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ABSTRACT

Sulfide-sulfosalt vein and replacement ores rich in Fe,
As, Ag, Zn, Pb, and Au; a stockwork-type molybdenum deposit;
a Au-Bi-Te- veln and replacement deposit; and some small Cu-
Fe-Ag deposits in the Hudson Bay Range of west-central Brit-
ish Columbia are zonally arranged about felsic porphyritic
Tertiary intrusions. The ores are apparently temporally and
genetically related to the intrusions,

A study has been made of the geologlc setting of the
deposits, the chemistry of the ores, and the geochemistry of
sphalerite, pyrrhotite, arsenopyrite, and other minerals in
an attempt to deflne the zoning more closely and to evalu-
ate processes controlling its development,

The 60 or so known deposits of the district have been
divided into groups based on their mineralogy, metal content,
and structural features, Small "sulfide" veln deposits with
variable amounts of sulfosalt and gangue minerals are by far
the most common type. Arsenopyrite, pyrite, pyrrhotite,
sphalerite, galena, quartz, carbonate, marcasite, chalcopy-
rite, tetrahedrite, bournonite, and ruby silvers are the
most common minerals, Sulfide replacement bodies, that have
many of the mineralogic features of the veins, occur at sul-
fide vein intersections in limestone lenses,

The molybdenum deposit, which is centrally located, 1is
essentially a very extensive stockwork of small quartz veins
containing variable amounts of ore and other gangue minerals,
Quartz, magnetite, pyrite, molybdenite, hornblende, biotite,
chlorite, potash feldspar, muscovite, calcite, dolomite,
pyrrhotite, chalcopyrite, scheelite, and gypsum are the most
important veln minerals., The Au-Bi-Te deposit, consisting of
native Au and Bi, bismuthinite, Bi-Te sulfides, and molyb-
denite in quartz veins and replacement pods in highly altered
rocks, occurs near the fringe of the molybdenum deposit,

The Cu-Fe-Ag ores are a speclal type of outer zone de-
posit. They are mostly small velns, with little assooiated
alteration, containing variable amounts of chalcopyrite, bor-
nite, magnetite, hematite, pyrite, and unidentified silver
minerals, :

Metal content, mineralogy, and structural features of
the ores outline the zoning. The distribution of iron sul-
fides has been used to divide the district into an inner
(pyrite), an intermediate (pyrrhotite) zone, and an outer (py-
rite) zone. The inner zone is approximately coincident with
the molybdenum deposit and the intermediate and outer zones
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cover the areas that contain sulfide deposits, An area con-
taining mostly barren quartz veins, between the inner and
intermediate zones and somewhat overlapping the two, has
been designated the "barren" zone.

Metal content, mineralogy, structural features, and spa-
tial arrangement of deposits suggest that all ores were em-
placed under the same regional thermal-hydrothermal regime.
But the sulfide ores were probably formed before the molyb-
denum deposit during or just after the period of thermal
metamorphism, The molybdenum deposit was formed largely
after the period of thermal metamorphism during a stage of
more restricted magmatic activity In the Glacier Gulch area,
The thermal-hydrothermal regime established by the emplace-
ment of the Tertiary porphyries could have been the main
factor controlling the zonal arrangement of ores,
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INTRODUCTION

During the past two decades the understanding of geo=-
chemical processes of hydrothermal ore deposition has been
tremendously advanced. The recent book "Geochemistry of
Hydrothermal Ore Deposits" (ed. Barnes, 1967) is emple tes-
timony to this fact. Most of the advances have been made
through laboratory study of pertinent phase equilibria, so-
lution chemistry, and by the application of thermodynamic
principles to the understanding of natural systems. Because
of the nature of these studles most of the work has heen
carried out by physical-chemists and laboratory=-oriented ge-
ologists. However, if we are to galn a more accurate im~-
pression of the processes of ore deposition, geochemically .
orlented field studies which guide, supplement, and ulti-
mately test the laboratory work should keep pace with exper-
imental studies. It was with this consideration in mind that
the present study was undertaken.

