at 50 bars pressur:-) can be used to estimate the salinity of the system.
Salinity values in fluid inclusion rescarch are generally presented as equivalent weight
percent NaCi (eq.wt.9% NaCl) and these values can be calculated for clathrate dissociation

from the cquation of Bozzo et al..(1973).

Eq.wt% NaCl = 15.52023 - 1.023420 - 5.286 x10262

where @ is the temperature of clathrate melting in degrees celsius.

Caution must be exercised with this method for estimating salinity as the presence
of CH,4 will inhibit clathrate melting. (Kziz et al.,1959; Burruss, 1981). These opposing
effects of salinity and methane will result in erroneous salinity estimates. Clathrate
dissociation temperatures that are greater than +10°C at pressures higher than 75 bars thus

signify the presence of volatiles other than CO» within the clathrate lattice.

(-ii) Temperature of CO5 or Carbonic Phase Homogenization, Thearw:

The temperature of homogenization of the carbonic phasc in ciiher two phase
(CO»1.y-CO~Gy) or three phase (COxq -COxzGy-H2Oq ;) inclusions is indicative of the
density of the carbonic component as well as the overall ratio of CO; 2nd other miscible
volatile phases (eg.CH,).

Two factors must be considered regarding the relationship between Theam, and the
density of the carbonic phase. In a system where CO; is the only volatile component,
Thean is directly related to the density of the carbonic phase, which is a function of the
pressure of entrapment (Shepherd et al.,1985). If the inclusion homogenizes to the vapor
phase (dew curve homogenization) the bulk density is less than the critical density (0.468¢
cm-3). If the inclusion homogenizes to the liquid phase (bubble curve), the density is
greater than the critical density. Fading of the iiquid-vapour meniscus is indicative of

critical density. Density estimates for CO» in pure CO»-H>O inclusions were derived from



Figure 6.17 ot Shepherd et al.(1985) (atter Valakovich and Altunin (1968)) and @ density
calculation program written and compiled by Lyvnch (1989) from work by Parry (1986).
The homogenization temperatures of the carbonic phase is atfected by the presence
of other volatiles as well as internal pressures and distinguishing which of these two
factors is operating, without the aid of destructive analysis. s difficult. In this study an
arbitrary, Tmg, 0f -37.6°C was used 1o indicate the purity ot the COs> phase. It should be
pointed out that density calcutations oOif ‘impure’ carbonic inciusions by the above method
would give incorrect results.  Densities (molar volumes) and mole fraction CHy in the
carbonic phase were therefore estimated using Shepherd et al.(1985) Figure 6.19 (afier
Heyen et al.,(1982)}. The interdependence of Tme,p, and Thew is indicative of the volatile
ratios and densities; the accuracy of such estimates is hewever difficult to establish. One
reason for this relates to the question of volatile partitioning in the formation of clathrate.
‘The temperature of finai carbonic phase melting is recorded tn the presence of clathrate,
whereas Thg,, can be measured with or without the presence of clathrate. In contrast to
the disparate temperatures for The,s (with clathrate) from The, (no clathrate).recorded by
Seitz et al.(1987). a general shift of less than one degree (+/-) was recorded in this study
for Theawp (clathrate) from The,p (no clathrate). As Tmg,,p, 1s measured in the presence of
clathrate, The,w should also be measured in the presence of clathrate as the pairing of

Thears (no clathrate) with Tme,p vields erroncous numbers for volatile ratios and densities

whereas the pairing of The,w (clathrate) with Tme,s yields the composition and density of

the residual carbonic tluid. In this study, Theaw was the first measurement taken and was
recorded in the absence of clathrate and this can resalt in an underestimation of 5-8 mole %
CHy4 in the CO>-CHy fraction, which can result in an underestimate of molar volume which
will express itself as higher densities. The interpretation of the clathrate bearing inclusions

must therefore account for possible errors in compositions and densities.

(iv) First Melt, Temperature of Eutectic, T,:

The temperature of first melt T, is a function of the type of chlorid_~ NaC,
CaCl,, MgCl») or other dissolved species in the aqueous phase of the Huic sinclusion
(Crawford,1981: Potter et al.,,1978). The point to consider here is that this phasc transition

is extremely ditficult to observe in most systems, except, fortunately enough, for some of

the more exotic chlorides such as CaCl: or MgCls or the combinations of these and NaCl.

(v) Final Melting Temperature of Ice, Tm je.:
The final mcling temperature of ice of a pure H>O system will be +0.15°C

(Crawtord.1981) and depression of this temperature can be used to estimate the equivalent



wcight pereent NaCl within the system. As the refractive index of ice is very nearly the
same as that of watcer, this phase change is difficult to observe and the process of "cycling”
is generally the only means for observing this phase change (Shepherd et al, 1935).
'Cycling' is the process of warming the inclusion until the vapor bubble seems o return to
its original (pre-freezing) configuration, and then cooling the inclusion a few degrees. If
the vapor bubble deforms within this range of cooling, ice remains in the inclusion. At this
point the inclusion is warmed to a slightly higher temperature, approximately G.3 - higher
than the first measurement and the process is repeated. In spite of the significant time
associated with this process, it is the only means of recording Tm ;.. which can then be

used to calcufate cq.wi.% NaCl using the formula of Potter et al., (1979).

Eq.wt% NaCl = 0.00 + 1.769580 - 4.2384 x10-20= + 5.2778 x 1003 :

M is temperature in degree Celsius.
HEATING

(vi) Temperature of Total Homogenization, Th:

The observation of this phase change, which is either the collapse of the vapor
bubble into the fluid (bubble curve homogenization) or the expansion of the vapor bubble
to encompass the entire inclusion (dew curve homogenization) or the disappearance of the
meniscus between the two phases (critical point homogenization) is the temperature of total
homogenization (Burruss,1981). Provided that certain conditions are met, this value can
be used to estimate the pressure and temperature of formation of the inclusion, ie; Pt
(pressure of trapping) and Tt (temperature of 4 -ag). These conditions are as follows:
(1) The bulk density and the composition of the iaciusion can be estimated (from cooling
microthermometry). If this is the case an isochore (line of constant density,) is defined in
P-T space and this line represents the range of P-T conditions over which a fluid of that
density was trapped. (2) An independent value of either pressurce or temperature (eg. by
light stable isotope fractionation analysis, or a metamorphic pressure estimaic). (3) If pure
CO- and pure H, O +/- NaCl fluids are simultaneously (and as homogeneous, single
phases) entrapped, the point at which the isochores of these two inclusion types iniersect
will define the P-T of formation (Kalyuzhnyi and Koltun,1953; Roedder and
Bodnar.1980). (4) If two partly immiscible tluids were trapped (boiling, phase separation)
than each inclusion should homogenize at the same temperature and this temperature is the
trapping temperature (Burruss,1981; Roedder and Bodnar,1980; Bowers and Heigeson,

1U83). Pressure can be estimated from an appropriated P-T diagram.



(vil) Temperature of Decrepitation, Td:

It the internal pressure of the inclusion being heated exceeds the bounding pressure
of the host mincral, the host will open along any incipicnt fractures. The observation of
this phenomena is valuable on the grounds of recognizing that this phenomenon has
czcurred, but the actual temperature value cannot be dircetly associated with any pressure-
temperature phase equilibria as decrepitation temperatures are as much a function of the
host material as they are a function of the tluids within the inclusions. It is possible o
derive some qualitative information from those inclusion that do decrepitate.  The
observance of the phases prior to decrepitation wili suggest the general proximity of
temperature of homogenization and the ty pe of hemogenization, (ic. bubble, or dew curve).

Td values can be used as minimum homogenization temperatures (Walsh et al. 1US8).

RESUITS OF THE FLUID INCLUSION RESEARCH;:

Inclusion Classification:

Fluid inclusions in this study arc classified on the basis of composition and
according to their origin. Although many authors have chosen to classify inclusions as a
function of the phase assemblage observed at room temperature, (20°C in this study) this
arbitrary value would have produced a totally unnatural division in the most commonly
observed inclusions of the Sheep Creek Camp. The classification scheme for this study is
summarized in Figure 3.1.

Aqueous inclusions (Tvpe A, Tvpe As) are defined by the presence of one or two
fluidphases and the absence of any observable volatile phase such us CO>. No carbonic
freezing or clathrate formation was observed in thesc inclusions. An arbitrary value of 8
eq.wt.% NaCl was chosen to difterentiate between low salinity aqueous inclusions (Type
A) and higher salinity aqueous inclusions (Tyvpe As). These inclusions may contain minor
amounts of ur.d:tected volatile components other than H->O.

Carbonic inclusions (Type C, ipe Ch, and Type Cx) are defined by the presence
of CO; with or without additional volatile phases,though they may contain in excess of 90
Vol.% H>O. Type C inclusions are defined by the presence of H-O and COa», whercas
Type Ch inclusions are defined by the presence of H>O and CO», and the presence of onc
or more additional volatile components in the carbonic phase. The presence or absence of
additional volatile components was detined by choosing and arbitrary temperature of 1°C
depression of Tme,, from the triple point of pure CO». Values of -57.6°C or less indicate

CHa, N2, H;S, or other contamination and the inclusion would be classified as Type Ch.
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It the inclusion contained no discernable aqueous phase and revealed carbonic
phase freezing phenomena. (ie. the inclusion was not empty) it was classified as Type Cx.
All inclusions observed in this study that were pure non-aqueous inclusions had depressed
Tmeare values which is indicative of a complex carbonic fluid. The,p, values below 31.1°C
(critical point for pure CO;) and phase cquilibria data suggest that CHy is the prominent
additional volatile.

In addition to the classitication of fluid inclusions on the basis of the inclusion
composition, all inclusions were classified by their origin according to the criteria of
primary, secondary and pseudosecondary inclusiors as defined by Roedder (1984). The
majority of inclusions chosen for microthermometry in this study were considered (o be
primary in spite of the considerable ambiguity and/or uncertainty involved. Although "a
correct determination of the origin of tluid inclusions is crucial to any useful interpretation
of P-V-T-X data derived", (Roedder,1984), it must be emphasized that the distinction
between primary and pseudosecondary inclusions in these massive anhedral quartz veins is
difficult.

The majority of the vein quartz in the Sheep Creek Camp is massive white quartz
and is "...normally white because of the large number of healed shear planes in it, each
outlined by thousands of tiny secondary inclusions" (Roedder, 1984). Secondary
inclusions arc found in all inclusion bearing samples and all of the inclusion types
described above have been observed as secondaries. The obvious dearth of
microthermometric data for secondary inclusions is both a function of geological process,
ic. most secondaries are too small to see phases or phase changes, and 'artistic license'; the
inclusions are so difficult to work that most values recorded aresuspect. The paradox thus
exists; knowing that gold mineralization in this region is a late stage aspect of the evolution
of the hydrothermal system, it is only reasonable to believe that the inclusions
representative of this stage should be studied in detail and that "...most inclusions in most
samples are secondary” and "...the safest presumption is that an inclusion is secondary
until proven primary” (Roedder, 1984). The greater emphasis of this study is on primary or

pscudosecondary inclusions.

LOCAL OBSERVATIONS

For the purpose of analysis. the Sheep Creek Camp and surrounding district has
been subdivided into eight locales (Figure 3.2). These locales are centered upon the Reno

mine with the intention of determining if there is any variation in fluid inclusion
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characteristics trom this core region of high-grade gold mineralizatien to those localities of
lower grades and those of no observed mineralization.

Presented in Table 3.2 3s a compilation of averages for all inclusions recorded: these
data are summarized in Table 3.1. Frequency histograms are presented for The i, cqawit
NaCl, Th-Td in Figures 3.3. 3.5, 3.6 respectively and Figure 3.4 being a scatter plot tor
Tmc:xrb VSs. Thc..rh-

RENO PERIPHERAL and Vsc #205:

Samples Vsc127 through Vscl31 produced a number of workable inclusions and
yielded an assortment of inclusion types. The inclusion populations of samples
Vsc131,130,129 and 127 are dominated by Ch and Cx inclusions. This contrasts with
sample Vsc128,which has a predominance of aqucous and high salinity aqucous
inclusions. Salinity estimates for Reno Peripheral inclusions range from 0 to 24% ¢q.wit.%
NaCl (Table 3.2), with the majority of salinity values being less than 8%.  Eutectic
temperatures suggest that the high salinity inclusions contain complex chloride chemistry
(Crawtord, 1951). Figure 3.3 shows that the relationship ot Tg o and Th 0 of Reno
Peripheral inclusions is strongly intluenced by the presence of CHy and Trom Table 3.2 it
can be seen that CH,4 constitutes up to 40 . ole % of these inclusions. Bulk inclusion
densities range from 0.47 gm cm-3 for 'Cx2' inclusions to 1.12 gm cm3 for 'As'
inclusions. From the trequency histoarams of Th and Td (Figure 3.6). it can be seen that

there s a wide runge i homogenizalion emy odures st aomcan sy alue o 0T 0 Cove

(P

35 values and a slightly tighter range in decrepuauon salues with a mean ol 279236 C ove
21 observauons. Homogenization temperatures trend towards the high end tor tic agucous
inclusions with a significantly lower sct of values tor the higher salinity inclusions.

Sample Vscl 130 pyritized quartz from the Cathoun vein. contained @ number of
very small 'Ch-Ox"ainclusions and o lew shighthy Toreer agacous mciosons, Dotk densites
range from 0.33 gm cm™ 10 0.72 gm cm™ tor the Ch-Cx' inclusions and average .94

0.3 gm cm-? for the aqueous inclusions. Th for the aqueous inclusions average 276x25°C.

