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ABSTRACT

High grade Ag-Pb-Zn veins of the Keno Hill district, in central Yukon, occupy
sinistral strike-slip faults which formed in association with a broad region of upright
shear, overprinting an earlier thrust system. Faults, fractur=s and veins are lithologically
restricted to the graphitic Keno Hill Quartzite unit of Mississippian age. Hydrothermal
veining is continuous for 40 km, and is contemporaneous with the Mayo Lake Pluton (81
Ma). Zoning is characterized by quartz-feldspar veins near the pluton, carbonate-Ag-Pb-
Zn veins further away, and peripheral deposits of epithermal character.

Ir. the mining district, fluid inclusions were studied from early quartz, and from later
siderite which is intergrown with the principal ore assemblage of galena, sphalerite, and
tetrahedrite. The dominant components of the fluids are H;O-CO,-NaCl in varying
proportions. Fault-related depressurization, from approx.imately 1500 bars during

deposition of early quartz to less than 130 bars during deposition of sideritc, resulted in
boiling and cooling of the fluids from near 310° C, to 250° C, as well as a decrease in CO»

from XCO, = 0.25 to < 0.01. Graphite in the host rocks had a strong influence on the
system, buffering the fluids to a high CO, content and allowing for deep seated boiling to
occur. Syn- to post-boiling reactions between graphite and water resulted in high salinities
for inclusions in siderite (10 to 15 weight percent NaCl equivalent).

8180g)ow Vvalues from vein quartz (+10.6 to +20.0 per mil) indicate that the fluids
were largely in equilibrinm with the quartzite. Contours of these values outline paths of
fluid movement along the 40 km long system. In the mining district 613Oqu.m from Ag-
rich deposits is relatively high due 10 boiling-related cooling, whereas trends of 130
depletion in siderite resuited from post-boiling CO, formation. Carbon isotopes in vein
carbonates (813Cppg = -12.9 to -4.0 per mil) indicate a reduced carbon source. Meteoric
water and mixing are indicated in the late epithermal deposits (0!80g) 0w for quartz =

+10.1 to -7.1 per mil).
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CHAPTER 1

GENERAL INTRODUCTION

The Keno Hill mining district is well known for its high-grade Ag-Pb-Zn
mineralization, and is recognized as a classic example of Cordilleran polymetallic, precious
metal, vein-type mineralization. The deposits are located in central Yukon, 355 km north
of Whitehorse and 45 km north of the town of Mayo (135¢ 12' west and 63° 56' north).
Mining activity in the district has continued almost uninterrupted from the early part of this
century to the present day.

To date over 4.54 million tonnes (5 million tons) of ore with an average grade of
1412 g Ag/tonne (41 oz Ag/ton), 7 % Pb, and 4.6 % Zn, have produced in excess of 6.4
billion g Ag (206 million oz Ag) (Watson, 1986). Although historically vein deposits of
this type have been an important source of silver and are still an attractive exploration
target for some mining companies, their present and future significance as suppliers of Ag
has been significantly diminished by the advent of silver production from low-grade, high-
tonnage, epithermal and base metal deposits. Nonetheless, mining in the Keno Hill district
has been profitable for several companies throughout the years, and the longevity of
mining has greatly contributed to the overall social and economic stability of the Yukon
territory.

Research on this type of ore deposit has been limited over the past twenty years.
Current reports on the geology of the Keno Hill mining district are rare, as they are for this
type of deposit in general. This was apparent from recent special volumes published on the
geology of ore deposits in the Northern Cordillera (Morin, 1986), and on silver vein
deposits in Canada (Andrews, 1986), which do not report on the Keno Hill district, or
focus much attention on Cordilleran silver deposits. In general, the overall need for a
better understanding of the geology and origin of these deposits, in light of modern
theories and techniques of investigation, provided the incentive for undertaking this project



on the Keno Hill mining district. As well as providing an adequate genetic and exploration
model, a study of these hydrothermal veins gives further insight into hydrothermal aspects
of Cordilleran geology in general.

The Keno Hill mining district is 25 km long by 1.5 to 6.5 km wide. More than 65
ore deposits have been identified within the district, with a cuinulative strike length for the
veins in excess of 160 km (Watson, 1986). Despite the many years of mining, operations
usually proceed with no more than 3 years of proven reserves. This results in part from
exploration problems including limited outcrop, and particularly, the fractured nature of the
host quartzite which inhibits diamond drilling. Percussion drilling has been very useful,
but does not penetrate beyond 60 m, while most deposits have been mined to a depth of 90
- 150 m, with some as deep as 336 m. The underground workings are narrow and
contained within incompetent fault zones; timbered stoping is widely employed and open
stoping is rare. Open pit mining has been effective in the upper portions of some mines,
varying in scale from selective narrow trenches to wider bulk mining 1n areas of
disseminated mineralization.

An account of the history of the region is given by Gaffin (1980), with some of the
details of production through the years summarized by Watson (1986). Prosnectors
originally came to the area in search of placer gold and the earliest mining in the area, at the
turn of the century, was a placer-gold operation. The Silver King vein was later
discovered in 1906 to the west of Galena Hill, and small scale production began in 1913.
A series of discoveries were dispersed over several years, with the last major silver find
being the Husky mine, which was found in the mid-1960's. Production from the silver
deposits is optimistically expected to continue beyond the turn of the century (Watson,
1986). Placer mining is still active along portions of Duncan Creek, and in the adjacent
Thunder Guich.

Various geological reports and studies on the area have been completed; a
bibliography up to 1965 is listed in the report on the deposits by Boyle (1965). Since then



a sulfur isotope study was compieted by Boyle ct al. (1970). Altered whole rock samples
alnng the veins have been dated by the K-Ar method (Sinclair et al., 1980), and selected
ck ments were analyzed during a geochemical study of the veins (Sinclair and Tessari,
1981). Lead isotope data were obtained from the veins and from various rock types of the
region (Godwin et al., 1982). In earlier work a significant contribution was the regional
geology map of Bostock (1948), which includes the mining district. Further regional
mapping was completed by Kindle (1962), and Green (1971, 1972), with detailed geology
of the mining district done by McTaggart (1960).

A detailed geologic map of the mining district and structural analysis of the host
rocks and orebodies is provided by McTaggart (1960) who established the thrust and
nappe style of deformation. Structural controls on the distribution of mineralized faults in
the district, in relation to transcurrent upright shear are considered in Chapter 2 of this
thesis.

The most extensive work on the orebodies is that of Boyle (1965), who provides a
documentation of the complex vein mineralogy, secondary supergene mineralogy, and
geochemical distribution of various elements in the soils from around the orebodies. Since
this work, the discovery of new deposits has greatly expanded the field data base,
particularly with the discovery of the Husky mine and the Mt. Hinton deposit. These two
deposits occur at opposite ends of the mining district and contrast considerably with each
other in mineralogy, which has lead to the revelation that the mining district is
mineralogically zoned (Chapter 3). Mapping in the course of this study has focussed on
the zonal distribution of vein minerals in the district and surrounding region. Several
mineralogical subdivisions are now recognized and the large scale nature of the
hydrothermal system has been established (Chapter 3). The district scale zoning was
corroborated by a microprobe study of tetrahedrite (Chapter 3). Comparisons with other

districts show that similar zoning patterns exist in the Slocan district of southern British



Columbia and Coeur d'Alene district of Idaho, which allows for the development of a
general zoning model for Ag mineralization in the Omenica Crystalline Belt (Chapter 4).

The study of fluid inclusions (Chapter 5) and stabie isotope geochemistry (Chapter
6) from the veins provide valuable information on the genesis of the deposits.
Considerable variation in the bulk composition of the hydrothermal fluids is documented,
and corresponds to the boiling and fluid mixing events. Fluctuations in temperature,
pressure, XCO,, and salinity help construct a quantitative boiling model, which appears to
have been the prime mechanism of ore formation.

Boyle (1965) reported anomalous background values of Ag, Pb, and Zn in the
organic-bearing metasediments of the mining district, leading him to conclude that the
metals in the orebodies were derived from the host rocks. This hypothesis is examined
here (Chapters S and 6) by considerations of graphite-water equilibria and the buffering
capacity of graphite on hydrothermal fluids, as well as by the carbon isotope signature of
vein carbonates. However the mechanism of transfer, by the oxidation of graphite and
bulk incorporation of CO, into the hydrothermal fluid with accompanying release of
metals, contrasts with the slow diffusion processes in a static system proposed by Boyle
(1965).

The application of stable isotope geochemistry (Chapter 6) is useful in demonstrating
the flow paths of the mineralizing fluids. Sites of boiling are also identified by the isotopic
composition of hydrothermal minerals, and may be a potential exploration tool for
identifying Ag-rich deposits. Different types of fluids are indicated to have been involved
in the mineralizing process as well, including meteoric water in the epithermal deposits

(Chapter 6).
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CHAPTER 2

THRUST TO TRANSCURRENT SHEAR SEQUENCE, AND ITS
INFLUENCE ON THE DISTRIBUTION OF MINERALIZED FAULTS IN
THE KENO HILL Ag-Pb-Za DISTRICT, YUKON.

INTRODUCTION

The Keno Hill Mining District of Central Yukon (Fig. 2-1) has been an important
silver producer since the early part of this century (Watson, 1986). Due to its economic
importance, several geological and mineralogical studies of the region and the vein systems
have been undertaken (Cockfield, 1921, 1924; Bostock, 1948; Carmichael, 1957;
Kindle, 1962; Boyle, 1965). However, it is not until more recently that a geologic and
tectonic framework has been available in which to place the mineralized faults and fractures
into structural context (Tempelman-Kluit, 1970, 1979; Green, 1971, 1972).

In the area of central Yukon surrounding the Keno Hill mining district, sedimentary
rocks strike east-west, dip to the south, and thrusting appears to have been generally
towards the north. In the mining district, detailed structural and geological mapping was
carried-out by McTaggart (1960) while mapping along strike east of the district was
completed by Green (1971), and earlier by Bostock (1948). To the east a steep north
trending fault was mapped, and marks a lateral discontinuity in the thrust belt against which
the Keno Hill Quartzite terminates. In this area a structural domain different than that of the
mining district was recognized where parallel linear fabrics from an early phase of
deformation have been rotated to a new orientation (Green and McTaggart, 1960; Green,
1971). Integrating new field data and structural measurements with previous work, this
chapter presents a structural analysis which identifies the region of line rotation as a broad
zone of brittle-ductile shear, and relates the mineralized faults of the adjacent mining district
to the deformation which generated this shear.



Figure 2-1. Location map of Keno Hill mining district in central Yukon within the
Selwyn Basin (stigzled g':nemg. Brick pattern correspoads to the MacKenzie Platform and
clemeats of the ble bck(Pug!;lm)mmemnh.andhrgelywtheCasxgr
Platform to the south. Barbed line shows the position of the Teslin Suture zone separating
accreted rocks in the west (unpatterned) from the continental margin strata in the east.
Solid blockspbareznb;agtiom of pm;:;pal epigenetic Ag-Pb-Zn u:xgc m and m?ﬂ g
syngenetic Pb-Zn-Ag deposits; both types occur in or near in

from Tempelman-Kluit, 1981)



Within the region of the Keno Hill mining district, a common structural associstion
of many thrust belts is observed; carly thrust-related recumbent folds are later refolded or
sheared along steeply dipping fabrics (Hobbs et al., 1976, p.417). Two phasc
deformation sequences in thrust belts are sometimes ascribed to the late break-up of thrust
sheets along transcurrent faults, and differential movement of thrust sheets in the direction
of thrusting (Sanderson, 1982; Ridley, 1982; Rattey and Sanderson, 1982; Lagarde and
Michard, 1986), or to drag along their lateral margins (Coward and Potts, 1983), also
variable surging of thrust sheets may be important (Coward, 1982). In some cases "cross-
faults”, "tear-faults”, or "compartmental faults” are generated, to accomodate differential
shortening along strike in thrust belts (Cooper et al., 1986; Philcox, 1964). Lagarde and
Michard (1986) used the terminology "thrust-wrench shear” for the similar phenomena.
Areas of polyphase deformation may be associated with various types of discontinuities
along the strike of thrust systems, and these areas are also referred to as "transfer zones”
(Aydin, 1988). Other descriptions of such discontinuities include those by Dahlstrom
(1969; 1970), Gardener and Sprang (1973), and include the lateral ramp concept of Elliott
(1976).

A two phase deformation sequence is documented in the Keno Hill mining district; a
upright brittle-ductile shear overprints a moderately dipping regional thrust system.
Hydrothermal veining occurs throughout the district, but changes in mineralogy and
character according to the various structural domains of the area. Orebodies are shown to
be spatially related to brittle deformation and sinistral faulting which forms a conjugate set
to earlier brittle-ductile shear. To emphasize controls on mineralization, different styles of
faulting are described, and favourable sites of mineralization identified.

In general, brittle as well as brittle-ductile shear zones may fracture vast areas of
rock creating passageways for hydrothermal fluids. The association of vein deposits with
shear zones has long been established in the geological literature (Newhouse, 1942).



However, their relationship to lateral transfer zones in thrust systems is not widely
recorded.

REGIONAL SETTING '

The Keno Hill Quartzite is within the ancient continental margin sequence of the
Upper Proterozoic to Paleozoic North American miogeocline, near the northern edge of the
Selwyn Basin (Abbott et al., 1985) (Fig. 2-1). The region forms the northern extension of
the Omineca Crystalline Belt (Monger et al, 1982), and has been affected by late Jurassic to
middle Cretaceous metamorphism and igneous activity. In central Yukon, the western
extension of the quartzite terminates at the Tintina Trench, which is a prominent dextral
fault in the Northern Canadian Cordillera active in Cretaceous and Tertiarv time (Gabrielse,
198S). For the Keno Hill Quartzite, r~cent fossil identifications indicate a middle
Mississippian age (Visean age, R. Thompson, pers. comm. 1986).

Mississippian rocks from the ancient continental margin in Yukon are contained
mainly within two major groupings: the Imperial sequence in the north, and the Earn
sequence in the east of the territory (Gordey et al., 1987). Mississippian rocks also form
the lower member of a Mississippian to Triassic sequence which unconformably overlies
the Earn Group (Abbott et al., 1986). The Keno Hill Quartzite, situated in the center of the
territory, is spatially separate from the Imperial and Earn sequences. Based on lithological
similarities, Blusson (1978) correlated the Keno Hill Quartzite with the Imperial sequence.
However, the Viscan age determination indicates a correlation of the quartzite with the
Tsichu Sandstone, which lies unconformably above the Earn Sequence of the Selwyn
Basin, in the MacMillan Pass area to the cast (Gordey et al., 1987).

The Keno Hill quanzite has been mapped continuously along strike, from east to
west, for more than 220 km (Tempelman-Kluit, 1970). The epigenetic Ag-Pb-Zn veins of
the Keno Hill Mining district are located within the quartzite, near the eastern extent of this
exposure (Fig. 2-2). Strata dip moderately towards the south as a result of northerly
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thrusting, and two major thrusts bound the Keno Hill Quartzite. The quartzite has been
thrust to the north (McTaggart, 1960), above the Jurassic "Lower Schist” unit (Poulton and
Tempelman-Kluit, 1982). Along much of its length, the Keno Hill Quartzite has been
overthrust by "Grit Unit” rocks of the Proterozoic Windermere Supergroup. This contact,
the "Robert Service Thrust”, is mapped in detail in the Tombstone River ares (Tempelman-
Kluit, 1970). Another formation in thrust contsct with the Keno H:ll Quartzite includes
Ordovician and Silurian rocks of the Road River formation, which lies above the Keno Hill
Quartzite west of the mining district (Fig. 2-2).

The deformed sedimentary rocks are crosscut by bimodal Cretaceous felsic plutons:
an extension-related alkalic suite ("A" type), and a compression-related anatectic suite ("S"
type) (Anderson, 1987). In the Keno Hill district, the age of deformation postdates the
Jurassic Lower Schist unit, and predates the Cretaccous plutons which do not appear to
have been affected by deformation.

The Selwyn Basin is host to numerous Paleozoic, syngenetic Pb-Zn-Ag, and
Mesozoic epigenetic Ag-Pb-Zn deposits (Fig. 2-1). With high background values of these
metals, the basin rocks become a plausible source reservoir to the epigenetic deposits
(Boyle, 1965; Blusson, 1978; Goodfellow and Jonasson, 1986), which formed during
hydrothermal activity relatud to the granitic intrusions of the Selwyn Plutonic Suite
(Sinclair et al., 1980; Godwin et al., 1982).

LOCAL GEOLOGY
The local geology, described by McTaggart (1960), Kindle (1962), Boylc (1965),
and Green (1971), comprises three main units. These are, from a structurally higher to
lower position: the Upper Schist unit, the Keno Hill Quartzite, and the Lower Schist unit.
The Upper Schist and Lower Schist units are lithologically similar, areally extensive,
and may be stratigraphically equivalent. Graphite-muscovite schist predominates with
lesser muscovite schist and chlorite schist. Metamorphic minerals include: muscovite,

11
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chlorite, and graphite with minor chloritoid, stilpnomelane, leucoxene, albite, tourmaline,
apatite, carbonates (calkite and dolomite), magnetite, ilmenite, and rutile (McTaggart,
1960).

The Keno Hill Quartzite is a dark grey metamorphosed quartzite with minor
graphite, muscovite, chlorite, tourmaline, zircon, and locally up to five percent carbonate.
Individual layers of quartzite are typically from 1 to 3 meters thick, with thin layers of
graphitic schist in between. In the area of Keno Hill-Galena Hill, the structural thickness
of the quartzite is approximately 1 km. Other than bedding, sedimentary structures are not
common. The quartzite has been recrystallized during metamorphism and concordant
metamorphic ,uartz segregations are found. In the Tombstone River district west of Keno
Hill (Fig. 2-2) the Keno Hill Quartzite has been less affected by metamorphism. Here
Tempelman-Kluit (1970) describes the unit as a 550 meter thick succession of submature,
massive fine grained orthoquartzite interbedded with black slate. The quartzite is
interpreted as a multicycle sandstone deposited under shallow marine conditions, of which
the upper part of the formation may be non-marine (Tempelman-Kluit, 1970).

Finely crystalline grey limestone or marble units are widely distributed, but not
abundant. One of the larger units is 10 m thick and continuous along strike for 1 km.
Limestone occurs with greater frequency in the Upper Schist unit.

Concordant lenses of greenstone are found in the Lower Schist and the Keno Hill
Quartzite, but are less abundant in the Upper Schist. The lenses vary from 1m to 30 m in
thickness and locally persist along strike for more than a kilometer. They are interpreted to
be the metamorphosed equivalents of gabbro and diorite sills (Green, 1971). The most
common metamorphic assemblage in the mafic rocks is zoisite-albite-actinolite-chlorite =
stilpnomelane, typical of the greenschist facies (McTaggart, 1960). The greenstone is
older than the undeformed granitic bodies (mid-Cretaceous), and possibly cogenetic or
younger than the Jurassic rocks.
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The Mayo Lake Pluton, which cuts the Keno Hill Quartzite (Fig. 2-3), has been
dated by the K-Ar method to be 81 Ma (G.S.C. map 1398A). It is 17 km at its widest
part, and ranges in composition from coarse porphyritic granite at the core, with
megacrysts of alkali feldspar, black amphibole, and minor sphene, to a finer equigranular
granodiorite with green amphibole at the margins. Contact metamorphism extends up to 4
km from the contact. Sillimanite schist at the contact grades into garnet-staurolite-feldspar
schist. Greenstones are locally converted to hornblendite. The most distal part of the
aurcole is characterized by biotite-muscovite schist at low altitudes (700-1220 m) and
graphite-andalusite schist at higher altitudes (1525- 1825 m). The presence of andalusite in
some portions of the aureole places an upper pressure limit on pluton emplacement, of
approximately 3 kilobars, whereas the presence of staurolite indicates that pressures were
at least as high as 1 kilobar (Turner, 1980). Coarse andalusite crystals have variable
orientations within the schist, and appear to overgrow defryrm ww fabrics. Pressure
shadows are not found around garnet crystals. Such features imG. sse a likely post-
kinematic intrusion for the Mayo Lake pluton.

Aplite and pegmatite dykes are common along the margins of the pluton. Quartz-
feldspar porphyry dykes, locally with amphibole, extend over a broad area (Boyle, 1965).
They have been dated to be 81 = 5 Ma (Green, 1971), and although they extend into the
mining district, they are not abundant. Lamprophyre dykes occur in the district as well;
these are rare and of undetermined age.

Hydrothermally altered wallrocks aiong the margins of the Ag-Pb-Zn veins of the
1aining district, have been dated (K-Ar) to be mid-Cretaceous (84 = 4 Ma, Sinclair et al.,
1980), which indicates a possible link with the felsic intrusive bodies.

Extensive documentation of the vein mineralogy from the many deposits of the
mininy, district was completed by Boyle (1965). Vein mineralogy is varied and complex,
but the cyminant ore assemblage throughout the vein system is comprised of galena,

sphalerite, and tetrahedrite, with a gangue mineralogy of pyrite, siderite, calcite and quartz.
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STRUCTURAL GEOLOGY
Structural measurements were taken during geological mapping in the vicinity, and
to the east of Keno Hill. These are integrated with the data of McTaggart (1960), Green
(1971), and Boyle /1965), and prescnted in Figures 2-3. Two main phases of penctrative
deformai.cu are recognized in the region; an early thrust and nappe phase, followed by a

steep transcucrent shear phase, to which the mineralized faults are interpreted to be related.

Thrust and nappe phase, D,

The carliest recognizable stage of deformation (termed Dy, is characterized by
north-verging, isoclinal foids (F1). Metamorphic quartz segregations, as well as parallel
alignment of graphite and mica, define an associated axial-planar schistosity (S1) which
dips moderately to the south (Fig. 2-3, 2-6 A). Large isoclinal folds (F;) have been
outlined on Keno Hill by MCTaggart (1960) and in the Davidson Range to the north by
Green and MCTaggart (1960). Smaller isoclinal folds occur in most rocks. The folds
indicate north and northwest movement of the higher units over the lower units on a thrust
at the base of the quartzite (MCTaggart, 1960). The general northward direction of
thrusting is indicated by the overal south dipping attitude of thrusted lithology in the region
(Fig. 2-2). Reverse shearing, parallel or at a slight angle to the axial-planar cleavage is
common, especially in the hinge zones of isoclinal folds (Fig. 2-4 B).

Shallow-dipping fauits are of two types. Most common are (1) thrust faults which
occur along graphite-rich layers separating quartzite units; these are called bedding-plane
faults. The graphitic layers acted as detachement surfaces and exhibit a well developed
anastomosing fabric, as well as containing rootless intrafolial folds, and slivers of detached
quartzite (Fig. 2-4 A). (2) The secux! type consists of low-angle thrust faults where
quartzite dominates, with small duplex structures (Fig. 2-5 A). These cross-cut F; axial

planes and are therefore interpreted as a later feature. Their small scale and form are similar



Figare 2-4. (A) Moderately dipping shear zone with sbundant graphitic material and
intrafolial folds. Massive quartzite occurs above and below zone. (B) Sawed surface of
shearedgnphnte-mmcomeschmduplaymg tight to isoclinal S, fabric.
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to the structures described by McClay and Insley (1986) in the Lewis thrust sheet of the

Rocky Mountains of Alberta.

The continuity and extensive nature of the thrust faults is made evident by the
regional superposition of the Mississippian Keno Hill Quartzite over the Jurassic Lower
Schist unit (Fig. 2-3). However, within the Keno Hill Quartzite where stratigraphic
markers are lacking, the lateral continuity of thrust faults is difficult to establish, especially

within the mining district where exposure is limited.

Transcurrent shear phase, D,

The second phase of deformation (D7) is represented in outcrop by small open folds
(Fig. 2-5 B) and a widespread well developed crenulation cleavage (S7) in schist layers.
The cleavage is steeply dipping to venical and strikes northwest (Fig. 2-6 B). Locally, it is

seen as a spaced cleavage in the more competent units, appearing as penetrative fracture
sets parallel to the axial planes of F; folds. A crenulation lineation (L) was developed on

bedding and S surfaces, and plunges southeast parallel to F7 fold hinges (Fig. 2-6 C).

On a regional scale D7 produced broad southeast-plunging open folds. The largest of these
is the Mayo Lake antiform, having a wavelength of approximately 25 km and an amplitude
of about 5 km, it covers most of Figure 2-3. It is not known if the Mayo Lake antiform is
cylindrical, and determinations of true thickness along the fold profile are most likely only
approximations; however a considerable degree of thickening in the hinge zone is apparent.
The fold has cither a similar form (type 2), or type 3 form according to the classification of
Ramsay (1967, p. 365), as the curvature is greater along the outside of the fold than along
the inside (Fig. 2-3). Outcrop scale folds of quartzite beds within the Mayo Lake antiform
show different profile types, including type 1, according to the nature and competency

contrasts of the interlayered rocks.
F, fold axes have been variably affected by D5 throughout the district. Variations in

the orientation of F; help define east and west structural domains in the area (Fig. 2-3).



A. poles to Sy & bedding B. poles to S)

L2 lineation poles to veins

Figure 2.6. Equal area plots of structural measurements in quartzite, taken from area
north of Mayo west of the Mayo Lake Pluton, and east of Keno Hill. Contours
are as follows in percentage of total points per one percent total net area: (A) poles 0 S,

schistosity and bedding, 1, 2, 4, and 10 %; (B) poles to S, cleavage, 1, 2, 5. 10, and
20 %; (C) L, lineation, 2, 5, 10, and 20 %; (D) poles to hydrothermal veir 3, 5,
and 12 %.
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Within the western domain, Fy axes are near-horizontal to shallow-plunging and trend

approximately cast-west, forming a high angle with the southeast-plunging crenulation
lineation (L2). The F; folds are weakly developed in this area. In the eastern domain, in
the area of the Mayo Lake antiform, the isoclinal fold axes (F;) have been strongly affected

by D; in this region F, is dominantly coaxial with F, at an orientation of 143°/149, and is

distributed along a great circle having an attitude of 103°/19° S (Fig. 2-7). The transition
between these two domains is irregular and gradual, and within an outcrop the orientation
of F) may be variable as strain is locally inhomogeneous. On a broader map scale however
the boundary roughly trends north (Fig. 2-3, 2-8). The transition occurs on the western
limb of the Mayo Lake antiform, where stretching and boudinage of quartzite and
greenstone layers is commonly observed. Also, within this limb are sigmoidally-shaped en
echelon vein arrays. The arrays strike at approximately 3300, are steeply dipping, and
display dextral transcurrent shear.

In general, patterns of deformed linear features in shear zones and associated with
similar folding are very different than those produced by the buckling process (Ramsay,
1967, p.470). As was pointed out by Green (1971), the distribution of deformed F; axes
in the area of the Mayo Lake antiform is not compatible with buckie folding; the axes are
not distributed along a small circle of an equal area projection (Fig. 2-7). Alternatively,
their location along a great circle is an indication that they were deformed principaily by
similar folding as a result of shear during D5. In shear zones, pre-shear zone fold axes or
linear elements typically are rotated and take up new orientations when passing into a shear
zone. The lines become spread along a great circle, and come to approach the direction of
shear (Ramsay, 1980).

The presence of the Mayo Lake antiform and deflection of F, along a great circle in
the castern domain of Figure 2-3, are representative of higher D,-associated strain in this

area. Since shearing appears to have been an important component of D,, the eastern
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Figure 2-7. Equal area projection of F, isoclinal fold axes, with contours in 1, 2, 4,
8, and 9 % of total points per one percent net area. Solid curve is the principal surface
along which F is dg?tibuwd Bold arrow is an interpretation of the rotation of F; along
this surface in a simple shear regime between points marked by solid black dots, with
corresponding stress directions shown on projection (see text for details). Dashed line
is the hypothetical dextral shear plane which would correspond with this model, and
mtheoricntationoftgcm line which separates structural domains in
igure 2-8, and corresponds as well to the north striking fault east of the district. The
dotted line is the small circle around which F; would have been rotated if F, was formed

by a buckling process, and as can be scen there is no correlation.
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Figure 2-8. Diagram emphasizes variabie orientation of F; fold axes across the district.
Dashed line is the approximate position of the boundary between east and west structural
domains. Schematic shear boxes and strain elipses are included; the variable orientation of
F| may be explained by inhomogeneous simple shear within a dextral brittle-ductile shear
zone.
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domain may be defined as a dextral brittle-ductile shear zone; however all of the boundaries

of the shear zone have yet to be defined.
In using the orientation of F to assess the degree and direction of shear during D,,

assumptions must be made as to the original orientation of F; prior to shear. Since the
western domain was less strongly affected by D, the sub-horizontal east-west orientation
of Fy here possibly approximates its original direction prior to D,. This is further
substantiated by the regional east-west trend of the thrust belt in this portion of the territory
(Fig. 2-2). Also, during shear, deflected lines tend to move on a plane locus which
connects their initial orientation to the direction of shear (Ramsay, 1980). The initial
orientation is then usually represented on the equal area projection. The loci of F, along
the plane 1039/19° S, extending from the assumed initial F, orientation at 2680/4°, 1o the
final position at 1430/ 14, is interpreted to display a maximum dextral line rotation of 65°
(Fig. 2-7, 2-8). Using a simple shear model, the line rotation corresponds to a gamma

value of between Y = -1.2 to -2.1. The full degree of flattening and of extension are not

known, and it is possible that volume changes or pure shear may have affected the final

orientation of F; as well.