When the study was initiated in 1963, 1t was thought
that temperatures of ore formation could be determined by ap-
plication of sulfide solid-solution geothermometers and that
the importanee of temperature as a control on district-wide
mineral zoning could be evaluated. The compositions of sphal=-
erite and pyrrhotite were to be used as "sliding-scale" geo=-
thermometers. Work since this study was initiated has shown
that these geothermometers, as originally proposed, are in=-
valid. However,‘the same studies have added greatly to our

knowledge of the conditions of formation of these minerals.



Thus, even though at this time quantitative geothermometry
using these minerals is not possible, study of thelr com-

positions and associated minerals can set some general re-
strictions on conditions which prevailed during ore depo=-

sition, and hence, give greater insight into the processes
of deposition.

Since it was first studied, the Hudson Bay Mountain area
has been consldered to be & district displaylng prominent
zonatlon of mineral deposits. This study was designed to de=~
fine the zoning more closely and to shed light on the pro=-
cesses of ore deposition. The study of sphalerite has been
strongly emphasized because sphalerite is widespread and
shows conslderable chemical variation, and because its phase
relations are fairly well known. 1In general its chemical
variations conform with the zonal pattern of the ores; hence,
they should reflect some of the changes in conditions of ore
deposition. Varlations in other major minerals such as pyrr-
hotite, arsenopyrite, and vein carbonates, have been studied,
but detailed studies of wall rock alteration and minor con-
stituents of the deposits have been deferred. It is hoped that
by concentrating on major aspects of the mineralogy snd the
assoclated regilonal geological study, & foundation will be
established from which other studies can be carried out.
Field studles of all the deposits considered here and a study
of the regional geology have been carried out by the writar,
but general geologlical aspects of these studies are only

summarized in this thesls. They wlll be presented later as



a bulletin of the British Columbia Department of Mines,

Location and Topographic Features of the District

The fifty to sixty known mineral deposits that lie with-
in the Hudson Bay Mountain mining district occur in the eas-
tern half of the Hudson Bay Range 1n west-central British
Columbia, The area’is about 900 miles by road north of Van-
couver and about 230 miles east of the port of Prince Rupert.
It 1s immediately west of the Bulkley River at the town of
Smithers and lies about 40 miles east of the Coast Mountains,
B.C. Highway 16 and a line of the Canadian National Railway

pass along the eastern margin of the district,
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The range is one of a group collectively called the
Hazelton Mountains. These 1solated ranges lie immediately
east of the main chain of the Coast Mountains Jjust north of
the Interior Plateau, To the east they are flanked by more
small ranges that form the southern end of the Skeena Moun-

tains and northern end of the Nechako Plateau (Holland, 1965).,

Figure 2 - Aerial view of Hudson Bay Mountain from
the northeast., Glacier Gulch is in the
foreground and Toboggan Creek is to the
rights The center of the molybdenum de-
posit is marked by an "x".

The Hudson Bay Range is an isolated group of ridges and
peaks about 200 square miles in extent. Hudson Bay Mountain,
8497 feet in elevation, is the dominant topographic feature.
Valleys and passes bounding the mountailn mass range from

1300 to 3500 feet in elevation,
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Three small glaciers are present in the upper reaches of
Hudson Bay Mountain and there are a few rock glaciers in some
of the west and north-facing cirques. In general, outcrop is
excellent above 5000 feet at tree-line, but some areas below
this level have very sparse exposures and thick conifer for-

ests.

Previous Studies

All mining properties of the area have been examined
from time to time by officers of the British Columbia Depart-
ment of Mines and are described in the Annual Reports of the
Minlster of Mines. The prime purpose of these reports was to
record any exploration activity on the properties; some of
them therefore cdntain little or no geolegical information.
The only ecomprehensive reports on the geology and mineral de-
posits of the area have been published by the Geological Sur=-
vey of Canada.