Vse #205:

Visible colds cuhedeal quants, Iionie . sidenanc catenne and ate pscon e are the
major mincrals that compose this sampic rom the #3 level o the Reno nune. The
association of gold with quartz in this sample prompted an extensive fluid inclusion study
ai.d seven walers were produced trom difterent quartz crystals contained in the sample and
cach water supplicd many good inciusions tor pucrothcrmometiy . Aguocous mclosions

range from doss than 27 caanw s NaCH o the S 70 iy and NS i Lisions cangec ap

K1Y



1o 25 ¢q.wt.% NaCl with similar cutectic temperatures as obscrved in sample Vscl28D,
suggesting the presence of calcium or magnesium chlorides. Carbonic inclusions contain
variable CO»>-CHj ratios with CH, ranging from 3 mole %7 to 20 mole 9. not including a
pair of complexed inclusions, Vsc203/Eu/2, which exhibit phase transitions at -129°C
(solid-liquid phasc transition) and -86.2°C (solid-liquid phase transition) suggesting that
these are complexed Cx inclusions.

As with inclusions trom Reno Peripheral, the interdependence of Tmgg, and T1
indicates that lower The,p values are a function ot CO, contamination by CHy. Of note
however is the trend towards lower The,,p values without the associate lowering in Tmearp
which suggests that variable pressures are also recorded in these inclusions. Bulk density
estimates for these inclusions range from a minimum ot 0.52 gm cm-3 for high XCH,
inclusions to a maximum of 1.04 gm cm-3 for high sa'inity aqueous inclusions with an
average value for the whole field at 0.87=0.14 gm cm-3. Total homogenization
temperatures peak around 280°C, though the mean value is 257+53°C. As is the case for
Reno Peripheral, the range in Th values is probably a result of not only variable pressures
within the system (Kesler, 1991), but reflects the possibility of post-trapping deformation.

HIDDEN CREEK RIDGE:

Five barren (<3% pyrite) quartz veins, hosted by a variety of lithologies were
investigated and all five types of inclusions were observed. Sample Vscl179 is an oblique-
foliatorm quartz vein in a finely crenulated siliceous argillite with chloritized biotite paraliel
to foliation, which is overprinted by biotite perpendicular to foliation. Minor amphibole is
located near the vein and a clinozoisite phase rims the vein. The quartz is moderately
undulose and saturated with secondary inclusions.

The Type A inclusions were dilute with a bulk density of 0.87 gm cn3. One
decrepitation temperature of 285°C was recorded. Pseudosecondary and primary Ch, Cx
inclusions with an XCH, range from 0.01 to 0.21 and an XCO; range from 0.07 to 0.80
produced only one Th value of 327°C and a mean decrepitation value of 251«25°C. The
average bulk density for these Ch andCx inclusions is 0.92+0.03 gm cm ranging from a
low of 0.82 gm cm-3 to a high of 1.01 gm cm-3.

Vsc188 is white, massive quartz from a 0.7m vein striking east and dipping 85° N.
The quartz is coarse. anhedral and exhibits relatively low strain. Mineralogy of wallrock
alteration includes biotite, euhedral zoned horneblende, altered plagioclase and late
muscovite. The vein interfingers with the host rock which is silicified garnet-bearing
argillaceous quartzite. Inclusions trom this sample are Types A, As, and C with salinities

ranging from 2.8% (clathrate) to 14% in the As inclusions. Consistent Thegr values of 9-
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11 °C give average bulk density values tor 'CTinclusions of 0.94 gm cm® for Vsc 188A
and 0.97 gm cm=3 tor chip B. Bulk densities for the low salinity inclusions range from
0.85 gm cm-3- to 0.88 gm cm3- and for 'As' inclusions a range of .83 gm ¢m-3- 10 1.01
gm cm-3. The bulk of the total homogenization temperatures recorded lor Hidden Creck
Ridge come from Type A and As inclusions trom this sample and average 271=40°C. All
'C inclosions decrepitated prior 10 homogenization.

Samples Vsc356 and Vsc357 are quartz carbonate veins from massive Laib
limestone. The quartz is coarse to very fine grained, which is a function of the intense
brittle-ductile strain recorded in these samples. Either late-stage quartz microveining or
recrystallization and incipient recrystallization is common throughout these samples. Late
calcite is also severely strained and microtourmaline floods the quartz in Vse356. Tremolite
is locally present in Vsc357. Small 'As2' inclusion in Vsc357 have an average salinity of
10.4£0.7 eq.wt.% NaCl. Only two homogenization valucs were recorded over a range of
over 50°C (187 to 246°C). Vsc356 contains a set of 'Cx2' inclusions, as well as a
complex of high XCHj inclusions with phase changes at -142.3°C and -70.9°C. The 'Cx2'
inclusions exhibited remarkably consistent Tm,, and The,p, values, which cqualtes to an
XCH4 of 0.31 and bulk densities of 0.75 gm cm-3.

Sample Vsc383 is a coarse-grained tourmaline, muscovile, quartz-bearing vein
hosted by massive argillaceous quartzite. The vein is not more than 10cm wide and pinches
out over a lenght of approximately 1.5m. The close proximity of this vein to Hidden Creek
migmatite and the eastern contact with the Salmo stock makes its origin uncertain.
Nonetheless, Type A and C inclusions with salinitics of 1-5% where observed. Many of
the Type C inclusions were three phase or would nucleate a CO3 vapor phase upon minimal
cooling, (the lowest recorded They was +15.7°C). Tmg,n, averages of -56.9 and -56.8
for the two chips suggest nearly pure CO> phases with bulk densitics ranging from 0.83
gm cm-3 (one value) 10 0.96 gm cm-3 with an overall average of 0.92 gm cm-3.
Homogenization temperatures for those 'C' inclusions that did not decrepitate averaged
301=2°C and total homogenization temperature values for 'A' inclusions averaged
314=3°C. Decrepitation values ranged from 261-318°C with a mcan value of 277228°C.

The variety of inclusion types observed in these five samples is an indication of the
very complex nature of the hydrothermal history of this portion of the Kootenay Arc.
Interestingly enough, total homogenization temperatures for the primary inclusions exhibit
a moderate range of 80°C with a mean of 271+ 40°C and the bulk densitics are all high, at

approximately 0.90 gm cm-3.



RENO EAST. DONNYBROOK:

Sample Vse361 is a barren quartz vein found crosscutting an aliered felsic dyke.
The vein is relatively unstrained and the tluid inclusions obscerved had consistent salinities
of approximatcly 4 cq.wt.%NaCl, low XCO», and XCHj, high densities ranging from
0.92 gm cm-3- 0.96 gm cm3 and decrepitation temperatures with a mean value of
296=3°C. Fluid inclusion compositions {or this locale arc remarkably consistent in that
cighty percent of the inclusions are carbonic. The one secondary inclusion observed,
(density of 0.98 gm cm-3) homogenized at 192°C.

Sample Vsc364, found in the Donnybrook mine workings, is one of the two
methane bearing samples from this locale. The sample is vuggy, coarse grained, smoky
quartz with pyrite and limonite. Primary Ch inclusions had fairly high methane fractions,
low bulk densities ( 0.61 gm cm-3), elevated clathrate dissociation temperatures (+15.1°C),
decrepitation temperatures average 308=16°C and the one total homogenization value is
295°C. Sample Vsc367, hosted by siliceous argillite and located east of the Donnybrook
fissure, along the ridge north of Reno Mountain peak, contained few workable inclusions
and these inclusions exhibited methane-bearing cooling characteristics and bulk densities of
0.88 gm cm-3 and 0.95 gm cm-3. One small aqueous inclusion had a salinity of 6% and a
bulk density of 0.97 gm cm-3. No total homogenization or decrepitation phenomena were
observed in these inclusions. The remaining portion of the sample set from this locale,
Vsc366, Vsc368 and Vsc372 were essentially low XCHy, high XH20 Type Ch inclusions
with relatively high densities. Th (mean of 330x30°C) and fairly high mcan decrepitation
temperatures where recorded from these samples. Primary aqueous inclusions observed
from this locale gave relatively high total homogenization temperatures ot 327=19°C.

Two points of interest can be made regarding this set of inclusions. First, the
mcthane fraction in the carbonic inclusions becomes negligible towards the east and this
depletion phenomena seems to be intimately related 1o the absence of argillaceous or
carbonaceous lithologies in the eastern region. Secondly, the total homogenization and

decrepitation temperatures are slightly elevated compared to the other locales.

PANTHER LAKE; FAR EAST:

Farther to the east, the vein malerial from sample Vscl102, Vscll0, and VsclS0 is
coarse grained, slightly strained barren quartz. Most of the inclusions observed were high
density, H>O-rich carbonic inclusions with salinities averaging 5.3£0.8 eq.wt.% NaCl.
The very few total homogenization temperatures observed have a mean value of 305=10°C
with one temperature of 185°C. Inclusion decrepitation proved to be a serious problem

with this group, ic. most of the inclusions cxploded trom 168-309°C. The few aqucous
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inclusions had slightly clevated salinitics approaching 1194 cqaw .9 NaCl and bulk
densities with values greater than 0.91 gm cm-*. In addition to the high densities and the

propensity for decrepitation. the absence ol nicthane in these Lar ficld inclusions is notable.

GOLD BELT YELL MOM:

The Gold Belt. Yellowstone and Motherlode mines. centrally located in the Sheep
Creek Camp, produced approximately 150,000 ounces of gold from 300,000 tons ol ore
(Mathew,1953).  Repeated attempts 0 locate workable luid inclusions in mine dump,
outcrop and underground vein samples proved difficult as most samples  contained only
clouds of very smali inclusions. 9Ys3-2, taken from the core of the active workings in the
Yellowstone property, contained a few small secondary aqueous inclusions.  The vein
material is a very tight homogeneous blue-grey, fine grained material that is petrologically
similar to the quartzites in the region. Pyrite flooding and fracture filling characterizes the
type of mineralization observed in many of the samples from this locale. The four
inclusions observed in this material were low salinity. sccondaries characterized by a wide
range of Th values, (174-315°C) and high densitirs.  No carbonic inclusions were
observed.

None of the mincralized samples {from the Motherlode mine dump site contained
workable inclusions. Sample Vsc022, a foliatorm barren quartz vein from the Nugget

Member of the Quartzite Formation, contained a number of workable Type C inclusions.

Elevated Thearb, elevated Tmey, and depressed Tmgp,, values confirm the absence of

methane in these inclusions. Clathrate temperatures were used to estimated salinities which
range trom less than 3% to 7% eq.wt% NaCl. An average bulk density of 0.93 gm cm?
over a range of 0.83 gm cm?3 to 0.97 gm cm3 and a mean total homogenization
temperature of 307+5.6°C were recorded for this highly strained and reerystallized quartz
sample. Note that significant strain and recrystallization was observed in both barren and
sulphide rich samples from the Motherlode area and post trapping strain and/or
metamorphism is one possible reason for the dearth of workable inclusions. Much of the
sulphide is euhedral unstrained pyrite and sphalerite which suggests that the mincralization
was late with respect to veining and deformation.

Samples Vsc345 and Vsc346, found near the adit of the Gold Belt 8000 vein,
contained a few workable inclusions. Except for one Th value of 396°C, the small Type A
inclusions decrepitated above 374°C. These values, in comparison with the rest of the tluid
inclusion study, suggest post trapping deformation and leakage. Three inclusions from
Vsc346 (one 'A' and two 'C') gave an average total homogenization temperature of

253+26°C. The aqueous inclusion had a low salinity and a depressed homogenization
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temperature (224°C), where as the carbonic inclusions (nearly pure CO3 at XCOax = 0.83)
homogenized at 265 and 271 °C with slightly lower bulk densities ot 0.77 gm cm-3. Salinity
estimates [rom clathrate were recorded as 4 and 692 NaCland XCHy was less than 0.0,
The remaining sample from this locale.Vse352, was found in the Reno Formation
calcarcous argillite near the contluence of Twilight and Sheep Creek cast of the Motherlode
mill site. This quartz carbonate vein contained a few high density, high XH»O carbonic
inclusions with slightly clevated salinities (6%). No decrepitation or homogenization
temperatures were recorded for these inclusions. Th~ one aqueous inclusion observed

from this sample homogenized to liquid =1 3.26°C.

STAG LEAP +; The Salmo-Creston Transect:

The Stag Leap transect crosses the southern portion of the Sheep Creek Anticline,
the Western Anticline, the Laib Syncline and in the east, the Windermere metasediments.
This southern set of inciusions is characterized by high variability in composition and
densitics

Sample RBi21, from east of the Laib Syncline, is locally saturated with 'C’
inclusions. These carbonic inclusions contain little to no methane, have variable carbonic
phase volumes and a salinity range of 0-9% (mean of 4.7x1.7 eq.wt.% NaCl).
Interestingly enough, most of these inclusions homogenize and mean values of 253+12 and
326+52°C were rece i for chip RB121b and RB121c respectively. Densities for the
'C', 'Ch' and 'Cx' inc] .ns varied from a low of 0.60 gm cm3 to a high of 0.96 gm cm-
3, Samples Vsc224 and Vsc234 contain similarly variable carbonic inclusions except that
these samples, located west of the Sheep Creek A .-« ;ne had significantly depressed Thea
which is suggestive of either higher pressures or \« presence of additional volatiles, (CHy
7). Tmeaw values were not depressed however (see rigure 3.5), which suggests that
methane is not present and that variable internal pressures are responsible for the observed
Thearh values. Vsc224 exhibits minimal straip and only minor incipient recrystallization
where as sample Vsc232, located adjacent to Vsc234, is a complex of recrystallized quartz
and calcite within a muscovite,staurolite, biotite schist. Clinozoisite rims the recrystallized
quartz-carbonate vein.