Veins, faults, and fractures

Veins, faults and fractures are concentrated in the quartzite, and "pinch-out”
upwards or downwards where they extend from quartzite into schist units (Boyle, 1965).
A regional plot of Ag-Pb-Zn veins shows that none, or very few of the orebodies occur
within the eastern structural domain (Fig. 2-9). The entire 25 km long mining district is
contained within the western structural domain. Hydrothermal veins are however abundant
within the two domains, but they are of a different mineralogy. Both lithologic and
structural controls were important in ore formation.

The attitudes of veins, faults, and fractures are illustrated on the map of Figure 2-10
and equal area projection of Figure 2-6 D. In the eastern structural domain, the veins are
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coarse grained and vuggy, and are filled predominantly with quartz, as well as feldspar,
zoisite, and a variety of accessory minerals (Chapter 3). The feldspars include orthoclase,
albite and calcic plagioclase. The veins ofien occupy iension fractures perpeadicular o the
F, axes ("AC" joints), or are contained along northwest-siriking, dextral slip planes which
parallel S;. Most veins formed during a late stage of D, since they have not been rotated
in the manner that F; has. As previously meationed though, some carly sigmoidal vein
arrays of quartz only are recorded, but hydrothermal activity appears to have culminated
near the end of D,. Joints measured in the mining ditrict to the west occur perpendicular to
F, as well, and a second prominent set is vertical and strikes north (McTaggart, 1960).
Northeast-striking sinistral faults are the main hosts to the orebodies (McTaggart,
1960; Boyle, 1965), and form a conjugate set to the eastern region of dextral rotational
shear (Fig. 2-10). The faults have been exposed and delineated from extensive mining
activity. They trend diagonally across the quartzite unit. Most orebodies strike between
cast to northeast, and dip steeply to the southeast between 60° to 900, though a few are
steeply dipping 1o the northwest. Some of the faults are continuous along strike for up to0 5
km, and have been mined to depths of 340 m. Left-hand offset of the contact between the
Keno Hill Quartzite and Lower Schist is observed along some of the ore bearing faults. As
much as 600 meters of offset on some of the faults is recorded from apparent sinistral
movement (McTaggart, 1960). Slickensides indicate strike-slip and dip-slip motion.
Ore-bearing fault sysicms may be straight, branching, or anastomosing (Fig. 2-10,
2-11). The fauits often comprise complex siockwork and breccia zones, with the strike
and dip directions for slip and fracture planes being quite variable. From a broader
perspective however, the overall strike and dip of a fault zone is measured from the attitude
of the orebody, or mine workings as a whole. Much fault refraction occurs through the
layered sequence of the host lithology. Contrasting degrees of competency between schist,
quartzite and greenstone layers in the moderately south dipping sequence has had some
control on the dip of the fault structures. Faults passing from quartzite or greensione into
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schist may be refracted to correspond more closely to the south dipping bedding attitude.
In single underground exposures of faults through multilayered outcrops, staircase patterns
are sometimes observed for the faults when viewed along strike, as they pass alternately
through quartzite and schist. The jagged outline of such faults is thought to result in
breccia formation with subsequent fault movement, and then progress to a smoothing of
the fault with further displacement. More extensive sections of fault flattening are found as
well and have acted as sites for ore deposition. Specifically, Raise-224 of the Husky mine
is a 25 meter long tabular oreshoot contained along a section of fault breccia which is
roughly concordant to the shallow south-dipping layering. This is a local phenomena, as
the dominant orientation of the Husky mine as a whole is steeply dipping and discordant.

High grade oreshoots may be narrow, and are often located at dilational bends in the
faults (Boyle, 1965). Fracturing over broader areas on the other hand, which has resulted
in stockwork mineralization, is related to regions where the principal slip surfaces have
been impeded by antidilational jogs. Obstructions may be large horses within
anastamosing vein sets. An example is observed in the Calumet 1 and 15 veins which
bound a 40 metre wide zone of disseminated mineralization, amenable to open pit bulk
mining methods (Fig. 2-11 B). This style of fracturing may be referred to as "distributed
crush brecciation” (Sibson, 1987). Anastomosing fault patterns, such as those present on
Galena Hill (Fig. 2-11 B), often develop in strike-slip systems (Naylor et al., 1986;
Woodcock and Robertson, 1982). Steeply dipping fault slices, lozenges, or horses,
between anastomosing faults have been termed "strike-slip duplexes” by Woodcock and
Fischer (1986). The regimes of transtension and transpression that result along these
during fault movement, are important in creating openings and zones of crush brecciation
for the mineralizing fluids.

Tension fractures, between overlapping ends of en echelon strike-slip faults, are
favourabie sites for hydrothermal mineralization as well (Fig. 2-11 A). On Keno Hill,
mineralization in these sections is Au-rich, and mineralogically distinct from bounding Ag-
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Pb-Zn strike-slip veins. The difference results from contrasting physical environments;

the open nature of the tension fractures form transitory low-pressure channels for the rapid
passage of hydrothermal fluids, inducing boiling or carbon dioxide immiscibility (Sibson,
1986, 1987). The mineralized tension fractures, termed "transverse vein faults” in the
mining district (Boyle, 1965), are similar in pattern to experimentally derived fractures
around overlapping sets of en echelon strike-slip faults (Hempton and Neher, 1986). The
correlation may be interpreted to indicate sinistral strike-slip movement for the set of vein
faults illustrated in Figure 2-11 A.

Hydrothermal vein material within the faults is locally brecciated and sheared,
indicating some post-mineralization strain. Hydrothermal breccias, with hydrothermal
material as both clasts and cementing agent, are widespread within the faults.
Contemporaneity of hydrothermal activity with fault movement is indicated. Invariably,
shearing has affected galena more noticeably than any of the other phases. Excellent
examples of sheared ribbon or gneissic galena are seen throughout the mining district; thin
strips of coarse galena (1-2 cm) which are unstrained, are separated by slip surfaces where
strain has resulted in grain size reduction (<1 mm) and recrystallization (Fig. 2-12). Kink
banding is preserved in coarse galena. In the sar~'- of the Keno Hill district, the slip
planes regularly splay, creating small scale anasto.. - .zing networks with isolated islands of
coarse undeformed galena. Atkir son (1976) suggests that grain size reduction and
recrystallization of galena during shearing are most effective above temperatures of 200° -
300° C. This was used as an argument by Logan (1986) for sheared vein galena in the
Slocan mining district of British Columbia, to indicate a period of high ambient temperature
for the host rocks during shear. Similarly, relatively high background temperatures might
be inferred to have existed in the Keno Hill district during hydrothermal activity and fault
movement.

Sub-vertical northwest-striking faults, which are not mineralized, cut and offset
mineralized faults (Fig. 2-3, 2-11) (McTaggart, 1960). They resulted from a later phase of
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deformation (D3). Horizontal dextral offsets of up to 700 m are recorded along these.

This later period of faulting causes exploration problems, as many orebodies are truncated
by these faults.

DISCUSSION

Lineations such as fold hinges are particularly useful in identifying shear zones,
since they commonly act as passive markers rotated toward the transport direction (Coward
and Potts, 1983). The transition from the mining district into the eastern structural domain
is marked by widespread southeast rotation of isoclinal F; fold axes. The transition is
gradual and irregular, as strain is locally inhomogeneous. The boundary however trends
approximately north-south. The counterpart to this boundary, since shear zones have
parallel walls (Ramsay, 1980), is possibly a north-trending fault mapped by Bostock
(1948), which marks the eastern extent of the Keno Hill Quartzite in the region (Fig. 2-2,
2-3,2-8). Dextral offset of the Lower Schist unit along this fault is indicated in a map by
Green (1971). Geological and structural features further to the east of this fault are not
well known however. With these boundaries, the shear has a width of approximately 28
km. The full north to south extent of the shear zone beyond the Keno Hill Quartzite is not
known.

The principal component in most shear zones is that of simple shear (Ramsay,
1980). From the sigmoidal vein arrays, F; rotation, and similar folding, it appears that
simple shear was an important component of D, in the eastern structural domain.
Structural criteria used for indicating a change in volume, or component of pure shear, was
not recognized. Establishing the type of shear is important when interpreting shear zone-
related hydrothermal systems, since deformation involving only simple shear is usuaily
isochemical, whereas material influx or expuision may accompany changes in volume. For
example, in a study of the shear zones from the Lewisian complex of Scotland, Beach
(1976) reports a metasomatic increase of H0, K, and Na into the shear zones, and a



decrease of Fe, Ca, and Mg, immediately prior to and during the intrusion of post-
kinematic dolerite dykes. For the Keno Hill district, a similar pattern of metasomatism
might be reflected in the hydrothermal vein mineralogy found within and outside of the
castern structural domain; potassium and sodium feldspars are characteristic of the veins
within the shear zone, while hydrothermal carbonates of Fe, Ca, and to a lesser degree Mg
are found outside of the shear zone and comprise the dominant gangue phases of the Ag-
Pb-Zn orebodies. From this correlation, it is hypothesized that a decrease in volume
during shear in the eastern structural domain and Mayo Lake antiform, may have
established a hydrostatic pressure gradient, resulting in fluid flow and mass transport of
material out of the shear zone and into the fault structures of the adjacent Keno Hill mining
district. Fluid flow may have been further helped by a heat anomaly generated from the
late, to post-kinematic intrusion of the Mayo Lake pluton.

The fault structures which host mineralization in the mining district appear to have
been formed during the second phase of deformation, as they form a brittle conjugate set to

the shear in the eastern structural domain. To illustrate the structural relationship between

D, and the ore-bearing faults, a knowledge of the stress field which accompanied D, is
necessary. The principal stress direction O}, the direction of extension O3, and the
intermediate axis O, are plotted on the stereographic projection of Figure 2-7. The stress
directions have been deduced in the following manner; the pole to the extension joints,
which parallel F, and L, correspond to O at 1430/14°; O, is at 242°/130°,90° to O3,
along the great circle of F, loci, and perpendicular to S,; and O3 (329°/75°) is 90° to both
O, and O3, and is contained along the plane of the tension fractures.

The ore bearing fault structures, are only in part compatible with the overail stress
field for D,. Under ideal conditions within an isotropic body of rock, relationships
between faults and stress (Anderson, 1951) predict that the sinistral faults of the mining

disti ..« should strike east to northeast, as they do, but that they should dip steeply to the
northwest along O,. Most dip steeply to the southeast, or are near vertical. Considerable
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departures from the idealized model may occur however in rocks containing a strong

fabric. Such is the case for the Keno Hill quartzite; the lithological layering and penetrative
schistosity associated with isoclinal folding both dip to the south in the mining district.
Fault refraction through the layered sequence greatly influences the overal dip of the
orebodies, creating the slight departure from the ideal model and discrepancy between the
inferred stress field for D, and orientations of the faults.

Green (1971) suggested the possibility that the mineralized fauits resulted from late

D; strain, but a relation of fault system to the second phase of deformation was considered
unlikely. The reason for this is that fragments of crenulated and lineated schist were found
in breccia within the faults, apparently indicating that faulting postdates D2 (Green and
MCTaggart, 1960; McTaggart,1960). This observation corresponds with the formation of
the faults as a late stage of D5; a natural progression of early rock crenulation, followed by
brittle failure during a single stage of deformation, may just as easily explain the crenulated
breccia fragments. Contemporaneity between fault movement and hydrothermal activity
are also indicated from textural evidence; brecciated and slickensided clasts of hydrothermal
minerals are cemented by unstrained hydrothermal minerals in the veins of the Keno Hill
district. Hydrothermal fluids may have served to lubricate fault surfaces, and fault
movement in turn may have assisted local fluid flow, as active faulting typically forms
voids along dilational jogs, creating low pressure zones into which fluids migrate and boil.
On a district-wide scale, models of sequential deformation in thrust belts may be
used to interpret strain variations within the nappes and thrust sheets of the Keno Hill
district. Upright shear zones and wrench faults may be generated during late stages of
thnisting as a result of the differential transport of nappes (Sanderson, 1982), or as a result
of drag along their lateral margins. In many deep seated thrust systems, the walls of
transc:urent shear zones are parallel to the direction of thrusting and tectonic transport (e.g.
such as are documented in the Lizard Complex of southwestern Cornwall, England, Rattey
and Sanderson, 1982; or in the Irish Variscides, Cooper et al., 1986). The broad north-
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directed thrusting and associated east-west fabric of the Keno Hill Quartzite are interpreted

as having resulted from an initial north-south directed principal stress direction. After
north-trending :canscurrent shear was initiated in the east, possibly along a sidewall ramp
which limits the Keno Hill Quartzite, the principal stress direction was rotated clockwise by
approximately forty-five degrees generating the second phase of deformation. As an
analogy, experimental models have shown that upon the generation of a wrench zone, the
stress field may be rotated to a new position at 45 degrees to the plane (Naylor et al.,
1986), and corresponding strain features will develop in new directions during a second

phase of deformation.

SUMMARY AND CONCLUSIONS
The following is a summary of the structural evolution leading to the developement
of faults which host the high-grade silver veins in the Keno Hill district. The two principal
stages of deformation, named D and D5, post-date the Jurassic Lower Schist unit, and

pre-date final intrusion of the middle Cretaceous Mayo Lake Pluton.

1)  The earliest recognized phase of deformation (D) resulted from regional northward
thrusting. It produced an infrastructure of isoclinal folding with a south-dipping axial
planar cleavage, as well as thrusting and shearing along moderately dipping graphitic
planes. Greenschist metamorphism accompanied this stage.

2)  Thesecond phase of deformation (D5) is characterized by the developement of a

zone, or domai, of upright brittie-ductile shear. The principal features of the zone include
apparent clockwise rotation of Fj isoclinal fold axes along a great circle, folding and
thickening of the quartzite, some sigmoidal vein arrays, and widespread development of
late tension fractures. A pervasive northwest-striking upright crenulation cleavage occurs
throughout the region in association with this stage of deformation. Sinistral strike-slip
faults developed in the brittle domain of the quartzite in the western portion of the study

area, and form a northeast-striking conjugate set to the eastern structural domain. It is
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hypothesized that the castern structural domain is part of an upright brittle-ductile shear

zone that formed from differential surging of thrust sheets during northward tectonic
transport.

3)  Widespread late to post-D, hydrothermal activity precipitated Ag-Pb-Zn minerals
within the northeast striking sinistral faults. The ore deposits are lithologically restricted to
the brittle Keno Hill Quartzite, and are structurally restricted to the brittle fault zone of the
western structural domain. Favorable sites for ore deposition within the sinistral faults
include dilational jogs in anastomosing faults, areas of distributed crush brecciation along
antidilational jogs and fractured fault horses, extensional veins between overlapping ends
of en echelon faults, and brecciated zones along bedding controlled fault refractions.

4)  Steep northwest-striking dextral faults post-date mineralization and are interpreted to

be associated with a later phase of deformation.
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CHAPTER 3

LARGE SCALE HYDROTHERMAL ZONING AND TETRAHEDRITE-
FREIBERGITE SOLID SOLUTION IN THE KENO HILL Ag-Pb-Za
DISTRICT, YUKON.

INTRODUCTION
This chapter establishes the large scale nature of the Keno Hill hydrothermal
system, by documenting a broad and continuous mineral zoning sequence within veins
distributed throughout the Keno Hill Quartzite.

The Keno Hill mining district is located in central Yukon, 350 km north of
Whitehorse (Fig. 3-1). Since 1913 over 4.54 million tonnes of ore averaging 1412 g/tomnc
Ag, 6.8 % Pb, and 4.6 % Zn have been mined, and in excess of 6.4 billion g of silver have
been produced (Watson, 1986).

The class of deposit to which the Keno Hill veins are assigned is referred to by
several designations: "Cordilleran vein type deposits” (Guilbert and Park, 1986), “felsic
intrusion associated silver-lead-zinc veins" (Sangster, 1984), "Pb-Zn sulfide Ag-sulphosalt
deposits” (Andrews, 1986), or polymetallic veins. Despite the considerable productivity of
this type, relatively little research has been directed towards such high grade silver veins in
the last decade (Andrews, 1986), and consequently their general characteristics and genesis
are poorly understood.

The most extensive geological work completed on the veins of the Keno Hill district
is by Boyle (1965), who gave a thorough documentation of the various mineral
associations from the district. Boyle recognized separate mineralogically distinct groups of
veins throughout the region: cassiterite, wolframite, scheclite and related minerais occur
near Cretaceous plutonic bodies, whereas veins containing siderite, galena, sphalerite, and
freibergite are separated from the plutons. The two groupings were considered to be
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unrelated, and the silver lodes were thought not to be associated with the plutons, either
spatially or genetically (Boyle,1965). Boyle concluded that the metals were emplaced
vertically from below through diffusion processes; a flowing hydrothermal medium was
not favored. However, hydrothermal features are clearly displayed in the vein system.
Also, similar Cretaceous ages for the silver veins and for the feisic plutons of the region
indicate the possibility of a genetic link between the two (Sinclair et al., 1980; Godwin et
al., 1982).

This chapter describes district-wide mineral zoning within the Keno Hill vein system.
Economic and non-economic parts of the district are both considered in documenting the
continuity of the zones. The patterns indicate a spatial association between the silver
deposits, tin mineralization and the Mayo Lake Pluton. Lateral movement of evolving
hydrothermal fluids during mineralization, along the kighly fractured Keno Hill Quanzite.
is indicated by the mineral zoning sequence. The lateral distribution of minerals allows for
the exposure of a complete crossection of the hydrothermal column, at the present level of
erosion, from plutonic to epithermal end-members. The documented zoning corresponds
to the classic generalized zoning models of Spurr (1907, 1912).

A more quantitative approach to the study of geochemical zoning was pursued
through an electron-microprobe investigation of the tetrahedrite-series minerals. Seveaty
clectron-microprobe analyses were performed on tetrahedrite samples from 12 different
deposits across the district. Argentian tetrahedrite, the rost important silver ore-mineral in
the Keno Hill district, occurs throughout a 25-km-long portion of the laterally zoned
sysiem. As reported in the literature, zoning tendencies in general are for an increase in
Ag/Cu, and Sb/As in the more evolved deposits (Hackbarth and Petersen,1984), as well as
Fe/Zn in some cases (Jambor and Laflamme, 1978). Substitutions are generally insensitive
to te:perature, but are responsive to changing fluid chemistry (Sack and Loucks, 1985).
However, in the silver rich end-member, freibergite, there may be a crystallographical
restriction to the amount of arsenic present (Johnson and Burnham, 1985). In the Keno
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Hill area, the compositional changes in the tetrahedrite correspond well with the broad

mineralogical zones.

Data were gathered over the course of two summers of field work that involved local
surface mapping at various scales, logging of drill cores, and detailed mapping of
underground exposures and open pits. Thin section and polished section petrography was
performed in the laboratory during the winter; X-ray diffraction was used to confirm

mineral identification.

GEOLOGICAL SETTING

The Mississippran iscno Hill Quartzite, which hosts the high-grade silver deposits, is
in the Selwyn Basin in a region that forms the northern extension of the Omineca
Crystalline Belt. The Belt is a collision-related, Cordilleran-scale, plutonic-metamorphic
welt overlapping accreted terranes and the North American craton (Tempelman-Kluit,
1979; Monger et al., 1982).

The quartzite extends for more than 220 km along strike and is bounded above and
below by thrust faults (Fig.3-1). The strata dip moderately towards the south, au
thrusting was generally towards the north. The main unit below the quartzite is the
Jurassic "Lower Schist” unit (Poulton and Tempelman-Kluit, 1982). Above the quartzite
are overthrust "Grit Unit" rocks of the Proterozoic Windermere Supergroup, Siluro-
Ordovician Road River formation, and "Upper Schist" unit rocks of undetermined age.
This deformed, greenschist facies, sedimentary package is cut by bimodal Cretaceous
felsic plutons: an alkalic suite to the west of the district, and a granitic suite in the region
near the mining district (Anderson, 1987). The sequence of thrusting and pluton intrusion
postdate the Jurassic Lower Schist and terminates with Cretaceous plutonism.

The Keno Hill Quartzite is a dark grey, graphitic quartzite with minor muscovite,
chlorite, tourmaline, zircon and usually less than 5% carbonate. Individual layers of

quartzite are typically from 1 to 3 m thick and have thin interlayers of graphitic schist. In
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the area of Keno Hill-Galena Hill the structural thickness of the quartzite is approximately 1

km. Other than bedding, sedimeniary structures are not common. The quartziic has been
recrystallized and contains concordant metamorphic quartz segregations. Finely crystalline
grey limestone or marble units are widely distributed but are not abundant.

Concordant lenses of "greenstone” are abundant throughout the Lower Schist and in
the Keno Hill Quartzite, but are less abundant in the Upper Schist. The lenses are 1 m to
30 m in thick, and locally persist along strike for more than 1 km. They are interpreted to
be the metamorphosed equivalents of gabbro and diorite sills (Green, 1971). Their most
common metamorphic assemblage is zoisite-albite-actinolite-chlorite = stilpnomelane
(McTaggart, 1960). The lenses are older than the undeformed granitic bodies (mid-
Cretaceous), and possibly were cogenetic or younger than the Jurassic rocks.

The Mayo Lake pluton cuts the Keno Hill Quartzite to the east of the mining district
(Fig. 3-2). It has been dated by the K-Ar method at 81 Ma (G.S.C. map 1398A). The
pluton varies from a core of coarse porphyritic granite containing megacrysits of alkali
feldspar, black amphibole. and minor titanite, to a margin of finer equigranular granodiorite
with green amphibole. Contact metamorphism extends outwards for up to 4 km.
Sillimanite schist at the contact grades outward into garnet-staurolite-feldspar schist. The
most distal part of the aureole is characterized by biotite-muscovite schist at low altitudes
(700-1220 m) and graphite-andalusite schist at higher altitudes (1525- 1825 m).
Texturally, the andalusite crystals have a variable orientation within the schist and
overgrew deformation fabrics. Pressure shadows were not found around garnet crystals.
Such features indicate a predominantly post-kinematic age for the final emplacement of the
Mayo Lake pluton. Greenstone lenses near the pluton have been converted to
homnblendite. A tungsten skarn is reported to occurr along the western contact of the
pluton (Bostock, 1948), but the remote showing was not visited during the course of this

study.
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Aplite and pegmatite dykes are common along the margins of the pluton. Quartz-

feldspar porphyry dykes, locally with amphibole, extend over a broad area (Boyle, 1965)
but are not abundant. They have been dated at 81 = 5 Ma (Green, 1971). Rare
lamprophyre dykes of undetermined age also occur in the district. Micas from
hydrothermal alteration surrounding the Ag-Pb-Zn veins of the mining district have been
dated (K-Ar) to be mid-Cretaceous (84 = 4 Ma, Sinclair et al., 1980), showing that they

are contemporaneous with the felsic intrusive bodies.

HYDROTHERMAL VEINS, MINERAL ZONING, AND PARAGENESIS

Hydrothermal veins are widespread within the Keno Hill quartzite. The frequency of
the veins is variable from outcrop to outcrop; often, only one or two veins are found in an
exposure. Nevertheless, the veins are distributed across tens of kilometers, and
collectively form a close, complicated network on a larger scale.

Hydrothermal veins of the mineralizing event can usually be distinguished readily
from earlier metamorphic quartz segregations of the greenschist metamorphic event.
Hydrothermal veins are coarse grained, vuggy, with euhedral to subhedral crystals, display
strong banding textures, are structurally discordant and locally have well developed
alteration haloes. Metamorphic quartz segregations are concordant, finer grained, massive,
usually monomineralic, and exhibit strain features.

Structural control of veins is considered in reports by McTaggart (1960), and Chapter
2. The orebodies are contained within an extensive set of sinistral, strike-slip and dip-slip
faults, which strike northeast and dip steeply to the southeast (Fig. 3-2 A). Much of the
vein material is unstrained, but parts of some veins contain sheared and deformed crystals;
brecciated hydrothermal vein minerals are cemented by later hydrothermal minerals,
indicating that faulting and hydrothermal activity could have been contemporaneous. Other
types of fractures important in localizing veins are widespread north to northeast striking

"AC" tension fractures, and north to northwest striking fractures. Both sets dip steeply.
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Within the system, groups of adjacent veins and deposits have characteristic mineral
assemblages that distinguish them from other groups; these groups form mineralogical
zones distributed along the length of the hydrothermal system (Fig. 3-2 A and B).

Adjacent zones are identified by the appearance or disappearance of specific index
minerals, as well as of characteristic assemblages. Other minerals which overlap between
zones demonstrate the continuity of the vein system. A summary of the mineral
paragenesis for the entire district is presented in Figure 3-3; however the complete listing of
minerals is never seen together within a single vein, and the paragenesis diagram is only
schematic as timing inferences are made for minerals from adjacent zones by the occurrence
of minerals which overlap between the zones.

The veins are texturally quite variable along the length of the belt. Quartz crystals in
the region proximal to the pluton are euhedral and up to 20 cm long, and display a comb
texture. Crosscutting relations are not complex in this area, though layering within the
veins or banded texture is often seen (Fig. 3-4). In the distal region, euhedral quartz
crystals are commonly less than S mm long and crosscutting relations of various vein sets
are considerably more complex. Various types of stockworks and breccias are observed
(Figs. 3-5 C, 3-6 A and B). A vuggy texture to the veins, indicative of open space filling,
is characteristic of the entire system from east to west.

Figure 3-2 A and B show the mineralogical zoning which is described below.

Feldsper zone

The presence of feldspar in the veins marks the innermost hydrothermal zone around
the Mayo Lake Pluton. A variety of feldspars are present: orthoclase, microcline, and
plagioclase (albite to labradorite). The potassium feldspar has perthitic texture. Locally,
orthoclase forms vermicular intergrowths with quartz.

Many of the feldspar-bearing veins have cuhedral yellowish feldspar dominating the
vein-wallrock contact, and quartz in the center of the vein (Fig. 3-4 A). Minor constituents
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Figure 3-4. Veins cast of the mining district near the Mayo Lake Pluton; (A) banded
quartz-feldspar vein displaying cuhedral light colored feldspar along the upper and lower
vein margins; (B) quartz-calcite vein with carbonatization halo in sericitic quartzite; (C)
banded calcite and calcite-epidote vein from near in betweea calcite zone and fe

zooe; (D) potograph displays coarse vuggy nature of quartz veins, with some interstitial
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include zoisite, pyrite, apatite, tourmaline, and rare ilmenite. The alteration of the quartzite

is typically weak and may include a small inner halo of feldspathization with outward
sericitization. The alteration of greenstones is more complex: chlorite and combinations of
anthophyllite, clinizoisite, and fine grained actinolite are typically abundant; also present is
a weak alteration containing orthoclase near the vein and biotite farther out. Original
feldspars in the greenstones remain unaltered. A late stage of fine grained caicite and
siderite fills cracks and microveinlets which cut through earlier vein materizl.

Cassiterite in quartz veins is uncommon, but serves as a useful index mineral tor the
near-plutonic environment. The cassiterite-bearing veins occur near the outer margin of the
feldspar zone, almost 10 km from the pluton (Fig. 3-2). Coarse flakes and books of
muscovite occur along the margins of some of these vuggy quartz veins. Other minerals
are rare in these veins, but include pyrite and arsenopyrite. Alteration haloes involve
moderate sericitization of the host. It may be significant that the galena of the mining
district is reported to have a high tin content (Boyle, 1965), a further link between the
cassiterite bearing zone and the Ag-Pb-Zn orebodies.