R.H. Jones (1925 and Univ. of Wis. Ph.D. thesis) pub-
lished the first comprehensive report on the geology and min-
eral deposits of the district. He spent one summer on field
work, mapping about 200 square miles and studyling selected
mineral properties. A geological map at a scale of one inch
to two miles that includes the Hudson Bay Range was compiled
by J.E. Armstrong of the Canadian Geological Survey in 1944,
There are few changes on this map from Jones' original work.
E.D. Kindle (1954) published a report on the mineral resources
of the area but he mainly restricted his study to individual

deposits and made no attempt to study the areal geology.



The writer (1966) has described briefly the geology in

the vicinity of the molybdenum deposit.
Mining History

The Hudson Bay Mountain mining district has not been an
important source of metals, but its future prospects are
promising. Since 1905, when extensive exploration in the dis-
trict began, the only significant producer has been the S11
Van Mine (earlier the Duthie Mine and the Henderson Mine).
From 1923 to 1954 it praduced about 80,000 tons of ore, bear-
ing values in lead, silver, zinec, gold, and copper.

Other properties of the district have only yielded tonnages
of ore insufficient to sustain mining operations.

Interest in the district was renewed in 1956, when the
molybdenum deposit was staked. American Metals Climax (South-
west Potash and Climax Divisions) has since been exploring the
deposit. The'company first d1d extensive diamond drilling
from surface, and thean in 1966 continued exploration from
underground workings. This deposit should become a major
source of molybdenum, tungsten, and possibly copper,
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GENERAL GEOLOGY

The district is underlain mainly by volcanlc and sedi-
mentary strata of the Hazelton Group and sedimentary strata
of the Bowser Group (Figure 3), both probably of Jurassic
age. A few small bodles of Jurassic or Cretaceous (?) gran-
odiorite and quartz monzonite are exposed in the northern
and western parts of the district, and numerous early Terti-
ary porphyry dikes and some small plugs and stocks occur
near the molybdenum deposit in Glacier Gulch. Covered Terti
ary porphyry intrusions are probably responsible for the
thermal metamorphism in the central part of the district.
There has been no regional metamorphism above lowest green-
schist facles. Although there has been extensive faulting,
including thrusting, in general, folding has not been in-
tense,

Stratigraphy

Stratigraphic relations in the district are summarized
in Table 1.

Hazelton volcanic rocks include many dlverse types but
pyroclastic rocks, especially lapilll tuff, of intermediate
composition are most abundant. Welded tuffs and lava domes
have been recognized in some units. Some sequences are com=-
posed almost entirely of massive units whereas some contaln
a high percentage of bedded rocks. Many sequences are com=-
posed mainly of rocks that are shades of red, purple or
brown, owing to hematite pigmeﬁt; however, rocks that have

been hydrothermally altered or thermally metamorphosed are
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Table 1 - Table of Formatlons 10
Era Perlod or Epoch Unit Lithology
Pleistocene Glacial till; glaclo-
& Recent fluvial sand, gravel,
and silt; recent ta-
lus and alluvium
Cenozoic Unconformable contact
Paleocene Felsic, porphyritic
dlkes and stocks
Bulkley in- Intrusive contact
trusions
Jurassic or Granodliorite and
Cretaceous(?) quartz monzonite
Fault and intrusive contacts
Upper Jurassic Bowser Group [Poorly sorted conglom=
and Lower erates, graywacke
Cretaceous (?) siltstone, mudstone,
minor impure coal, and
hornfelsic equlvalents
Mesozolc Unconformable contact

Middle
Jurassic (?)

Bajoclan
(Lower Middle
Jurassic)

Lower Middle
Jurassic or
earlier

Andesitic, dacitic,
rhyolitic, and ba=-
saltic tuffs, brec-
cias, flows, and in-
trusions, and horn-
felsic equivalents

Fault contact (?)