All inclusions recorded tfrom Vsc228 were relatively high salinity, primary and
pseudosecondary aqueous types with no indication cf a carbonic phase. This quartz-
carbonate vein is coarse grained, exhibits no stress related extinction or recrystallization.
The late calcite and chlorite observed in this sample are similarly pristine. In contrast to the
higher bulk salinities recorded, the bulk densities from these inclusions range from a low of

0.63 gm cm™ 1o 1.01 gm cm-3 with a mean of 0.86+0.11 gm cm-3. All inclusions studied



in Vsc228 homogenized o liquid between 247 and 347°C with mean values of 282437 and
279:26°C for chips A and B.

Variable H>O phasc-carbonic phase ratios were also observed in RB123. Carbonic
phase homogenization temperatures were similarly variable and minor depression of
Tmyn is indicative of CHj presence. RB123, located west of the Western Anticline,
exhibited depressed clathrate dissociation temperatures regardless ot the possible presence
of methane and these temperatures equate to an average salinity of 8 cg. wt. CoNaCl.
Except tor the two high XH>0 inclusions in this group (Th ot 199 and 175°C) all inclusions

decrepitated prior to homogenization at temperatures ranging from 230 10 279°C,

BILLINGS CREEK. MNT. WALDIE. ACTIVE # 2065:

As hss been previously discussed. the mineralization in the Ore Hill and Sumit
mines of the Billings Creek locale is hosted by limestones along the same sct of
northeasterly trending faults as are the minces in the rest of the camp. The only significant
lead-zinc production for the camp is from this locale and the gold-sitver ratios reversed
from the >1 values recorded from the other mines. The mineralization is similar though not
identical to the common quartzite fissure veins though, "...it can scarcely be doubted that
both are derived from a common source” (Mathews,1953).  Sample Vsc094 is trom
dendritic quartz veining with minor pyrite in a grey-green (Reno) quartzite which is
presumed to be atypical for these mines.

Inclusions tound within this sample were invariably cither 'Cx', or 'Ch' inclusions
wiih depressed Tmears, depressed Ty and in spite of the methane contamination, gave
depressed clathrate teinperatures suggestive of significant salinitics. Calculations from
clathrate melting relations give values of 4 and 8 c¢q.wt.% NaCland these values are
minimums if methane contaminaiion (XCH4=0.03) is considered. A range of bulk densitics
(0.65 gm cm3-0.89 gm cm™) was recorsed for these inclusions thoszh the majority had
values greater than 0.75 gm em3. Al "Ch-Cx' inclusions deorepitated prior to
homogenization at an average value of 258+347C

Mount Waldie, Vsc042;

A small quartz vein with very minor galena, nosied by grev-green guartzite
(Quartzite Formation) vas found oa the north side of Waldie Creek along o clitf face near
the Weasal Creck fauit. Cooling studics revealed low cuicctic temperatures (approximatcly
-38°C), and "crazy ‘avitg" ice textures, which arc indicative of complex chlorides
(Shepherd et al., 1985). 3oth Tmepy and Tmy were significantly depressed and gave
average salinity values ot 20 and 22 eq.wi.% NaCl respectively. Volatile fractions in all

these inclusions were refatively low with XCO» of 0.15 being the highest recorded value.
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Only "As inciusions homogenized prior o deerepitation and all homogenization was to the
liquid phasc ranging trom 214 to 307°C (six values) with a mean value of 264=36"C. It
was not possible 1o determine the type or types of chiorides from microthcmomeiric

analysis alone.

Aclive #2635

An attempt was made 1o investigate veins from the west of the camp
between the Western Anticline and the H.B.mine. The dominant lithology in this region is
the Active Formation.which is composed of fractured recessive argillites (brecciated slates)
and arcnaccous, carbonaceous argillites.  Active #2635 is a barren white, oxide stained,
concordant ¢aartz ve n found in the brecciated argillite.  Pyrite occurs in both the near-
adjacent wall rock and to the east in a boudinaged quartz vein. Fluid inclusion research
confirmed the presence of non-agueous volatiles. which were suspected trom the pungent
odor that this sample produced when tractured. As the The, values tor these inclusiors
were not clevated above the critical temperature for pure CO»_ these inciusion do not
contain H>S. The majority of inclusions are of the Ch and Cx type with significantly
lowered Tme,n, and Thean values, where as Tmgpy valucs are all above +10°C. All
salinity estimates are from ice meltinug temperatures and in the presence of clathrate these
values would represent maximums. A density range of approximately 0.5 gm cm-3 was
recorded from 28 inclusions with an average value of 0.8=0.14 gm cm-3. Homogenization
temperatures are, for the most part, higher than observed in the Sheep Creek Camp
(325+44°C) though decrepitation values were similar at 270=31°C. Aqueous inclusions
from this sample gave an average salinity of 8.6 eq.wt.% NaCl, are all high density and
have rather low Th values (176+36°C) suggesting either secondary origins, significant
changes in fluid dynamics, post-trapping alteration of the inclusions or statistical bias from

a rather small data set.
GEOBAROMETRY AND GEOTHERMOMETRY;
INTERPRETATIONS AND INTERDEPENDENCIES:

COMPOSITION of the FLUID INCLUSIONS

As has been discus-cd above. non-destructive anaiysis. has allowed for

compositional ¢stimates. In this study, estimations of fluid compositions span a very broad
range including low salinity aqueous tluids. high salinity complex chloride solutions, non-

aqueous (CO»+CHy=N> (7)) fluids and complexed mixtures of chloride bearing aqueous -



volatile tluids. In additon o these compenents, it s only fogical 1o believe that otha
components such as S, Ca. Mg and Sio were potentially associated with the tluid regime
and that these additional clemental components would intluence the physicochemucal nature
of the fluid. For the purpose of discussion. the simpliticd compositional estimates
documented in this study will hopetully be sutticient. In spite of this simphistic overview
of compositions. significant errors in estimates cun oceur and these errors will seriously
impact upon interpretation.

BULK DENSITIES.

Interpretation of trapping temperature (T and trapping pressure (Tp) is often the
most sought after aspect of a tluid inclusion project.  In most investigations. neither
pressure nor temperature can be determined from the inclusions alone as most inclusions
are trapped as supercritical fluids and therctore, trapping pressure or temperature must be
estimated from independent evidence such as, depth of burial at time of tluid entrapment,
mincralogical cquilibria data or light stable isotope goothermometry. The process of
interrelating pressure and temperature 1o establish the pressure correction’ necessary 1o
determine trapping temperatures or pressures is dependent upon estimates of bulk fiuid
densities. These estimates are ultimately based upon compositional estimates and

experimental/ theoretical equiiibria data.

EXPERIMENTAL AND THEORETICAL P-V-T-X DATA:

It is ofien considered convenient to use experimental P-VZT-X data to interpret
complex natural fluid systems (Burruss, 1981). It must be emphasized though, that minor
changes in fluid compusitions, Cmipciaiuics Ui prossuics e [guaic 375 Cain hawve
significant consequences regarding the fluid regime and the specitic P-V-IRX properties.
Another problem that plagues this type of research is what compositional estimates does the
researcher chose for interpretation, mean values for given inclusion types from spectitic
locales or regions or P-V-T-X data of individual inclusions and then using 4 consohidation
of these individual interpretations tor discussion.  The latter process woeuld probibly
produce a more reakhistic estimate of the P-T regime however the lubor inherent in such an
activity makes 1t unrealistic and theretore most inclusionists seem to choose the former,

which no matter how carefully done. produces broad and possibly dilute interpretations.



INDEPENDENT "TC AND Pt

Independent trapping pressures and/or independent trapping temperatures are often
used for interpretation and discussion of homogemecation data (Rocedder,1984).  In this
study, the complex tectonic history can only be used to suggest what has occurred and
because the emporal relationship of the veins and the local/regional orogenic history has
not been fully explored. ic.. no date tor mineralization has been established, neither
mcetamorphic or burial depth criteria can be used as independent geothermometers.
Structural and petrographic evidence suggest that the Sheep Creek fissure mineralization is
structurally late (post-metamorphic) so any attempt at establishing independent pressures or
temperatures from metamorphic facies analyses. would be wrong.  Archibald et ai.
(1983,1984)F . . ented an argument for periods of intense and rapid tectonic evolution
ol the region o .- thertore arguable that the Sheep Creck Camp did at one or more times
experience high temperature-pressure. As is discussed below. (cf.Cpt. 4) the use of light
stable isotope geothermometry in this region. could turther the interpretation of the tluid
inclusion rescarch. The protracted tectonic evolution of the region has however produced
such geological complexity that the issue of isotopic equilibration (necessary to establish
geothermometry) cannot be assumed, and as is documented, rarely encountered.

This semi-quantitative, qualitative fluid inclusion study of the Sheep Creek veins
has resulied in four significant observations.

I.  Fluid pressures throughout the camp, though moderately variable, were at the
time of vein precipitation (and probably at the time of ore deposition) high to very high,
possibly exceeding 1.5 kbars, which il correct suggests deep crustal burial (1.5 kbars=15
km assuming hydrostatic pressures, or 5.4 km assuming lithostatic pressures)

I Much of the spatial, microthermomictric and compositicaal evidence supports
the assertion that saline aqueous-volatile fluids underwent the process of phase separation
and that this process occurred at relatively high pressures and temperatures. Gold
mincralization and/or sulphide precipitation could have been a direct consequence of this
tluid effervescence.

ill.  Post trapping detormation of the inclusions and metamorphic overprinting of
the quartz or quartz-carbonate veins have resulted in a natural sorting mechanism
(inclusions are generally too small to study ) which limits the potential error in interpretation
and could also be considered as an exploratory tool.

IV, Complex volatile inclusions (CO--CH,) have not been observed in the eastern
portions of the study area and a 'methane tront' may possibly exist. This front could be

structurally. metasomaticatly or/and hthologically controlled.

N



To evalvate pressure relations for the Sheep Creek veins, Figure 3.7 is presented
for a number of varving CO>-H-O-NuCl {luid compositions (Bowers and
Helgeson. 1983k). These phase diagrams are reterred 1o by the letters A through H which
correspond to increasing COs> contents. Variable salinities are presented as mole fractions.
Figure 3.8 shows homogenization and decrepitation temperatures against mole fraction
3.10 and inclusion data values for specitic locales, from Table 3.2, arce used for pressure
estimates. :ss no independent trapping pressures or temperatures are available and
significant variability in inclusion compositions is the norm, this activity of pressurce
estimates are only approximate.

For sample Vsc179 trom the Hidden Creek Ridge locale, it an estimate of TUis sct
ac the Th value, the type Ch inclusions were trapped at 327°C and have a composition
estimate of XCO»>= 0.7, XCHy= 0.12 and a minimum value of XNaCl= 0.0). Such an
inclusion set plotted onto the miscibility ficld of Figure 3.7G at a density of 0.85 gm cm-?
would give a pressure of approximately 1.7 kbars assuming 097 NaCl It an XNuC1=
0.019 is considered the Th value lies in the two phase region of the appropriate diagram
(Fig.5.7H). The shape of the miscibility curve does not allow tor an estimate of pressure
for these compositions. It the isochores are projected into the immiscible region (isochores
plot along same slopes as for Fig.3.7G) and Tt=Th (as is the case for trapping o .aid
undergoing phase separation), an absolute minimum pressure of 1.6 kbars is recorded from
Th at 250°C and a maximum value of 2.2 kbars is appropriate tor 350°C. If Th for Vsc188
is considered at 270°C, 8°C low- 't than recorded decrepitation values, and a composition of
XCOz= 0.1 and XNaCl= 0.02 are given, Figure 3.7D shows that these inclusions represent
immiscibility. If the temperature of trapping was at 300°C, the intersection of the 0.90 gm
cm3 isochore will give a pressure estimate of approximately 1.2 kbars and 1t the 0.95 gm
cm3 isochore is considered the pressure estimate is approximately 1.8 kbars.  As sample
Vse356 is host to a set of pure CO>-CHy inclusions, no Th value is recorded and the
‘pressure correction’ estimated for The,, will e very large. 1f it s assumed that these
inclusions were trapped cogenetically at a temperature of 276°C, Figure 3.10 gives a
pressure 0! 7i..pping of 1.2 kbar. An alternative approach to the pressure problem would
be to consider the simpler H>O-NuaCl system. From Figure 5.10 (from Fig. 2.6

kg ’

Roedder,1984) Vscl79, Type As, with a Th value of 295°C, an cq.wt.% NaCl of 10%
(low) and a range of bulk densitics of 0.89 10 0.95 gm c¢cm3 (low), pressure estimates
range from 600 bars to 1.6 kbars.

S0



From Tuble 3.2, 1 can be seen that the data for sample Mao 5200 vanes
considerably. I these inclusions were trapped from an homogencous fima, the deta
suggest a pressure range from 1.0 kbar at 308°C tor 0.70 gm cm-3 for Ch inclusicns with
no NaCl. to approximately 1.4 kbars tor Type As inclusions which homogenize at 290°C.
Type Ch inclusions from sample Vsc#203G/B had a Th value of 290°C and a composition
estimate of XC0>=0.76, XCH4=0.10 and XNaCl=0.02. Using Figure 3.7G and assuming
no NaCll, a pressure estimate of 1.1 kbars is recorded. I the XNuCi component is
considered the inclusions will plot well into the immiscibility tield of Figure 3.7H and no
pressure value can be determined until Tt is raised above 400°C which would result in a
pressure of 1.7 kbars. These elevated pressures and temperatures are possible but the more
likely explanation for their occurrence is that these inclusions are end members of phase
separation as is suggested by Figure 3.8. Also worthy of consideration is that the methane
component (excluded from discussion to this point) will force the two phase region to even
higher temperatures (Burruss, 1981; Hollister and Burruss, 1976; Roedder,1984). The
salient observation here is that an extreme trapping temperature (greater than 500°C) would
he necessary to keep this type ot [Tuid mixture miscible.