Calcite Zone

The presence of calcite marks a broad and distinct zone between the silver-rich veins
of the mining district to the west and the feldspar-bearing veins in the vicinity of the pluton.
Coarse cakite in variable abundances is the most distinguishing feature of this zone (Fig.
3-4 B). Euhedral zoisite and epidote are commonly with the calcite (Fig. 3-4 C), and are
important overlap mincrais between the feldspar zone and the carbonate zone. Small
amounts of pyrite, arsenopyrite and chalcopyrite are usually found in these veins. Multiple
banding or layering is a common vein texture (Fig. 3-4 C). Albite intergrown with calcite
and quartz was observed in a few samples from near the eastern feldspar zone. The degree
of host-rock alteration is more pronounced in the calcite zone and the appearance of

sulfides is more frequent. Carbonatization and sericitization haloes surround the veins in



the quartzite, and have a marked bleaching effect due to graphite removal. Chiorite,
epidote, carbonate and sericite haloes are more abundant where the greenstone is the host
unit. Although these veins have mineralogical features resembling mesothermal precious
metal deposits, they have not been extensively explored and their economic potential is

uncertain.

Jamesonite-boulangerite zone

The overall mineralogical changes within this zone are considerable. A characteristic
feature is the appearance of bladed, medium-grained crystals of jamesonite and
boulangerite. The presence of the two in this mining district was established by Boyle
(1965); they often occur together but jamesonite appears to be more abundant. Beginning
with the jamesonite-boulangerite zone, the overall abundance of opaque minerals in the
veins rises sharply (Fig. 3-5 A). The opaque phases include arsenopyrite, pyrite,
chalcopyrite, light brown sphalerite, tetrahedrite and traces of fine-grained native goid (Fig
3-5 B). Crosscutting relations increase in complexity in this zone. Thick sphalerite-rich
layers alternate with arsenopyrite, pyrite and tetrahedrite layers. Pure quartz zones also
occur. Many large euhedral quartz crystals have been brecciated and cemented by felted
masses of jamesonite-boulangerite, indicating forceful hydrothermal activity or
contemporaneous fauit movement. Portions of the veins contain only quartz and calcite

with minor pyrite, and are similar to the veins of the previous zone.

Goid is typically microscopic and occurs along the margins of arsenopyrite crystals or
with pyrite and tetrahedrite. Placer operations are active in the vicinity of these veins, to
which the source of the placer goid is attributed.

Siderite zones
Siderite which is the most widespread and characteristic gangue mineral within the
silver orebodies, occurs with pyrite, galena, sphalerite and tctrahedrite. On Keno Hill this
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assemblage is intergrown with quartz, arsenopyrite and calcite. However, arsenopyrite
and calcite are less abundant, or more typically absent, in veins to the west on Galena Hill,
allowing for the siderite zone to be further subdivided (Fig. 3-2). Texturally, the siderite is
coarse to medium grained and massive. It cements breccias and fills stockworks in fault
structures. In the upper parts of some veins it is oxidized to iron and manganese
hydroxides.

Wallrock alteration is characterized by sericitization with pyrite and minor tourmaline,
as well as carbonatization. A more chlorite-rich assemblage typifies the alteration of the
greenstone lenses.

Siderite does not generally occur with jamesonite and boulangerite, but is found
along strike in some of the same fault structures. Jamesonite and boulangerite also appear
in splay faults connecting directly to the main siderite-bearing veins. In some localities
siderite veins cut jamesonite-boulangerite-quartz veins (Fig. 3-5 C). The overlap between

these two groups is observed only on Keno Hill.

Pyrrhotite zone

Pyrrhotite occurs as an accessory mineral in several of the deeper veins exposed in
the low-lying area between Galena Hill and Keno Hill (Fig.3-2). In two of the deposits,
Duncan Creek and Flame-Moth veins it is more abundant. At elevations below 900 m
altitude, siderite-pyrite-galena-sphalerite-tetrahedrite veins may contain calcite, arsenopyrite
and pyrrhotite as well. However, these three minerals disappear at higher elevations on
Galena Hill and to the west at low elevations beyond Galena Hill. This is the only clearly
established mineral zonation with a distinct vertical component in the district. Most of the
other zones adjoin laterally because diagnostic minerals are found at various altitudes. As a
group, pyrrhotite-bearing veins form a narrow belt which closely follows contour along the
western flank of Galena Hill (Fig. 3-2).
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Pyrrhotite is replaced by marcasite along partings in crystals, fractures in aggregates
and along grain boundarics. Fresh samples of pyrrhotite commonly have extensive graphic
intergrowths with sphalerite. The sphalerite may also have "chalcopyrite discase”.

Pyrargyrite zone and veins of "epithe =~ ul" character

Pyrargyrite is widespread and contr - significantly to the silver values of the
western deposits. However, appreciable amounts of the mineral occurs in the Lucky
Queen mine on Keno Hill in the east (localities for the mines referred to are shown in Fig.
3-8). The western zone marks the last stage of the system. It is characterized by other
phases as well, which have a more erratic distribution within the zone; these include
acanthite, native silver, polybasite, stephanite, stibnite, marcasite, barite, dendritic quartz
and kaolinite as an alteration mineral. Such minerals give the deposits a distinctly
epithermal character.

Some of the pyrargyrite occurs with galena, freibergite, pyrite, sphalerite, and
siderite, but most is intergrown with a late-stage quartz that encrusts vugs in siderite, or in
stockwork stringers that cut siderite (Fig. 3-6 A, B). The quartz occurs mainly as fine
grained, euhedral, clear crystals, or as radiating bundles of fine-grained, milky white
dendrites. The latter show feather-like skeletal patierns in thin section.

At the Husky mine a peculiar form of pyrite can occasionally be seen in the veins.
Slender tubes of pyrite project into open vugs (Fig. 3-6 C). The tubes are up to 10 cm
long and 1 cm in diameter. All are hollow, and give the appearance of having formed as
"chimneys" for hydrothermal fluids seeped into vugs. Vugs also contain coarse world-
class specimens of pclybasite and stephanite.

Gersdorfite was detected by X-ray diffraction in one sample, with quartz and siderite.
This assemblage occurs with marcasite, chalcopyrite and tetrahedrite rimmed by chalcocite.
Minor fine-grained sphalerite is also present. Banded textures show that the siderite-
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Figure 3-6. Veins from western epithermal system; (A) breccia of dark itic
gtz’nclsnmtedbysiduic(lighteokx) and overgrown by quartz (white) with
grained dark ite; (B) subrounded breccia clasts of quartzite (dark) and
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(white); (C) coarse wire silver; (D) bollow and spiralling pyrite tubes.
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bearing assemblage is typically overgrown by quartz and pyrargyrite, in turn overgrown by
cubes of pyrite. Kaolinite fills some of the vugs.

Host-rock alteration includes recrystallization of the quartzite to a fine grained
granular mass, within intense stockworks of fine quartz veinlets which are densely
interwoven and often not perceptible until the rock has been cut or a thin section made.
Sericitization is widespread with minor tourmalinization. Kaolinite occurs locally as an
alteration mineral often with disseminated pyrite. Carbonates are not seen in most
alteration haloes. Graphite has been removed in altered sections of host rocks, giving the
rock a distinct bleached appearance. Coarse barite is occasionally found and appears as a
late stage mineral which locally cements brecciated fragments of galena and siderite.

Pyrargyrite also occurs separately with acanthite, coarse wires of native silver and
fine-grained euhedral quartz (Fig. 3-6 D). This assemblage is well developed in portions
of the Silver King mine.

It was not clearly established in the past whether pyrargyrite and some of its
associated minerals are of supergene or hypogene origin (Boyle, 1965). The present
interpretation is that minerals of this suite are mainly of hypogene origin. In new mine
workings of the Husky orebody, much of the pyrargyrite is associated with pyrite cuoes
and quartz crystals; the pyrite is fresh, and crystallized quartz does not generally form
from low-temperature supergene processes. Also, pyrargyrite in nature is more frequently
observed as a hypogene rather than a supergene mineral in vein systems (Guilbert and
Park, 1986).

TETRAHEDRITE CHEMISTRY

Analytical methods

Electron microprobe analyses of tetrahedrite samples were performed at the
Department of Geology, the Uiiversity of Alberta, using an ARL-SEMQ microprobe.
Quantitative wavelength: dispersion analyses (WDS) were done at 15 kv operating voltage,



4 nA probe current and 100 sec counting time. Data were processed with full-matrix
(ZAF) corrections using EDATA2 (Smith and Gold, 1979).

Nine clements were analyzed at each point: Cu, Ag, As, Sb, Fe, Te, Cd, Zn, and S.
Pure metal standards were used for each element, except that marcasite and arsenopyrite

were used for Fe and As. All weight percent totals range between 97 and 101 %.

Analytical results

Texturally, tetrahedrite occurs predominantly as round, bleb-like inclusions, typically
< 0.1 mm in diameter, in coarser grained galena (Fig. 3-5 D). A multitude of these
inclusions may be contained within a single galena crystal. Tetrahedrite in this form was
analyzed from the various deposits of the district to maintain sample consistency. Except
for the sheared galena from the Calumet and Shamrock mines, galena used in the
microprobe study showed little sign of strain.

Microprobe data are summarized in Tables 3-1 and 3-2. Tetrahedrite chemistry is
approximated by the following stoichiometry (Sack and Loucks, 1985):
(Cu.Ag)6™C[Cu_;3(Fe.Zn,Cd,Hg.Pb)1/3)6TET(Sb.As,Bi)4SM(S,Se)1 3, where TRG =
trigonal planar, TET = tetrahedral, SM = semimetal sites. However, considerable
departures from this ideal formula are widely reported in the literature, particularcly in the
case of Ag-bearing tetrahedrites (Johnston et al., 1986). Discrepancies are observed both
in naturally occurring tetrahedrites and in synthetic tetrahedrite (Mackovicky and Skinner,
1978). In some cases Ag-depleted tetrahedrite does not correspond to the formula as well;
Skinner et al. (1972) obtained synthetic tetrahedrite with the composition Cuy5,xSbs,vS|3
where X < 1.9 and Y £ 0.3. Additional metal and semi-metal atoms are reported by Wu
and Petersen (1977) for tetrahedrite from Peru.

The composition of tetrahedrite from the Keno Hill district approximates
(Cu,Ag)0+x(Fe.Zn,Cd),, y(Sb,As),, 7S,3 , where X = 0.810 2.1, Y=0.1 10 0.5, and Z =
0.3 t0 0.8 (Table 3-2). As can be seen, combined Cu and Ag in particular may greatly
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Table 3-2. Average tetrahedrite composition, from polished mounts,

expressed in number of atoms per 13 S.
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exceed the ideal formula. The excess cation content is reflected in the low S weight
percent, which varies from 18.32 % to 22.48 % (Table 3-1). Similar low sulfur analyses
and excess cation contents are reported from other districts by Petruk et al. (1971) (20.1
weight % S), Riley (1974) (20.4 weight % S), Kvacek et al. (1975) ( 17.3 weight % S),
Pattrick (1978) (20.5 weight % S), Sandecki and Amcoff (1981) (19.6 weight % S), Basu
et al. (1981) (20.8 weight % S), Eidsmo et al. (1984) (20.7 weight % S), and others.
These are all from Ag-rich tetrahedrite samples and have metals and semi-metals in
considerable excess of the ideal formula.

The greatest elemental variations in the analyzed samples presented in Table 3-1 are in
Ag, Cu, Fe and Zo. The As and Sb contents, on the other hand, are surprisingly constant
in light of zoning studies undertaken in other mining districts (Hackbarth and Petersen,
1984). A plot of Ag versus Cu displays a negative linear correlation (Fig. 3-7 A),
indicating direct substitution between Ag and Cu. The trigonal planar sites (TRG) and the
tetrahedral sites (TET) are both occupied in part by Ag because of the range in silver values.
Within the tetrahedrite series the samples with high silver values (Ag > 20 weight %) of the
Keno Hill district are more correctly termed freibergite according to the limits of Riley
(1974). Asimilar linear relation is observed between Fe and Zn in the tetragonal sites (Fig.
3-7B). Iron increases from 0.4 t0 2.3 atoms as zinc decreases from 1.9 10 0.1 atoms per
13 sulfur atoms. The increasing Fe/Zn and Ag/Cu ratios correspond to the spatial
distribution of the samples in the district, matching the east to west or "downstream”
zoning sequence.

The spatial variation in tetrahedrite chemistry is more fully displayed in Figure 3-8.
The map shows the variation of the average Ag/(Cu+Ag) ratio from individual polished
mounts according to position in the district. Individual samples may display considerable
internal variability (Table 1); however this variability is never as great as the district-wide

trend, which shows a distinct increase in the ratio towards the east. The chemical zonation
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stands out clearly, and may suggest a strong componeat of lateral migration for the

mineralizing fluids.

DISCUSSION

The Keno Hill mining district is part of a large, zoned, fossil hydrothet nal system.
Mineralogical variations within individual orebodies do not generally show any obvious or
systematic patterns on a detailed scale. However, regular zonation of mineral distribution
is clearly developed on a district-wide scale. Consequently, the district may be viewed as a
large continuous deposit formed from one complex hydrothermal system. Mining activities
define a multitude of individual orebodies, but the zonal patterns irdicate a large
uninterrupted system. This system is more completely viewed from a larger scale
perspective, allowing the formulation of a useful exploration model.

The veins are confined mainly to the Keno Hill Quartzite and extend laterally for
nearly 40 km. Implications are for a vast network of interconnected faults and fractures
linking all sectors, during lateral fluid flow. Where mining activity is extensive the
continuity across mineralogic zones is clearly shown; however, limited exposure in some
areas and lack of mining in the non-economic portions of the system necessitate
considerable extrapolation ''ztween other mineral zones.

The mineral sequence in the Keno Hill district offers a fairly complete set of classic
zoning models (Spurr, 1907, 1912; Emmons, 1936). These are generally pieced together
from various districts and are rarely complete in any one system. In this case, veins near
the Mayo Lake Pluton are characterized by extensive quartz-feldspar veining with epidote,
white mica, and some sulfides, and local Sn-mineralization. Outward from the pluton, in
the central portion of the system, Ag-Pb-Zn mineralization and carbonate gangue are
present. The outermost part of the sequence has a more epithermal character as is evident
from the presence of pyrargyrite, polybasite, stephanite, acanthite and native wire silver, as
well as a quartz-dominated gangue with clay alteration.



Mineralogical changes within vein deposits are gencrally along the inferred direction
of fluid-flow. In contrast to other settings, vertical zoning at Keno Hill is less well
developed than lateral zoning. The mineral distribution in the area indicates a
predominantly unidirectional component of fluid migration from east to west, as controlled
by favorable structures. The confinement of the hydrothermal system to the fractured
quartzite provides a largely complete section of the hydrothermal system at one erosional
level. The permeability and relatively non-reactive nature of the quartzite, as indicated by
generally meager alteration haloes, coupled with likely moderate gradients in pressure and
temperature in the lateral dimension (relative to the vertical) have allowed for the spatially
extensive nature of the system.

The mineralogical zones progress away from the Mayo Lake Pluton in a regular and
systematic way, demonstrating a spatial relation to the pluton. However, hydrothermal
veins begin outside of both the pluton and its contact metamorphic aureole. The pluton
remains for the most part unaltered and no material input from the pluton to the vein system
is apparent. The pluton seems to have acted only as a heat source. This probably explains
the minor development of Sn and W mineralization relative to Ag-Pb-Zn. Although the
source of the fluids remains unknown in the area close to the pluton, stable isotope studies
.ndicate that meteoric waters dominated the distal epithermai domain (Chapter 6).

In order to discuss some of the possible reasons for the mineral zoning, phase
diagrams which display portions of the paragenesis have been prepared (Figs. 3-9 and 3-
10). The axis parameters fS, and pH were chosen for Figurs 3-9 since the mineral
assemblages indicate that these were variable during hydrothermal mineralization. Oxygen
fugacity on the other hand is thought to have been fairly constant during the principal stage
of mineralization due to the buffering capacity of graphite (French, 1966). However late
stage fluids may have been oxidized as indicated by the presence of barite. Fluid inclusion
studies (Chapter 5) indicate that ore formation occurred within the temperature interval

250° - 310° C.
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Figure 3-9. A repres<2'ation of the stabilities of minerals from ac: iss the various zones
ot the Keno Huli muting district at 2500 C. The sequence 1 to 5 represcats the east to west
sty (Chapir 5. nslogy with ey ot oo memmaied fom 1 Bud inclusion
. analogy with other types o rmal systems ;
Obmoto et al., 1983). A value of log fo, = -%’_1,’? was {nsed, which isysnear the upper
stability limit of graphite when boiling began at 1500 bars (Chapter 5). Clathrates which
formed in inclusions from siderite provide an estimate of the CBZ content, log fC0O, = 1.9.

Siderite saturation established the iron content (log @ pe2+ = -4.12). and calcium was set
equal to this in order to compare the relative effects of pH on the two types of carbonates at
e?ual conceatrations of their divalent metals. The activity of K * used is 0.07. The sources
o

thermodynamic data are Craig and Barton (1973) for the sulfosalts, Barton and Skinner
(1979) for the sulfides, and Bowers et al. (1984) for the carbonates and silicates.
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Figure 3-10. Diagram illustrates early paragenesis of arsenopyrite and pyrrhotite
evolving to a later tetrahedrite-bearing Zscmb upon cooling)::a constant sulfur
fugacity. Transition may also have occurred with an increase in sulfu- fugacity. Late
cpithermal assemblage appears to have formed from a fluid distinctly depleted in sulfur as
indicated by the preseace of pyrargyrite, stephanite, native silver and argentite. Source of
thermodynamic data is from Craig and Barton (1973).
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The most obvious trend in the evolution of the hydrothermal chemistry is that of a

decreasing pH from east to west, reflected by the sequence K-feldspar to muscovite to
kaolinite. Also the transition from calcite to siderite may have been due to a lowering of the
pH, since for similar concentrations of Ca2+ and Fe2+ in a hydrothermal fluid, siderite is
stable under more acid conditions. The increase in acidity was most likely due to the
formation of carbonic acid during progressive CO, acquisition by the interaction of water
and graphite. In the cpithermal environment, acid conditions and the formation of kaolinite
are usually associated with boiling and the condensation of volatile phases such as CO, and
H,S (Knight, 1977). Kaolinite in the western portion of the Keno Hil! district may
indicate extensive boiling in this area, and the accumulation of CO,.

In the ore assemblage, the presence of pyrrhotite and arsenopyrite indicate that the
mineraliziny fluids had a generally low sulfidation state. For tetrahedrite to have followed
these in the paragenetic sequence a slight increase in f'S, or Gecrease in temperature would
have been r-.:«ry (Fig. 3-10). Tetrahedrite does not appear to have formed directly with
the epithermal stage at the western extremity of the system, where the assemblage of native
Ag, pyrargyrite, stephanite, and argentite require sulfidation states which are below the

stability of tetrahedrite. A low sulfidation state may have been induced either by extensive

H,S loss during boiling, or by the influx of meteoric water with .. low S content, or
through oxidation of H,S to SO,42-. This last possibility is indicated by the occasional

presence of barite in the epithermal assemblage.

Summary and discussion of tetrahedrite chemistry

Tetrahedrite is the dominant silver-bearing phase in the system and is distributed
along the entire 25 km length of the mining district. It is present in several of the
mineralogical zones. The chemistry of the tetrahedrite series is complex, but offers a more
quantitative representation of the zoning and serves 1 corroborate zoning esiablished by

megascopic observations in the field.
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In the Keno Hill district the solid solution in the tetrahedrite-series varies from
tetrahedrite to freibergite in the more distal assemblages. Elemental variations are
characterized by substitutions between Ag and Cu, as well as between Fe and Zn.
Substitution within one pair appears to be independent of substitution within the other. A
high Sb/As ratio is observed in all samples.

The observed compositional trends are typical of tetrahedrite-bearing hydrothermal
veins, with fluid evolution and differentiation interpreted to be due to fractional
crystallization of tetrahedrite (Hackbarth and Petersen, 1984); Cu and Zn are partitioned
into the mineral at an early stage and enrich the fluid in the Ag and Fe. Small-scale
variations result when a mineral grows from more or less evolved fluids at different times.
However mixing of different fluids in thit  strict seems to have been important in
controlling the chemistry of the tetrahedrite <~ ries; a stable isotope study of quartz
associated with tetrahedrite shows that meteoric waters were involved in freibergite
precipitation (Chaptet 6).

Recent studies have shown that substitutions in tetrahedrite between As-Sb, Fe-Zn
and Cu-Fe may bc considered ideal (Sack and Loucks, 1985), but that Ag-Cu substitution
is non-ideal (Johnson et al, 1987). Problems with the genc. ! tetrahedrite formula arise in
Ag-rich samples and are reported also for synthetic Cu-rich samples, for which an
expanded formula is required. Makovicky and Skinner (1978) suggested for synthetically
generated Cu-rich tetrahedrite, that the excess "mobile coppei” may occupy interstitial
cavities within the structure. The expanded formula seems to apply as well to the naturally
occurring Ag-rich samples of the Keno Hill district. Sandecki and Amcoff (1981) report
on tetrahedrite samples with compositions which are similar to those of the Keno Hill
district, where a deficiency in sulfur or excess in cations for Ag-rich samples is recorded.
They suggest that since a net charge surplus is impossible, the cation surplus may be due to
the presence of cations which are in a reduced state. This could be a possibility as well for
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the samples from the Keno Hill district, when considering the reducing nature of the

graphitic host rocks.

The low sulfidation state for the mineralizing fluids of the Keno Hill system, as
indicated by the presence of pyrrhotite and arsenopyrite, would also have cont: "uted in the
formation of S-deficient tetrahedrite. Although 13 S atoms per formula unit is the most
widely accepted mode! (Johnston et al., 1986), some workers still favor a 12 S model
(Babushkin et al., 1984).

CONCLUSIONS
The zoned Kero Hill vein system of central Yukon ext = s in a lateral section from

plutonic/metamorphic center and surrounding a. 1. -feldepa: veins to Ag-Pb-Zn deposits

and further to peripheral veins having epitherm=- ... .+ 5. The entire sequence is
<~ontinuous fromeast - - .40 km belt.
Thefaultand fr.© . .- ‘rolled veins are stratabound to the brittle, moderately

dipping, 1 km thick K ~ <l quartzite unit of Mississippian age. This unit is graphitic
and contains interlaye.s o1 schis: and greenstone. Regionally extensive impermeable schist
units occur above and below the quartzite. The quartzite appears o have acted as a large
scale hydrothermal aquifer, restricting fluid flow and mineral zoning predominantly to the
lateral direction.

The Mayo Lake Pluton (81 Ma) cu:s the quarazite at the eastern end of the district.
Hydrothermal veins begin at 'ie outer margin of the: contact met: morphic aureole
surrounding the pluton. Veins are coarse grained and vuggy. The dominant groups,
progressing outward from the pluton, are: 1) quartz-feldspar veins with minor epidote,
tourmaline, apatite, pyrite, and rare ilmenite; 2) quartz veins with muscovite and sparse
pyrite, arsenopyrite, and cassiterite; 3) quartz-caicite-epidote veins with also pyrite,
arsenopyrite and chalcopyrite; 4) veins containing jamesonite, boulangerite, arsenopyrite,

spha'iite, pyrite, chalcopyrite, tetrahedrite and nrtive gold in a gangue of quartz and



cakcite; S)siderite veins with calcite, galena, sphalerite, tetrahedrite, pyrite, pyrrhotite, and
arsenopyrite; 6) same as (5) but without arsenopyrite, pyrrhotite and calcite; 7) quartz
veins containing pyrargyrite, polybasite, stephanite, acanthite and native silver, a- well as
pyrite, marcasite, freibergite, chalcopyrite, barite, anomalous gold values and clay
alteration. Paragenetically, the veins farther from the pluton are also generally younger.

Tetrahedrite is distributed along a 25 km long portion of the system. It has Ag/Cu
and Fe/Zn ratios that are highest at the outer extremity of the system, where [.eibergite

dominates over tetrahedrite. The Sb/As ratio is high throughout the district.
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CHAP .ER 4

SIMILAR ZONING PATTERNS IN THREE Ag-Pb-Zn DISTRICTS OF
THE OMENICA CRYSTALLINE BELT

INTRODUCTION

Prescnted are three maps which display a similar district-scale hydrothermal zoning
pattern, which is distinctive of silver mineralization in the Omenica Crystalline Belt.
Similarities in terms of mineral distribution, scale of system, and structural-lithologic
control are highlighted. Age and tectonic environment are outlined as well; however some
discrepancies exist in this area. The three examples are from the most productive silver
regions of the Cordillera: the Keno Hill district in Yukon, the Slocan district in southern
British Columbia, and the Coeur d'Alene district of Idaho (Fig.4-1). The purpose of this
chapter is to compare the zoning patiern documented in Chapter 2 for the Keno Hill district,
to other similar regions in the Cordillera; further " improve the zoning patterns in
these other regions, but the existing publications from these areas allow for preliminary.
but important, comparative generalizations to be made.

Zoning models serve as useful guides in mineral exploration, and have been the
focus of much study, in the past (Spurr,1907; 1912) and to the present day. Classification
of deposit, position within system, and genetic insight are gained from their recognition
and application. Zoning patterns which recur in various districts and separate systems
enhance predictability for the explorationist. In district scale hydrothermal systems, zoning
may be a manifestation of a single evolving hydrothermal system in some cases, or may be
due to0 overlap of separate unrelated systems. Where the former is true, the size and large
scale nature of some individual hydrothermal networks is displayed; a scale which
obscures perception of the continuity between zones, making interpretation subject for
considerable debate.
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Figure 4-1. Location map of principal Ag-Pb-Zn vein systems (squares) in the Omenica
Crystalline Belt (stippled), containing abundant siderite, galena, sphalerite, tetrahedrite,
and pyrite. To the east of the belt, the barbed line shows the limit of the cordillera within
continental miogeocline. West of the belt are eugeoclinal accreted terranes (rulled pattern).
The Keno Hill, Slocan, and Coeur d'Alene (CDA) districts are considered in the text; the
Rancheria (Abbott, 1985), Ketza (Abbott, 1986, a), P'.ta (Abbott, 1986,b), Beaverdell
(Godwin et al., 1986), and Deer Trail (Fluet, 1986) also fall within this grouping.



The concentration of high grade Ag-Pb-Za veins in the easter belt of the
Cordillera, or Omenica Crystalline Belt, has long been recognized (Fyles, 1966). The
Omenica Crystalline Belt is a major regional tectonic culmination in the eastern Canadian
Cordillera, where intense deformation, regional metamorphism, and granitic mag:. ‘ism
were concentrated (Fig. 4-1). The belt was formed from tectonic overlap and
compressional thickening of crustal rocks between the North American craton 2 arge
composite allochthonous terrane that was accreted from the west (Mongeret . . +32).
Compressional growth of the belt was most intense between mid-Jurassic ad Late
Cretaceous time. Significant Eocene extension with associated core comp  es occurred
later in the southern Omenica Crystalline Belt (Parrish ct al., 1988), whereas major -
transcurrent strike-slip faulting affected the northern Omenica Crystalline Belt in Tertiary
time (Gabrielse, 198S).

The Omenica Crystalline Belt spans the entire iength of the Canadian Cordillera.
The southern extension into the United States is largely masked, but projects at least into
the northern parts of Idaho and Washington states. The belt is approximately 300 km wide
at its northern and southern ends, with a iong narrow section in between, commonly less
than 50 km wide (Fig.4-1). Correspondingly, significant silver mineralization occurs
mainly at these opposite ends, with the narrow band in between displaying marginal
economic potential. Accreted terranes to the west have also shown relatively limited silver
production, from Ag-Pb-Zn vein deposits.

In summary, large scale Ag-Pb-Zn hydrothermal systems are characteristic of the
Omenica Crystalline Belt. The systems are distinctive by their sizes, each is 25-40 km
long, and particularly by their horizontal, linear zoning patterns; a plutonic-hydrothermal,
to Ag-Pb-Zn, to epithermal silver succession is observed. Through the mining districts the
following outward zoning is typical; 1) an early silicate and oxide stage; 2) quartz veins
with jamesonite. arsenopyrite, pyrite, sphalerite, pyrite, and chalcopyrite, as well as some

gold, calci.e, and pyrrhotite; 3) the main orebodies are comprised of siderite, galena,
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sphalerite, pyrite, and tetrahedrite; 4) the outer zone may include pyrargyrite, polybasite,

acanthite, stephanite, native silver, and late quartz. The zoning is well documented in the
Keno Hill district, Yukon, and apg:¢> as well to the Slocan district of southern British
Columbia, and the Coeur d'Alene district of Idaho.