Volcanic
Division
oy
S
(o]
o
&
g
o Sedimentary
8 Division
@
s

Poorly sorted limy
tuffaceous gray-
wacke and siltstone,
mudstone, cherty mud-
stone, and minor con-
glomerate and coal

Conformable contact

Volcanic
Division

Andesitic, dacitic,
rhyolitic, and ba=-
saltic tuffs, brec=
clas, flows, and ine
trusions and horn-
felsic equivalents;
minor limestone and
tuffaceous graywacke
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generally light or dark shades of green, gray or brown. In-
terlayered units of unquestlionable sedimentary character are
uncommon in the volcanic sequences., Nevertheless, 1t 1s
quite possible that much of the pyroclastic debris has been
reworked by sedimentary agents. Greenstone, diabsse, and
diorite dikes and felsitlic intrusions are abundant in most
volcanic sequences,

Bajoclan sedimentary rocks of the Hazelton Group are def-
initely conformable with the underlying volcanic rocks on the
western side of Hudson Bay Mountain but their upper contact
relations have not been established.

Bowser sedlimentary rocks unconformably overlie volcanice
rocks of the Hazelton Group. Plant fossils in Bowser rocks
mostly indicate an Upper Jurassic age but there 1s a possi-
bility that some are Lower Cretaceous.

Felsic Intrusions

Three main groups of felsic intrusions have been recog-
nized in the district: felsites, granodiorites, and Tertiary
porphyries. The felsites are massivé, spherulitic, flow
banded, aphanitic, and/or slightly porphyritic. Where con-
tacts are well exposed the intrusions seem to have had little
effect on the country rock. Without seeing contact relation-
ships one would tend to map most of the bodles as lava flows
or domes, Most of the felsite intrusions are probably re-
lated to Jurassic volcanism, but their age(s) has not been
established accurately. Some felsite intrusions outside the

district have mineral deposits assoclated with them and may
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be Tertiary in age (Brown, 1965 and 1966). In Figure 3
these intrusions have not been separated from thelr volcanic
host rocks.

Both within and outside hydrothermally altered or thermally
metamorphosed areas, the granodiorite is typically a highly
altered granitic, aplitic, granophyric, and/or porphyritic rock.
The largest known body of granodiorite is a thick, differen-
tlated sheet that does not outcrop but occurs at depth in the
vicinity of the molybdenum deposit. Small dike- and stock-
like bodles also occur near Silvern Lake and on Mount Evelyn,

The writer (1966) suggested that because the granodior-
ite sheet and all Hazelton volcanic rocks are cut by mafic
dikes and irregular bodles, and because the Bowser sediments
are not cut by these intrusions, the granodiorite is probably
pre-Upper Jurassic. The relationship between the mafic in-
trusions and the granodiorite was inferred from diamond drill
cores., Subsequent underground work has shown that although
a few mafic dlkes certainly cut the granodiorite, many of
the bodlies logged as maflc dikes are actually large mafic
blocks within the granodlorite. The earller age interpreta-
tlon is thus weakened, but the overall highly altered and de=-
formed nature of this rock in all environments suggests that
it was emplaced relatively early in the tectonic history of
the area. Certalnly this unit pre-dates thé‘Tertiary por-
phyries, but the absence of unaltered primary biotite or
hornblende has precluded use of convgntional potassium-ar-

gon dating technlques.
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B

Figure 4 - Typical specimens from the granodiorite sheet
Note how the mafic minerals have been redlis-
tributed in clots and wveinlets, presumably
by metamorphism,

A - most typical of the upper part of the sheet
B - most typical of the lower part of the sheet
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The only Tertiary porphyries shown in Figure 3 are the
dikes that form a somewhat radial pattern in the central
part of the district. However, at least three small stock-
or plug=-like bodies are known in the Glaclier Gulch area, and
it is believed that Tertlary plutonism was responsible for
the development of the thermal metamorphism and hydrothermal
alteration that is so prevalent in the district. Typilcal
Tertiary porphyry is a light-colored, massive, and markedly
porphyritic rock, having an aphanitic to medium~-grained gran-
itic or aplitic matrix. The porphyries range from granite to
quartz diorite. Most, however, are quartz monzonite or
granodiorite. Quartz, feldspar, and less commonly biotite

occur as phenocrysts.