The Panther Lake-Far East group of inclusions has a relatively homogeneous
character and this partially simplifies discussion. Sample Vsc150 with an average density
of 0.90 gm cm-3, a composition estimate of XC0>= 0.20, XNaCl= 0.02 and an average

b d

homogenization temperature of approximately 270°C can be plotied on Figure 3.7C and a
trapping pressure ol approximately 1.3 kbars is recorded. It Figure 3.7D is used for this
exercise an homogenization temperature of 270°C falls outside of the one phase ficld and
immiscibility is suggested. Observation of the miscibility plot. Figure 3.8 for the Panther
Lake, Far East locale, suggests that this was not the case and the probability ot a higher,
prossure coriected  womperature estimate foi ppimag s fequired o hich case o possible
Tt ot 3257°C will give a trapping pressure ol 1.5 kbars.

A continuation of this pressure speculation process shows that for the majority of
inclusions observed in this study. Ph values (no independent pressure Or lemperature
estimates therefore no Pt values ) fall within the one o two kilobar range. Further
estimations of 'pressure correction' and anv attempt at establishing Tt {rom this process IS
not warranted as a result of the paucity ot appropriate P-V-I-X data. the variable nature of
the observed inclusion compositions and the significant loss of potential Th data as a result
of decrepitation. The inclusion study suggests trapping pressures in excess of one kilobar
and trapping temperatures in excess of 300°C.

From o purch petrographic point of vicw. the observation of nearly pure CO-

inclusions (CO>=CH,) within fields of H>O-NaCl=(CO»-CH,) inclusions indicate either

60



immiscibility of an carlier mixed CO»-H-0 phase, H-O loss trom carher mixed CO>-H-O
fluids or the mixing and subscequent trapping of ditterent tluids cither cogenctivally on at
different times. Figure 3.8 reveals that those locales that are spatially associated ( located
near o) with the Reno vein. Reno Peripherat. Hidden Crecek Ridee. Rene Buast,
Donnybrook and Vsc#205, all exhibit both low XC0Os and high X 0O~ inclusions.  As has
been argued. the probability of phase separation of a fluid. which results in these observed
compositions. is high and this suggests that deposition of vein-hosted ore in the Reno vein
was asociated with phase separation of a complex aqueous-volaule 1luid (Walsh ¢t
al.,1988; Roedder, 1984; Ramboz, 1982: Kesler,1991). It is widely believed that
'bonanza’ type high-grade zones. the most commonly observed tvpe of Au mineralization
in the Reno vein, have "...formed as a result of the gross change in the chemistry of the ore
tluids upon boiling or effervescence (Roedder. 1984)". The likelihood of this phenomenon
18 high. as the separation of an homogencous H-O-NuaCl-(CO»>=CH,y) Hina can occur under
a wide range of crustal conditions as a result of minor changes in temperature or pressure
and "...pressure could have fluctuated widely between lithostatic and hydrostatic conditions
in response to possible fluid overpressures and related movement along deep fractures”
(Walsh ct al.1988: Sibson et al..1988). Gold grades are observed o decrease at depth
along the vein structure and this ¢ould reflect the probability of immiscibility occurring at
shallower depths.

The two inclusion scts, Panther Lake-Far East and Stag Leap+ show high
variability in CO>:H>O ratios and minimal methane contamination (from Figure 5.4, Tm, s,
vs. Then diagrams).  Fluid immiscibilitv is not sucoested for these regions as few cid
member volatile phase inclusions were observed. This lack oi observation may however
be simply a function of a smail data set. Minor pressure variation are proposed to account
tor the observed ranges in The,, (densities) for these locales. The actual density variability
is minimal however and this probably reflects minimal pressure tluctuations which is on
one hand. incompatible with the overall evolution of the fluid regime of the region yet may
be on the other hand. totally consistent with 1ozt temporal and spatial luid characteristics.

The last and possibly most significar.t observation gleaned from this {luid inclusion
study is the absence of methane bearing inclusions to the cast of the Sheep Creck Anticline
or similarly put, the presence of methane bearing inclusions to the west of the structure, in
the mineralized region of the camp. The signiticance of this 'methance front” and additional

comments regarding the tluid inclusion study are made in Chapter V.
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Fluid Inclusiaon  Claszification

nasp Cresi Carmo

Ol

Aqueous Inclusions

Jype A - H,O rich, two phase, oval to amciphous, generally
high temperature , low salinity

Type As - HZO rich, two phase, oval to amorphous, variable
homogenization temperature, > 8 £q. Wt.% NaC!

H,O0
akr/’/ vapor
H20: NaC| eq

hguid

Carbonic Inclusions

Type C - H,0+00,+ NaCl bearing, three phase, euhedral to amorphous,
Tm > -576 C~°

carb
Type Ch - H,0+C0, =CH, = NaCl bearing, three phase at “C< Th_,.,
Tm < -57.6 C°

carb

Type Cx - CO, 2 CH, bearing inclusions, two phase. no detectable H,0

& o H%
HzOT:Quec . 002 = CH4 (N2 )hcuvc — -
‘Chl

Cx:
Note that all inclusions can be subciassified according to Primary, Secondary or
pseudosecondary origin. The following inclusion types are thus characterized:

Primary; A, As, C, Ch, Cx

Secondary; A2, As2, C2, Ch2, Cx2

Pseudosecondary, Ap2, Asp2, CpZ, Chp2, Cxp2

Figure 3.1 Classification scheme for Sheep Creek inciusions.
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Isochores in the system CO2L (de

P
AN

nsaties e e Partad duvcram redrawn

from Swuncnberg (1979) with data from Juza o al (196035, Kennedy and Hobser (1960,
and Shmonov and Shmulovich (1974). Pressure estmiitie tor saniple Vae# 336 as

discussced 1n the text.
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Pressure estimate at Th tor sumple Vsezi 79 as discussaed i texd, Parmal piise

diagrams for watter and 107% NaCl soiution. showing the hqud -wapor curves and appropriaic
wochoro- in gee, Dingram redrovan from Rocd dor £ 10%0),) duts from Sounrapan and Kennedy

{1962). Burnham ¢t ol (1940 Rocnuan ctal. (1965 and Huaoas (1970,
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CHAPTER 1V

STABLE ISOTOPE RESEARCH

INTRODUCTION:

Light stable isotope research has and is continuing to contribute much to the broad

science of petrology and fluid-rock interaction. The expansion of the number of isotope
rescarch facilities and consequently the available data pool has allowed for the present
breadth of application to geological problems anu the level of understarnding necessary to
interpret this flood 6! isotope data. Variations in isotope ratios of oxygen, carbon, sulfur
and hydrogen aid considerably in understanding certain aspects of hydrothermal processes,
serve to define temperatures and mechanisms of mineral formation as well as the
provenance or state of origin of the minerals, fluids and rocks. Oxygen, carbon and
hydrogen isotopic signatures of the sample suite from ine Sheep Creek Camp have
contributed much to the understanding of the genesis and post-depositional nature of the
vein system.

The sensitivity of stable isotope variability is ¢ function of the elements isotopic
specics capacity to partition unequally (fractionate) between two or more co-existing
phases. This is due to mass dependent differences in the element's physicochemical
behavior and this "fractionation normally varies inversely with temperature and (1s)
independent of pressure” (Field and Fifarek, 1985). To adequately address any geological
problem, (hydrogeologic, hydrothermal processes and alteration, ore deposits, etc.)
through the usc of isotope research, it is necessary to address questions of initial isotopic
signatures: what level of isotopic exchange (approach to cquilibration) is recorded in the
samples and to what degree are water-rock interactions, heating and cooling processes,
fluid mixings or tluid phase scparations (boiling, effervescence) being represented.

As is the case with fluid inclusion research, the array of interconnected and often
iimes chaotic influences upon the genesis of the isotopic signatures, demands an ever
increasing data pool and careful regard for the associated geology. The similarities of the
isotopic signatures recorded at the Siheep Creek and those recorded from numerous
mesothermal Au vein systems studied can add much to the understanding of this mineral
deposit and its association with larger scale rock-fluid systems. As a small portion of an
ongoing study of Cordilleran rock and vein isotope geochemistry, the Sheep Creek Camp

proved to be an excellent isotopic research project on the grounds of the good geological
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work and interpretation done in the arca. the accessibility to portions of the vem systeny and
the complex tectono-thermal history of the district.

Mincralized anu unmineralized vein quartz and quarizites were analysed for 91850
values. Many of these same samples were analysed tor 0D ratios tfrom the ancient waltcs .
entrapped in the tluid inclusions. Carbonate-bearing veins and carbonate-rich host rocks
were analysed for 913C and 0!'%0 ratios. Those rocks that contained appreciable amounts
of fluid inclusion bound CO> and/or CH, have been analysced for 03 trom CO» and, as
an analytical first, 013C and 0D from the methane. Although recent analyses of the volatile
(carbonic) phases in these veins have produced an interesting assortment ot 912C and 0D
values, the limited data set and the "tuning’ ¢f the analytical process allows only for data
presentation at this time.

Summary of Isotope Data

The oxygen data from quartz veins are remarkably consistent with those values
expected for these types of systems (Kerrich, 1987). The quartzite oxygen vilues vary less
than 2%o over a region of approximately 200 km?2. Deuterium/hydrogen ratios from water
in guartz-hosted fluid inclusions range over 90%0 and D/H ratios from inclusion
decrepitation techniques performed on purificd whole-rock quartzites runge over 70%o with
the quartz veins being relatively depleted compared to the quartzites. Vein carbonaies,
predciminantly calcite, have a relatively tight range in 013C values with a mean of -
2.5+1.3%0 over a range of -3.8 t0-0.4%¢ and the wall rock carbonates (caleite) are
comparatively enriched in both 013C and 0!%0. A few quartz-caleite pairs have been
analyzed and it is beliecved that some post-depositional isotope exchange is responsible for
the disequilibrium observed in these pairs. Non-coeval mineral deposition may account for
the observed disequilibria.

Following a brief discussion of methodology and relevant data presentation
conventions. the data, possible interpretations and some comparisons with similar
mesothermal systems are discussed.

ANALYTICAL TECHNIQUE and METHODOLOGY

Quartz is one of the best minerals for 0180 isotopic analysis because of its
tendency to concentrate 8O relative to it's parent fluid and refative to other minerals and its
tendency to be relatively insensitive to low temperature (<300°C) post-depositional

exchange processes (Taylor, 1979; Field and Fitarck. 1985).



Quarts sampics were initially chosen 1o establish a broad Coveruge of the tield arca.
Additional snalyscs were chosen on the basis of testing trends in 0180 and 0 complement
luid inclusion data .

Oxygen was liberated from fine crushed (-40 mesh) aqua regia purified quartz
samples by the BrFs (bromine pentafluoride) technique of Clayton and Maycda (1963).
The oxygen was then reacted with carbon at approximately 850°C and the CO»> was
analyzed on a Micromass 602D Nier-type isotope ratio mass spectrometer (Niecr. 1947
Maheux,1989). The isotope ratio data are presented in d-notation in per-mil values: ie.
ox%o0 = (Rx/Rs - 1) x 103 which is an expression of the sample ratios (Rx) deviation
from a specific standard ratio (Rs), in this case either SMOW (standard mean ocean water)
or PDB (Pee Dee Belemnite).

Deuterium/ hydrogen analyses were pertformed on inclusion fluids liberated from
approximately 4 gram samples of ccarse crushed quartz. The samples were bathed in aqua
regia and then dehydrated to remove surface waters. These samples were dried in vacuum
at 150°C for 24 "irs and then thermally decrepitated to a temperature of 1100°C. The waters
collected were reduced with zinc metal to generate Hj for analysis. 0D v .lues are reported
relative to SMOW. In some cases CO- was isolaied from the inclusion fluids and analysed
for 013C values. Interestingly, a tew inclusions had sufficient CHy for isotopic analysis.
These inclusions were first identified in the fluid inclusion study and were then decrepitated
as above. Those gases that were not frozen by liquid nitrogen were first absorbed on
zeolite and subsequently oxidized at 800°C in a CuO packed column.

Vein and host-rock carbonates (caicites) were reacted with phosphoric acid
(H3PO4) at an ambicnt temperature of 25°C for approximately 24 hours (after the technique
of McCrea. 1950) Purified siderite were similarily reacted but for extended periods of three
and six months. 613C values from carbonates and inclusions bearing CO; and/or CHy are
presented relative to the PDB standard (Craig,1957) and 6180 from carbonates are reported
relative to SMOW.

RESULTS OF ISOTOPE ANALYSES
A compilation of isotopic data acquired for this study is presented in Table 4.1.
Errors in analyses are = 0.2%o for 5'80 ar 1 813C from quartz, carbonates and inclusion

analyses and =1%o for 6D values from fluid inclusions (Nesbitt, pers.comm.). Repeat

analyses are listed directly in Table 4.1.



Quartz Oxy gen:

OO values from quartz veins range between PH and 25.8%¢ and from the
condensed sample set which excludes vasues from VsclO3 (24000 and Vs 265 (25.8 and
22.7%2), a mean value of 14.4 = 3 %o from 55 analyses is obtained. Sample Vse 193 was
excluded trom the statistical calculaiions as this sample exbibuts late, essentially epithermal
chaicedony textures and Vsc265 was removed from the group because ol s complex fluid
inclusion characteristics. The significance ol the clustering near 14 % s related 1o the taat
that the sample set includes an heterogenous mixture of unmineralized samples, mineralized
samples bearing minor pyrite, mincralized veins with complex sulfide mineralogy and
discordant and toliation parallel veins. A summary of the data for quartz and quartzite
oxygen ratios is presented in Figure 4.1a.