Keno Hill mining district, Yukon

The Keno Hill mining district is situated in central Yukon, 45 km northeast of
Mayo, and 350 km north of Whitehorse. The district has been the largest producer of
silver in the northern Canadian Cordillera since mining began in 1913. More than 210
million ounces of Ag have been produced, with recovery of substantial Pb, Zn, and Cd.
Average grades over the mining history are: 41 oz Ag/ton, 6.8 % Pb, and 4 % Zn
(Watson, 1986). Extensive geological work on the district was completed by McTaggart
(1960), and Boyle (1965).

Galena, sphalerite, and tetrahedrite bearing veins are contained within a system of
sinistral strike-slip faults. The faults dip steeply to the southeast, and appear to have been
active during hydrothermal activity as indicated by sheared galena, as well as multiple
stages of brecciation and cementation. The veins are stratabound within the Mississippian
Keno Hill Quartzite. The quartzite is brittle, graphitic, and highly fractured. It is
approximately 1 km thick in the mining district, was thrust to the north in Late Jurassic-
Early Cretaceous time, and dips moderately to the south. Strata of the district were
metamorphosed to the greenschist facies, and were later intruded by Cretaceous granitic
plutons (80 Ma). Dating of mica within alteration haloes surrounding the veins returned a
similar age (Sinclair et al, 1980).

Individual orebodies may have a length of 1 km or more, but have not heen
explored or developed beyond 300 m depth because of minir.3 tactics and economic
restrictions. The district as a whole comprises a multitude of orebodies spread from east to

west for 25 km; however a further 10-15 km long castern extension of the hydrothermal
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syuemiuddedifnon-economicveinsmincluded(l’ig. 4-2). The system is highly
zoned at the district scale, predominantly in the lateral dimension due (0 its confinement to
the Keno Hill Quartzite. Fluid flow was apparently along this highly fractured aquifer
during mineralization.

The ore is dominated by galena, sphalerite, and tetrahedrite within a gangue of
siderite and quartz. The zones progress systematically from cast to west away from the
Mayo Lake Pluton. Quartz-feldspar veins characterize the zone closest to the pluton, with
subsidiary epidote, apatite, tournaline, pyrite, and rare wolframite and ilmenite. Quartz-
calcite veins occur beyond this, and contain accessory epidote, albite, pyrite, arsenopyrite,
and chalcopyrite. A setof cassiterite bearing quartz veins occur between the feldspar and
calcite zones. The next zone is marked by the presence of jamesonite-boulangerite, with
also an increase in the abundance of sulfides including: sphalerite, pyrite and chaicopyrite,
with also some arsenopyrite, tetrahedrite, and native goid, in a gangue of quartz and
calcite. Further to the west, siderite becomes the most abundant phase intergrown with
galena, sphalerite, tetrahedrite, pyrite, minor quartz and calcite. Pyrrhotite forms a
distinctive zone in the mid-section of the mining district, and is seen with the common ore
assemblage. Further west calcite disappears fron: the gangue entirely and siderite
dominates. At the fringe of the system, the assemblage furthest from the pluton is
distinctly epithermal in character; as marked by the presence of pyrargyrite, polybasite.
stephanite, acanthite, native silver, freibergite, as well as pyrite, marcasite, some
chalcopyrite, a late quartz stage, anomalous gold values and clay alteration. Galena and
sphalerite are lcss abundant.

Slocan mining district, B.C.
The Slocan mining district is in southern British Columbia, 30 km due north of the
town of Nelson. Geological mapping, and extensive descriptions of vein occurrences were

completed by Cairnes (1934,1935, 1948). Further studics were done by Hedley (1952),



Fyles (1966), Nguyen et al (1968), Reynokds and Sinclair (1971), Cox (1979), Brame
(1979), and Logan (1986).

The vein deposits of the district are fauit and fracture controlled, and are contained
within sedimentary rocks of the Slocan Serics; these are comprised of a thick series of
tightly folded Late Triassic (Orchard, 1985) quartzites, slates, argillites, limestones, and
volcanic (tuffaceous) units with also some conglomerate (Cairnes, 1934). Intruding the
Slocan Series are numerous felsic dikes of uncertain age, but which have been related to
the granitic Nelson Batholith (Cairnes, 1934; Hedley, 1952) which is Upper Jurassic in
age (Nguyen et al, 1968; Archibald et al, 1983). A granitic pluton of suspected mid-
Cretaceous age is present in the northwest portion of the mining district (Parrish et al.,
1988). The hydrothermal mineralization of the Slocan system crosscuts all cf these suites
of granitic rocks.

Tecto ically the mining district lies above the northeast flank of the Valhalla core
complex of southern British Columbia (Parrish et al., 1988). The orebodies are in the
hanging wall of the east dipping Slocan Lake Fault which bounds the mining district to the
west. By 54 Ma the fault had dropped middle Jurassic rocks of the Nelson Batholith down
onto high-grade metamorphic rocks of the Valhalla core complex (Parrish, 1984, Parrish et
al., 1985), with cowndip displacement near 10-15 km (Carr, 1986).

Silver, lead and zinc are the principal metals recovered from veins, which are
individually up to 2 km long and 1 km deep. The ore bearing fault structures strike
principally to the northeast and dip to the southeast. Galena-sphalerite-tetrahedrite with
occasional pyrargyrite are the important ore constituents within a gangue of siderite or
quartz. However the vein mineralogy is considerably more complex than this and is
summarized in a paragenesis diagram by Cairnes (1934). The map distribution of minerals
is shown in figure 3, which was compiled from the property descriptions of Cairnes
(1934, 1935). The map is simplified to display the presence of the vein minerals which are
diagnostic of a particular zone. The district is shown to be clearly zoned in its vein

84



85

..hy.i .

p—

9 = .
x Nelson Batholith

LEGEND
+. mid-Cretaceous granitic rocks hydrothermal index minerals
757 granitic dykes, sils O Mmagnethe
E 3 tic rocks 1. @ jamesonitezarsenopyrite

‘ @ pynhotte
Triassic Slocan Group:
andesite, dacite, tuff 2. A ‘tetrahedrite, siderite,
] “
0 Skm 3. @ pyrargyrite and/or acanthite,
[ e e e s — | W'W

Figure 4-3. General hydrothermal zoning of the Slocan Ag-Pb-Zn
district. Map constructed from Cairnes (1934, 1935).



86
mineralogy. The zoning pattern is oval in shape with a 25 km long axis trending NE-SW
along strike with the vein structures, and a width of approximately 10 km. The mineral
distribution is in part concentric. Minerals diagnostic of a less evolved assemblage such as
jamesonite-boulangerite, arsenopyrite, and pyrrhotite are in the core area, whereas
pyrargyrite, acanthite, native silver, and polybasite in various combinations arc mainly
along the outer margin of the system with a late quartz stage (Fig. 4-3). These are termed
"dry ore" in the mining district due to the general lack of galena, and are distinct in
appearance to the veins in the central portion of the district (Cairnes, 1934). It should be
noted however that pyrargyrite may be telescoped back to the core of the district. A
significant feature of the zoning pattern is that the hydrothermal facies progress outwards in
distribution and paragenesis from a core area centered in the Slocan Series, to a marginal
facies in the Nelson Batholith. The veining is not zoned away from the batholith but rather
in the opposite direction against the batholith. The indications are that the presently
exposed margins of the batholith were not the hydrothermal starting point. This
interpretation conflicts with past studies which link the veins to the Nelson batholith, and
did not consider the district aspect of zoning (Cairnes, 1934; Reynolds and Sinclair, 1971;
Cox, 1979; and Andrew et al., 1984). Alternatively, hydrothermal activity may have been
related to the many felsic dikes which are distributed throughout the district (Fig. 4-3), or if

much younger, to the Eocene extension and emplacement of the Valhalla core complex.

Coeur d'Alene mining district, Idaho

The Coeur d'Alene mining district of Idaho is the world's premier silver producer,
with over one billion ounces produced since 1884, as well as significant Pb, Zn, Cu, and
Au production (Venkatakrishnan and Bennett, 1988). This prolific area is located in
northern Idaho, centered on the town of Wallace, approximately 100 km cast of Spokane,
Washington.



Host rocks to the mineral deposits are part of the Belt Supergroup which are a
6,400 m thick sequence of regionally extensive Precambrian sedimentary rocks (Hobbs et
al, 1965). The St. Regis, Revett, Burke, and Prichard formations are important in
localizing ore; these are dominated by clastic sedimentary rocks including mainly quartzite,
impure quartzite, argillite, and some carbonate bearing beds (Hobbs ct al, 1965). The
rocks have been folded and metamorphosed to the greenschist facies.

Plutonic rocks which crosscut the Belt Supergroup in the mining district are known
as the Gem and Dago Peak stocks. The intrusions are Late Cretaceous in age and vary
from granite 1o quariz monzonite and granodiorite. The presence of the buried Atlas pluton
is inferred from an acromagnetic survey (Gott and Cathrall, 1980).

Three majoc aorthwest striking dextral faults pass through the district. Subsidiary
faults to these and joints are important in localizing ore, although much of the movement on
the major faults is post-ore. Fault controlled veins are mostly a few meters wide and form
extensive planar bodies. As an example, the Star-Morning mine has been mined along
strike for 1,372 m and to depths greater than 2,317 m (Bennett and Venkatakrishnan,
1982). The great vertical continuity of the orebodies is characteristic of the district, placing
it in a class of its own in terms of productivity. Most of the mineralized veins have similar
attitudes to the regional faults. Important ore minerals within the veins arc galena,
sphalerite, and tetrahedrite in a gangue of quartz, siderite, pyrite, and pyrrhotite. A
Cretaceous age of mineralization is favoured by Fryklund (1964), who lists seven mines
where mineralized veins crosscut Cretaceous monzonite dykes and intrusions. Crosby
(1959) noted that ore in the Success mine crosscuts the Cretaceous monzonite in some
places and is earlier in other places, indicating contemporaneity between the two. Leachet
al. (1988) on the other hand, present four K-Ar age dates from vein sericite: 829 +/- 40
Ma, 876 +/- 43 Ma, 447 +/- 25 Ma, and 77 +/- 5 Ma. These values and other arguments
are used to establish a Proterozoic age of mineralization (Leach et al, 1988); but the range

of the four numbers from Proterozoic to Cretaceous time is still somewhat inconclusive,
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though critical in a genetic interpretation. Regardless of the association, or lack of
association to the plutons, mineralogical zoning of the district is well developed and
presented here for comparative use (Fig. 4-4).

Mineralogical zoning within the district was clearly displayed in the report by
Fryklund (1964), who also claborated on geochemical zoning within the ore; zinc, lead,
copper with silver zones were represented, and are largely indicative of the changing
abundances of sphalerite, galena, and tetrahedrite which increase respectively from
northwest to southeast along the district trend.

Post-ore faulting has offset mineralogical zones in the (o= & Alene distric'. A
palinspastic reconstruction of the original position of the orcbodies has been completed by
Bennett and Venkatakrishnan (1982). This reconstruction, together with maps and deposit
descriptions by Fryklund (1964), have been combined to form the general mineralogical
zoning map of Figure 4-4. Large scale hydrothermal zoning is clearly displayed. The
zonation is in part concentric around the Gem stocks, but mainly progresses away from the
stocks in a linear fashion, for more than 20 km, to the southeast along the general trend of
the preexisting fault structures. The innermost zone to the stocks is characterized by
hydrothermal quartz-magnetite veins with grunerite and garnet. This group of veins may
be unrelated to the orebodies if the orebodies are Proterozoic in age. However spatial
mineralogical zoning progresses outwards beyond this to pyrrhotite and locally jamesonite-
boulangerite bearing veins. Calcite-pyrite veins are known to occur in abundance in the
area surrounding the stocks. Further from the stocks, siderite appears with also sphalerite,
galena, and tetrahedrite. Tetrahedrite increases in importance away from the stocks in
deposits such as the Sunshine mine where pyrargyrite, acanthite, and polybasite may also
be found (Fig. 4-4). Orebodies completely dominated by epithermal characteristics,
however, are not reported.

Mineral zones in the district have in the past been related to stratigraphic
formations, partly helping in the palinspastic reconstruction (Bennett and Venkatakrishnan,



1982). But exceptions to this stratigraphic control, where mineral zones transgress
formations, indicate that the zones might not be related entirely to stratigraphy (Fig. 4-4)
(Bennett and Venkatakrishnan, 1982). Rather, figure 4-4 indicates a proximal (o distal
flow pattern from northwest to southeast for evolving hydrothermal fluids. With this
possibility, and analogies in the Keno Hill and Slocan districts, a possible interpretation is
that of Hershey (1916) who proposed that the metals were in the Belt sediments and were
remobilized into the veins during the intrusion of the Gem stocks (Fryklund, 1964); an
interpretation which hinges on the age of mineralization. This coincides with the
documented depletion halo of volatile clements such as antimony and arsenic in the host

rocks which surrounds the plutons up to 3 km from the contact (Gott and Cathral, 1980).

DISCUSSION AND SUMMARY

The similarities among the three districts are such that a gencral model can be
applied. All three districts are characterized by thick sequences of predominantly clastic
sediments which have been metamorphosed to the greenschist facies. Age of host rocks
however are variable, from Proterozoic to Jurassic. Orebodies are structurally controlled
along fractures and extensive sets of strike slip faults. Textural evidence exists in all cases,
indicating that hydrothermal activity and fault movement have been largely
contemporancous. The hydrothermal systems are typically of a large scale, extending
laterally for 25-40 km and display a characteristic zoning sequence. Hydrothermal facies
progress from a core area of veins containing various silicates (feldspar, epidote, quartz, or
garnet, amphibole zic) and some oxide minerals (cassiterite, magnetite, ilmenite).
Carbonates of calcite and/or siderite then appear, locally with the index mincrals
jamesonite-boulangerite, pyrrhotite, arsenopyrite and variable concentrations of the ore
assemblage. Further along the sequence, the typical ore assemblage of galena-sphalerite-
tetrahedrite-pyrite-siderite dominates the veins. The outermost zone is marked with
pyrargyrite accompanied by acanthite, polybasite, stephanite, and a late quariz stage. This
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commonly contains less galena, sphalerite, and siderite. The linear nature of the zoning
appears (0 be due 1o the anisotropic and linear distribution of structural festures which
control the veins. The structures formed independently of pluton intrusion, allowing for an
asymmetric distribution of zones about the plutons during hydrothermal activity.

Latera: zoning may be developc3 over broad areas due to temperature and pressure
gradients which are weaker than in the vertical direction. Other features which contributed
10 the extensive nature of these sysiems are open space flow, active faulting, and relatively
pon-reactive host rocks. A certain degree of stratigraphic restriction also enhances lateral
distribution. Precipitation mechanisms which are likely more important in such an
environment are boiling and fluid mixing, such as are documented in the Keno Hill district
(Chapter 5), and in Slocan (Brame, 1979), and immiscibility in the Coeur d' Alene district
(Lesch ¢. 4., 1988). Genetic implications are not emphasized here, as much work is
needed in this area. Rather descriptive similarities are underlined, which themselves have
unifying genetic implications for a similar hydrothermal environment established along
portions of the Omenica Crystalline Belt.
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CHAPTER §

BOILING OF H,0-CO,-NaCl FLUIDS IN THE KENO HILL Ag-Pb-Zn
VEIN SYSTEM, YUKON: A FLUID INCLUSION STUDY

INTRODUCTION
The Keno Hill mining district is one of the richest polymetallic Ag-Pb-Zn vein
systems in western Canada. Situated in central Yukon (Fig. 5-1), the district has produced
over 6.4 billion g of Ag since mining began in 1913. Average grades are very high: 1412
g/t Ag, 7% Pb, and 4.6 % Zn (Watson, 1986). The veins are an excellent example of the
many hign grade silver deposits which are located along the castern portion of the Canadian
Cordillera (Fyles, 1966).

Early geological work in the Keno Hill mining district concentrated on documenting
the complex mineralogy of the numerous veins (Boyle, 1965). A corresponding mid-
Cretaceous age between the veins and granite plutons of the region was established
(Sinclair et al., 1980), indicating 2 ;"ssible genetic link between the two. Recent studies
of mineral paragenesis in the veins, and mineral zoning in the district display a relationship
between the veins of the Keno Hill mining district and the Cretaceous Mayo Lake piuton
(Chapter 3).

Although the orebodies have been extensively described, limited information exists
concerning the origin of the veins. To investigate the nature of hydrothermal activity in the
formation of the orebodies, a fluid inclusion study was undertaken. Samples were
collected along the entire length of the 25 km long mining district. Standard
beating/freezing techniques were applied using a U.S.G.S. fluid inclusion stage (Werre et
al,, 1979).

The fluid inclusions demonstrate the correspondence of boiling with ore formation.
Because pressure is an important parameter in controlling boiling, methods of pressure
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estimation from threc-phase fluid inclusions were applied (Parry, 1986), and a computer
program was Ceveloped to perform the calculations (Appendix 2). The results show that
large fluctuations in fluid pressure occurred, at various sites within the veins, during
mineralization.

Host rocks to the vein system are graphitic. Calculations of water-graphite equilibria
are presented. These demonstrate the considerable influence that graphite had on the
composition of the fluids. In general graphite has a strong buffering capacity, imparting
high CO, + CH, contents to hydrothermal fluids (French, 1966; Ohmoto and Kerrick,
1977). Bowers and Helgeson (1983 a,b) have shown that unmixing (boiling) in the
system H,0-CO,-N- Cl may occur at relatively high pressures. The high CO, content
maintained in the mineralizing fluids of the Keno Hill mining district, < the presence of
graphite in the host rocks, increased their susceptibility to boiling. Deep seated high
pressure boiling is documented here, in the fluid inclusion record of the Keno Hill mining
district, and appears to have been the main mechanism of ore formation. Later mixing of
the boiled saline fluids with cooler dilute fluids marked the end of hydrothermal activity.

Geological setting

The mineral deposits of the Keno Hill mining district are contained within the
Mississippian, Keno Hill Quartzite of central Yukon. The quartzite has been traced along
strike, from cast to west, for more than 220 km (Tempelman-Kluit, 1970). It vestern
extent terminates at the Tintina fault, a Cordilleran scale transcurrent shear which has up to
900 km of right-hand offset (Gabriclse, 1985).

The regional setting consists of sedimentary rocks ranging in age from Proterozoic to
Jurassic, which were deposited on the ancient continental margin of North America (Abbott
ct al., 1986). Stratigraphy in the region has been greatly disrupted by thrusting. Units
were thrust o the north in Late Jurassic - Early Cretaceous time (Tempelman-Kluit, 1979).



The Keno Hill Quartzite is a distinctive unit due to its black graphitic nature. In the
mining district, it has a structural thickness of approximately 1 km, and is thrust-bound
above and below by extensive graphitic schist units. These are informally known as the
"Upper" and "Lower" schists (Fig. 5-1). The Lower schist is Jurassic in age (Poulton and
Tempelman-Kiluit, 1982); the Upper schist is of uncertain age. All three units contain a

moderately dipping schistosity related to isoclinal folding and thrusting (McTaggart, 1960).

Greenschist metamorphism accompanied deformation. An upright crenulation cleavage
overprints the thrust-related fabrics, and is assnciated with dextral transcurrent shear in the
region (Chapter 2).

Concordant greenstone lenses are abundant throughout the Lower Schist and Keno
Hill Quartzite. They are interpreted to be the metamorphosed equivalents of gabbro or
diorite sills (Green, 1971). The age of the greenstones is uncertain, but they are
contemporaneous or younger than the Jurassic Lower Schist unit.

The district is contained within a region which is part of the northern extension of the
Omenica Crystalline Belt (Monger et al., 1982). Several felsic plutonic bodies are found
throughout the area. These are part of the Cretaceous Selwyn plutonic suite and range in
composition predominantly between granite and granodiorite (Anderson, 1987). In
association with these are widespread aplite dykes of the same age (Green, 1971). Also in
the district are some lamprophyre dykes, which are rare and of undetermined age.
Intrusive rocks crosscut all metasedimentary units, as well as deformation fabrics.

Micas from hydrothermal alteration surrounding the Ag-Pb-Zn veins of the mining
district have been dated at 84 = 4 Ma by the K-Ar method, indicating contemporaneity
between the veins and granite emplacement (Sinclair et al., 1980).

Mineral deposits
Orebodies are contained within an extensive set of northeast-striking, sinistral strike-

slip fauits (McTaggart, 1960). These form a conjugate set to the brittle-ductile Mayo Lake
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Shear Zone, which is cast of the mining district (Chapter 2). Individual ore bearing
structures are usually less than 4 km in strike length, but collectively they form the 25 km
long mining district. The faults are best developed in the brittle Keno Hill Quartzite; the
schist units above and below the quartzite are less fractured and faulted. Both lithologic
and structural control are important in localizing orebodies. Zones of dilation due to
deflections in the fault planes along anastamosing faults, or between overlapping ends of
en echelon faults, are favourable sites for mineralization (Chapter 2). Orebodies are also
located along the portions of the faults that pass from the quartzite into the Upper Schist
unit (Boyle, 1965). Shearing and brecciation of hydrothermal minerals followed by
hydrothermal cementation of broken clasts, indicate a certain degree of contemporaneity
between fault movement and hydrothermal activity. Hydrothermal breccias are commonly
observed (Chapter 3). A set of northwest striking, dextral faults post-date mineralization,
and truncate many of the orebodies.

Although the mining district extends from east to west for 25 km, the entire vein
system is continuous within the Keno Hill quartzite for approximately 40 km if non-
economic veins are included. Vein mineralogy along the length of the hydrotherin... system
is zoned relative to the Mayo Lake Pluton (chapter 3). The pluton is situated at the eastern
end of the district. A list of hydrothermal minerals and their paragenetic position within the
veins is given in Figure 5-2; however the complete set of minerals is never seen together
within a single vein, and the paragenesis diagram is only schematic, since timing inferences
are made for minerals from adjacent zones which do not occur together by the minerals
which overlap between the zones. Quartz-feldspar veins characterize the assemblage
nearest to the pluton, with some cassiterite bearing, quartz-muscovite veins at the edge of
this zone. Away from the pluton, caicite and then siderite are abundant in the veins.
Sulfides become more common with siderite. Extensive mineralogical documentation from
within the orebodies is given by Boyle (1965). A typical paragenetic succession consists

of early quartz with associated arsenopyrite, jamesonite, boulangerite, sphalerite, some
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Figure §-2. Paragenesis diagram of principal hydrothermal vein minerals found in
Keno Hill mining district. Quartz, siderite, and late quartz (quartz IT) were used in the fluid

inclusion study; the relative timing between these is well established. The complete set of
minerals, however, from the district is never seen together within a single vein, and the
nesis diagram is largely schematic, since timing inferences are made for mincrals
thcm adjacent zones which do not occur together, by the minerals which overlap between
zones.
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chalcopyrite and traces of native gold; followed by the dominant ore stage containing
siderite, galena, sphalerite, tetrahedrite, and pyrite. The early ore: phase is most abundant
on Keno Hill in the eastern portion of the mining district. A third stage which is later than
these two, and is found predominantly in the western portion of the district, consists of
finer quartz, pyrargyrite, acanthite, native silver, polybasite, stcphanite, and freibergite.
An exception to this is the Lucky Queen mine on Keno Hill in the east of the district (Fig.
5-1). The late stage is also the furthest from the Mayo Lake Pluton.

FLUID INCLUSIONS

Minerals suitable for fluid inclusion investigation

Of the non-opaque phases in the vein system, quartz and carbonate contain the
greatest abundance of fluid inclusions, which are adequate for investigation. Most of the
sphalerite is too dark for inclusions to be easily examined. Within the mining district,
quartz and carbonates span the entire paragenetic sequence. Siderite is closely intergrown
with the opaque mineralogy of the oreshoots, and is thought to contain fluid inclusions
representative of the original ore forming fluid. The early quartz stage contains a great
abundance of large inclusions, whereas the siderite and late quartz stages contain relatively
few, small fluid inclusions. Consequently, the abundance of data is biased to the earlier
stage of quartz, but equal importance is given to inclusions from the various stages during
the interpretation.

Texturally, considerable contrast can be observed in the gangue mineralogy . The
carlier quartz stage is characterized by coarse cuhedral crystals with extensive internal
growth banding, as defined by multiple, hexagonal, concentric layers of primary
inclusions. Siderite on the other hand is generally medium grained, equigranular, and
massive. Late stage quartz is fine to medium grained, cuhedral to granular, and is often
dendritic with single crystals displaying a "feather” pattern in thin section. Overgrown
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dendritic quartz may contain very small primary fluid inclusions caught between dendrites;
however, these cavities are mostly cmpty.

Hydrothermal minerals through large sections of the veins have been sheared, from
fault movement that was later than, or possibly contemporaneous with hydrothermal
activity. But portions of the veins and isolated pods retain unstrained vein minerals; these
were used throughout the fluid inclusion study.

The sample distribution spans the entire east-west length of the 25 km long mining
district (Fig. 5-1). Sampling transgresses many of the mineralogical zones in an attempt to
correlate fluid characteristics with changing mineralogy. Close attention was paid to spatial
and temporal distribution of samples. While much of the emphasis was on the orebodies,
fluid inclusions were also studied from quartz within the quartz-feldspar veins of the region
near the Mayo Lake Pluton. These veins are “1ought to have been part of, or analagous to,
the feeder veins through which the mineralizing solutions passed before ore formation, and
may give insight into hydrothemal processes which took place in the source region.

Because of the size of the district and scope of the project, inclusions of obvious
secondary nature (along healed fracture planes) were given less attention. Inclusions
showing the best evidence of primary origin are those which have formed along growth
planes. Fortunately this is a common type in the early quartz stage. However, because
rigorous criteria for fluid inclusion origin is more commonly lacking, most of the data were
obtained from inclusions of more or less uncertain or ambiguous origin, which are

nonetheless representative of one portion of the system's evolving history.

Fluid inclusion types

Fluid inclusion types are distinguished by their phase proportions at room
temperature, as well as by their behaviour upon heating/freezing. Six types of fluid
inclusions are commonly observed in the gangue mineralogy. Three of these are found in
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the early quartz stage, one type predominantly was observed in siderite, and two types

were seen in the late quartz stage.

Within early quartz, the inclusions are typically large, from 20-80 microns and
contain H,0-CO,-NaCl=CH,. Type I inclusions contain relatively high but variable
contents of CO, (Fig. 5-3 A). The inner CO, bubble volume, at 40° C, varies from 30-50
% of the total inclusion volume, but may be as high as 80%. Distinctive of type I
inclusions is the tendency of the innermost CO, (g) bubblie to homogenize at low
temperature by bubble shrinkage to liquid CO,, between 23°-26° C. Correspondingly, at
room temperature, the CO, (g) bubble is very small and near its homogenization point (Fig

5-3 A). Type I inclusions within quartz crystals are sometimes distributed along growth
planes, and are thought to be mostly primary in origin. Morphologically, the inclusions
often form hexagonal negative crystals, but also can be quite irregular. Within the veins,
type I inclusions are found both in compact anhedral early quartz, or in coarse euhedral
early quartz which appears to have grown into open portions of veins. Locally, quartz
interlocked with siderite contains type I inclusions.

Type II inclusions are also three phase inclusions within early quartz, similar in
appearance to type I except that their CO, content is significantly less (Fig. 5-3 B, C).
Here the internal bubble is dominated by gaseous CO,, with only a thin rim of liquid CO».
The most definitive means of distinguishing type I from type II inclusions, is by the CO,
inner bubble homogenization characteristics. The inner CO5(g) bubble of type Il inclusions
homogenizes by bubble expansion to gas, instead of by bubble shrinkage to liquid.
Because the third dimension of the fluid inclusion is not usually seen, the volume percent
estimate of the bubble relative to the whole inclusion is not always accurate; however,
estimates range from 20-70 %. The size and shape of type Il inclusion are similar to that of
type L Type Il inclusions are located in the same quartz crystals as type I inclusions, and
microscopically they may occur in the same field of view. Type Il inclusions of primary
origin do exist, but they can be frequently observed along secondary planes as well.