Figure 5 = Typical Tertiary porphyry from small
body exposed in a crevasse near the
toe of the Hudson Bay Glacier.
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Biotite from two porphyrles has been dated by the Geo-

logical Survey of Canada; one at 67f5 m.Ys, the other at
60f5 m,y. The former intrusion is intra-minerall (that 1is,
emplaced between periods of mineralization) with respect to
the molybdenum mineralization and the latter apparently post-
dates the molybdenum mineralization. Since a hornblende from
a molybdenite-bearing quartz vein in the same area has been
dated at 65%6 m.y., and biotite from a veinlet at 63%4 m,y.,
the radiometric dates are consistent with the known geologic

relationse.

Thermal Metamorphism

An area of thermal metamorphism is present in the cen-
tral part of the district., It was probably caused by the
emplacement of Tertiary porphyries., Its outer limit is shown
on Figures 3, 12, and 46. In volcanic rocks thermal meta-
morphism has resulted in marked color changes; crystalliza-
tion of amphibole, chlorite, biotite, epidote, and/or garnet;
and the formation of minor amounts of pyrrhotite and/or mag-
netite, Sedimentary rocks have become spotted or recrystal-
lized to fine-grained metamorphic rocks containing amphibole,
chlorite, epidote, and/or biotite., The detalled petrography
of the metamorphosed rocks has nof yet been studied.

Since the thermal metamorphism is thought to be due to
the Tertiary porphyries, and the Tertliary porphyries were at

least in part being emplaced at the time of hydrothermal ore

1 This term was introduced by Wallace and others (1960).
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deposition, it is conjectural whether or not there was any
period of thermal metamorphism separate from the period(s)
of hydrothermal activity. Mineral assemblages and rock ap=-
pearanceé in areas that display thermal effects are distinct
from those that have obviously been extensively hydrothermal-
ly altered. Most of the volcanlc rocks have been metamor-
phosed to dark colors. The abundance of veins with bleached
and altered halos cutting the dark metavolcanics of the molyb-
denum deposit indicates that the hydrothermal flulds that
deposited this ore and caused the bleaching and alteration
must have post-dated the metamorphism. The writer 1s con-
vinced that the main period of thermal metamorphlsm preceded
formation of the molybdenum deposit.

Geologic History of the Range

The range is structurally complex., Most of the major
structural features are the result of doming, faulting and
some folding. Thrust faulting may have been of major tectonlo
importance, although individual thrust faults are difficult
to define. The lack of internal features in some volcanic
units, absence of good marker horlzons, scarcity of fossils in
volcanic unlits, and presence of numerous alteration zones make
a clear understanding of the regional structures and geologic
history difficult.

Hazelton Group volcanic and sedimentary rocks were pro-
bably laid down on Jurassic volcanic 1slgnds and in shallow
seas. Posslbly the area was part of an island arc system

(Tipper, 1959). These rocks were faulted and tilted and



Figure 6 - View of a thrust fault on the east side

of the Toboggan Glacier. The fault se=-

parates massive volcanics. The light

bands above the thrust are felsite dikes

that have not been found below the thrust.
partly eroded prior to the deposition of the continental and
marine strata of the Bowser Group. Posslibly the thrusting
and the intrusion of the granodlorites occurred during an
orogenic eplisode at thlis time. The Bowser sediments were
deposited in the south end of a large Jura-Cretaceous sed=-
imentary basin, named the Bowser Basin (See Souther and Arm-
strong, 1966). There is evidence of some orogenic activity
during Bowser time.