A closer inspection of the data reveals an assoctation of low DINOL“, veins Viatlues
with quartzite of siliceous greywacke host rock lithologies. This isolated portion ot the
sample set includes samples Vsc00L, 002, 006, 007, 008h, 023, 042, 043, 107, 150, 224,
and Vsc417. The 0180 values from this sct range from 1.1 to 13.3 %e with a mean of
12.3+0.8 %o. These samples are consistently unmineralized except for isolated grains of
galena in samples Vsc007 and Vsc(42.

The remaining analyses are from veins that are cither hosted by rocks of more
argillaceous, carbonaceous or calcareous characteristics or mine workings, where the host
rock is unknown. The range in 820 values from these veins is nearly 10 %o; however,
only two values are greater than 16.4 %o. A mean value from this group. including the two
high values is 14.9x2.0 %o and excluding these two values, 14.621.0 %o

Five quartzite samples were also analysed for 0150, These rocks gave values
ranging from 11.0 to 12.8 %o with a mean value of 11.7«0.7 %o. This tight range in 0170

values of rocks which were collected from a broad region including the extreme northern

and southern portions of the field area, suggests that either metamorphic recquilibration of

the isotopic signature of the protoliths entailed near homogencous P-T conditions, the
saridstone protolith was composed of isotopically homogenous quartz grains or that the
quartzites have isotopically equilibrated with a post-mctamorphic hydrothermal sysiem

involving large-scale circulation of an homogencous {luid.

DI80pia: Isotopic Composition of Vein-Forming Fluids:

As was shown from the fluid inclusion study, temperatures ol vein tormation can
be approximated irom the temperatures of homogenization (Th values) from inclusions that
represent a system of fluid phase separation. Although additional temperature constraints

are difficult to make because of the minimal control on inclusion composition analyses and
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the tack of phase cqnibibria data for sac 7 complex fluid systems. it has been contirmed by a
number of similar studies that these svstems torm at temperatures from approximately 250
1o 2307 C (Neshitt et al.. 1989), Values hetween 275.3507 C were chosen as formation
temperatures with choice ol temperature being based upon parameters dictated by fiuid
inclusion characteristics. It is important to recogrize that only a few ot the quartz isotope
numbers are {rom samples which allowed for inclusion analysis. Theretore formation
temperatures for many of the samples were estimated by their proximal or textural
association with better known samples.
Using the cquation of Matsuhisa ct al. (1979), for quartz water fractionation:
AQtz-H:0 =3.34 (1()(’/'1“2) - 3.31
where T is temperature in degrees Kelvin
al the above estimated temperatures, the 0'50yq,q value of the vein-forming tluids have
been calculated and are preseated in Figure 4.1b. The mean value of 7.3=1.5%c
established by this process is about 0.3 %o lower than if an assumed temperature of 300° C
was used for the calculations. The 81804 value of 7.3=1.3%0 is important in that it falls
within the limits of the isotopic values of metamorphic, magmatic and evoived meteoric
waters.  In fact. this value could be adjusied by = 2.5 %o and still reflect these three
).

potential fluid sources (Taylor, 1974; Nesbitt et 2l 1989

Regional trend in 0130gua., values:

Figure 4.3 is a plot of 8180qyar, values onto section line A-B as is depicted 1n
Figure 4.2. The trend in decreasing 8!'30quan, values from west to east is evident. Any
interpretation of this trend must consider the possibilities of variabilty in initial 8180guig,
variability in the temperatures of quartz vein formations and variations in fluid-rock ratios.
Even though it is not possible to directly transfer the documented regional trend of
increasing metamorphic isograds (as discussed in chapter II) towards the Kootenay Lake
(Archibald,1984) 10 the Sheep Creek Camp, it is possible that temperatures of formation
were moderately higher in the eastern sector (refer to decrepitation temperatures of high
density CO, bearing inclusions in the eastern portion of the research area). The higher
temperatures of formation in the east would result in a smaller quartz-water fractionation
and this is possibly what is being recorded in the 8180quan,. Alternatively, the increasing
abundance of quartzite towards the east and the increase of calcareous and argillaceous host
rocks in the west could play a major role in the variability of the isotopic nature of the
parcnt fluid and consequently the trend observed is a result of local lithological
heterogeneities. Variability in original 8180 compositions of these host rocks as wel! as the
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variability in primary and secondary permenbilinies 1w these rocks sould atftect the sotoprw
composition of the fluids that have interacted with them,

A third possible explanation ot the observed trend s that phase separation Gis has
been documented to have occurred in the region ) produced local eanichments in 09Oy,
resulting in the observed enrichments in quartz veins trom this locale.

Questions remain regarding the extreme enrichment i 0170 of some ot the quarts
veins trom the study area (those removed from the statistical analysis). s behieved that
both of these high 0170 veins are not directly retated o the primary veining process i the
region and that they occurred at a later (lower wemperature) period of the iectono-therma
history of the cami- when the entire lithological package was being influenced by remnant
hydrothermal aco o

Hydrogen Isotopes. of Veins, Rocks and Ml crals:

The isotopic study of minerals and {luids from ancient hydrothermal systems relies
heavily upon the 01%0-0D isotopic couplet. That all these vein systems are directly
dependent upon the presence of waters of one form or another. and that both of the
constituent elements can be isotopically characicrized, renders this clemental pair as orc of
the most powerful iools for the interpretation Of watci-rock-mincral systems (Tay lor, 1957
Nesbitt, 1989; Field and Fifarek, 1985).

Deuterium/hydrogen analyses of guartz vein hosted fluid inclusion waters,
muscovite and sericite. whole rock quartzites (tluid inclusions and/or phyllosilicates) and
CH, bearing fluid inclusions have allowed for rigorous constraints 1o be applied to the
possible sources of the hydrothermal waters and have opened an intriguing arca of isotopic
research (0Dcpy from fluid inclusions). 0D analyses of waters and gasces liberated from
thermally decrepitated fluid inclusions hosted by barren and mincralized quartz veins have
resulted in a broad range of depleted 9D values. Figure 4.4 summarizes the quartz vein and
quartzite 0D analyses. Much discussion regarding the applicability of this type ol
decrepitation analysis has occurred and at this time the bulk sampling of primary,

secondary and psuedosecondary inclusions is not considered 1o adversely affect the

interpretation of the 8D values as they relate to the origins of the tluids and the tormation of

these types of veins (Pickthorn et al., 1987; Nesbitt et al., 1987).

A mean value of -129221%0 from 47 analyscs of quartz veins has been recorded
and the extreme range of 8D values (90%c) observed indicates that the physicochemical
dynamics of hydrogen within these types of systems is more complicated than may be
immediately apparent. The range in 0D values recorded from surface waters and the

remarkable sensitivities of hydrogen/deuterium fractionation to varying surface conditions



support the interpretation that as surface waters (meicoric) penctrate into the brittle crust,
these variations in oD will he manitest in the mincrals from which we acquire our data.
Fluid origin. D/H evolution under conditions of variable rock types. variable primary and
sccondary permeabilities and porositics and variable water:rock ratios (ie. rock dominated
or fluid dominated systems) can all play significant roles in the genesis of the primary
deuterium signature of the minerals. Post-depositional hydrogen ditfusion and/or mineral
reerystallization (incipient reerystallization 1o metamorphic overprinting) can also atfect the
deuterium/hydrogen ratios.,

The overall depleted signature, relative to magmatic and metamorphic waters, of the
veins from Sheep Creek Camp is indicative of a meteoric or formation waters origin. Itis
also interesting to note that "formation waters from sedimentary basins at high latitudes
tend to plot along trends that intersect the meteoric water line at lower O0!%0 and 0D values
(which)...strongly suggests that meteoric water comprises an important fraction of the
formation waters in such basins" (Longstatt, 1987; Clayton et al., 1967). A comparison of
the Sheep Creek inclusion water dD values with other Cordilleran mesothermal vein system
is presented in Figure 4.6, In all of these systems it has been shown that the deuterium
signature is meteoric and that as a consequence of the fact that the principal source of the
hydrogen is the meteoric water and at moderate to low water-rock ratios (= 0.1) the
influerice of the rock upon the hydrogen component of the hydrothermal waters is minimal.
Water-rock exchange processes have not significantly affected the 0D values and the
hydrothermal fluids have essentially retained the primary meteoric 0D compositions. As is
depicted in Figure 4.6, the latitudinal trend from deuterium depleted systems in the northern
reaches of the Cordillera (eg. Kiondike) to the less depleted systems in the south (eg.
Sheep Creck. Coquihalla, (all systems have meteoric signatures)) further enhances the
argument that these veins are ultimately related to surface tluids.

dD analyses of fluid inclusions from purified quartzites are summarized in Table
4.1 and presented in Fig. 4.4. Although the moderately depleted mean value of -96=18%o
for this suite of samples could be interpreted as a meteoric signature, the relative enrichment
observed in these rocks (as compared to quartz inclusion values) suggest that the
interpretation cannot be this simplistic. Except for sample Vsc 383, 205, 034 which are
muscovite and sericite separates, the 8D values from the quartzite suite can only be viewed
as whole-rock analyses. Although the samples were purified, the minor presence of
sericite must be considered and the values recorded from these decrepitation analyses are
possibly a combination of both ancient waters in quartzite grain bound inclusions and
hvdroxyl deuterium released from the metamorphic sericite. Alternatively, the values may

in fact reflect tormational inclusion fluids; however as the source of the quartz in these



massive pure gquartzites is only partially understoad (Snth and Gehrels 19910 Smith 1990)
anv speculation upon the ultimate provenance of these thuids would be ighly suspect,

The lack of any direet correlation between 0D values trom quarts vem thid
inclusions and the 0D values recorded tor quartzites indicates that there was lithe oD
evolution of the vein torming rluids. That some ot the quartzite samples have relatively
depleted 0D signatures suggests that phyllosilicate deuterium exchange with the
hyvdrothermal fluids may have occurred, and this could possibly help to explain the scatter
of 0D values observed.

Interpretation of the 0D values obtained trom the phyHosilicates of samples Vse34
(-95 and-92 %), Vsc383 (-77 and -73 %e) and Vsc205 (-38 %) is similarly complex
(plotted on figure 4.4). Vsc034 is a sample of a quartz-scricite phyliitic bed bound by the
massive pure Motherlode o tzites. The -93 %e mean is possibly a hydrothermally altered
metamorphic signature similar o those suggested for the gquartzites that have similar oD
values. The oD value could also simply retlect a primary metamophic signature although
the -93%, value is depleted relative to the accepied metamorphic deuterium range. Vseis3
was initially considered to be a complex hydrothermal vein crosscutting the metasediments,
but discussions pertaining to it's ultimate origin included the possibility ol this quartz,
tourmaline and muscovite vein as being a pegmatite associated with the ncarhy, castern
edge of the Salmo stock. The dD values near -75 %o are compatible with a magmatic origin
however, the elevated 8180 values of 12.9 %o (quartz) and 12.7%0 (muscovite) suggest that
either this vein (pegmatite) is not of magmatic origin or that it has undergone some degree
of post-depositional d1¥0 drift, as has been recognized to be relatively common to the
magmatic bodies in this region (Magaritz and Taylor, 1986).

The hydrothermal character of sample Vsc205 strongly suggested that the
muscovite contained within the sample would reflect an hydrothermal 0D signature. 0D
values from fluid inclusions from the quartz samples have averaged -133 %o and this has
been interpreted as being a meteoric signal, however the -58 %e value recorded from the
muscovite does not directly support the meteoric interpretation.  Petrographic analysis
shows that the muscovite in this sample is the last mineral to form and that this late
muscovite is therefore not coeval with the quartz. The question remains, what does the -538
%o value mean, and how relevant is it to the overall interpretation of the isotopic nature of
the Sheep Creek Camp.

Preliminary 6D analyses of methane trom tluid inclusions have resulted in a small
and rather scattered data set with 0Dy, values ranging from -243%. 10 -138%.. That the
analytical procedure is still being fine tuned, the values show little reproducibility and that

the data set is small, suggests that the simple reporting of iindings v ill suflice at this time
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and interpretations should probably be taken lightly, or avoided. The possible analytical
importance of this procedure 1s howeyer quite signitican, and it should theretore he pursucd

turther.

QUARTZ-MUSCOVITE GEOTHERVMOM ETRY

If it were such that the two muscovile-quartz pairs, samples Vsc383 and Vse205

were formed contemporancously and that they had achieved a state of isotopic cquilibrium,
it would be possible to apply onc of the available quartz-muscovite fractionation equations
and calculate a temperature of formation. This process can be applied to any one of a
number of mineral pairs as long as isotopic equilibrium can be proved and the empirical or
cxperimental fractionation cquations are available. Temperatures dernived from mineral pair
geothermometry can then be used in conjunction with fluid inclusion studies for 'nressure
corrections', (cpt.1l) or be compared to metamorphic isograds to accentuate discussion on
possible temperature regimes.

The tollowing discussion on isotope pair geothermometry has been included to
demonstrate that the mineral pairs represent disequilibrium and this may be a function of
not only discquilibrium between the mineral pairs but may also represent a lack of
cquilibrium between the minerals and the mineralizing {luids.