Figure 5-3. Mi ofmainﬂuidinclmiontypes:aﬁphaetygl
inclusion, inner CO5q) le homogenizes first by bubble shrinkage, followed by
total inclusion homogenization by bubble expansion at high tem: ; b) 3 phase
wpnmbmm%:nywbmmmﬁmhg:'MWw
gasseous CO,, followed by total inclusion homogenization at high temperature by
bubble shrinkage 10 liquid; c) Type II inclusion with thin rim of liquid CO, along
margin of inner bubble; d) two phase type IIl inclusions; ¢) type IV inclusions in
siderite; f) type V inclusion in late quartz.
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Type III inclusions, common in early quartz, are characterized by two phase

liquid/vapor inclusions (Fig. 5-3 D). These are ofien smaller in size, from < 5-30r S.
and do not usually form negative crystals, but are elliptical in form. At room temperatuic
the vapor/liquid ratio is 15 %-50 % by volume, notably less than in inclusion types I and
II. Water dominates type III inclusions, but the presence of carbon dioxide is indicated in
many inclusions by the formation of clathrates in the freezing experiments. [solated,
possibly primary, type III inclusions may be found in portions of some quartz crystals, but
they are also observed along healed fractures.

Within the same veins, siderite is paragenetically later than the early quartz. Fluid
inclusions within siderite (type IV) are small, 5-15 microns across, irregular in form, and
show two phases at room temperature (Fig. 5-3 E). They are water dominated and contain
a gas bubble which makes up 15-30 % of the inclusion volume. Carton dioxide within the
gas phase is indicated in some of the inclusions, by the formation of clathrates during
freezing runs. Type IV inclusions are generally rare, and difficult to work with due to poor
optics in the oxidized siderite. Many fractures, small inclusions. and double refraction also
cause difficulties. Doubly polished chips must be cut thin, are fragile, and often tend to
crumble because of the perfect rhombohedral cleavage. Consequently relatively few data
were obtained from these. However substantial effort was dirrected towards finding
inclusions in siderite suitable for study, since siderite is closely intergrown with the ore,
and is thought to contain inclusions representative of the ore forming fluids. Within
siderite a few vapor dominated inclusions were observed at room temperature, but because
of leakage during heating it remains unknown if they are representative of the fluids in its
originally trapped state.

The late stage quartz contains fluid inclusions (type V) which are very small, less
than 10 microns, dilute H,0()-H30y, inclusions (Fig. 5-3 F). The vapor bubble at room

temperature is small, comprising between 15 % - 25 % of the inclusion volume. The
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inclusions are most often trapped within overgrowths to quartz dendrites, and are

representative of the fluids which precipitated the latest stage of quartz.

A few pure CO, inclusions (type VI) were found within the late stage quartz, as well
as a few within the early quartz stage. The purity of these inclusions is indicated by
melting temperatures very near -56.6° C, and by the lack of clathrate formation. Total
bomogenization is to vapor, betw=¢1 +25.8° to +27.8° C. Their origin is uncertain, but
they may indicate the complete immiscibility between H,O and CO, under low pressure

conditions.

Heating/freezing data

The heating and freezing measurements for all inclusions are summarized in
Appendix 1. Type I inclusions contain variable proportions of CO, and H,0.
Correspondingly, upon heating total homogenization is either by CO, bubble shrinkage for
inclusions with lesser amounts of CO,, or by CO, bubble expansion for inclusions with
higher gas contents. Both homogenize within the range 285°-345° C, with a histogram
peak distribution at 305° C (Fig. 5-4 A). The contemporancous cntrapment of liquid-
dominated and gas-dominated fluids at the same temperature is typically interpreted to
indicate boiling fluids (Roedder, 1984).

Variable liquid/gas ratios are observed in type Il inclusions. At high temperature,
characteristics of homogenization vary widely. Inclusions homogenize to cither liquid by
bubble shrinkage, or to gas by bubble expansion, both within the same temperature
bracket. Occasional supercritical behaviour, such as bubble margin "fade-out” is recorded
as well (Roedder, 1984). Almost all type II inclusions homogenize between 300° to 310°
C, similar to type I inclusions (Appendix 1, Fig. 5-4 A). Type I inclusions are interpreted
to have been trapped during boiling.

In both type I and type Il inclusions, the melting temperature for CO, is usually
between -56.6° C and -57.5° C, indicating the presence of relatively pure CO, (Hollister
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and Burruss, 1976). However the presence of other gases in small quantities, likely CH,;

and/or N,, is indicated in some inclusions by slightly depressed CO, melting temperatures,
down to -59.2° C (Hollister and Burrus, 1976).

Type Il inclusions generally homogenize by bubble shrinkage. A wide range of
homogenization temperatures are recorded, from 210° C to 365° C, but tend to cluster near
290° C, slightly lower than types I and II (Fig. 5-4 B). A few type Ill inclusions
homogenize to gas, at similar temperatures to surrounding inclusions which homogenize to
liquid, indicating that some boiling occurred during quartz precipitation from type III
fluids.

In siderite, homogenization of inclusions (type IV) is to liquid, mainly between
temperatures of 260°-280° C (Fig. 5-5 A). Supercritical phenomena were observed in one
specimen. During heating, siderite and its weathering products tend to oxidize, reducing
visibility; the problem was somewhat alleviated by using N, gas instead of air.

Type V inclusions from late quartz homogenize to liquid. A wide range of
temperatures is recorded, from 152° to 335° C, but a faint clustering of data is observed
near 220°-250° C (Fig. 5-5 B).

Salinity

Salinity determinations are reported in weight percent NaCl equivalent relative to
water. Although other salts are likely present as well, this notation is the widely used
index of the overall amount of dissolved salts in the fluids, when salinity is determined
from ice and clathrate melting temperatures. For inclusion types L, II, III, and IV, clathrate
melting temperatures were measured and salinity was estimated using the equation of
Bozzo et al. (1973). For type V inclusions, as well as some type IV inclusions which did

not form clathrates due to low OO, contents, ice melting temperatures were inserted into

the equation of Potter et al. (1978) for salinity determinations.
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Resuits of salinity determinations are displayed in Figure 5-6. Types [ and II
inclusions have a salinity range between 0 and 7.1 weight percent NaCl equivalent,
corresponding to clathrates melting between +10.0° to +6.2° C, though salinity is usually
less than 4 weight percent. The salinity estimates are slightly lower than the actual salinity
in some inclusions due to the presence of minor accessory gases other than CO,, as
indicated by depressed melting temperatures for CO, below -56.6° C (Burruss, 1981).
For type Il inclusions in early quartz, melting temperatures indicate a wide range of
salinities, from 0 to 17.3 weight percent NaCl equivalent . An even greater range of results
is observed from type IV inclusions in siderite, from 0 to 19.8 weight percent NaCl
equivalent, but most of the results fall between 10 to 15 weight percent NaCl equivalent
(Fig. 5-6).

A characteristic feature of fluid inclusions within late quartz is the generally low
salinity, most often less than 1.5 weight % NaCl equivalent. Higher salinities, up to 8.8
and 13.3 weight % NaCl equivalent, are occasionally recorded.

Figure 5-6 is a plot of homogenization temperature versus salinity. Type I and II
inclusions have temperatures mostly between 300°-310° C and a salinity range of 0 to 5
weight percen: NaCl equivalent. Fluid inclusions from siderite are distinctive due to their
high salinity and slightly lower homogenization temperatures. Homogenization
temperatures and salinities recorded in type Il inclusions from early quartz overlap
between the characteristics of the inclusions in siderite, and the characteristics of type I and
I inclusions. The late stage quartz has distinctive inclusions in that they are low
tcmperature, low salinity inclusions (Fig 5-6).

Inclusions of type L, II, III, IV, and V maintained consistent heating/freezing
properties from east to west along the length of the mining district (Fig. 5-1 and Appendix
1). However early quartz, and consequently fluid inctusion types L II, and III, are more
abundant in the cas:, whereas late quartz is more widespread in the west. Siderite,
paragenctically between these two, extends completely from east to west.
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Quartz-feldspar veins

Although not piesently of economic interest, quartz-feldspar veins within the Keno
Hill hydrothermal systen form a distinctive zone, nearer to the plutonic bodies than the ore
deposits (chapter 3). Some fluid inclusion data were gathered from vein minerals in the

ion of quartz-feldspar veining near the Mayo Lake Pluton to help characterize the full
extent of the system (sites 15 to 23 on Figure 5-1). Eight different veins were sampled,
and 110 inclusions in quartz were studied.

Five relatively high temperature inclusion’, were observed (Appendix 1). These are
two phase inclusions, which homogenize to the vapor phase between 450° and 535°C. At
room temperature the vapour/liquid ratio is approximately 50 % by volume. No freezing
point determinations were obtained from these, even after cooling the chips down to -120°
C. Consequently, they are of undetermined composition.

The majority of inclusions viewed however, homogenize to liquid between 300° and
400°C. Both two phase and 3 phase H,0-CO,+CH, inclusions occur. The presence of

some gases other than CO, is noticeable in these inclusions, as clathrate melting

temperatures often exceed +10° C, and the CO, melting point has been depressed to values

usually near -59° C. Because of these extra components, salinity determinations are
minimum values when using the clathrate melting temperature. Estimates are generally less

than 3 weight percent NaCl equivalent.

Within the three phase inclusions, a particularly distinctive feature is the low
homogenization temperature recorded ;> many of the inner CO, bubbles; these
homogenize to liquid at temperatures as low as +12.6° C. The depressed temperatures
may be interpreted to be due to the presence of CH,, which has the effect of lowering the
critical point of CO, to temperatures below 31° C (Hollister and Burruss, 1976). Higher
pressure conditions of fluid entrapment, and a high density CO, fluid within the inclusions

may also contribute to the lower hogenization temperatures for CO,.
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XC0o; and pressure determination

Fluid composition in the system CO,-H,0-NaCl is typicaily estimated in fluid
inclusions from the CO,/H,0O volume measurements (Burruss, 1981; Poty et al., 1974;
Hollister and Burruss, 1976), and from the clathrate melting temperature for salinity
(Bozzo et al., 1973). An inherent problem is not being able to observe the form of the
fluid inclusion in the third dimension (Bodnar, 1983). This introduces a great deal of
uncertainty when estimating the volume percentage that the CO, bubble occupies in the
inclusion, since inclusions can have irregular forms and variable depth.

Parry (1986) outlined an alternate method for the estimation of XCO, and pressure in
three phase H,0-CO,-NaCl fluid inclusions, which requires only accurate heating-freczing
data. The method may be applied to inclusions which have been trapped on the two phase
boundary. A restriction of the method is that methane must be negligible or absent from
the inclusion, a condition which can be verified by the freezing point determinations on
CO, (Burrus, 1981).

For pressure determinations, calculations are performed using thc P -dlich-Kwong
equation of state, with parameters proposed by Bowers and Helgeson (1983). A computer
program written in BASIC was designed during the course of this study, and is included in
Appendix 2.

Many type I and II inclusions are appropriate for calculating XCO, and pressure.
Type I inclusions vary in composition from XC0, = 0.13 to 0.28, and were trapped in a
pressure range from 1514 bars to 1767 bars. Type I inclusions are relatively depleted in
CO,, with XCO, = 0.05 to 0.08, and were trapped at a lower pressure, between P = 486
bars to P = 675 bars.

Type IIL, IV and type V inclusions are two phase inclusions to which the pressure
determination method cannot be applied. However, the formation of clathrates upon
freezing, brackets the CO, content to: 0.01 < XCO, < 0.03 (Hedenquist and Henley,
1985). And, for the inclusions that did not form clathrates, the CO, content is low , less
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than 0.01 mole fraction. Pressure determinations for these low CO, inclusions cannot be

made using the above method, which requires three phase fluid inclusions.

The contrasts in pressure and XCO, which are recorded for type I and II inclusions,
are spatially distributed on a small scale, within individual veins and individual hand
samples. It is evident from the data and inclusion distribution that a significant pressure
drop occurred at iocal sites. The resulting immiscibility from pressure drop, boiling, and
loss of CO, coincide with ore deposition within individual fault zones.

INTERPRETATION OF FLUID INCLUSION DATA: A BOILING MODEL
FOR THE KENO HILL Ag-Pb-Zn HYDROTHERMAL SYSTEM

Depressurization, cooling, and loss of CO, during early stages of boiling

Boiling of fluids in the Keno Hill system is demonstrated in fluid inclusion types I,
and II, and to a lesser degree in type III . Inclusions from these three groupings
homogenize at high temperature by either bubble expansion, or bubble contraction, within
a limited temperature interval. Because CO; is lost during boiling, the low CO, content of
type II and IV inclusions may be the result of a fluid which formed as an end product of
boiling. This is further substantiated by the lower temperature, higher salinity, and later
paragenesis of these inclusions.

Figure 5-7 is a plot of fluid inclusion homogenization temperature versus XCO,
content of the fluid inclusion. A calculated boiling curve was generated from the method of
Henley et al. (1984), and is included on the diagram. A close correlation is observed
between the boiling curve and distribution of inclusion types L, and II from early quartz,
and type IV from siderite. Type IIl inclusions would correspond approximately to the
position of type IV inclusions on the diagram if plotted , but were omitted from the diagram

to ensure clarity of representation. The boiling curve provides an estimation of the amount
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of steam separation, and a determination of the fluid pressure at the time of trapping, as

well as showing the cooling effects of boiling and loss of CO,.

Calculations used in boiling curve determinations are described by several authors
(Giggenbach, 1980; Henley et al., 1984; Drummond and Ohmoto, 1985; Hedenquist
and Henley, 1985). However, unlike the Keno Hill system, most of these are applied to
epithermal systems where initial carbon dioxide contents are lower, less than 3 molal, and
boiling is initiated at relatively low pressures.

Boiling is a dynamic event in hydrothermal systems, resulting in significant
chemical and physical changes withia the fluid (Drummond and Ohmoto, 1985). Principal
among these is the cooling effect. The molal enthalpy of HyOy, is significantly higher than
H;0,), or any of the other common gases in the fluid. Loss of HyOy) results in a cooler
residual liquid. Even with significant loss of CO,, which has a relatively small enthalpy of
exsolution and negligible effect on heat loss, cooling is principally the result of water vapor
formation (Drummond and Ohmoto, 1985). The fraction of water converted to steam (Y),
which is necessary for a particular degree of cooling, may be calculated from the following

formula:

Hgy11 = I-YHg 2 + MH@ 12 )

where H;) and H,y,) are the enthalpy of HyO(y and Hy0y,) in saline solutions (Haas, 1976),
and T1 is the temperature at the beginning of boiling while T2 is the temperature at the end
cf boiling.

Two types of fluid separation are commonly modelled when calculating we
composition after boiling. The first, single-step boiling which is also known w ctnem
system boiling, assumes that the stcam separates adiabatically and remains in ~ .sco w
the liquic over the boiling interval. It can be expressed as follows:
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Ci= Co/(1+Y(B-1)) @

where C,, is the initial concentration of the species in the liquid, and C, is the concentration
after boiling. The fraction of steam formation, Y, is calculated from (1), and B is the
partition coefficient (Giggenbach, 1980; Henley et al., 1984). During steam separation,
dissolved gases typically partition into the volatile phase. The partition coefficient B is
defined as the concentration of gas in vapor divided by the concentration of gas in liquid.
The coefficient is temperature dependent, and shows a decrease for the following gases (in
decreasing order of B): H,, CH,, CO,, H,S, SO, (Drummond and Ohmoto, 1985;
Giggenbach, 1980). Because of the preferential loss of reduced gases such as H; and
CH,, boiling tends to have an oxidizing effect on the fluid.

The second type of boiling commonly referred to is known as continuous stcam
scparation or Rayleigh boiling. This form of boiling assumes that the separating steam
fraction does not remain in contact with the liquid and is immediately removed upon

exsolution, represented by:

Ci=(NC, B €))

where B' is the average distribution coefficent for the temperature interval considered
(Henley et al., 1984).

Truesdell et al. (1977) found that in active geothermal systems, closed system boiling
in sequential batches, or what may be termed multiple-step, steam separation (Henley et
al., 1984), best explains the observed phenomena in boiling systems. In Figure 5-7, the
calculated curve for closed system boiling in 10° C cooling intervals, closely approximates

much of the observed data. After 17 percent water vapor formation, the temperature of the
liquid is lowered from 310° C to 250° C. Also, the CO, content is lowered from XCO, =

0.25 at the beginning of boiling to XC0, = 0.01 at 250° C, effectively reproducing the
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different fluid types recorded in the fluid inclusions. As can be seen in Figure 5-7 carbon
dioxide is rapidly lost at the beginning of boiling, with XCO, decreasing by half to XCO, =
0.12 after only 4 percent water vaporization. The initial effects on iemperature are
minimal, even though significant portions of CO, have separated. This is because of the
low heat content of CO,. It is not until much water has vaporized that the residual fluid is
markedly cooled.

During Rayleigh boiling, nearly all of the CO, separates into the volatile phase after
only small degrees of vapor formation and limited cooling. Some of the higher temperature
inclusions with low CO, contents, which fall on the upper curve of Figure 5-7, may have
formed in this manner.

Also obtained from the boiling model is an estimate of the variation in pressure with

progressive boiling. Total pressure in the fluid is equal to the sum of partial pressures
exerted by the various gas phases. In this case, with H,O and CO, dominating:

Piotal = PH0 + Pco, 4)

The partial pressure of water (PH,0) at specific temperatures may be determined from

the steam tables of saline solutions, such as those of Haas (1976). The table

corresponding to 5 weight percent NaCl was chosen for use in this model. The partial
pressure of CO,, in a water dominated fluid, may be determined from Henry's law

constant (Ky) using the relation:

Pco, = Ky(Xco,) o)

Ellis and Golding (1963) have determined Henry's law constant for CO, in saline

waters hiving a salinity range of 0 - 5 weight percent NaCl. The variation in pressure
along the boiling path is displayed in parts of Figure 5-7; first boiling begins at 1509 bars
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and XC0, = 0.25 where quartz precipitates, and ends at approximately 130 bars and XCO,
= 0.01 where siderite forms.

Individual samples may contain a variety of fluid inclusions which collectively span
the eatire boiling curve, indicating that depressurization occurred in place. The estimated
changes in pressure cannot be explained by a simple lithostatic to hydrostatic
depressurization, but were more likely due to expansion from active faulting similar to the
mechanisms described by Sibson (1987) for other areas. This is consistent with the
textural evidence presented in Chapter 2 indicating contemporaneity between fault
movement and hydrothermas activity.

The pressures of the boiling curve correspond well with the earlier fluid inclusion
pressure determinations. Type I inclusions were trapped at approximately 1550 bars, and
the model estimates 1509 bars; type II inclusions were trapped at approximately 500 bars,
and the model estimates 485 bars. Fluid inclusion pressure determinations for the two
phase inclusions in siderite were not possible by the method of Parry (1986), but the model
indicates that they were trapped between 130 and 327 bars.

Siderite precipitation as a result of boiling

To better identify the causes of mineral precipitation and ore formation, calculations
on the solubility of siderite have been made (Fig.5-8). Siderite was chosen because of its
close association with the ore minerals, and because the fluid inclusion data yield direct
information on the principal parameters which affect carbonate solubility: P, T, and XCO,.
Although high temperature and pressure experimental information is not available for
siderite, approximations of its behaviour during boiling may be made by the use of
thermodynamic data (Bowers et al., 1984) and the equations listed in Fournier (1985).

As an analogy to siderite, experimental investigations on calcite solubility by Ellis
(1963) have shown that carbonate solubility is lowered in a hydrothermal fluid by
decreasing the partial pressure of CO, and that carbonate solubility increases with
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boiling conditions estimated for the Hill system (see figure 7 for parameters),
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the manner described by Fournier (1985),using the high pressure and temperature
equilibrium constants of Bowers et al (1984).



decressing temperature. In a boiling hydrothermal fluid these two effects counteract each
other, as CO, is lost and temperature is lowered. More recent determinations (Fein and
Walther, 1987) confirm this, and further indicate that carbonate is least soluble at both
extremes of XC0, in H,0-CO; mixtures. Increasing salinity, another consequence of
boiling, also increases calcite solubility (Ellis, 1963).

The activity of iron in a hydrothermal solution at the point of siderite saturation was
calculated for various conditions of pressure, temperature, and fC0,, in accordance to the
conditions of the boiling curve established from the fluid inclusion study (Fig. 5-7). A plot
of log a Fe2* versus temperature is presented in Figure 5-8. The diagram shows that the
solubility of siderite decreases rapidly during the initial stages of boiling, when most of the
CO, is lost. The solubility then remains constant near a minimum during further boiling.
At this point, cooling and a decreased rate of CO5 loss counteract each other to maintain a
constant solubility level for siderite. It is evident from Figure 5-8 that the initial stage of
boiling is most significant in causing siderite precipitation, the decreasing Pco, being the
prime factor. The minimum in siderite solubility is maintained between temperatures of
250° 10 285° C, a bracket which corresponds well with the recorded fluid inclusion
homogenization temperatures for siderite (Fig. 5-5 A).

A few vapour-rich inclusions were observed in siderite. However, fluid inclusion
characteristics indicative of boiling are not obvious. It is believed that boiling did however
continue into this stage because of the position of type IV inclusions at the end of the
boiling curve (Fig. 5-7). Gas-rich fluids are not always trapped in carbonates precipitated
from boiling fluids; for example, in the active geothermal fields of New Zealand,
carbonates precipitated directly from boiling fluids contain fluid inclusions which show no
evidence of boiling (Hedenquist and Henley, 1985).

121
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Large salinity increases from boiliag of fluids in an excess enthalpy

ressrvoir, and from reaction of gas depleted fluids with graphite

The large increases in salinity, recorded in the fluid inclusion record, may have been
attained in deep boiling hydrothermal systems in two ways: 1) by excessive boiling where
beat was gained through conduction from hot reservoir rocks (Truesdell et al., 1982); 2)
by water loss through the reaction of water with the host rocks, either continuously during
boiling and/or during post-boiling reequilibration (Yardley and Bottrell, 1988; Tromsdorff
and Skippen, 1986).

Evidence for an excess enthalpy reservoir

The boiling model proposed adequately accounts for many of the observed properties
of the evolving fluids, as recorded in the fluid inclusions. These include a decrease in
temperature, pressure, XCO,, and carbonate solubility. However, the boiling model, as is,
does not account for the salinity increase from the carly quartz stage to the siderite stage.
With the 20 % boiling or less calculated in the present model, the salinity increase is only
from approximately S to 6 weight percent NaCl equivalent. This greatly underestimates the
observed values, which are up to 10 to 15 weight percent NaCl equivalent within the
siderite stage (Fig. 5-6). Approximately 70 to 80 percent boiling is required to attain such
high salinities. This discrepancy arises because the first estimate of boiling was limited by
the degree of cooling, as calculated from equation (1). Such a model may be representative
of the initial stages of boiling which is accompanied by fluid cooling, but is a minimum
estimate of total boiling. In aciive geothermal systems, additional heat may be absorbed by
the fluids from hot reservoir rocks, and anomalously high chloride concentrations are
attained through excessive boiling without the usual cooling, in what are termed "excess
enthalpy wells" (Henley et al., 1984).
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Useful for interpreting excess enthalpy wells and geothermal systems in general are
enthalpy-chloride diagrams (Fournier, 1979). These are widely used for showing the
relationships between boiling, mixing, changes in temperature, and concentrations of
dissolved specics within geothermal fluids (Truesdell and Fournier, 1977), and may be
applied as well to fluid inclusion data (Robinson and Norman, 1984). An enthalpy-
chloride diagram has been constructed for the Keno Hill system (Fig. 5-9 A), using some
representative fluid inclusions from the various groupings, and enthalpy tables for saline
fluids of Haas (1976). Figure 5-9 (B) is a schematic representation taken from Henley et
al. (1984), displaying the various trends caused by boiling, mixing, and salinity increases
during boiling under excess enthalpy conditions labelled "excess enthalpy shift". It can be
seen in Figure 5-9 (A) that cooling accompanied the initial boiling in the Keno Hill system,
but that large salinity increases and extensive boiling (or water loss) occurred at a constant
enthalpy corresponding to a water temperature near 250° C. Such extensive boiling at a
constant temperature requires additional heat to have been gained by the fluids from the
host rocks. It is interesting to note that White et al. (1971) and James (1968) suggest that
the maximum enthalpy of stcam in steam dominated systems, buffers these systems at
temperatures near 240° C, closely matching the lower end of the cooling tread for the
fluids precipitating siderite in the Keno Hill system (Fig. 5-5 A). For fluid inclusions from
the late stage quartz, mixing is indicated from inclusions of intermediawe salinity and
temperature, which plot at the lower left hand portion of Figure 5-9 A. Although texturally
the quartz which contains these inclusions is paragenetically late, some overlap in time with
the siderite stage would have been necessary for the fluid mixing to have occurred. The
temperatures and enthalpy for this stage, represented on Figure 5-9 A, are possibly below
the real values because unlike the other inclusion types, boiling was not observed in

inclusions from this stage, and a pressure correction of homogenization temperatures may

be necessary.
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With the above data, it seems apparent that extensive boiling occurred due to heat

acquired from the host rocks. However, a degree of 80 % boiling is quite high, and three

points argue against the attainment of such a level; 1) sustained low pressures would have

been necessary as most of the CO, would have escaped, and the boiling pressure of water
at 2500 C is only 40 bars; 2) a significant CO, content is recorded for the fluids which
precipitated siderite, by the presence of clathrates during freezing experiments; 3) vapor-
rich inclusions are rare in siderite. Consequently water-rock reactions need to be also
considered when interpreting fluctuations in fluid salinity, since hydration reactions may

contribute to an increase in dissolved components.

Graphite as a CO, buffer, and its role in the formation of saline fluids

Graphite is widespread in the Keno Hill Quartzite. Fault planes are filled with black,
pasty, graphite-rich gouge through which the hydrothermal fluids infiltrated. Graphite
likely had an important role in controlling fluid composition. Graphite cannot coexist with

pure H,O (Frost, 1979) under typical hydrothermal or greenschist metamorphic

conditions, since the reaction
2C+2H20=C02+CH4 (17)

(Ohmoto and Kerrick, 1977), maintains the mole fraction of water to less than XH50 =

0.85 (French, 1966). The presence of graphite may also control oxygen fugacity in the

fluids, according to:

C+ 02 = C02 (18)

(Zen 1963; Miyashiro, 1964; French, 1966; Nockleberg, 1973; Ohmoto and Kerrick,
1977; Frost, 1979), keeping the fo, generally low in the fluids. A small amount of
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graphite in the rocks is sufficient to act as an internal oxygen buffer (French, 1966), since a

unit volume of graphite has nearly 17 times more buffering capacity than an equal volume
of magnetite (Frost, 1979). If other oxygen buffering minerais are not present in the rock,
or are exhausted through reaction, then the oxygen fugacity of the fluid is generally
buffered to, or just above the upper stability limit of graphite (Nockleberg, 1973).

Calculations for the distribution of species in equilibrium with graphite are given in
several papers (Frost, 1979; Ohmoto and Kerrick, 1977; Nockleberg, 1973; French,
1966). Equations and equilibria used in the construction of Figure 5-10 A and B are
summarized in Ohmoto and Kerrick (1977). A computer program was written to perform
the calculations, and is presented in Appendix 3. Figures 5-10 A and B display the relative
concentrations of species versus fo,, at pressure and temperature conditions approximating
the beginning and ending of boiling in the Keno Hill hydrothermal system. Although
several different gases may be present, the system is overwhelmingly dominated by CO,,
H,0, and CH,. Other gases such as CO and H, are of minor importance (Frost, 1979),
and are not shown here. In general, a condition of decrea<ing pressure has the effect of
expanding the mole fraction of CO, and CH, fields, w.  the mole fraction of H,O
decreases. The opposite is true for temperature, the maximum water content is increased
by a decreasing temperature. For the Keno Hill system, the upper stability limit of graphite
is pushed to lower values of fo, upon both cooling and depressurization.This can be seen
by comparing Figures 5-10 A and B.