Since early Cretaceous, the area has been part of a
large emergent, northeasterly trending structurally high
belt called the Skeena Arch (Souther and Armstrong, 1966,
and White, 1966). This belt is characterized by small moun=-

tain ranges, small silicic intrusions, and block faults.
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Except for the fact that 1t has been extensively sculptured
by glaciers, this area might have resembled parts of the Basin
and Range province of the southwestern United States,

During the Early Tertiary, silicic porphyry intrusions
were emplaced in various parts of the Hudson Bay Range. In-
trusions in the east-central part of the Range were accom-
panled 1y block faulting, fracturing, broad gentle doming,
thermal metamorphism, and extensive hydrothermal activity,
Most ore deposits of the district were formed at this time.
It is also possible that most of the uplift of Hudson Bay
Range occurred then or somewhat later in the Tertiary. Ter-
tiary volcanism, known to have been active in the area, was

of major importance to the south.
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ORE DEPOSITS

General Description

There i1s a great diversity of mlneral deposits 1n the
Hudson Bay Range. With the exceptlion of coal deposlits and
possibly some small syngenetic or diagenetic iron sulfide
deposits 1n black mudstones, the deposits appear to be gene-~
tically related to the Tertiary porphyry intrusions. Rel-
atively small, complex sulfide-sulfosalt veins, rich in As,
Zn, and Pb are the most common type of deposit in the dis-~
trict. The large stockwork~type molybdenum deposit in the
east-central part of the district overshadows all others in
economic importance,

The depoelts of the district can be divided into five
groups: 1. sulfide veins

2. sulfide replacement bodles in limestone

3. molybdenum deposit

4, gold-bismuth-tellurium deposit

5. copper-iron-silver vein and replacement

deposits

The "sulfide" vein and replacement deposits are sulfide ores
with variable amounts of sulfosalt and gangue minerals. The
molybdenum deposit is essentlally a very extensive stockwork
of quartz velnlets with variable amounts of oreland gangue

minerals. The gold-bismuth-tellurium deposit is a unlque

occurrence of native gold and bismuth, bismuthinite, and

1 The term "ore mineral" used in this thesis has no eco=-
nomic significance., It 1s used in its broadest sense to
refer to metallic minerals whether or not they are economic.



20
bismuth-tellurium-sulfides, such as Joseite,and molybdenite
in quartz veins and replacement pods in altered rocks. The
copper-iron-silver deposits are separated from the "sulfide"
vein and replacement deposits because of thelr distinctive
mineralogy and metal content. They contain iron oxides,
chalcopyrite,and/or bornite, minor quantities of silver min-
erals, and some contain pyrite. Supergene(?) chalcocite,
covellite, and bornite are also found in these ores. Their
lack of Zn, Pb, and As distinguish them from the "sulfide"
vein and replacement deposits. Typically they have very 1lit-
tle assoclated alteration and are best considered a speclal
group of outer zone deposits.,

Sulfide Vein and Replacement Deposits

The sulfide velns, the most numerous and widespread
type of deposit, are found in the intermediate and outer
zones of the district. The wain ore minerals in these veins
are arsenopyrite, pyrite, pyrrhotite, sphalerite, galena,
marcasite, chalcopyrite, bournonite, tetrahedrite, and py-
rargyrite. Quartz, calcite, dolomite, siderite, and chal-
cedony are the main gangue minerals. The vein minerals were
deposited as open-space fillings and replacements along sheet-
ed and brecciated fracture zones. Many veins form anasto-
mosing systems, some of which are over a mile in length.
Cockade structures and drusy cavities lined with terminated
quartz, calclite, pyrite,or arsenopyrite crystals are common
in some veins. Mineralizatlon within a given veln system

1s concentrated in ore shoots that generally range from a
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few inches to about ten feet in width.

Figure 7 - Dome veln showing typlcal sheeted nature
of the fracture zone. Most of the dark
areas are sulfide mineralization.