Sample Vsc 205 has a AQuanz-Muscovite (Ag-M) Vvalue of 3.0 %o and this value,
using the equation of Bottinga and Javoy (1975): Ag.m = 2.25 (109 T2) -0.6 (where T is
temperature in degrees Kelvin) gives an equilibrium temperature of formation of
approximately 510° C. Using the equation of Chacko (pers. comm.): Ag.m = -0.0418 +
154X + 0.013X2 - 0.0061X3, (where X is (T) in degrees Kelvin) a formation temperature
of 435° C is recorded for this pair at equilibrium. One additional calculation, using a
fractionation equilibrium equation for quartz-muscovite cited in Field and Fifarek (1985),
(Fricdman and O'Neil, 1977 and Matsuhisa, 1979): Aqm = 0.96 (106/T2) -0.38 for
temperatures between 230 - 500° C results in a formation temperature of 355°C. From fluid
inclusion analyses, the estimated temperature of formation of the quartz is low compared to
all of the above equations; Th = 260°C; from inclusions that suggest formation from phase
separation

Application of these same three equations to the guartz-muscovite pair from sample
Vse385 (Agn = 0.2 %o) results in temperature that are in excess of 1000° C, which are to
high for any reasonable type of crystallization scenarios and it is therefore argued that this
mincral pair also represents isotopic disequilibrium.

It it were the case that the mineral pair from Vsc205 was in isotopic equilibrium,

one or more of the above equations could be used to estimate the temperature of formation.



CARBONATES: 013C and o830 ; Veins and Calcarcous Host Rocks:

Figure 4.7 is a scatier plot of o13C and o0 values from vein carbonates and
associated calearcous (limestones and carbonate rich argillites) lithologices, The relatively
tight clustering of values for both the vein caleites and the wall rock carbonates (which
actual range in compositions from cssentially pure limestones to shghtly calca-cous
argillites) indicate that there is cither some direet correlation between the veins and the
calcareous host rocks or that there has been a large scale reequilibration ol the sotopic
ratios in these minerals. The general depletion of both 013C and o8O in the veins rejative
to the host rocks strongly suggests on the one hand that there is a relationship between
these two carbonate systems. As is discussed below, the likelihoad that both ol these
carbonate systems have reequilibrated as a result of post-depositional thermal or
hydrothermal processes is similarily probable.

For the sake of discussion however, a preliminary assumption that the isotopic
values recorded are preserved from the time of vein carbonate precipitation. In all cases
except tor sample Vsc 20544erie, the vein carbonates are caleites. No chemical analyses of
the calcites have been performed and therefore no compositional data is available, however
carbonate research at the Blue Bell mine north of the Sheep Creek (Ohmote and Rye,
1970, Table A1) shows significant variability in (Ca, Mg, Fc and Mn) compositions and it
is probable that similar variability in caicite compositions would be observed at the Sheep
Creck Carmip. The most significant geological observation at the Sheep Creek is the general
paucity of carbonate in the vein system and that most of the carbonate veins were - ither

proximal to or intimately contained by carbonate bearing host rocks.

From twenty four analyses of 18 calcile (one siderite) samples, an average 013C of

-2.5+1.3 %o over a range of -5.8 1o -0.4 %o was rccorded. These valu s are only slightly
depleted relative 1o vein carbonate H13C values observed in the Rocky Mountains to the cast
of the camp, and moderately enriched (+5%0) relative to most analyses of vein carbonates
north of the 51° parallel west of the Rocky Mountain Trench and west of the Kootenay Arc
suture zone (Nesbitt and Muchlenbachs, in prep). A mean value of +16.8 £2.7%o over a
range of 8180 values of +7.0 10 +21.4 %o is considerably morc variable and depleted than
the homogeneity observed in the Rocky Mountain vein carbonates, however the one
anomalously low 880 value contrasts with the otherwise tight clustering of oxygen values
between 14 and 21 %o.

The results of 13 analyses of 8 host rock samples gives a 013C range of -9.3 to
0.34 %o with a mcan value of -1.922.4 %o and a tight 6!830 range of approximately four per

mil from +18.9 to 22.7 %o with a mean value of 20.5=1.1 %.. Considering the overall

Q6



~arimhiliny in host rock composition. the relative homogeneity of 013C and 0130 values
recorded from these calcarcous units s quite striking. The mean O13C wvalue for these
calcarcous units can be further tightened by removing sample Vsc218b which is suspected
10 have a significant reduced carbon component as contamination in the sample. The
overall package is slightly depleted from the typical values of Rocky Mountain limestones
and dolomites which range from 0.0 to 1.5 %, In contrast however are the o180 values
recorded for the Sheep Creek calcareous units which are significantly depleted relative 10
those values (23 10 29 %) recorded for the Rocky Mountain calcareous units.

Geothermometry of the quartz-calcite pairs from the Sheep Creek Camp and district
is not considered to be viable two reasons, the most significant reason being that through
petrological observations, all quartz carbonate pairs display some form of post-depositional
alteration (recrvstallization. strained and contorted calcite, cale-silicate formation at calcite-
quariz boundaries) and, as can be observed from Figure 4.8, many of the quartz-calcite
pairs display gross disequilibrium in 8130 values. Only sample Vsc232 has a Agy.cc that
suggests equilibrium near 330° C however the petrology of the sample is clearly indicative
of post-depositional alteration. Not having any knowledge of carbonate compositions and
by not having any strict confidence in the state of isotopic equilibrium suggests that any
thermomerric calenlations procented wonld he suspect.

What the carbonate study does reveal though is that there is a very close correlation
of vein isotopes and host rock isotopic compositions. For example, Vsc352 is a barren
quartz-calcite vein hosted by an argillaccous limestone unit, Vsc353. The 013C and 6180
values for these two samples (-1.0:4+20.3%¢ and -1.3:+20.1%0 respectively) are essentially
identical. Similarly, Ysc357. a quartz-carbonate vein has a 81°C and 0180 signaturc of (-
2.9:417.9 %) which is depleted relative to it's host rock, Vsc358 (-0.5;421.3 %o). Of
additional interest regarding this particular location is that the pure calcite extension of this
vein (Vsc357b) has a 813C and 01%0 signature that is somewhat gnriched in 13C (-1.0 %o)
and slightiy depleted in 18O relative to Vse357 (+15.6 %e). This compiex variability in
d!3C and 0150 further supporis the argument that these calcite-quartz pairs are not suitable
for geothermometry. and are expressing some form of disequilibrium.

Ohmoto and Rye (1979) summarized data of Hoefs (1973) and Ronov and
Yaroshevsky (1969) and calculated that approximately 93% of crustai carbon is fixed in
sedimentary and metamorphic rocks with the remaining 7% being fixed in igneous rocks
and less than 0.01% contained by the atmosphere,biosphere and hydrosphere combined.
In addition to these estimates. ihey conciude that approximately 229 of the carbon in the
sedimentary-metamorphic rock reservoir is in a reduced state whereas 78% is fixed in the

oxidized state of carbonates. Hydrothermally oxidized carbon species may originate from
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three principal sources. The first reservoirs are the magmatic sources. where the 083C
value is consistently near -5.0 %~ The second source is the oxudization of reduced carbon
specic .. organic compounds in sedimentary rocks and graphite in metamorphic rocks.,
Reduced carbon specics are generally considered o have 013C values near =25 %e and
typically range from -10 to -35 %e. If this reduced carbon is oxidized (C + O> => CO2 ) or
undergoes hydrolysis (2C + 2H-0 => CH, + CO») it can become the source of carbon in
the hydrothermal fluids. Fractionation of the carbon species is presumed to be minmal
under conditions of oxidation and the 0!3C¢qn, would have a simitar 013C range (-10 o
-35%o) as the reduced form whereas hydrolysis would result in o13C enrichment by 3 to
12%o0. Ohmoto and Rye (1979) further suggest that the combination of these reactions can
result in considerable variability in 013C¢o. values that are generally fess than -10.0 .
The third, and probably most likely candidate tor carbon source for the Sheep Creek
carbonate system is the leaching of carbon from sedimentary carbonates. In contrast to the
first two possible sources. marine carbonates have nearly constant 013C values of 0.0 =
4.0 %o and these valucs are recorded from the wall rocks (host rock) carbonates ot the
camp. Dissolution and decarbonation reactions involving these rocks will result in oxidized
carbon species that are isotopically similar to the original carbonates (833Cqy, = (1.0 %) of
possthly stightly enriched (Shich and Taylor 10A0Y . Cuarhonnte bound carbon SPCCIeS #re
for the most part the most d'3C enriched species and this is obscrved to be the case with
the available data in this study. Preliminary 0!3C¢q,  values recovered from tuid
inclusions in quartz have a very wide range in 013C values (-25.0 10+0.9 %e; mean of -8.1
= 8.6 %) which arc relatively depleted compared ¢ both carbonate suites. What these
numbers represent is not fully understood and the data set 5 not large enough to either
confirm or deny the observed range in vajues. Nesbitt and Muchlenbachs,(in prep.) have
presented a few explanations for similar depletion phenomena observed clsewhere and
argue that if a small component of reduced carbon was incorporated into the fluid system,
the fluid would in fact exhibit !13C depletion but a much greater diversity of 013C values
would be observed in the vein carbonaies.  Also worth considering is that fluids which
equilibrate with the calcarcous units at temperatures around 350° C could produce the
observed depletion at precipitation temperatures of 200-2507 C, however the oxidized
carbon specics (HCO5) in this situation would result in a relatively alkaline fluid (ph>7)
(Rye and Bradbury, 1988) which is not compatible with these types of systems. Liberation
of COs, phase separation or degassing of CO» from the hydrothermal fluids would also
resuit in 013C depiction. The 013C depletion observed in these veins is possibiy 1ol o
result of any onc process and any final statement regarding these observed values is not

presently possibic.



The recorded MO depletion can however be explained on the bases of the erigin ot
the hvdrothermal tluids that have interacted with the carbonaice units and that these low 150,
evolved meteoric fluids (2130 = 7.5 %o ) are responsible for the minor 6180 depletion.
Neshitt and Muchlenbachs further argue that the depletion could not be a product of
decreasing temperatures of deposition as this would increase the 01»0 values of the vein
carbonates (Rye and Bradbury, 1988)

O13C 41, values from fluid inclusions are much more tightly constrained with values
that range form -23.7 10 -28.5 %o and these values are typical for reduced carbon {rom
sedimentary rocks. These values may represent cssentially unaltered ieduced-sediment
bound methane that has been incorporated into the hydrothermal system and ultimaiely

cntrapped in the mineralized veins.
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Figure 4.2. Oxygen isotope ratios in per mil (%0 SMOW) values from vein quartz and associated
quarizite whole rock. Statistics are given in Figure 4.1a. Values show a moderate trend towards

higher 8'"*Ogu... from east of the Laib Syncline to the central, mineralized region.

This trend is depicted in Figure 4.3.
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CHAPTER V
CONMPARISONS AND DISCUSSION

"Mesothermal gold deposits of all ages. from Archean to Cenozoie have similar
structural, mineralogical and geochemical characteristies (Hodgson ¢t al., 19820 Kerrich,
1989a), implying a singular, rather than multiple genetic process” (Kerrich, 1991). With
this rather unifying statement in mind, the geological and geochemical characteristies of the
Sheep Creek gold camp are discussed 1n relationship to the well established parameters that
define a mesothermal lode gold deposit.

Genetic hypotheses are numerous. vary broadly from those that suggest syngenctic

rocesses to those that argue epigenctic to those that incorporate posiions of more than one
hypothesis. The genetic hypotheses are important regarding exploration, as it is the models
that define certain depositional paramcters from which explorationists imagtae and test for
the presence of new ore. The persistent and perennial controversy that surrounds the
origins of these deposit types will probably not be resolved within the near future and the
importance of these ongoing debates lies in the fact that the rescarch will thus continue. A
short discussion of the more prominent genetic models will follow the mesothermal gold

deposits character comparisons section below.,

Comparisons of Parameters;
Fourteen parameters regarding the overall character of Phancrozoic mesothermal
lode gold deposits are presented and discussed in Nesbitt's (1991) contribution (Cpt. 4

"Phanerozoic gold deposits in tectonically active continentai margins”) o "Gold

Metallogeny and Exploration” edited by R.P. Foster. It is around this synthesis of

characteristics that the comparisons of the Sheep Creek go ! camp are made. From this it
will be made apparent that the Sheep Creek Camp is indeed a mesothermal gold system and
should not be considered as an epithermal, Carlin-type, magmatic or an aurifcrous massive
sulphide deposit, although some of it's characteristics do overlap with some of these
classes of gold deposits. Note that tollowing cach of the fourteen paramcters is the
description quoted from Table 4.1 of Nesbitt (1991) and these quotes will be referenced
only once.

12z



TECTONICS "Typically in accreted. detormed and metamorphosed continental
margin or island arc terranes” (Nesbitt, 1991).

In chapter two it has been shown that not only is the Sheep Creck Camp mulitiply
deformed and poly-metamorphosed but the geological setiing of the camp has been
documented as an ancient continental margin. The camp is located about 10 km east of the
acereted ierrane suture zone which juxtaposes the western ‘exotic’ Quesnellia terrane from
the thick and extensive sequence of miogeoclinal metasediments located to the cast of the
suture and onlapping the western flank of the Purcell Anticlinorium. Deformation and

metamorphism are reviewed in some detail below.

SIZE AND GRADE "Generally several hundred thousand to a few million tonnes,
typical.y 5-25 g/t"
The Sheep Creek Camp has supplied numerous mills with approximately 1.7

million tonnes of ore from which more than 750,00 ounces of gold have been recovered.
The recovery rate at the time of the major workings was generally less than 70 % and from

this, an average ore grade (assuming 100% recovery) would be approximately 17 g/t.