It is not known if the low pressure environment was maintained over a long enough
p<riod of time in the faults. If reaction rates are rapid though, graphite would have had a
strong reducing effect on the fluid during boiling. The resulting reduction of the system
would have contrasted with the instantaneous effects of boiling which tend to oxidize the

fluids d e to the preferential partitioning of reduced gas, such as CH4 and H,, into the
volatile pxase (Drummond and Ohmoto, 1985).
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At 1500 bars, 310° C, and XC0, = 0.25, the initial fluid in the Keno Hill system in

equilibrium with graphite, had an oxygen fugacity of approximately log fo, = -33.4 (Fig.
5-10 A). The upper stability limit of graphite under these conditions is at log fo, = -32.8.
Under a pressure of 100 bars and temperature of 2500 C, the upper stability limit of
graphite is reduced to log fo, = -37.5. After boiling, the fluid had lost most of its CO, and
CH,, and had an fo, above the upper stability limit of graphite. The water content may
have been lowered to values between XH,0 = 0.8 to XH50 = 0.3 (Fig. 5-10), while carbon
dioxide increased to between XC0, = 0.2 to 0.7. Such high CO, contents are above the
miscibility limit for CO5-H,0O mixtures in the faults, and unmixing is enhanced because of
the saline conditions (Bowers and Helgeson, 1983), possibly establishing continuous
disequilibrium.

DISCUSSION
Boiling is clearly indicated to have been an important process in the formation of the
Keno Hill Ag-Pb-Zn deposits. Generally in polymetallic Ag-Pb-Zn veins, boiling is
widely recognized through fluid inclusion studies to have coincided with ore precipitation
(Barton et al., 1977; Brame, 1979; Godwin et al., 1986; Kerrich et al., 1986; Leach, et al.,
1988). The quantitative chemical effects of boiling on hydrothermal systems have been
investigated by Drummond and Ohmoto (198S), as well as Reed and Spycher (1985). In

these studies it is shown that the most significant consequence of boiling on fluid chemistry

is associated with the separation of CO, and H,S from water. Drastic increases in pH may
accompany CO, loss, while a tendency towards higher oxidation states may be due to H,S
separation. As a result, metals which are complexed by chioride, such as Ag, Pb, and Zn

(Seward, 1976, 1984), are deposited due to the decreasing proton concentration. This can

be seen in the following reactions for galena and argentite:
PbCly + HySaq = PbSq) + 2CI- + 2H* 19)

2AgC1 + HySyg = Ag;S(s) + 2C1 + 2H* (20)
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The loss of the hydrogen ion is likely more significant than the concomitant decrease in

H,S during boiling, because of its exponential erfect on the equilibrium constant. Also,
boiling was found to be particularly effective near 300° C, and increases in efficiency as
temperature is lowered (Drummond and Ohmoto, 198S).

At Keno Hill, the salinity of the fluids indicates that chloride complexes of Ag, Pb,

and Zn were likely important in metal transport. The complexes which were in solution

initially near 3000 C, were destabalized during boiling and cooling due to CO, exsolution
and accompanying rise in pH, resulting in ore precipitation. The loss of CO; is clearly
documented in the fluid inclusion record. Salinity on the other hand is shown to increase
with boiling, an effect that would have the consequence of increasing metal solubility,
except that the metal concentration increases due to boiling as well.

Graphite in the host rocks of the Keno Hill mining district appears to have had an
important role in the genesis of the hydrothermal orebodies. Its widespread distribution

had the effect of buffering a high CO, cortent in the fluid. Such high volatile contents

rendered the fluids susceptible to immiscible phase separation and boiling at relatively high
pressure. Furthermore an increase in XCO, may increase fluid pressures (Ramboz and
Charef, 1988), providing a driving mechanism for the hydrothermal system. Large
pressure variations appear to have occurred during vein opening, a decrease in pressure by
a factor of up to eleven is indicated. Typically, pressure variations within hydrothermal
systems are reported to fluctuate beween lithostatic and hydrostatic, which are separated by
a factor of three (Kern and Weisbrod, 1967, p. 92). In dynamic hydrothermal systems
however, significant fluid overpressures are inferred in regions of hydrothermal
geopressuring and breccia formation (Ramboz and Charef, 1988), whereas suction and
low pressures result in dilational portions of active faults with resulting implosion breccias
reported (Sibson, 1987). In passive hydrothermal systems, pressure determinations of the
fluid may be used to adequately estimate depth as well. If the pressure estimate of 1500

bars measured from the fluid inclusions is representative of lithostatic pressure, then the
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depth of the Keno Hill system is estimated to have originally been at approximately S km.

This corresponds well with the pressure estimates from similar veins in the Coeur d' Alenc
district of Idaho (Leach et al., 1988). Large pressure variations at individual sites are likely
characteristic of dynamic flowing systems, and as in this case are likely related to active
faulting.

The alteration of organic material in the host rocks is of particular significance when
considering the source of the metals for the mineralizing fluids; black shales and organic-
rich sedimentary rocks are widely recognized as being enriched in a variety of metals
relative to most rock types (Peltola, 1960; Vine and Tourtelot, 1970; Levinson, 1974; Bell,
1979), and are considered to be the source of many Ag-rich polymetallic vein deposits after
remobilization (Morton and Changkakoti. 1987; Boyle, 1968). More specifically, silver is
associated directly with carbonaceous material such as graphite, and with sulfides which
may be present in the metasediments (Boyle, 1968). In the Keno Hill district graphitic
schist lies above, below, and is interlayered with the graphitic quartzite which hosts the
orebodies. Fault gouge through which the fluids passed contains much graphite. In the
district the graphitic schists contain on the average 0.5 ppm Ag, 15 ppm Pb, 19 ppm As,
30 ppm Cu, 60 ppm Zn, and 8100 ppm S (Boyle, 1965). Boyle (1965) consequently
ascribed these as the source rocks for the ore deposits. This is consistent with the water-
graphite equilibria discussed above; the continuous and selective alteration of graphite by
the hydrothermal fluids, due to CO, separation, may have resulted in the incorporation of
significant quantities of metals after much fluid migration.

The origin of the early mineralizing fluids in the Keno Hill system remains uncertain.
Typically, under conditions of medium grade metamorphism the three major volatiles are
commonly H,O, CO,, CH,, in that order of abundance with also some dissolved chloride
species' (Roedder, 1984; Ferry and Burt, 1982). The early fluids in the Keno Hill system
have thes~ compositional characteristics, and may on this basis be described as having a

metamorph.c character. The carbon in the fluids appears to have been derived from the
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graphite of the host rocks; water however was not necessarily derived from metamorphic

dehydration reactions, but may have been introduced from external sources (i.c. meteoric
water). A true definition of the fluid is ambiguous at this stage; further work is needed in
this area.

Inclusions within the late quartz stage are dilute and homogenize to a lower
temperature. Boiling was not indicated for this stage. These are thought to represent the
late incursion of meteoric water, as substantiated by stable isotope data (Chapter 6). This
late quartz stage is more abundant in the west and contributes to the district scale
mineralogical zoning. It is unclear o what extent the meteoric water interacted with the

carly fluid, but a certain degree of mixing appears to have occurred.

CONCLUSIONS

Mineralization in the Keno Hill Ag-Pb-Zn mining district was coincident with, and a

direct result of CO, immiscibility and boiling. Depressurization during faulting, on the

order of from 1500 bars to 130 bars, resulted in a decrease in CO,, from X0, = 0.25 to

0.013. Accompanying steam separation lowered the temperature from approximately 310°
C10 250°C. Simple numerical representations using a single-step vapor scparation model
adeguately reproduces the observed fluid inclusion data.

The presence of graphite in the host rocks and fault gouge was important in the
evolution of the hydrothermal system due to its buffering effect on the fluid, establishing a
generally high CO, content. Boiling had the effect of separating CO, from H,0, creating
momentary disequilibrium and a transition in hydrothermal mineralogy from a quartz
dominated to siderite dominated gangue. Ore dcposition resulted from a rise in pH.
Boiling and the reaction of water with graphite both contributed in establishing the high
salinities of the fluids, up to 10-15 weight percent NaCl equivalent.

The incursion of a late stage dilute fluid, of likely meteoric origin, marks the terminal

stage of ore formation, and contributed to the zoned mineralization pattern of the district.
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CHAPTER 6

STABLE ISOTOPIC INDICATIONS OF LARGE SCALE
HYDROTHERMAL PALEOFLOW, BOILING, AND FLUID MIXING IN
THE KENO HILL Ag-Pb-Za DISTRICT, YUKON.

INTRODUCTION

Historically, the Keno Hill Ag-Pb-Zn mining district has been a significant producer
of Ag, Pb, Zn, and Cd from high grade, polymetallic, hydrothermal veins (Watson, 1986).
A variety of deposit types occur in the region, and include in addition o the Ag-Pb-Zn
deposits, Sn, W, and gold bearing veins (Boyle, 1965; Lennan, 1986). Collectively, these
deposit types form broad mineralogical zones which overlap, and appear to be continuous
from zone to zone (Chapter 3). In fossil hydrothermal systems, stable isotopes are often
applied in reconstructing the geometry of the systems, to help in making hydrologic or
fluid dynamic inferences (Criss and Taylor, 1986). In this paper a contour diagram of
6180 values from widely distributed vein quartz is presented for the Keno Hill district.

The diagram demonstrates the large scale nature of the system and outlines regions of
concentrated fluid movement. The contours produce the image of a large flow net.

The effects of boiling on isotopic signatures in the Keno Hill district are also
investigated. In the veins of the mining district, widespread CO, exsolution and boiling
during mineralization have been documented from fluid inclusions (Chapter 5). Stable
isotope signatures of the veins are interpreted here by considering the possible fractionation
and thermal effects due to boiling. Degrees of builing are quantified, and sites of boiling
within the flow system are identified.

In general, carbon dioxide is an important component of many ore forming fluids.
including W-Sn deposits (Campbell et al., 1984), mesothe.: .ial gold deposits (Nesbitt et
al., 1986), Archean lode gold deposits (Kerrich,1987), and polymetallic Ag-Pb-Zn
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systems (Leach et al., 1988; Godwin et al., 1986; Hedenquist and Henley, 1985). In all

of these examples, boiling is cited as an important ore forming process. As a volatile
component, CO, is preferentially exsolved during boiling (Giggenbach, 1980).
Isotopically, CO, is a distinctive compound because of its strong tendency to partition the
heavy isotope of oxygen, 180 (Bottinga, 1968). Isotopic values of water are strongly
fractionated if involved in CO, producing reactions, or during cooling of CO,-H5;0
mixtures (Truesdell et al., 1977). .. aydrothermal systems, the loss of water vapor may
accompany CO, exsolution during boiling. Water vapor contrasts isotopically with CO,
by preferentially partitioning the light isotope of oxygen, 160. On the one hand, these
opposing tendencies of fractionation may potentially mask each other in boiling CO,-H,0
systems. On the other hand, the opposing effects may be used to identify and quantify the

various processes which constitute dynamic boiling systems. This paper presents resuits
of an oxygen and carbon isotope study, which investigates the effects that boiling of H,0O-

CO, mineralizing fluids had on the isotopic signature of quartz and carbonates in the Keno

Hill, Ag-Pb-Zn vein system. The veins of the district are suitable for such a study, since

the presence of large amounts of graphite in the host rocks buffered the mineralizing fluids

to a high CO, content, allowing for boiling, and for much of the fluid evolution to have
proceeded along the two phase, H,(0-CO, boundary (Chapter 5).

The origin of the primary mineralizing fluids remains uncertain, due to a
considerable degree of isotopic equilibration with the host rocks. However, relatively
pristine meteoric water can be identified in some late stage quartz, which mineralogically

and texturally appears to mark the end of the mineralization event.

Geological setting and characteristics of mineral deposits

Detailed accounts of the local geology in the Keno Hill area are given by McTaggart
(1960), and Green (1971), with extensive descriptions of mineral deposits by Boyle
(1965). The Keno Hill mining district is situated in central Yukon (Fig. 6-1 A). Host
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rocks to the orebodies are part of a miogeoclinal stratigraphic succession, which formed the

ancient continental margin of North America (Abbott et al., 1986). The mining district has
produced over 6.4 billion grams of silver since production began in 1913, and is still a
significant producer today (Watson, 1986).

The stratigraphy of the region was disrupted in Jurassic-Cretaceous time by
widespread thrusting and deformation from tectonic accretion (Tempelman-Kluit, 1979).
This is most evident in the mining district by the northward thrusting of the Mississippian
Keno Hill Quartzite on top of the Jurassic "Lower Schist" unit (Poulton and Tempelman-
Kluit, 1982). Above the quartzite is the "upper Schist" unit of unknown age, but which is
similar in appearance to the graphite-muscovite schist of the Lower Schist unit.
Proterozoic rocks from the 'Grit' unit of the Windermere Supergroup underlie much of the
region. In the mining district, rocks were metamorphosed to the greenschist facies during
deformation, and were then intruded by Cretaceous granitic plutons. These plutons are a
part of the Selwyn Plutonic Suite (Anderson, 1987), within the northern extension of the
Omenica Crystalline Belt (Monger et al., 1982). From this suite, the large Mayo Lake
Pluton (81 Ma) crosscuts the Keno Hill Quartzite, at the eastern end of the Keno Hill
mining district (Fig. 6-2). The pluton ranges in composition from granite to granodiorite
(Green, 1971). A contact metamorphic aureole extends c:itwards for up to four kilometers
from the pluton, with an inner sillimanite facies followed by a staurolite-garnet-biotite
facies. Hydrothermal veining begins at the margin of the contact metamorphic aureole
surrounding the pluton. An extensive vein system, which contains the orebodies, extends
laterally from the plutonic/metamorphic center ard 1ssociated quartz-feldspar veins, to the
Ag-Pb-"n deposits, to peripheral veins having epithermal characteristics (Chapter 3). The
entire zoned sequence is continuous from east to west in a 40 km long hydrothermal belt.
The fauit and {racture controlled veins are stratabound mainly to the brittle, moderately
dipping, 1 km thick, Keno Hill Quartzite unit of Mississippian age. The unit is graphitic
and contains interlayers of schist and metamorphosed greenstone (McTaggart, 1960).
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LEGEND
+ +| GRANITE-GRANODIORITE (CRETACEOUS)

|~ { UPPER SCHIST (AGE ?)

LOWER SCHIST (JURASSIC)

KENO HILL QUARTZITE (MISSISSIPPIAN)

'GRIT UNIT' (PRECAMBRIAN)

_~ STEEP FAULT . THRUST FAULT

Figure 6-1 (A). Location map of the Keno Hill area in central Yukon, and geological setting of
mining district, as modified from Tempelman-Kluit (1970), and Green (1971).



Figure 6-1B has been removed due to the unavailability
of copvright permission.

Figure 6-1 (B). Location map of principal orebodics, from Watson (1986).
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Regionally extensive schist units occur above and below the quartzite. The orebodies are

contained along an extensive set of steeply dipping, northeast striking, sinistral faults
(McTaggart, 1960; Boyle, 1965). Hydrothermally altered rocks along the vein walls has
been dated at 84 Ma by the K-Ar method {Sinclair et al., 1980), indicating that
hydrothermal activity was contemporaneous with the Selwyn plutonic suite. The
hydrothermal zonation which extends away from the pluton records an evolving
environment of mineral deposition and fluid chemistry in a fractured hydrothermal aquifer.
The principal mineral zones, outwards from the pluton, are described in Chapter 3, and
briefly are: quartz-feldsparsepidote veins with minor local quartz-cassiterite-muscovite
veining, followed by quartz-calcite veins with some sulfides including pyrite, chalcopyrite,
and arsenopyrite, further away to veins comprised of early quartz with arsenopyrite and
jamesonite as well as local pyrrhotite, followed by texturally intergrown galena, sphalerite.
tetrahedrite, pvrite, and siderite, and ending at the outer edge 0. .he system with late quartz
veins containing pyrargyrite, acanthite, polybasite, stephanite, and native silver, as well as

local argillic alteration and some barite.

Summary of observations from fluid inclusions

In order to better understand and interpret stable isotope measurements, a know ledge
of the hydrothermal fluid characteristics is essential. Of particular importance are thermal
properties, as well as estimates of compositional fluctuations of H,O/CO, ratios. Such
data were obtained from the study of fluid inclusions within the veins (Chapter 5), and are
summarized below.

Fluid inclusions from the orebodies were studied from the three principal stages of
gangue mineralogy, which are (1) esrly coarse grained quartz, (2) siderite intergrown with
the ore and (3) late stage finer grained quartz. The transition from early quartz to the
carbonate stage is characterized by boiling of Hy0-CO, mixtures, and exsolution of CO,.

The influx of dilute water typifies the .. « quartz stage.
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Pressure determinations obtained on the two phase boundary in the system H,O-

CO,-NaCl, indicate that fluid pressure dropped in situ during vein opening, from
approximately 1500 bars in early quartz to as low as 130 bars or less in siderite. Initial
boiling produced an estimated 15-20 % water vaporization. This had the effect of
decreasing the fluid temperature from 310° C in early quartz to 250° C in siderite and
quartz, because of high enthalpy steam loss. Boiling also caused a decrease in dissolved
CO,, from XC05 = 0.25 in early quartz to XCO, < 0.01 in siderite, stabiiizing carbonates
and precipitating the ore minerals.

From the early quartz stage to the siderite stage, the fluids increased in salinity from
a range of 1-5 weight percent NaCl equivalent, to 10-15 weight percent NaCl equivalent.
The total salinity increase requires a loss of up to 80 percent of the water. Large increases
in salinity accompanied by limited cooling in hydrothermal systems are indications of
boiling within excess enthalpy reservoirs. Hot host rocks prevented the fluids from
cooling below 250° C, even with extensive boiling. Hydration reactions also contributed
to the increase in salinity. Mineral equilibria considerations between water and graphite
indicate that further water consumption was attained through post-boiling reaction between
water and graphite i repienishing the lost CO», and contributing to the increased salinity.

Relative to the orebodies, very little fluid inclusion data are available from the quartz-
feldspar veins in the area near the pluton. Homogenization temperatures for some of the
inclusions range between 450° and 535° C; the majority of inclusions, however,

homogenize to liquid between 300° and 400° C. Some boiling was also indicated in this

rcgion. Both two phase and three phase Hy0-CO,+CH, inclusions occur. Freezing
determinations indicate the presence of significant amounts of gases other than CO5,

probably CH,4 or N,. Because of these extra components, salinity determinations are

minimu.n values when using the clathrate melting temperature. Estimates are generally less

or equal tis 3 weight percent Na(l equivalent.
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Analytical methods
The quartz separates were analyzed using the BrFs method of Clayton and Mayeda

(1963). The data are reported in the usual d notation relative to SMOW (Craig, 1961),
using a National Bureau of Standards quartz sample (NBS-28) as a reference sample. A
CO,-H,O fractionation factor of 1.0412 was used.

Carbon dioxide extraction from calcite, for isotopic analysis, was performed by the
technique of reacting the calcite with phosphoric acid at 25° C (McCrea, 1950). For
siderite, a modification of this method was used to ensure 100% yields, as siderite is
relatively unreactive at low temperatures. Rosenbaum and Sheppard (1986) found that at
1500 C, siderite reacts completely with phosphoric acid within one hour. They
experimentally determined the fractionation factor at this temperature to be 1.00771.
Hence, for high temperature reactions, 30-40 mg of siderite was placed in the main tube of
a reaction vessel while the side arm was filled with 3 cc of phosphoric acid. The tube was
then evacuated, and both the sample and acid degassed overnight on a high vacuum line.
Evacuated tubes were then placed in a 150° C = 1° C oven where they were allowed to
reach thermal equilibrium. The acid was then poured onto the sample and the two reacted
for an hour at 150° C. To tip the samples, the oven door had to be momentarily opened,
creating a slight thermal perturbance; however, thermal reequilibration was monitered 10
have been established within 3-4 minutes, and then was maintained for the rest of the hour
long reaction time. Yields were typically better than 99%, and values reproducible to

within 0.07 per mil. Data for the carbonate minerals are reported in d notation relative to

the PDB standard for carbon, and SMOW for oxygen.

STABLE ISOTOPE MEASUREMENTS

Quartz

The sample distribution and 8180 values for vein quartz from the district, including

the orebodies, are summarized in Figure 6-2. The names and distribution of orebodies are
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shown in Figure 6-1 (B), and isotopic data for these are listed in Table 6-1. Samples from

the early quartz stage, which is paragenetically earlier than the carbonates, and the late
quartz stage are both represented. Veining is confined predominantly to the Keno Hill
Quartzite. Some of the veins from the adjacent schist units were also analyzed. Sample
distribution extends cast to west from the end of the district to the margin of the Mayo Lake
Pluton, across a total distance of approximately 40 km.

Data on the map have been contoured in 2 per mil intervals (Fig. 6-2).
Considerable, systematic variation along the strike length of the vein system is observed.
The isotopic map patiern approximately matches the large scale east o west hydrothermal
mineral zoning sequence documented in the district. Moving away from the piuton, valuc.
increase gradually from 618Oqumz = +10.5 per mil near the pluton, to +15.3 - +20.1 per
mil on Keno Hill, 15 km away. Proceeding further west, values then decrease to
approximately +10.1 per mil in the early quartz stage, near the end of the system (Fig. 6-
2). The late quartz stage is most abundant at the western end of the system, where values
as low as -7.1 per mil are recorded. The orebodies are located at the western end of the
system as well, principally along this outward trend of decreasing 880 values.

At individual sample locations, specimens were collected and analyzed from
different parts of single veins, from vein walls to vein centers. Only slight variations in
8180 values (< 2 per mil) on a small scale are normally observed within the early quartz
stage (Table 6-1). In contrast, the late quartz stage which is spatially restricted to the
western end of the district, displays larger variations in 8180 within single veins (Table 6-
1, Fig. 6-2).

In the mining district, at the western end of the system, deposits may be grouped
into either high Ag/Pb or low Ag/Pb deposits, according to bulk tonnage mining records
(United Keno Hill Ltd., proprietary files). Deposits of the first group have produced ore
with Ag/Pb weight ratios between 0.02 to 0.11, whereas the other deposits have produced
below 0.02. Both high and low Ag/Pb deposits occur adjacent to one another, and are
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Table 6-1. 3180 of vein quartz from orebodies, differeat samples from
same vein numbered -1, -2 etc.

High Ag/Pb denasi
Eacdy quartz 5180gpmow Latc quanizstage  9'80gpow
DUNCAN CREEK 17.8

FLAME AND MOTH -1 17.2
FLAME AND MOTH -2 16.2

HUSKY-208 14.0 HUSKY R-208 -1 2.1
HUSKY S.W. -1 15.5 HUSKY R-208 -2 2.3
HUSKY S.W, -2 15.6 HUSKY R-224 -1 7.1
BLACK CAP -1 20.1 HUSKY R-224 -2 5.4
BLACK CAP -2 18.2 HUSKY R-224 -3 -4.9
LUCKY QUEEN 15.3

ELSA 14.7

SILVER BASIN 16.2

McQUESTEN Rd. -1 18.1

McQUESTEN Rd. -2 16.3

YUKENO 17.3

NO CASH 16.1

HOMESTAKE -1 18.6

HOMESTAKE -2 17.7

SADIE -1 17.4

SADIE -2 18.1

SADIE -3 16.3

SILVER KING -1 10.5 SILVER KING 5.2
SILVER KING -2 11.4

VANGUARD 15.7

Low Ag/Pb deposits

DIXIE 14.5 DIXIE 10.5
GALKENO 15.9

BERMINGHAM 15.2

HECTOR -1 15.3

HECTOR -2 15.2

CALUMET 15.3

BELLEKENO -1 15.8 BELLEKENO -0.7
BELLEKENOQO -2 16.2

KENO -1 15.7

KENO -2 17.5

TOWNSITE 15.2

ONEK 16.3
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spread along the length of the 25 km long mining district. Mineralogically the two
groupings are very similar, except for an incresse in the overall tetrahedrite content of the
high Ag/Pb deposits. These two groupings may be distinguished by their isotopic
signatures as well. The 3180 values of early quartz from high Ag/Pb deposits is up to
about 4 per mil enriched relative to the quartz in the low Ag/Pb group (Fig. 6-3); however
the spread is usually less than 1 or 2 per mil. Both groupings display an cast to west
decrease in 8180 for quartz by approximately 3 per mil (Fig. 6-3).

Siderite

In the western portion of the system, siderite is distributed in veins along the 25 km
length of the mining district (Fig. 6-4). Texturally, siderite is the gangue most closely
intergrown with the ore minerals and sulfides. Veins near the Mayo Lake pluton in the
castern ponion of the system do not contain siderite.

Oxygen-isotope values for siderite within the mining district show a similar east to
west decrease as observed in the quartz analyses (Fig. 6-4). The 8180 values for siderite
range mostly from +12.3 to +19.1 per mil, with two anomalous low values at -8.7 and
+0.9 per mil (Table 6-2). 8!3C values range from -7.9 to -11.3 per mil. A plot of 4180
versus 813C is given in Figure 6-5. As with quartz, different isotopic groupings are
observed in siderite for samples from high Ag/Pb deposits to those from low Ag/Pb
deposits (Fig. 6-5). A positive linear correlation between 813C and 8180 is observed for
samples from the low Ag/Pb grouping. Also, the distribution of deposits along this line
corresponds well with their spatial position within the district; castern deposits are
enriched in 180 and 13C, whereas western deposits are depleted. For the high Ag/Pb
deposits, considerabie isotopic variability is observed within individual veins; a negative
correlation between 8180 and 313C is recorded in three separate deposits (Fig. 6-5). The
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isotopic values of siderite are up to 2 per mil heavier in 8!3C, and depleted by as much as 4
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Table 6-2. Stable isotope data from siderite, different samples from same
vein numbered -1, -2 -3, etc.

High Ag/Pb 83Cppp  8!80gmow Low Ag/Pb  813Cppp 8!80gmow
depasits deposits

DUNCAN CREEK -10.8 15.2 DIXIE -11.1 14.8
FLAME -10.6 16.4 SUGYAMA -10.3 16.6
LUCKYQUEEN-1 9.1 15.5 RICOADIT -11.1 15.4
LUCKYQUEEN -2 -10.6 16.9 RICO -11.0 15.5
LUCKY QUEEN -3 -10.6 17.2 BERM -10.9 15.2
LUCKY QUEEN -4 -10.2 17.5 BELLEKENO -10.7 16.5
LUCKYQUEEN-5 -8.6 16.1 KENO -1 -10.3 18.0
LUCKYQUEEN-6 -7.9 17.2 KENO -2 -9.6 17.2
LUCKYQUEEN -7 -84 15.6 TOWNSITE -10.7 15.9
ELSA -10.1 14.3 COMSTOCK1 -9.7 17.9
HUSKY -1 -10.5 13.0 COMSTOCK2 -9.7 17.7
HUSKY -2 -10.2 12.3 PORCUPINE -9.6 17.8
HUSKY -3 -11.3 15.9 CARIBOU-1 -85 19.1
HUSKY -4 -10.8 14.3 CARIBOU -2 -88 18.8
HUSKY-R-224 -1 9.8 0.9 ONEK -10.5 16.1
HUSKY-R-224 -2 8.1 -8.64

NO CASH -1 -11.0 16.1

NO CASH -2 -11.1 16.1

RUBY -1 -10.4 13.8

RUBY -2 -11.1 15.9

HOMESTAKE -10.2 16.2

SADIE LADUE -1 -8.5 16.9

SADIE LADUE -2 -8.0 17.1

SADIE LADUE -3 -8.0 17.1

SADIE LADUE -4 8.5 17.0

SADIE LADUE -5 -84 17.1

SILVER KING -1  -11.1 14.9

SILVER KING -2  -11.1 15.4
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per mil in 5180 relative to other portions of the same vein, and relative to adjacent
orebodies of the low Ag/Pb grouping (Fig. 6-5).

Quartz-siderite pairs occasionally show clear isotopic disequilibrium, particularly in
the low Ag/Pb grouping of deposits. For example the sample entitled DIXIE in tables 6-1
and 6-2 has 81801, = +14.4 and 81804erjy. = +14.8. Typically the siderite values are

heavy in 180, indicating its lower temperature of formation.

Calcite

Calcite occurs in veins situated between the Mayo Lake pluton and the mining
district, and in the eastern part of the mining district, where calcite occurs with siderite and
ore minerals (Fig. 6-6). The east to west transition in hydrothermal carbonates progresses
from calcite dominated to siderite dominated.