Some parts of vein systems contain only an inch or two
of sulfides, barren quartz, or calcite. All veins have
bleached and altered borders. Propylitic alteration, with
quartz, sericite, carbonates, chlorite, epidote, clays, and

pyrite is the most abundant kind.l

Apart from the replacement bodles that are integral
parts of the sulfide veins, there are also some sulfide re-
placement bodies in limestone lenses on the Iron Vault claim

near Sllvern Lake. These irregular bodies, which occur at

limestone vein intersections, have mineral assemblages that

1l Wall rock alteration in the district was not studied in
detail.
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are very similar to those of the veins. Pyrrhotlite and py-
rite, however, predominate over the other sulfides,

Molybdenum Deposit

On surface molybdenum mineralization occurs over an
area of about one by one-half miles in Glacier Gulch, on
the east side of Hudson Bay Mountain. In places this min-
eralization is known to extend to depths greater than 3,000
feet. The molybdenum minerallzation occurs in a quartz vein
network that is far more extensive than the molybdenite min-
eralization., These quartz veins occur over an area of about
10 to 15 square miles, In this study the poorly mineralized
outer part of this quartz vein network is referred to as the
"barren" zone. Most velnlets are less than one-half inch
wide, but some are greater than two to three feet wide, Mo~
lybdenum, tungsten, and copper are the main metals of econom-
ic interest.,

Most of the veilned area is underlain by a highly altered
and metamorphosed volcanic sequence composed primarily of
bedded pyroclastic rocks. Many types of intrusions occur
in the area, The large, concealed, differentiated granodi-
orite sheet 1s the most favorable host rock and one or more
early Tertiary silicic porphyries are probably the source
of the hydrothermal fluids that deposited the ores of the

district.
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Figure 8 = Area of prominent jointing in the molybdenum
deposit to the east of the Hudson Bay Glacier.

Figure 9 ~ Typical quartz veln stockwork of the molyb-
denum deposit, immediately east of the
Hudson Bay Glacier. DNote the absence of
prominent alteration halos.
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The main minerals found in the velns of the molybdenum
deposlt are quartz, magnetite, pyrite, molybdenite, horn=-
blende, bilotite, chlorite, potash feldspar, muscovite, cal=-
clte, dolomite, pyrrhotite, chalcopyrite, scheelite, and
gypsum. Other minerals have been found in the veins but
they are of minor importance.

Hydrothermal alteration and bleaching are extensive
both inside and outside the area of molybdenum mineralization.
There i1s a profusion of veinlet types and alteration and
bleached halos (borders). Rocks with a high concentration
of veins are markedly bleached over large areas. Quartz,
sericite (muscovite), carbonate, potash feldspar, biotite,
chlorite, hornblende, epidote, garnet, magnetite, and pyrite

are wldespread alteration minerals.
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Figure 10 = Sparsely mineralized fine-grained quartz,molybden-
ite veinlet with a prominently bleached altera-
tion halo. The host rock is dark, dense metamor=-
phosed tuff from near the outer limit of molyb-
denum mineralization in Climax's exploration adit.



Figure 11A - Quartz, magnetite veinlet with a prominent,
pyritic, bleached halo in a dark metamor-
phosed bedded pyroclastic rock from the mo-
lybdenum deposit. Mag. 2x,

Figure 11B - Bleached alteration halos along a quartz, horn-
blende veinlet and a pyrite wvelnlet in dark
metamorphosed volcanic rock from the molybdenum
deposit. Note the difference in alteration
halos. Mage 2-5}{-
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Hypogene Zoning