HOST LITHOLOGY "Widely variable; graywackes-pelites, chemical sedimentary units,

volcanics. plutons, ultramafics”

The association of © e types of deposits with any one rock type does not occur.
The mineralization in the Sheep Creek veins does however have an affinity for the
quartzites of the Nugget and Navada Members of the Quarizite Range Formation as well as
for the argillaceous quartzites of the Reno Formation in the vicinity of the Reno mine. The
physical association of these host rocks and the gold mineralization is difficult to determine
because of the compounded influences of rock competencies, faulting and variabilities in
primary and or secondary permeabilities. The chemical influences at the sites of
precipitation are cqually interesting in that, in those veins that occur in quartzites the
recovered metal is primarily Au, and in those vein fractures which intersect carbonate
bearing host rocks, the increase in galena, sphalerite, and Ag, As, Sb bearing minerals is
significant and has resulted in a modest recovery of Pb, Zn and Ag, (eg. Ore Hill, Sumit
mines).

METAMORPHISM  "Typically sub-to upper greenschist; occasionally host terranes were
metamorphosed to higher grade prior to mineralization.”
As has been discussed, the host rocks exhibit upper greenschist grade

metamorphism with indications that amphibolite grade rocks underlie and/or contain

L3



signiticant portions of the high grade vein svstem. The key phrase here though st
“...higher grade prior to mineralization.” Other than the recognition that this vein system
post-dates all or (most ?7) deformation and metamorphism it is not at this time possible o
constrain the temporal relationships of the regional or contact me mmorphism (o the main
vein event.

RELATIONS TO PLUTONS "Variable: some arcas close spatial and probable
genetic link: other districts no evidence of plutonic activity."

The Sheep Creek Camp is not only surrounded by a plethora of intrusive bodies
ranging in compositions from granites to diorites and spanning approximately 80 Ma, (if
not more, ie. Eocene.Coryell intrusive bodies in the region) it s partly underlain by
granitoids and is cross cut by aplitic and lamprophyric sills and dikes. The possible gencetic
relationships of these bodies to the gold veins is ditficult to surmise.  That a genctic
relationship exists is highly rossible but whether the relationship entails fluid sources,
metal sources and/or sources of heat cannot be unequivocally stated. Fluid incluston and
stable isotope research suggest that the plutonic bodies were not significant factors
regarding fluid sources. Similar vein structures found crosscutting many ot the plutonic
bodies in the region indicztes that these local mineralization evenis occurred late relative 1o
the specific pluton, however other bodies (eg. Salmo Stock) show no signs of
hydrothermal zlteration and/or mineralized veining which suggests that the pluton was
emplaced during or atter the Sheep Creck mineralization event.

The lamprophyvre dikes, which both pre-date and post-date the vein system are tie
most temporally constrained of all the intrusive bodics and it these rocks were dated the
timing of the mineralization would be better understood. The aplitic sills and dikes are for
the most part considered as post-dating the mincralization and could also assist in
constraining the period of mineralization if gecochronological work was undertaken.

The probability that these plutonic bodies intluenced and/or produced significant
thermal gradients within the camp and district and did so over extended periods of tme, s
very high. The thermal complexitics caused by these plutonic badies in concert with the
regional metamorphic processes (geothermal gradients) and the regional faulting systems s
rather staggering and therefore cannot at this time be resolved into any type of simple

thermal or hydrothermal circulatory model.



STRUCTURE "Varies from told to tault control: where fault controlled, mineralization

is generally contined o second-order faults related to major structures.”

The mineralization is confined to the cast-trending vein fracture sys.em, which
could be considered as a second-order structure with respect to the regionally significant
shear (2) thrust faults located along the western margin of the camp (ic. Black Blulf,
Argillite, Tillicum and Wancta faults). East of the camp. regional scale fault structures
could include the Blazed Creck and Purcell Trench faults.  Although the relationship
between these regional structures and the vein fractures has not been studied directly, the
probability of tecionic or crustal relationships does exist and may have direct bearings upon
the origins of the Sheep Creek veins.  Alternatively, or additionally, the complex folding
that characterizes the region could have had a compounding (in association with the fault
systems) influence upon vein formation. The majority of the mineralization has been mined
from the upper limbs and axial regions of the Western and Easiern Anticlines but even more
interesting is the observation that the major producers, the Reno and the Queen mines,
occur at, or near to, the crest (?) of a third-order flexure (hinge region of the cross folds)
and the trough of a similar structure to the south, respectively. This observation could be
considered further and applicd to other veins if more detailed structural research was
available, however the precise locations and attitudes of the third-order folds is not well
understood. Whether the Ore Hill-Sumit mine group of veins and the Motherlode, Nugget

group of mines exist in these tflexural regions, cannot at this time be argued.

TIMING "Late in orogenic sequence; subsequent to principal deformation and
metamorphism.”

Crosscutling relationships have shown that the mineralization post-dates principal
deformation and similarly post-dates regional metamorphic structures as well as local
contact metamorphism (ie. hornfels of the Reno Formation, within which is the Reno
mine). Geochronological studies of the neighbouring granitoids indicate that at least
locally, (ie. the Sheep Creek Stock) the plutonism pre-dated veining (Archibald, 1983)
bewever, further constraints on these relationships cannot be made. The aplites and
lamprophyres, as discussed above, could prove to be important temporal indicators.

One point of interest is the observation of metamorphic minerals in some of the
non-mineralized veins and within portions of some of the deeper sections of the vein
fractures. This late metamorphism is possibly coeval with the Eocene extensional
tectonism that occurred in the region (Parrish et al., 1988), though the lack of

gscochronological support (in the immediate vicinity) for this event suggests that the latest
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moderate temperature (>230 to <300°C) event in the Sheep Creek Camp oceurred in the

mid-Cretaceous. about 98 Ma ago.

ORE MORPHOLOGY AND TEXTURES  "Thick quartz veins, typically banded,
occasionally vuggy with high grade ore shoots: verucally continuous
mineralized zones: occasional stockwork and disseminated mineralization.”

The discontinuous, high-grade (>3 0z/1 1o = <10 04/1) ore shoot naure of the Sheep
Creek Camp has been documented since the first ore was mined. These shoot structures
occur within the milky-white, massive to laminated, vertically and arcally extensive quarte
veins. Occasionally the vein structure is a zonce of interlayering of en-dchelon veins and
wall rock. Other veining textures that have been recognized are characteristically crack-seal
brecciations, located in zones surrounded by relative pristine massive or laminated veining
(Mathews,1953). Though much of the veining is massive, a significant proportion of the
system is banded (sulphides (pyrite) and quartz) parallel to the trend of the vein-wall rock
margins.

That the ore secems to diminish in grade at depth is arguably atypical for these types
of deposits. There is no confirmation of this actually occurring and it has been repetitively
proven to be a false claim as new workings, at depth in old mines, have proven to be very
successful, such as within the Queen, Black and Reno mines.  The complex overall
morphology and variable attitudes of these generally steeply-dipping structures indicates the
possibility of late or coeval movement of the entire lithological package and this is further

substantiated by the protracted and interrupted paragenetic sequence.

MINERALOGY AND PARAGENESIS " Early phases: quartz, Ca-Mg-Fe carbonaltes,

arsenopyrite, pyrite, albite, sericite, chlorite, scheclite, stibnite, pyrrhotite,

tetrahedrite, chalcopyrite, tourmaline. Late phases: gold, galena, sphalerite,
tellurides”

The relatively simple mineralogy and paragencsis of the camp corresponds well 1o
the parameter summarized above (sce paragenesis in chapter II) | except for the lack of
stibnite (at least, it has not been documented) and plagioclase and/or potassium feldspars
have only rarely been observed in the veins. A general paucity of carbonates in the main
structures is noted although zones with considerable carbonate do occur as the veins
approach carbonate bearing host rocks.

The relationship of the base-metal sulphides and the carbonate bearing rocks has
been discussed and leads to the question regarding the causes of mincral assemblage

precipitation. There arc at least tour different and independent possible physicochemical



realms which could result in precipitation and in any given solution several etfects may be
operating simultancously. The issuc ol mincral precipitation will be "lightly' addressed later

within this chaptcr.

HYDROTHERMAIL ALTERATION "Carbonatization, atbitization, sericitization,

silicification, sulphidation, chloritization; listwanite development”

Minimai hydrothermal alteration of the host rock has becn observed in the camp
with silicification being the most prominent type ot alteration. Minor sericitization and some
sulphidation has also occurred. The general presence of relatively pure silici-clastic host
rocks, extremely low primary permeabilities in the quartzites and the simple chemical
compositions of the hosts are probably the most significant factors controlling the observed
simple hydrothermatl alteration. Some carbonatization and chloritization has been observe in
those host rocks that exhibit more complex primary chemistry (argillites, calcarecus
argillites, lamprophyres and granites). This type of alteration (host rock dependent) is one
of the most significant geological-geochemical characteristics of the mesothermal gold

deposits and argues for the single process alluded to by Kerrich (1991).

ZONING AND ELEMENTAL GEOCHEMISTRY "Au:Ag typically >1; associated
clements: Ag, Sb, As, W, Hg, Bi, Mo, Pb, Zn, Cu, Ba. Zoned {iom
high-temperature Au=Ag, As, Mo,W, to Sb=Au, Hg, W, to Hg=Sb"

For the most part Au is the primary metal produced from these veins except for
those veins that are associated with carbonaceous/ calcarcous wall rocks. Au:Ag ratios in
the main Sheep Creek vein system (from production records) are consistently greater than
1, whereas the increased presence of Ag has been observed in all veins that have increased
basc metal contents. Hg and Mo are the only asociated elemerts that have not been
documented to occur in these deposits (Robinson,1949) althovel Mo has been recovered
from the mines located to the southwest. The tectonic, geochemical, structural and
mineralogical relationships of the mines of the Salmo lead-zinc Belt (figure 2.2, including
Jackpot, Aspen, H.B., Feeney, Emerald, Jersey, Tungsten King, and Trueman) and the
Sheep Creek Camp have not been adequately researched and much controversy presently
exists regarding their relationships and genesis so the observed presence of Mo, from less
than 5 km to the southwest of the camp, should not be considered as part of the elemental
geochemistry of the camp (?). Sb, As, W, Bi, Cu and Ba are relatively minor constituents
of the ore and occur predominantly as clemental replacements in the more common
sulphides and /or rare occurrences as minerals such as tetrahedrite, pyrargyrite-proustite,

scheelite and chalcopyrite.
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FLUID INCILUSIONS "H20-CO2 inclusions, tvpical XCO>= 0.05 10 0.2 < 5
cquiv w2 NaCl: T ¢homogenization) 230-3507°C p> 1000 bars”

Quartz hosted fluid inclusions from mincralized and unminceralized veins display
broad range of compositions trom low salinity aqucous inclusions to high density CO»-
CH, inclusions. The study showed that the salinity of the H>O-NaCl=(COa-CIH,) was
generally relatively low averaging approximately 3 equiv wi.f% NaCl. however a number
of higher salinity inclusions were observed. The origin of the complex chloride and /or
high salinity inclusions could be a function of phase separation of the H>O-NaCl=(COa»-
CH,) fluids resulting in the concentration of chlorides in the high salinity agucous
inclusions. Local lithological hetcrogencities (eg.. west of sample Vse 042) where the vein
fluids possibly transgressed carbonaccous-calcarcous argillites or argillaccous quartzites
could have incorporated higher concentrations of dissolved chlorides prior to deposition,
Another possible explanation for the sporadic high salinities could include the infiltration of
local magmatic devolitalizations (fluids) into portions of the otherwise low salinity
hydrothermal system.

The probability that portions of the hydrothermal system underwent phase
separation has been argued and accounts for the extreme variability in inclusion
compositions (see figure 3.8). Phase separation is also once ot the most probable
mechanisms for ore precipitation and that this is obscerved in regions of major
mineralization (eg. Reno mine) and not observed in barren locales, turther substantiates the
argument.

One of the most interesting observations to come out of the fluid inclusion study is
the possibility of a CHy4 'front’, where CHy is observed in the inclusions to the west of the
'front' and zero to very low XCHy is observed in inclusions to the cast (sce. figure 3.2).
One explanation for this observation is that the vein torming tluids evolved compositionally
in response to local lithological heterogeneities which is why CHy bearing inclusions are
invariably intimately or proximally associated with carbonaceous = calcarcous argillaccous
units and all the veins from the eastern regions, where the host rocks are invariably pure
siliciclastics, are CHy4 free. 'hat methanc is observed in some of the mine veins could
suggest that some of the fluids associated with mineralization had interacted with the
carbonaceous = calcareous argillaceous units of the Active Formation, (Laib Formation
(7). located immediately to the west of the camp.

Pressure fluctuations are considered to be one of the mechanisms for vein
precipitation (Sibson et al., 1988) and the observed (cstimated) ranges in inclusion
densitics probably reflects these pressure fluctuations. A gencral estimation of high

pressures of formation (>1.0 to <2.0 kbars) has been documented from the inclusion study



and this is consistent with those pressures observed in the majority ot these types o f
deposits.

Temperatures of homogenization range from a low of 160°C 10 a high of near
300°C however the bulk of the inclusions studied either homogenized or decrepitated
around 280=350°C which is a reasonable homogenization temperature for these types of
systems. Temperatures of trapping (Tt) were very near to this value (280°C: theoretically
cqual to Tir values ) for those systems that were undergoing phase scparation and Tt values
for singl¢ phasc fluids could be moderately (+50-80°C) higher depending upon the
pressures at the time of trapping (pressure corrected Th values, see diagrams 3.09 and
3.10).