Because calcite occurs mostly outside of the mining district, fewer samples and
records are available for these veins, and a more detailed characterization of the fluids
which precipitated caicite is not possible. Nevertheless, for the eastern part of the study
area, the oxygen-isotope contour diagram (Fig. 6-6) is similar in pattern to that for quartz
in the same area (Fig. 6-2 A). Values increase away from the pluton, from 6:30 = +9.8 10
+14.5. Further west, within the mining district, isotopic values for calcite are much more
irregular and difficult to contour; 6130 values range from +14.8 to -8.3 per mil (Fig. 6-6,
Table 6-3).

813C results for calcite are quite negative, from -12.9 to -4.0 per mil (Table 6-3).
No correlation was established between carbon- and oxygen- isotope values within calcite,

or between the carbon-isotope values of calcite and the mineral's distribution on the map.
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Table 6-3. Stable isotope data from calcite, different samples from
same vein numbered, -1, -2.

Cakcite from orchodics 813Cppp 0180gpow

McQUESTEN RD. -7.8 -5.3

RICO 9.7 14.1
MT. HINTON -6.8 14.2
CREAM -5.5 14.8
YUKENO -7.0 -8.3

LUCKY QUEEN -7.6 -7.8
BELLEKENO -1 -8.3 2.0

BELLEKENO -2 -8.2 1.3

SILVER SPRING -6.6 3.1

HOMESTAKE -1 5.7 -3.0
HOMESTAKE -2 -6.1 -1.4
KENO -1 -5.7 -4.0
KENO -2 -5.4 -3.4
mining district

vein #46 -84 13.2
vein #72 -12.9 10.5
vein #152 -7.4 11.3
vein #155 -4.0 10.3
vein #158 -10.4 13.3
vein #160 -7.8 10.5
vein #204 -8.4 14.5
vein #243 -11.3 99
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INTERPRETATION OF STABLE ISOTOPE DATA .

Stable isotope indications of boiling from 5180 variations in quartz

In hydrothermal systems boiling is widely recognized as an important mechanism
for u1e formation (Drummond and Ohmoto, 1985). Boiling may be identified with the use
of stable isotopes, since boiling results in quartz with higher 30 contents due to
fractionation of water, and because of the cooling effect which boiling has on hydrothermal
fluids. In the Keno Hill mining district, ore veins with the highest Ag/Pb contents
generally contain quartz with greater 180 values as well; both of these effects may be
reconcilled to a boiling event.

Fluid inclusion characteristics indicate that the mineral deposits of the mining district
were formed under boiling conditions (Chapter 5). Observations and calculations from the

fluid inclusion data indicate that during the initial boiling, between 15-20 % vaporization of

water may have occurred within some ore shoots. Because CO» is relatively volatile, the
content in the fluid decreased during boiling from approximately XCO5 = 0.25 to less than
0.01. Loss of high enthalpy steam also had the effect of lowering the temperature of the
ore fluid from about 310° C to 250° C. In high temperature, flowing geothermal systems.
cooling by conduction is minimal, and most heat is lost by boiling or dilution with cooler
water (Truesdell et al., 1977). Further effects of boiling in the Keno Hill system include a
change in the dominant gangue mineralogy, from quartz at the beginning of boiling to
siderite at the end of boiling.

The effects of boiling on isotopic signatures of hydrothermal fluids in active
subsurface geothermal fields are documented by Craig (1963) and Truesdeil et al. (1977).
Fractionation results because the escaping vapor is depleted in 130, resulting in an 130-
enriched residual water. For deeper CO,-rich systems, such as the fluids which
precipitated the Keno H:. cins, the effects of CO, loss must also be considered. Carbon

dioxide is a volatile substance which strongly partitions 180 (Bottinga, 1968). : -



CO, may lower the bulk 8180 _. the overal fluid. However, escaping CO,, has negligeable
fractionation effects on the water, as exsolved CO, is isotopically similar to aqueous CO,
(Vogel et al., 1970). However reactions which produce CO, during post boiling
equilibration of fluids and host rocks may have a strong fractionation effect on the water.

In the decper portions of hydrothermal reservoirs, multiple step closed system steam
separation is considered to be the most important form of boiling, in which batches of
steam seperate from the system in isotopic equilibrium with the water (Truesdell et al.,
1977). For very small batches, the model is equivalent to Rayleigh boiling, for large
batches it is equivalent to single step boiling. Calculations for heat loss and isotopic
fractionation during boiling are given in Truesdell et al.(1977). Results of calculations
performed for 5 % boiling increments are presented in Figure 6-7. and are useful in the
interpretation of the isotopic variability recorded within the Keno Hill system. In this
example, it can be seen that the isotopic fractionation of water is quite small; the water is
enriched in 8180 by 0.3 per mil after 20 % vaporization of the water. However
considerable cooling occurs due to separation of steam, modelled temperatures drop from
3100 C 10 2430 C after 20 % boiling. Quartz 8180 values consequently increase by 3.1
parts per mil (Fig. 6-7). Hence the increase in quartz 8130 is principally the result of
cooling. The redistribution of isotopes between H>O()) and CO; from cooling during the
boiling event is not considered to have been an important factor because most CO; loss
occurs at the onset of boiling before much cooling has happened (Chapter 5).

The model has been applied to the quartz 180 data from the Keno Hill mining
district, and the results are displayed in Figure 6-3. The increase in 130 in quartz from the
high Ag/Pb deposits relative to the low Ag/Pb deposits may be interpreted as the result of
boiling and cooling. Most of the oxygen isotope values fall within the 15 - 20 % boiling
lines, consistent with the thermal range 250° - 310° C and the percentage boiling estimate

reported for the fluid inclusions within quartz.
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Figure 6-7. Diagram models oxygen iotope fractionation of water in a
closed boiling system. Equilibrium 8180quartz values are shown, these
increase with ive boiling due to fractionation of water, but mainly
due to cooling of boiling sbown at top of diagram. Fractionation
factors taken from Matsuhisa et al (1979) for quartz-water pair, and
Friedman and O'Neil (1977) for water liquid-vapor pair.
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Both high Ag/Pb and low Ag/Pb deposits display a 2 - 3 per mil east to west

decrease in 8180 of quartz (Fig. 6-3). Two interpretions of this trend are: (1) a greater
interaction of water and graphite to the west resulted in the formation of more CO,,
decreasing the 8180 of water, or (2) increased westward mixing of HyO-CO, fluids with
isotopically light meteoric water generated the decreasing trend. A third possibility,
increasing temperature towards the west, is not favoured because the deposits are furthest
from the Mayo Lake Pluton, and “uid inclusion data does not substantiate increasing
temperature in this direction (Chapter S).

In the first hypothesis, saturation and loss of CO5 during flow towards the west may

have resulted in the reaction of water and graphite:

2C + 2H~0 =CO, + CH,4 (Ohmoto and Kerrick,1977). (1)
Exsolution of CO, and CH,, with the progression of the above reaction (1) to the right
may have generated water depleted in 180. Graphitic rocks typically buffer hydrothermal
fluids to high CO, contents (French, 1966; Nockleberg, 1973), and in an environment of
fluctuating pressure and phase separation, a substantial amount of water may be converted
in part to CO,. The fractionation effects on the oxygen-isotope composition of water when
it has been partially converted 1o CO, are shown in Figure 6-8. At 300° C, a decrease of 3
parts per mil in the 8180 content of water is generated after conversion of 25 % of the
original water mass. The calculations presented are based on a closed system. Localized
areas of intense boiling superimposed on the saturated H»O - CO5 mixtures, resulted in the
positive 180 shifts of the isolated Ag-rich "ore shoots", a feature controlled by active
faulting and structural geometry (Chapters 2 and 5).

In the case for the second hypothesis the presence of meteoric water is indicated in
the late quartz stage at the western end of the district where 8180 for quartz is as low as
-7.1 per mil. At 250° C this value translates to a water with 180 = -16.0 per mil, which
must be meteoric in origin as present day meteoric water in the Yukon is isotopically light,

at 8180 = -23 per mil (Hitchon and Krouse, 1972). Only slight increments of this water,
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mixed with the early H,0-CO, fluids, would have been necessary to establish the

decreasing westward trend of 8180 in the early fluid.

Post-boiling reequilibration of fluids with graphitic host rocks, isotopic
evidence from siderite

Formation of siderite is closely related to the boiling event. The paragenetic position
of siderite in the veins, its fluid inclusion characteristics, and calculations of carbonate
solubility all indicate that siderite precipitated as an end product of boiling at a temperature
near 250° C (Chapter 5). The precipitation of hydrothermal carbonates because of boiling
is frequently the result of CO, loss, and accompanying raise in pH (Fournier, 1985).
Oxygen-isotope values for siderite show a similar east to west decrease as in quartz from
the mining district. However the quartz-siderite mineral pairs are in isotopic and thermal
disequilibrium, since siderite formed from a more advanced stage of boiling. As a result,
mineral-pair isotope-thermometry yields unreasonable lemperatures.

Many factors may have contributed to variations in the 413C of the hydrothermal
carbonates, including different sources of carbon, changes in temperatures, and variations
in the oxidation state of the fluid (Rye and Ohmoto, 1974). Indications are that most of the
carbon in the hydrothermal fluid was likely obtained from a reduced organic source, such
as the graphitic host rocks. The §13C for siderite ranges from -11.3 to -7.9 per mil (Table
6-2). High temperature experimental measurements of the fractionation factor for d13C
between siderite and other carbon bearing species are not available. However, assuming
that the fractionation factor for siderite is similar to that of other carbonates, at 250° C,
siderite would have been approximately 2 per mil heavier in 8!3C than CO,, indicating
813C values for CO5 of -8.8 t0 -6.5 per mil. Such values would have been in equilibrium
with graphite having 813C of approximately -25 per mil. This value is typical of reduced
or organic carbon from sediments which normally have 13Cppp values of less than -15

per mil (Rye and Ohmoto, 1974).
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The oxidation state of the hydrothermal fluids has a considerable effect on the

distribution of carbon isotopes between various carbon bearing compounds. In graphite
buffered hydrothermal fluids, the dominant carbon species are CO, and/or CH4 (Ohmoto
and Kerrick, 1977). The ratio of these two gases may vary drastically within the fluids
with changing conditions of oxidation according to:
CO, + 2Hy = CHy + O, (2
This in turn may have a significant impact on the distribution of carbon isotopes in
the hydrothermal fluids since the isotopic fractionation between CO, and CH, is large: at

250°C, 1000 In & CO5-CH4 = +28.7 per mil (Bottinga, 1969). Also, variations in the
content of the gas species may arise due to their contrasting volatility (Giggenbach, 1980).

Boiling is recognized as having an oxidizing effect on hydrothermal fluids because of the

more volatile nature of reduced gaseous species such as H,, CHy4, and H»S (Drummond

and Ohmoto, 1985). Phase separation may have the effect of increasing the CO»/CH,. As

well, the downward influx of high level oxidizing fluids may result in the production of
COz, from:

C+0,=C0, (Zen, 1963) 3)
The general east to west decrease in 13C of siderite (Fig. 5) is a possible indication of an
increasing oxidation state with subsequent increase in the CO5/CH, ratio of the fluid. This
may have been attained in two manners, either by an increased interaction of the
mineralizing fluids with the late stage meteoric water, assuming that the meteoric water is
relatively oxidized, or by a greater loss of the more volatile H, and CH, during phase
separation towards the west. Definitive criteria for distinguishing between the two are not
presently available.

Within the high Ag/Pb deposits, siderites from individual ore deposits display a
linear increase in 413C coupled with a decrease in 8180 (Fig. 6-5). This negative shift in
8180 is in direct contrast with the positive boiling shift observed for early quartz from the
same deposits (Fig. 6-3). The fluids which precipitated siderite were depleted in CO,
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relative to the fluids at the beginning of boiling, which were in equilibrium with graphite.

Because of the buffering effects of graphite the natural iendency for these gas depleted
fluids was to regain the lost CO,. Production of CO, from water and graphite resuliad in
the lower 180 water. Also, production of equal proportions of CO, and CH, according 1.
reaction (1) increased the overall CH,/CO; ratio resulting in 13C-enriched carbonates. A
closed system model in which 20-25 % of the water is consumed during CO, and CH,
production can account for the observed 3-4 per mil 180 depletion (Fig. 6-8).

After much water consumption, from the begining of boiling in quartz to the end of
reequilibration of the fluids with graphite during the formation of siderite, fluid salinity
increased drastically; the total depletion of water may have been greater than 50% for the
entire cycle, resulting in the observed salinity incrcase from approximately 5 weight percent
NaCl equivalent to 10-15 weight percent NaCl equivalent relative to water, as measured in
the fluid inclusions (Chapter 5).

Considerable amounts of graphite as well as rapid rates of reaction are required for
the reactions to have been complete. However, the absence of a shift in the O and C
isotopic values of siderite from the low Ag/Pb group of deposits (Fig. 6-5) indicates that
graphite may not have been as readily available in these.

Hydrothermal paleofiow, sources of water, and water-rock exchange of
oxygen

The contour diagram for §180 values of quartz (Fig. 6-2) bears a strong resemblance
to a hydrological flow net, and may be interpreted as depicting areas of higher permeability
and fluid migration. It may be used as such because changes in the isotope values of
quartz are a function of water/rock interaction, cooling, boiling, and degrees of fluid
mixing, which generally are all in part a function of permeability and the distance travelled
by the hydrothermal fluid. The acute northwest trending linear anomaly at the center of the
map indicates a region of fluid focussing and concentrated hydrothermal flow, evidently
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along a permeable major fault structure. The direction of the anomaly corresponds with
vein attitude measurements in this region, which strike to the northwest and ar- steeply
dipping to vertical (Chapter 2). The thickness of the quartzite decreases to the west in the
mining district, where flow appears to i...ve been more evenly distributed through the many
fault structures and a more restricted aquifer.

Using temperature determinations from fluid inclusions (Chapter 5) and oxygen
isotope measurements from quartz, 8180, have been estimated. In the area near the
pluton (Fig. 6-2), hydrothermal temperature estimates are as high as 535° C, but lower
temperature determinations, to near 300° C, are more common. Depending on
temperature, the water which precipitated quartz having 8!80gpow = +10.5 would have
had an oxygen-isotope composition of 8180gpow = +3.6 to +8.5 per mil (Matsuhisa et
al., 1979). At the center of the district, on Keno Hill, quartz precipitated within a more
restricted temperature interval, between approximately 2500 - 3100 C. From a discussion
earlier in this paper, quartz precipitated near 310° C at the start of boiling, with 618Oquanz=
+16 per mil, and would have been in equilibrium with a water having 6180 = +9.5 per mil.
These calculations indicate that water increased in 8180 away from the pluton by a
minimum of 1 per mil, and by as much as 6 per mil.

The origin of these fluids is somewhat ambiguous. However, if a hydrothermal
temperature near 310° C was representative of conditions in the fluids near the pluton, then
these fluids were light with 8180, ,,., = +3.6. On one hand. this composition is below
values for typical magmatic waters, which are usually greater than +5 per mil (Taylor,
1974). On the other hand, the oxygen isotope values for metamorphic waters can range
from +3 to +20 per mil (Sheppard, 1986), to which the hydrothermal fluids near the Mayo
Lake pluton may be assigned. Another possible source for the fluids is a highly exchanged
meteoric water. Such a model seems favourable in light of widespread documentation of
the interaction between deeply circulating meteoric watcrs with the margins of granitic

plutons and batholiths (Taylor, 1974, 1977), and the spatial relationship here between the
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Mayo Lake pluton and Keno Hill hydrothermal system (Fig. 6-2). The introduction of an

oxidizing meteoric water into the graphitic host is also indicated by the observed dominance
of CO, over CH, as the principal accessory gas phase throughout the system. Connate or
formation waters are not thought to have been important in contributing water to the system
because of geological reasons; isoclinal folding and recrystailization of the host rocks, and
the regional greenschist metamorphism would have expelled most pore fluids.

Even if a higher temperature regime is favoured for the hydrothermal fluids near the
pluton (up to 535 C as recorded in some fluid inclusions), an east t~ west inzrease in the
8180 of water is still suggested by the calculations. The increase linciy resuited from
water-rock exchange. The solubility of quartz, an important consideration in exchange
reactions with quartzite, is greatly dependent on temperature (Holland and Malinin, 1979;
Kennedy, 1950). Exchange between the Keno Hill Quartzite and the hydrothermal fluids
was likely more extensive in the high temperature regime near the pluton. Below 300°C
the solubility of quartz is relatively diminished, and exchange of oxygen between the
hydrothermal fluids and the quartzite in the mining district would have been iess
signiTcei. To assess the ac_ree of equilibration between the fluids an. the host rock,
seventeen whole-rock s les of the Keno Hill quartzite were analyzed for 180. Their
6180 values range from: «11.8 to +19.2 per mil, with an average at +16.1 per mil (Table 6-
4). A single analysis of a greenstone sample from a concordant lens measures +6.7 per
mil, typical of gabbroic rocks. Hydrothermal quartz from veins on Keno Hill with 0180 =
+16, similar to the average for the quartzite, is interpreted to indic- te a large degree of
isotopic equilibrium between the fluids and the quartzite, and a generally low water/rock

ratio. Quantifying the water/rock ratio by standard means (Taylor, 1974; Nabelek, 1987)

is cotaplicated in this case by the effects of isotopic fractionation between CO- and H,O.
Both cooling of Hy0-CO-, mixtures, and production of CO- have the tendency of lowering
0180H,0, in direct opposition to isotopic exchange with the host rocks. In Figure 6-9it is

shown that cooling of an H,0-CO, mixture with X0, = 0.25. from 535° C 10 310°C,



Table 6-4. Whole rock 4130 from Keno Hill Quartzite unit.

Sampic #
HUSKY R-224
HUSKY R-121
SILVER KING 2
CARIBOU
HECTOR
MTALBERT
MT. HINTON
#172

#32

5180spow
16.1
15.5
19.2
17.0
16.7
19.1
15.7
14.7
14.4

Sampic #

#150
#151
#7
#288
#36
#95
#103
#1

average:

6180gpmow

17.2
15.3
16.8
17.0
16.9
11.8
14.4
15.3
16.1
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fractionates water by -1.5 per mil, whereas cooling of a mixture with Xco, = 0.10

fractionates water by -0.6 per mil. Also, Figure 6-8 demonstrates that at 350° C, the

conversion of 10 - 20 % of the water to CO5 and CH, by reaction with graphite would

have depleted the water by approximately -1 to -2 per mil. Because of these competing
effects on the fractionation of water, small increases calculated for !80H,0 are
representative of greater decreases in the water/ rock ratio than would normally be
estimated from pure water systems.

Itis not certain to what degree the late meteoric fluids interacted with the primary
mineralizing fluids. However the late stage quartz is most abundant in the western portion
of the district at the end of the system, where the mineralogy of the veins is epithermal in
character (Chapter 3). The coincidence that the early mineralizing fluids decrease in 180
gradually tow-.<.". *t, 2 west in the miaing district may be interpreted to have been the result
of mixing with the meteoric water, and that the two fluids did overlap in time. Isotopic
values for hydrothermal quartz and siderite (Table 6-1, 6-2) which are intermediate to the
end members, are an indication that the fluids were contemporaneous and did mix.
Assuming present day meteoric values were applicable, a meteoric component of
approximately 9 % would have been sufficient to cause the 3 per mil decrease trom east to
west (Fig. 6-3). The decrease corresponds with the ore zone, and mixing is often cited as

an effective mechanism for ore formation (Barnes, 1979).

Interpretation of stable isotope data from calcite

The 6180 values for calcite increase away from the Mayo Lake pluton, from +9.8
to +14.5 (Fig. 6-6), likely reflecting cooler hydrothermal temperatures away from the
pluton and a lower water/rock ratio. Although calcite produces a similar contour map
pattern as quartz in this portion of the system, quartz-calcite mineral pair temperature

determinations consistently yield unrealistic temperatures, indicating di~._silibrium
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between the two. As with siderite, this is lii.¢ly a resuit of calcite having precipitated as an
end-product of boiling, in disequilibrium with higher temperature quartz.

Calcite with low or negative 5180 values (-8.3 10 +2.0 per mil, Fig. 6-6), is
restricted to the mining district. These likely reflect precipitation from meteoric waters.
While it is possible that the influx of meteoric water post-dated ore deposition completely,
the observation that .nese negative values from calcite are confined entirely to the mining
district, indicates .hat meteoric water likely influenced ore formation. None of the calcite in
the eastern portion of the system have negative is< iope vai-.«  ‘or oxygen or reflect any
effects of later exchange with surface waters. *: s a2l Eiooose pristine meteoric water was

involved only in the ore-forming process to tt  w..».

The low 8!3C -+ alcite are probably derived trom the graphitic host rocks.
The wide variation i+ - 2.9 10 -4.0 per mil) may indicate that a portion of the carbon
was derived fromca. - - units as well, or may reflect fluctuating CO»/CH, ratios in a

dynamic boiling system.

Comparison of O and C isotope data with published S isotope data

Boyie et al. (1970) conducted 2 - xtensive study on suifur isotope ratios of host
rocks and vein sulfides from the Keno Hill mining Jdistrict. Averages of the tabulated data
for vein ~alena, from Boyle et al. (1970), were piotted on a map and contoured (Fig. 6-10)
for comparison with the oxygen and carbon isotope daia. Within the mining district a
strong correlation is observed; galena from the eastern deposits is relatively enriched in the
heavy isotope. with 634$galena = 0.0 parts per mil using a meteoritic troilite standard.
whereas galena from the western deposits is depleted having values near -10 parts per mil.
The transition from one end of the 25 km long district to the other is quite regular and
gradational. A 275 meter vertical section in the Calumet mine was sampled and analyzed.
with 0 regular pattern in the vertical dimension observable at this scale. The suifur

isotope study demonstrates the unidirectional nature of the zoning, and produces a contour
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pattern similar in form to that for oxygen isotopes from quartz (Fig. 6-2) and siderite (Fig.

6-4).

Sulfur isotope ratios measured for pyrite obtained from the metamorphosed
sedimentary rocks of the district, vary in an irregular manner across the district, from
+14.9 10 -5.1 parts per mil (Boyle et al., 1970). The average for these however is
b“Spyﬁw = +1.7 and is possibly representative of the sulfur source reservoir for the
hydrothermal fluids. For vein galena, even large variations in temperature will not
generally cause changes in the sulfur isotope value by ten parts per mil. Systematic mixing
of different sulfur reservoirs from east to west across the district is not indicated either, in
light of the irregular distribution of measured values from pyrite in the host rocks. On the
other hand , a slight increase in pH and/or in the oxidation state of the fluids under
hydrothermal conditions can easily account for a decrease of 10 parts per mil in galena
(Ohmoto and Rye, 1979; Rye and Ohmoto, 1974). The east to west sulfur trend is likely
representative of an increasing oxidation state, which created suifate ions in the western
"~ into which partitioned 34S, resulting in lighter sulfides. The presence of Kaolinite in
some of the western deposits is an indication of decreasing pH towards the west. and not

of increasing pH as would be required by the sulfur isotope trend.

DISCUSSION
Boiling is widely recognized as an important mechanism of hydrothermal ore
deposition (Drummond and Ohmoto, 1985; Reed and Spycher, 1985). It is most
frequently considered to be important in shallow epithermal systems where low pressures
allow for vapor escape (Larson and Taylor, 1987). When carbon dioxide is a significant
constituent of the mineralizing fluids, however, deeper seated boiling may occur (Bowers

and Helgeson, 1983, a,b). Builing is also recognized as an effective means of

hydrothermal differentiation in metamorphism, where CO» loss generates water - rock

reactions and higher salinities, which in turn promotes increased CO, immiscibility,
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pushing fluid evolution along the two phase boundary to hypersaline conditions (Yardley

and Bottrell, 1988; Trommsdorff and Skippen, 1986).

Central to the processes discussed here is the availability of graphite required for the
initial formation of CO and for the replenishment of lost CO,. The carbon isotope values
for siderite and calcite indicate that reduced or organic carbon is the principal source of
carbon in the fluids. Such a graphite reservoir is provided by the black graphitic Keno Hill
Qua.tzite, and the fault gouge with which the fluids interacted. Graphite buffered the fluids
to a high fCr,, thus maintaining the volatile content of the fluids (French, 1966).

The selective reaction with graphite also has considerable implicatio . for release of
metals 1nto the fluids. Organic materials in sediments are known to be an effective sink, or
ruservoir, ot metals (Vine, 1970; Morton and Changkakoti, 1987). Measured values of
Ag, P~ and Zn from the Keno Hill Quartzite and Lower Schist urits of the mining district
a’e generally anomalous (Boyle, 1965). The importance of graphite in the ore torming
process may then have been twofold: (1) as a metal source which is highly reactive with
hydroihermal fluids, graphite may have been a principal source of metals for the ore
deposits: (2) graphite buffered the fluids tc a high partial pressure of CO- allowing boiling
to occur, U 2 principal mechanism of ore precipitation.

The distribution of stable isotope values throughout the district places considerable
cor.straints on the geometry of the hydrothermal system (Fig. 6-2). The large scale nature
of the system becomes evident when the values are contoured. Of particu'ar significance is
the apparent dominance of lateral as opposed to vertical fluid migration. a tcature which
coincides with the geological observations that fractures are most abundant within the
brittle moderately dipping quartzite.

The identification of meteoric water involved in the formation of late quartz, siderite,
and calcite is also of genetic significance, as mixing is known as well to be another

important process associated with ore deposition (Taylor, 1974). Pristine meteoric water
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was not identified in the east~m portion of the system near the pluton, but only in the west

coincident with the orebodies (Figs. 6-2 and 6-6).

Finally, the potential use of stable isotopes in mincral exploration has been displayed
for the Keno Hill district by the isotopic characterization of high Ag/Pb deposits. Boiling,
mixing. and flow patterns are identified, all of great importance in exploration. Presently.
stable isotopes measured from quartz or siderite encountered in a newly found vein in the
Keno Hill district could be used to predict wether the overall Ag/Pb ratio of the deposit is
of the high or low grouping even if no mineralization is encountered, allowing for turther

exploration decisions to be made from limited sampling.

CONCLUSIONS

The Keno Hill vein system of central Yukon is restricted predominantly to the highly
fractured, graphitic Keno Hill Quantzite unit of Mississippian age. Hydrothermal mineral
zoning is spatially related to a Cretaceous granitic pluton which intrudes the quartzite.
During mineralization, the quartzite acted as a district scale aquifer, apparently restricting
flow mostly to the lateral direction. Subsequent erosion has exposed a 40 km long vein
system, from its plutonic roots. outwards to polymetallic Ag-Pb-Zn veins, and further to
assemblages of epithermal character.

The 8180 values for vein quartz near the pluton increase outwards from +10.6 per
mil to +20.1 per mil, due to cooling of the hydrothermal fluids, and exchange with the
quartzite. Contours of isotope values outline broad paths of fluid movement within the
quartzite. Proceeding still further from the pluton, woqum then decreases from +20.1 to
+10.1 per mil to the outer edge of the system. 1ie presence of meteoric water is indicated
at the outer edge of the system. where a late quartz stage has oxygen isotope values near
0180 = -7.1 per mil. The outward decreasing trend appears to have been established in one

of two mauners; 1) by mixing of fluids with isotopically light meteoric water; or 2) by

fractionation due to CO, formation.
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Boiling of fluids also had an effect on the isutopic signature of quartz and

carbonates. Considerations of fluid-minera! equilibria indicate that qraphite buffered the
hydrothermal fluids to a high CO, content { XCO; = 0.25), allowing for boiling to have

occurred at considerable depths. Superimposed on the outward decreasing blsoqmm trend
are local isotopically anomalous zones, which are also silver-rich. The quartz from these
zones has been shifted to higher 180 values, by up to 4 per mil, due to a minimum 10 - 25
% boiling of fluids and fractionation dominated by water vapourization and cooling.
Carbonates formed as a late stage product of the boiling event, and the oxygen icotope
boiling shift was reversed during precipitation of this phase, due to the equilibration of
graphite and water in replacing exsolved CO,.

A closed system boiling model, together with calculations of water consumption
during post-boiling CO, formation, indicate that greater than 50% of the original water
involved in the ore-forming process was removed. Relatively saline mineralizing fluids

resulted. The involvement of organic carbon from . zks is indicated by the

negative 013Cppp values for the carbonates, from -12.9 to -4.0 per mil. Variations in the

carbon isotopes are due to fluctuating CO-/CH ratios in the boiling system, reflecting the

contrasting volatility of the gas pair.
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CHAPTER 7
GENERAL DISCUSSION, SUMMARY, AND CONCLUSIONS

DISCUSSION AND SUMMARY

Different aspects of the orebodies from the Keno Hill district have been investigated
through field and laboratory methods. The topics covered include structural controls of
veins, mineralogical zoning, fluid inclusion characteristics of quartz and siderite, as well as
stable isotope geochemistry. In this section, these different aspects of the deposits are
examined collectively, to expand upon what has already been said concerning the nature
and the origin of the deposits. Areas of study which need more research are also indicated.
A comparison of fluid inclusion characteristics between similar Ag-Pb-Zn vein systems
from various listricts is also included in this section.