STABLE ISOTOPES "Typical values: 0180 (Qz)=+11 to +18%e0; 013C (Cb)=-25 to -3%0:
oD (fluid inclusions) = -160 o -30%o. 8348 = -10 to+10%o "

A stable isotope study of the vein quartz, the fluid inclusion fluids, vein carbonates,
host rock carbonates and fluid inclusion 'gases' has shown that in all likelihood, the
significantly most important fluid source for these veins was evolved meteoric (O180gig=
+7.8%0; 0D=-129%o0; sece figure 4.5). Local lithological heterogeneities and/or
homogeneities of host rocks were possibly responsible for not only the variability in
d13Cq, values but could also be responsible for the observed ranges in O13Ccey, (-23.7 to-
28.5%0) and the significant variability in ©Dcry, values which range {from -243 to -138 %eo.
At this time the data set is much to small to make any type of formal statement on the
observations and the above comment is obviously only a possibility. Interpretation of the
carbon isotopes is interestingly enough often times more a function of the particular genetic
model the researches invoke rather than the opposite, which suggests that the interpretation
of the isotope data should invoke a genetic hypothesis.

By the same notion, vein carbonate isotope values possible retlect local host rock
carbonates suggesting that these carbonates were carbon sources for the vein bound
carbonates. Carbonate isotopes are also considered here to have been reset as a result of
post-depositional re-equilibration reactions and are consequently not considered as viable
for geothermometry. No mineral pairs from the isotope study were considered to be
candidates for geothermometry because of inconclusive temporal relationships of the pairs
and the general presence of post-depositional alteration. A 834S value reported by Nesbitt
(1988) for pyrite from ore-grade vein material from the Sheep Creek is +12.7 %o, and a

valuc of +11.5%v for H2S was calculated from the sulphur isotope fractionation equation of
Ohmoto and Rye (1979).

Y



RADIOGENIC ISOTOPES

“Indicate heterogencous crustal sources for Sr. Pband Nd”

Although it is bevond the scope ot this study the Pb-Pb data from lamprophyres
indicate that they were intluenced by signiticant crustal interaction. Without a complete
radiogenic isotope study, any type of comment on the observed Pbh-Pb data is mercely
conjecture and should not be considered as anything but conjecturc.

Preliminary Sr-Sroanalyses of vein carbonates reflect the high values (Sr37/Srve =
0.711-0.723 (five analyses): Kotfyberg. unpub..data.) that have been observed in this
portion of the Kootenay Arc in other studies (Armstrong. 1988) who has interpreted these
high Sr87/Sr86 ratios as being a result of underlying Precambrian crustal influences which
have been incorporated into the younger magmas. The values recorded from the caleites in
the Sheep Creck are also strongly suggestive of a crustal origin suggesting provinciality for
the sources ot tluids and the mineral constituents.

A summary of some of the signiticant characteristics of this type of deposit is
depicted in figure 5.1. From a consideration of estimated pressures of trapping ranging
from 1-1.5 kbars, and assuming a slightly suprahydrostatic pressure gradient of
approximately 0.11 kbar/km  ( pressurce {luctuations have been documented) an estimated
depth range (9.0 to 13.5 km) for formation is cstablished. The characteristics depicted
along the 11 km depth line in figure 5.1 corresnonds to many of those obscrvations
presented in the preceding discussion.

THE SHEEP CREEK CAMP and THE PAMOUR #{ MINE Ontario;
A General Comparison of a Proterozoic and an Archean Mesothermal Lode Gold Deposit:

The intent of the tollowing discussion is not to belabour the issue of common

characteristics in these deposits but to present a couple of salient points regarding {luid
compositicns and a probable mechanism for gold deposition.

The Porcupine Camp is known to have produce in access of 69 million ounces of
gold (Bertoni,1983) and many of the mines arc characteristically wall rock-hosted gold
bearing disseminated pyrite mineralization. (Wood et al., 1986). Spooncr ct al. (1985)
suggests however, that the similarities in chemical and isotopic compositions of the veins
and the surrounding mineralized wall rock are a result of the same fluids. In contrast to the
disseminated gold deposits observed in these mines, Walsh ct al., (1988) have completed
detailed fluid inclusion work on the quartz-carbonate, vein hosted Pamour #] gold deposit
and this work held in comparison with inclusion characteristics of the Sheep Creek Camp
reveals some interesting similarities.

The Pamour #1 mine is located within a few kilometres of the Destor-Porcupine

Fault Zone and is part of a S-km-long zone of mincralization including the Broulan Reef,
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Hallnor and Hoyle mines. The Pamour mine is found ncar the uncontormable contact
hetween the Tisdale Group (predominantly ultramatic to felsic volcanics with intrusive
cquivalents) and the Porcupine Group (metasediments. dominantly turbidites, graywackes
and conglomerates). The Pamour #1 is hosted by overturned bedding (on the north imb of
an overturned syncline) with ore being tound in basalts, pervasively altered mafic and
ultramatic tlows, graywackes and conglomerates. Pre-ore faults and shear zones host the
majority of the mincralization and "Styles of mincralization vary in the difterent lithologies,
however, apparently reflecting differences in the competence of rock units” (Walsh et
al.,1988). Gold in the veins occurs as erratic distributions (ore shoots) and has been
observed to increase in grade at higher levels within the vertically extensive vein structures.

Hydrothermal alteration at the Pamour is quite complex as compared to the
alteration observed at the Sheep Creek and can up to 100m of mineralogical assemblages
including chlorite+carbonate=albite, carbonate+sericite=chlorite and combinations of these.
Alteration of the graywacke hosted TN vein is somewhat less complex and includes
arsenopyrite-sericite-dolomite-magnetite grading outwards into sericite-dolomite-pyrrhotite.
Walsh et al.(1988) suggest that, "Both alteration patterns indicate addition of K. CO3, As,
S and Ca to the wall rocks and depletion of Na.

Fluid inclusion analyses of the Pamour quartz and sphalerite, resulted in the
delineation of three types of inclusions. Type I inclusions are CO»-CH, rich inclusions
with no aqueous phase discernable. These inclusions would compare to the Type Cx
inclusions described in this study. Type II inclusions are composed of 'carbonaceous’
fluids (this study's carbonic phase) and an H;O=xNaCl phase. These inclusions are
compared to those described in this study as Type Ch and Type C. Their third inclusion
type, Type 111, are two phase (vapor and liquid) at room temperature and are composed of
H;0=+NaCl ¢q. This type is synonymous with Type A and Type As of this study. Analyses
of leachates and decrepitation residues of these inclusions identified Na and K and minor
amounts of Ca and Mg as the principal cations and chloride as the dominant anion.

The critical comparison of these inclusions is the presence of the Type I (Cx) non-
aqueous, carbonic inclusions and the complex, Type II (Ch and C) inclusions which
exhibit variable salinities ranging from 2-9 eq.wt.% NaCl. The Type III (A and As,?)
inclusions in the Pamour study had relatively low homogenization temperatures and may
not be directly comparable to the aqueous inclusions in the Sheep Creek study

Walsh et al. (1988) have interpretcd the assemblage of Type I and Type 1I
inclusions as representing immiscible fluids that were trapped at pressures of 1 to 2 kbars at
temperature of 325+25°C along the H,0-CO,-CH4=NaCl solvus and suggest that the
separation of the fluid would increase the fO and increase the pH of the residual fluid as



COs. CH,. and H>S  would partition into the carbonaccous phase. The CO> mnuscibihiy
would decrease the solubility of the bisulfide-complexed gold (the assumed significant goid
complex in these types of systems) and this would result in gold deposition They turther
suggest that decreasing temperature was not the physicochemical mechamsm responsible
for phase separation and refer to the Tault -valve mechamsm (Sthson, TUS8) which causes
fluid pressures to cyvele between pre-failure lithostatic (suprahvdrostatce) and post-falure
hydrostatic pressures.

This mechanism is ascribed to the vein tracture system of the Sheep Creek Camp on
the grounds that the veins of the Sheep can be interpreted as being tormed near the brittle-
ductile (frictional-quasi plastic) transition zone as discussced by Sibson., (1991) and Nesbitt
et al. (1989). The fractured, sheared and multiphased veining (protracted) process observed
in the veins of the Sheep Creek Camp which overlic a region of upper greenschist,
amphibolite facies rocks and the estimated temperature of formation near 300°C support
this proposition.

GENETIC HYPOTHESES:

The evolution of thought regarding the origins of mesothermal gold deposits has
expanded considerably in breadth and in depth and as a result of this significant expansion
of knowledge as well as the complexities of their geological scttings, a multitude of genctic
models or hypotheses have been developed in an attempt to understand the gencetic
processes involved and to account for their characteristic spatial and ternporal geological
associations.

Mesothermal Au systems have been variously ascribed to @ lateral secretion,
exhalative processes, multistage exhalative remobilization, tonalite-trondhjemite-
granodioritc {TTG) magma suites, oxidized felsic magmas, lamprophyres, mantle €CO-»-
granulitization, cvolved meteoric water circulation, mctamorphic replacement,
devolatilization or metamorphism at collisional boundarics (Kerrich, 1991).

Most of the models can account for some of the parameters discussed above and
some of the models can account tor most of the parameters (cg. metamorphic
devolatilization, Fyfe and Kerrich, 1984; Goldfarb ct al, 1988 and evolved mcteoric
convcction, Nesbitt et al., 1989)

The metamorphic devolatilization model is perhaps one of the most reasonable
models as it, unlike most of the other hypotheses can account for the bulk of the
variabilities observed in these systems. Two persistent complications ha-wever plague this
model. Most, if not all of the mesothermal vein systems post-date peak metamorphism

(Groves and Phillips, 1987) and this is rather inconsistent with maximum devolitalization,
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which is nccessary to produce these veins, yet occurs during prograde metamorphism.
Kerrich (1991) argues that in regions of crusial thickening (collisional belts), peak
metamorphism at depth will post-date metamorphism at the brittle-ductile transitional zone
by up to 40 Ma, and this can. he suggests, account "...for the apparent inconsistency of
mctamorphic fluids gencrated at depth overprinting peak metamorphic assemblages at
shallow crustal levels”. This process of metamorphic overpriniting does not adequately
address the question of the quantity of fluids necessary to produce these massive vein
systems. Another point worth considering here is that the associated metamorphic
asscmblage is invariable composed in part by hydrous silicates suggesting that complete
devolitalization of the ductile lithologies has not occurred, further supporting the notion that
the metamorphic process would produce inadequate quantities of fluids.

A further refinement of the metamorphic devolatilization model involves the
gencration of tluids by dehydration during a second metamorphic event during suberetion
of material at a destructive collisional boundary (Wyman and Kerrich, 1988).

The second inconsistency of the metamorphic model is that it does not account for
the 0D values recorded trom isotopic studies of the ore-forming fluids contained in gangue
hosted (quartz) fluid inclusions. The latitudinal dependency of the 6D values of the vein
and orc-forming fluids are significantly depleted from fluids considered o be of
metamorphic origin (see figure 4.5 and 4.6). These depleted 8D values can be explained
by invoking the evolved-meteoric-water convection hypotheses. "The advantage of the
meteoric water convection model is that it is consistent with the data generally cited in
support of the metamorphic devolatilization model as well as the 8D data and the timing
relationships between metamorphism and ore formation” (Nesbitt et al,, 1989). The
similarities of the metamorphic and meteoric hypotheses are well documented.

The meteoric model involves the penetration of meteoric waters through the upper
brittle crust to the brittle-ductile transition where a decrease in overall permeability due to
the ductile rheology act as a barrier to further penetration. In those regions where there are
appropriate heat sources (magmatic bodies, compression, transpression or extension
tectonic regimes) convective cell can develop and will circulate these fluids. As the fluids
descend and/or circulate through these large masses of rock they will evolve by acquiring
the chemical constituents necessary to produce mesothermal (and for that matter epithermal)
deposits. These constituents will include COy, S, Si, W, As, Sb, and Hg (other metal; Pb,
Zn, Ag and volatiles; CHy) The fluids will also evolve isotopically. At low water/rock
ratios the original 8180 value of the meteoric {possible as low as -20%o0) will be influenced
by the 9180 composition of the crustal rocks and as the water interacts with the rock it will
evolve or "shitt" towards the 8180 value of the rock (Field and Fiferak, 1985). 6D values



will not be simitarly "shifted” because of the extremely low hydrogen content ot rock and
as the evolutionary process is dependant upon exchange. the tuids will essentially retain
their primary 0D signature. At extremely low W/R ratios, deuterium evolution may occur
assuming that therc are hydrogen bearing rocss with which the waters can interact.

By the time these waters have reached the brittle-ductile transition, they wiil have
evolved chemically, isotopically and thermally, achieving mid-crustal temperature of
approximately 300-400°C (Sibson,1983; Nesbitt, 1989). Depending upon the associated
geological configuration, simple to extremely complex thermal density gradients will oceur
and these density gradients can result in simple to extremely complex convective cells.
These convective cells will also be intimately associated with permeability zones, such as
deep crustal fractures, strike-slip faulis and sccondary associated fracture zones.  Also,
depending upon the general associated physicochemical (geological) configuration and
ongoing processes; cooling, fault-valve behavior, gradual vertical pressure decreases or
direct chemical interaction of the fluids with the wall rocks, deposition of the evolved
hydrothermal fluids can occur. The fluids may undcrgo phase separation as a result of
simple vertical cooling, or fault valve behavior and this phase separation will result in the
deposition of gangue phases (quartz, carbonates, pyrite, other sulphides). As precipitation
progresses the fluids can ultimately precipitate Au (gener-lly obscerved to be late in the
paragenetic scquence) as a result of conductive cooling: phase scparation or boiling;
solution mixing; and chemical interaction of the transporting solution and host rocks.
(Romberger, 1991). A summation of the general characteristics of these types of systems
is presented in Figure 5.1.

It is considered improbable that the fluids at depth would be significantly cut of

thermal equilibrium with the local wall rocks near the transitional zonc and would therclore
have to ascend to upper crustal levels before precipitation. As they ascend into crustal
regions where they are out of equilibrium, both thermal and chemical, hydrothermal
alteration of the wall rocks will result.
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