Shear zones are widely recognized as being important in localizing mineral deposits
(Newhouse, 1948). Not only do large volumes of fractured rock create passageways for
mineralizing fluids, shear zones may also establisb fluid pressure gradients because of
volumetric changes. Changes in shear zone volume may cause expulsion or attraction of
fluids, providing » driving mechanism for flowing systems (Sibson et al., 1975). Birittle
shear zones are naturally most important in high level epithermal systems (Sibson, 1987);
whereas, brittle-ductile shear zones are more characteristic of deeper mesothermal systems
(Roberts, 1987; Sibson et al., 1988). Metasomatism and material transfer across shear
zone boundaries (Beach, 1976) likely contribute to ore-forming processes as well.

In the Keno Hill district, two conjugate shear zones of a con‘rasting nature affected
the overall hydrothermal evolution of the system; the ore deposits are contained within an
upright fault dominated shear zone, whereas the core of the system is within a zone of
brittle-ductile transcurrent shear which is characterized by similar folding and the rotation
of carly thrust-related fold axes. District scale mineral zoning corresponds in part to the
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structural domains; quartz-feldspar veins are contained within the region of brittle-ductile

shear; carbonate veins appear at the margin of this zone and extend into the brittle domain
of the mining district where sulfides and sulfosalts abound. Textural evidence indicates
that precipitation of hydrothermal minerals coincided with brittle faulting, but largely post-
dated ductile rotational shear. Brittle faulting and fracturing formed later than the ductile
deformation, in a sequential manner which is typical of conjugate shear sets (Ramsay,
1980). The intrusion of the Mayo Lake Pluton appears to have been largely post-kinematic
with respect to ductile deformation, but further work is required to determine its full
relationship to the deformation event.

The district-scale mineral zoning is thought to reflect chemical evolution and fluid
flow in a fossil hydrothermal system. Possible mechanisms for fluid flow, outlined
below, include structural-related volume changes, a pluton-related heat anomaly, and fluid
pressure gradients established from the formation of CO,. The mineral zoning may
actually be viewed in two manners, either as being zoned away from the Mayo Lake
Pluton, or as being zoned away from the eastern strv-iural domain of rotational shear.
Both views are in part correct, and the question arises then as to which feature was more
important in influencing the hydrothermal system. The late timing for the hydrothermal
activity and the Mayo Lake pluton argue for the pluton as having been the principal driving
mechanism for the system, coupled with active faulting. However, the large scale of the
hydrothermal system corresponds more closely to the scale and distribution of the
structural domains, and the mineral zoning may alternatively be interpreted as being
associated to broad hydrothermal metasomatism related to deformation, with the intrusion
of the pluton as a further late stage consequence. Another hypothesis as to why large scale
fluid movement occurred, is that the system may have been driven by chemicai reactions;
because of the high partial pressure of CO,, the production of CO, at different rates in

different parts of the system could have established fluid pressure gradients resulting in



fluid flow. Additional study is needed to more fully assess the true driving mechanism of
the system.

A nearly complete cross-section of the classic hydrothermal zoning sequence is
preserved in the Keno Hill district . This is due mainly to the lateral distribution of the
zones, and the stratigraphic restriction of the system to the moderately dipping Keno Hill
Quartzite unit. Mineral zones, which are most often thought to be stacked vertically, are
spread laterally here. The feldspar veins near the pluton and the few cassiterite-bearing
quartz veins are characteristic of deeper systems; the quartz-calcite veins with minor
epidote, tourmaline, and sulfides are similar in appearance to mesothermal precious metal
deposits. The zoning progresses further to the Ag-Pb-Zn orebodies, and ends with the
"epithermal” assemblage which occurs within the same altitude range as all of the other
zones, in contrast to the traditional sense of the terminology. Zoning models in general are
most often intended for the vertical extrapolation of mineralogical assemblages to depth,
but in this case the models apply as well to the lateral direction. From a lateral perspective,
the position of the Ag-Pb-Zn orebodies in the Keno Hill district matches the early vertical
models of Spurr (1907, 1912) with a position between the ‘higher' epithermal veins and
'lower' mesothermal and plutonic assemblages. More work is needed on refining the
mineralogical zonation in terms of solid solutions and compositions of phases from
microprobe analyses. Initial work on tetrahedrite composition shows a clear zonation, and
might be established as well in other minerals such as sphalerite and carbonates.

The identification of similar zoning patterns in the Slocan and Coeur d'Alene mining
districts, at a similar scale, indicate that the zoning model has widespread applicability and
is thus useful for exploration.

Fluid inclusion data are available from other silver districts in the Omenica

Crystalline Belt, to which the fluid inclusion data of the Keno Hill district can be
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compared. From the Beaverdell mining camp of Southern British Columbia, Godwin et al.

(1986) report on fluid inclusions in quartz and sphalerite samples from two generations.
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The carly assembiage has inclusions which omogenize near 285° C, contain variable
amounts of CO,, and have a generally high salinity up to 15 weight percent NaCl
equivalent. The transition to the ore stage is thought to have been through boiling and
mixing, producing inclusions with a lower salinity near 7 weight % NaCl equivalent,
negligible CO,, and a lower homogenization temperature of approximately 225° C. In the
Coeur d'Alene district of Idaho, Leach et al. (1988) have studied fluid inclusions from
quartz. Their type 1 inclusions have XC05 = 0.05 to 0.15 with minor N5, CHy, and other
light chain hydrocarboas, 5 to 10 weight percent NaCl equivalent, and homogenize in the
range 225° - 300° C. Type 2 inclusions are gas dominated and may coexist with type 1,
and are interpreted to indicate boiling in the system. Minimum pressure estimates are on
the order of 1500 bars. Type 3 are dilute water dominated secondary inclusions. In the
Deer Trail vein of Washington State, Fluet (1986) report on inclusions mainly from quartz.
In the pre-ore stage, inclusions homogenize near 300° C, have salinities of approximately 8
weight percent NaCl equivalent and have a CO, content of up to XCO; = 0.10. Pressure is
thought to have been within the interval 500 to 1000 bars. In the ore stage, inclusions

homogenize between 150° - 250° C, have a lower salinity near 6 weight percent NaCl

equivalent and a variable but lower CO; content. Inclusions from a post-ore stage of fluids
are cooler (<150° C), dilute (<3 wt. percent NaCl equivalent) with negligible CO,. Boiling
was not indicated. From the Slocan district of Southern British Columbia, Brame (1979)
reports on fluid inclusions in quartz which homogenize over the range 157° - 277°C.
Most have high to very high salinity, up to 40 weight percent NaCl equivalent has been
estimated, and daughter crystals of halite, sylvite and an unspecified sulfate are reportedly
common. Some CO, in the inclusions has been identified. Variable gas ratios and the
homogenization of some inclusions to vapor are cited as clear evidence of boiling (Brame,
1979).

In the ore veins of the Keno Hill district, quartz contains inclusions which
homogenize mostly between 250° - 310° C, have CO, up to XCO, = 0.25, and have a
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varisble salinity between 1 to 14 weight percent NaCl equivalent. Coexisting gas-rich

inclusions which homogenize to vapor indicate boiling conditions. Pressure
determinations show that boiling began near 1500 bars. Boiling resulted in the
precipitation of siderite which contains inclusions that homogenize mostly between 2509 -
280° C, have XC0, < 0.01, and are generally saline with between 10 to 15 weight percent
NaCl equivalent. Late stage quartz contains lower temperature, dilute inclusions with
minor CO,.

A considerable degree of consistency is seen in the fluid inclusion data from the
various districts. The high temperature end of the spectrum for homogenization
temperatures falls within the relatively narrow range of 277° - 310° C. A moderate to high
salinity is reported from all of the districts, with very high salinities recorded in the Slocan
veins only. Variable but often substantial quantites of CO, is a common t ait. Boiling is
cited as an important ore-forming process in all districts except for the Deer [rail vein.
High pressures at the beginning of boiling have been determined from the Keno Hill
district (1500 bars) and the Coeur d'Alene district (1500 bars minimum). Influx of a
cooler late stage dilute water is recorded in all systems except for the Slocan veins. Mixing
with this late stage fluid is thought to have been an important process in the Deer Trail,
Beaverdell, and Keno Hill vein systems, but later in time and unrelated in the Coeur
d'Alene veins.

All of these vein systems likely formed at considerable depth; this is indicated
because in general high pressure conditions are required for saline water solutions to
dissolve even small quantities of CO, (Bowers and Helgeson, 1983), otherwise boiling
would occur. Boiling would seem to be almost inevitable for such fluids because of their
high volatility, and because of their natural tendency to migrate to lower pressure areas
such as fault zones.

Another common trait of all of these districts is the dominance of clastic sedimentary
rocks as host rocks to the deposits. In the Keno Hill district it was demonstrated that
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organic material or graphitc from the host rocks was important in maintaining a high 0,
coment to the fluids, and that the high salinities achieved were likely generated through
boiling as well as through reactions between water and graphite. With similar fluid
characteristics recorded in all districts, it scems likely that reduced carbon in the host rocks
frora all of these districts may have had a similar influence on the mineralizing fluids.
Furthermare organic carbon is recognized as a general metal "sink”, and the selective
alteration of such material over broad areas in large scale hydrothermal systems may
account for the source of the metals in the orebodies.

The fluid inclusion data from the Keno Hill mining disttwct provides further
information about the importance of active faulting during the mineralizing process througi
the pressure determinations. At local sites the pressure drop is estimated to have been by at
least a factor of eleven times, from near 1500 bars to less than 130 bars. This certainly
would have caused a great deal of suction on the fluids, likely influencing and driving fluid
migration. The hypothesis of considerabie fluid pressure drops during active faulting
(Sibson, 1987) appears to apply here, and is consistent with the textural data presented in
the structural analysis indicating the overlap in time between hydrothermal activity and
faulting.

Measurements of carbon isotopes from siderite and calcite indicate that organic or
reduced carbon such as graphite was the principal source of carbon in the fluids.
Fluctuations in isotopic signatures likely reflect variations in oxygen fugacity. The
dominance of CO, over CH as observed in the fluid inclusions indicates that relatively
oxidizing conditions predominated. This may have been established in the fluids because
of the presence of magnetite in the host rocks reported from the quartzite and greenstone
lenses (McTaggart, 1960). Another factor which may havs contributed in maintaining CO,
> CH, is the greater volatility of the reduced species H; and CHy , which helps in
maintaining oxidizing conditions in the residual fluids (Drummond and Ohmoto, 1985).
Furthermore, if meteoric water was relatively oxidized, the influx of deeply circulating
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meteoric waters is another means in which CO, may have been produced in excess of CHy;

this would appear t0 have been a real possibility as 3180 values for late quartz indicate that
meteoric waiers were a significant component of at least the lats stage mineralization.

Broad variations in olsoqm recorded in the Keno Hill veins correspond to a large
degree with the mineralogical zonation of the district. Contour patterns also display a likely
fault structure which was not detected in its full extent during the field work, and may be
interpreted to have acted as a major conduit for circulating fluids.



CONCLUSIONS

Orebodies of the Keno Hill mining district are closely constrained by structure.
Mineralized Ag-Pb-Za veins occupy northeast striking, sinistral strike-slip “sults. These
form a conjugate set to the brittle-ductile shear of the "castern structural domain”. The
upright shear overprints early, shallow dipping thrust-related fabrics, and appears to have
formed in association with a lateral discontinuity in the thrust system. The eastern
structural domain is characterized principally by the rotation of early isoclinal fold axes
along a great circle, by a widespread upright crenulation cleavage, and by similar folding.
Faulting and joint formation typify the later stages of shear. As well as being structurally
controlled, faults, fractures and veins are lithologically restricted, mainly to the the
graphitic Keno Hill Quartzite unit of Mississippian age.

The entire vein system is mineralogically zoned, and is continuous along the
quartzite for 40 km. Veining is contemporancous with and zoned away from the Mayo
Lake Pluton (81 Ma). The pluton and surrounding quartz-feldspar veins post-daie
rotational shear. Some overlap is apparent though in the timing of brittle strike-slip
faulting, and hydrothermal activity in the mining district. Veining progresses further
outwards from the pluton to carbonate-Ag-Pb-Zn veins in the mining district, and end with
distal epithermal veins.

Seven mineralogical zones have been defined. Key index minerals are underlined
below for emphasis. The dominant groups, progressing outward from the pluton, are: 1)
quartz-feldspar veins with minor gpidotg, tourmaline, apatite, pyrite, and rare ilmenite; 2
quartz veins with muscovite and sparse pyrite, arsenopyrite, and cassiterite; 3) quartz-
calcilc-cpidote veins with also pyrite, arsenopyrite and chalcopyrite; 4) veins containing
jamesoniie, boulangerite, arsenopyrite, sphalerite, pyrite, chalcopyrite, tetrahedrite and
pative gold in a gangue of quartz and calcite; 5) siderite veins with cakite, galena,
sphalerite, tetrabedrite, pyrite, pyrrhotite, and arsenopyrite; 6) same as (5) but without
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arsenopyrite, pyrrhotite or caicite; 7) quartz veins containing pyrargyciic, polybdesite,
stephanite, acunthite and native silver, as well as pyrite, marcasite, freibergite,
chalcopyrite, stibnite, anomalous goid values, some barite and clay alteration.
Paragenetically, the veins farthest from the pluton are also generally younger.

Tetrahedrite is distributed throughout the mining district, along the 25 km long outer
portion of the hydrothermal system, and is the principal Ag-bearing ore mineral. Both
Ag/Cu and Fe/Zn ratios increase in tetrahedrite towards the outer extremity of the system,
where freibergite dominates over tetrahedrite. The Sb/As ratio is high in all samples.

In the orebodies, three stages of gangue mineralogy were used in a fluid inclusion
investigation, corprising (1) early coarse grained quartz, (2) siderite intergrown with the
ore and (3) late stage finer grained quartz from the veins of epithermal character. Fluids are
distinct in all three stages, but a considerable degree of overlap is also observed. Boiling, a
loss of CO5 , and an increase in salinity characierize the transition from early quartz to
siderite; mixing and the influx of dilute meteoric water typifies the late quariz stage.

Pressure determinations obtained on the two phase boundary in the system H,O-
CO,-NaCl, indicate that fluid pressure dropped during vein opening, from approximately
1500 bars in early quartz to less thar, 130 bars in siderite. Initial boiling with 15-20 %
water vaporization decreased the liquid temperature from 310° C to 250° C. The boiling
also caused a loss of CO5, from XC0O, = 0.25 to XCO, = 0.01, which produced a higher
pH, stabilized carbonates and destabilized chloride-metal complexes. Increases in salinity
indicate that heat gained from the host rocks allowed for extensive boiling to have occurred
with limited cooling. High salinities are recorded in the fluid inclusions within siderite,
near 10 to 15 weight percent NaCl equivalent, up from 1 to 5 weight percent in the early
high temperature fluids.

Graphite in the host rocks had a strong influence on the hydrothermal system,
buffering the initial fluids to a high CO, content, allowing for deep seated boiling to have
occurred. Post-boiling equilibration of water with the graphitic host, producing CO, and
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CH,, may also have been a significant factor in increasing the salinity of the fluids.
Furthermore. widespread selective alteration of graphite in large quantities, as indicated by
the abundance of CO, in the fluids and depletion c I graphite from some alteration haloes, is
thought to have been an effective means of releasing metals into the solutions.

Both the mineralogical zoning and fluid inclusion characteristics of the Keno Hill
mining district are similar to those other Ag districts from the Omenica Crystalline Belt.
Other similaritics between the various districts include host rock types and structural
controls.

Stable isotopes were used during the course of this study to help in identifying fluid
sources, assess water-rock interaction, estabiish continuity between mineralogical zones,
and to help in identifying dynamic hydrothermal processes such as boiling, mixing, and
fluid flow. The 8180, ,, from veins near the pluton increases outwards from +10.6 per
mil to +20.0 per mil, due to cooling of the hydrothermal fluids, and exchange with the
quartzite. Contours of isotope values outline broad paths of fluid movement within the
quartzite, and outline a suspected permeable fault or fracture zone. Proceeding still further
from the pluton, 8180, then decreases from +20.0 1o +10.1 per mil 1o the outer edge of
the system where the orebodies are found. The presence of meteoric water during vein
formation is indicated in the veins furthest from the pluton, where late stage quartz has
oxygen isotope values as low as 3180gpow = -7.1 per mil. The outward decreasing trend
for quartz appears then to have been established in one of two ways; 1) by mixing of
isotopically light meteoric water with the exchanged fluids that were in isotopic equilibrium
with the quartzite; 2) extensive reaction of water and graphite during the formation of CO,
and CH, may have fractionated the water 10 a greater degree in the outer portion of the
sysiem.

Cooling due to boiling of the fluids hac an effect on the isotopic signature of quartz
and carbonstes. Superimposed on the outward decreasing 8180, trend are local
isotopically distinct veins, which are also silver-rich. The quartz from these veins is higher



190
in 8180 values by up to 4 per mil, due t0 a minimum of 10 10 2S perceat boiling of the
fluids and associated cooling. Siderite formed as a late stage product of the boiling event,
during production of CO, and CH,, resulting in trends of 180 depletion and 13C
earichment in siderite.

A closed sysiem boiling model, together with estimates of water loss from reaction
with graphite, indicate that greater than S0% of the original water in the ore fluid was
removed. Relatively saline mineralizing fluids resuited. The reaction of water with a
reduced orgr. aic carbon source is indicated by the negative !3Cppp values for the
hydrothermal carbonates, from -12.9 to -4.0 per mil. Variations in the carbon isotopes are
likely due to fluctuating CO,/CHj4 ratios in the boiling system, reflecting the contrast.ng
volatility of the gas pair.
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APPENDIX 2
DESCRIPTION AND USE OF COMPUTER PROGRAM FI-P-XCoO,
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Appendix 2
Description and use of computer program FI.P-XcCo,

This program estimates XCO, and pressure of entrapment, for three phase H,0-CO,-NaCl
fluid inclusions, which have been tra on the two phase immiscibility boundary. The
program is written in Microsoft BASY for a Macintosh Plus table top computer, but is
adaptable to any BASIC compiler. A complete ducrig;ion of the method, and a listing of
the equations used is given by W.T. Parry, (1986) ("Estimation of XCO,, P, and flui
inclusion volume from fluid inclusion temperature measurements in the system NaCl-CO,-
H,0", Economic Geology, vol. 81, p. 1009-1013). The article also includes a table of
measurements and results against which the program may be tested.

DEFDBL A-Z

gRINT ""P”ROGRAM WRITTEN BY: Greg Lynch
PRINT "PROGRAM NAME: FI-P-XC0,
PRINT " "

PRINT "PURPOSE: This is a BASIC computer program for calculating Xc0; and P"
PRINT "from 3 phase CO,-bearing fluid inclusions. For equations see:"

lI;RIN'I' :PA'I}RY, W.T,, 1986, Economic Geology, Vol. 81, P. 1009-1013."
INPUT "CLATHRATE MELTING TEMPERATURE";A

W=15.52022-(1.02342* A)(.05286*(A"2)) 'WT% NaCl

INPUT "HOMOGENIZATION TEMPERATURE ( C) OF CO, INNER BUBBLE";B

INPUT "%ggl;d"Oé}ENIZATION OF CO2 TO LIQUID TYPE 1, OR TO VAPOUR

IF C=1 THEN GOSUB LCO2 ELSE GOSUB VCO2 :'Calculate saturated CO, density

E=W*.172' MOLALITY OF NaCl

F=(1000*.99164+58*E*.99164)/(1000+17.45*E*.99164+1.71*E*1.5*.99164+.04*E"2
*.99164) :'Density of H,O

INPUT "TEMPERATURE OF TOTAL HOMOGENIZATION";L
“'Calculation of parameters for Reidlich-Kwong equation

M=73030000#-71400!*L+21.57*L"2  :'aCO2

U=2.718281828459#"(-11.07+5943/(273.15+L)-
2746000#/(273.15+L)"2+464600000#/(273.15+L)"3)

N=4.881243+.001823047#*L -.00001712269#*L"2+.000000006479419#*L"3

0=.02636494#-5.369939999999999D-04*L +.000002687074#*L"2-
.000000004321741#*L"3

P=.006802827#-.0000948023#*L+.0000003770339#*L"2-.0000000005075318#*L"3

Q=.00005235827#-.00000003505272#"L

R=111.3057+50.70083"(-.00982646#*L)

S=-8.05658"(-.00982646#*L)

INPUT "VOLUME % ESTIMATE OF CO, (PREFERABLY AT 40 C)";G
INPUT "INITIAL P ESTIMATE (BARS)";Y
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PRINT " "
PRINT "(note: if out of memory error is signalled, then your initial"
PRINT " pressure estimate is too far off of real value, try again)"

DD=D*44 :'converting CO, in moles/cm3 to g/cm3 from subroutine
FOR JJ=1 TO 10 :'ten itterations to converge results to known 2-phase boundary

'LJ,and K are used to help in initial XCO2 estimate, X
10 I=(G*DD)/44+2.3*(100-G)/1800

J=(100-G)/18
K=(J*W)*18/5800
X=I/(1+J+K) :’XC0, determination (Touret, 1977)

11 T=X"2*M+(1-X)"2*(R+W*S)*1000000!+2*X*(1-

X)*((46000000#*2.718281828459%(N+W*O+(W*2)*P+W*3*Q)*1000000!)".5+.5*8

3.1272*(L+273.15)*2.5*U)

V=X*29.7+(1-X)*(14.6-W*.04420283#)

IF AA=1 THEN GOTO 80 :'itterations complete, proceed to final P determination

VOL=25 :'molar volume for first calculation

77 IF VOL=V THEN GOTO 90 :'error, division by 0

IF VOL=0-V THEN GOTO 91 :'error, division by O

IF VOL=0 THEN GOTO 92 :'error, division b g

PP=(83.12‘(273.15+L))/(VOL-V)-T/((273.15+{)“.5"‘VOL“(VOL+V)):'prmsurc

IF (PP-Y)<0 THEN GOSUB LOWERV ELSE GOSUB ADDYV:'adjust volume for correct
ressure

LOWERYV: 'subroutine to decrease volume P

VOL=VOL-.01

IF VOL=0 THEN VOL=.005

GOTO 77

ADDV: 'subroutine to increase volume
VOL=VOL+.01
IF PP-Y<=10 THEN GOTO 78 ELSE GOTO 77:'P calculation corresponds to P estimate

within 10 bars
78 DI=(44*1+18*J+58*K)/(VOL*(I1+J+K))

G=(DI-F)/(DD-F)*100
Y=PP

NEXT JJ¢ itterate

AA=1
GOTO 10:'final XCO2 determination before final P determination
80 PP=(83.12*(273.15+L))/(VOL-V)-T/((273.15+L)*.5*VOL*(VOL+V))

PRINT" "

;mkm'l '""I'HE" FOLLOWING VALUES HAVE BEEN CALCULATED"
PRINT "VOLUME % CO2", .G

PRINT "X702", ,X

PRINT "PRESSURE", ,PP

PRINT "WT % NaCl", W
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PRINT "MOL VOL ch3/mol)",VOL

PRINT "DCO2", ,D

PRINT" "

PRINT "IF THESE VALUES DO NOT CORRESPOND TO ESTABLISHED
EXPERIMENTAL"

PRINT "VALUES FOR SYSTEM, THEN RUN PROGRAM AGAIN USING THESE
VALUES AS"

PRINT "INITIAL ESTIMATES"

90 PRINT "VOL=b"
END
91 PRINT "VOL=-b"
END
92 PRINT "VOL=0"
END

LCO2: 'subroutine to calculaie CO, ) density

B=B+274.15
D=(.42897885#*(1-B/304.21)+.38225012#*(1-B/304.21)"(2/3)+1.9073793#*(1-
B/304.21)*.347+1)*.01059

RETURN

VCO2: 'subroutine to calculate COyg, density

B=B+274.15
D=(1.7739244#*(1-B/304.21)-.71728276#*(1-B/304.21)"(2/3)-1.7988929#*(1-
B/304.21)*.347+1)*.01059

RETURN



APPENDIX 3

COMPUTER PROGRAM FOR CALCULATING WATER-GRAPHITE
EQUILIBRIA
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APPENDIX 3

This is a computer program, writtea in Microsoft Basic for the Maclntosh,
which calculates waur-mgm equilibria for variable conditions of P, T,
and fO,. For a listing of equdoundthermodyumlcdauued,the
reader is referred to:

Ohmoto, H., and Kerrick, D., 1977, Devolitization equilibria in graphitic systems.
American Journal of Science, vol. 277, p- 10 3-1044.

DEFDBL a-z

INPUT "TEMPERATURE (cekcius)™;T

INPUT "PRESSURE gms)";l’

INPUT "FUGACITY OEFFICIENTS FOR H20, CO2, CH4";H20,C02,CH4
INPUT "FUGACITY COEFFICIENTS FOR H2S, CO, H2":H2S.CO,H2
INPUT "FUGACITY COEFFICIENTS FOR SO2, COS, S2, $8":S02,C0SS.S2,58
INPUT "UPPER LOG fO2";UFO2

INPUT "LOWER LOG fO2";LFO2

INPUT "INCREMENTS OF LOG f02";INC

T=273.15+T

P=P*1.013

FOR N=UFO2 TO LFO2 STEP INC

FO2=10"UFO2

K2=FO2/(CO2*P)* 10"(20586/T +.0421+.028*(P/T-1/T))
K3-(C02/(CO‘F02".5))‘(1/10“(14751/1'-4.535))

K4=H20/(10* 12510!/1'-.979'(LOG('1')/I..OG(10))+.483)‘H2“'F02“.5)
K5=CO2%( “2‘P‘2)/(CH4‘F02“2‘10“(41997!/1' +.719"(LOG(T)/LOG(10))-2.404))
K6-F02"(18929fl'-3.783)/($02‘l"(10599/1'-103750!fl' 22..015*(P-1)/T))
K7-CO‘(4731/1'-4.338)I(COSS‘ 10599/T-103750Y/T 42..015*(P-1)/T))
K8=10"(-81170!/T +.188‘(LOG('§“)/LOG( 10))-.352)‘!-[20/(10"(10599/1'-103750!f1' r2-
.015"(?-1)/1')‘(1-128‘1-'02“.5))

K9-l/((10599/'l'-103750!f1' 2..015*(P-1y/T)*2*S2*P)
x1£-2-$2x15446fr.24.43)/((10599fr-103750!/r »2..015*(P-1)/T)"8*S8" P)

=

b=K4+K8+1

c:KZ‘K3+K2+K6+K2‘K3‘K7+K9+K10-1

IF b*2-4*a*c<0 THEN GOSUB NEG

IF a=0 THEN GOSUB LIN

ROOT l-(-b+(b“2-4‘a‘c)".5)/(2‘a)

ROO’I'ZB(-b-(b‘2-4‘a‘c)“.S)/(2‘a)

IF ROOT1<ROOT2 THEN XH20=ROOT?2 ELSE XH20=ROOT1

§ XCO2=K2

XCO=K2*K3

XH2=K4*XH20

XCH4=K2*K5*XH20"2

XH2S=K8*XH20

XS02=K6

XCOS=K2*K3*K7

XS2=K9

XS8=K10

LPRINT" " ,

LPRINT "LOGFO2", ."XH20", ,"XS02"
LPRINT UFO2, XH20,XSO02
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LPRINT "XCO2", ,"XCH4", ,"XCOS"

LPRINT XCO2,XCH4,XCOS
LPRINT "XH2S", ,"XCO", ,"XS2"
LPRINT XH2S,XCO,XS2
LPRINT "XH2", ,"XS8"
LPRINT XH2,XS8

10 UFO2=UFO2+INC
NEXT N

TaT-273.15

LPRINT "TEMPERATURE";T
P=P/1.013

LPRINT "PRESSU..E";P
END

NEG:

PRINT "SQUARE ROOT OF A NEGATIVE"

GOTO 10
XH20-( 1*c/d)
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