District-wide hypogene zoning is manlfested by variations
of mineralogy, metal content, and structure of the deposits.
The abundance and variation of iron minerals in the ores pro-
vide a very useful means for defining zones of the district.
The district is divided into an inner (pyrite) zone, an inter-
mediate (pyrrhotite) zone, and an outer (pyrite) zone with a
"barren" quartz vein zone between and slightly overlapping the
inner and intermediate zones (Figure 12). In ores with both
pyrite and pyrrhotite the predominant one was used to define
the zone, As defined the lmner zone is essentially coincident
with or slightly more extensive than the molybdenum deposit.
Magnetite and other features of the mineralogy serve to dis-
tinguish the inner from the outer zone., The intermediate
and outer zones cover those parts of the district containing
sulfide vein and replacement deposits and Cu-Fe-Ag ores,

Veins of the "barren" zone contain minor pyrite and pyrrho-
tite with pyrite generally being most abundant near the
molybdenum deposit. Ores of the intermediate zone grade to
ores of the outer zone but there 1s some question as to how
the intermediate zone 1s related to the inner zone.

The generallzed mineral zonation is shown in Figure 13.
It is readlly apparent that the inner zone is mlneralogically
distinect from the intermediate and outer zones., Chalcopyrite
is the only ore mineral common to all zones and deposits,
Telescoping is apparent in the Glacier Gulch area and on

the northwest side of Hudson Bay Mountain west of the
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Table 2 - Index to Properties shown on Figure 12

Prop. Property Name Prop. Property Name
No, Ko,
1 Glacier Gulch Molybdenum 34 Hummingbird (iienderson vein system)
1A  Glacier Gulch iiolybdenum 3500 Level 35 - Pay roll
2 Unnamed 36 Victory
3 Unnamed 37 4dest Coronado
4 Yukon k] East Coronado (Silver Star Claiw)
5 Unnamed 39 Ashman and Gerrard Veins (Henderson vein
6 Unnamed system)
7 Glacier Gulch Gold-Bismuth 40 fHenderson and Fault Plane veins (Henderson
8 Glacler Gulch North Side vein system)
-9 Glacler Gulch South Side 41 King Tut
10 Unnamed (Matuss vein system) 42 Unnamed
11 Matuss 43 Vancouver Group (lone Star)
12 Unnamed 44 Unnamed
13 Silver King Claim 45 Unnamed
14 Josie Claim ' 46 - Bonanza
15 Bee Claim and "A®™ Fraction 47 Unnamed L
16 Iron King 48 Silver lake 1 and 2 and Cee Claims (iudson
17 Heather Bay ¥tn, Silver)
18 Jescsle . 49 Iron Vault and Van Anda Clains (Hudson
19 Cascade Bay Mtn, Silver)
20 Snowshoe 50 “ammoth and Iron Mask Claims
21 Groundhog : S1 Copper Gueen Claim
22 Dorothy . . . 52 "T* Fraction and Copper QJueen Claim
23 Empire ) 53 last Chance
24 Neepawa 54 Rio Grande
25 Mayflower ~ Claims 1 and 3 55 Unnamed
26 Mayflower - Claim 2 (Henderson vein system) 56 Carroll East
27 Mayflower - Claim 4 (Henderson vein system) 57 Carroll West
28 Sally Claim (Mamie vein system?) 58 Rico Aspen
29 Evinrude and Florence Claims (Mamie vein syatem)S9 Zvelyn
30 Mamie (Mamie vein system) 60 Trixie :
31 Torrent 61 Zobnic | .
32 Canary (Kenderson vein system) 62 Canadian Citizen and American Citizen Clai=s
33 Dome 63 Smithera Covver |
64 Zeolite

Toboggan Glacler.

In these areas ores wlith outer zone fea=

tures occur in the same area as ores with lntermediate

zone features.

The metal zonation is quite marked. Molybdenum and

tungsten are essentially unique to the inner zone, whereas

arsenic, zinc, lead, and silver are essentlally unique to

the intermediate and outer 2zones.

Gold was preferentially

concentrated to a limited extent in the intermediate zone

and in parts of the outer zone; lead and silver were con-

centrated in the outer zone; and copper was deposited in

about equal amounts in all zones.

Iron and arsenic depo~

sition was apparently significantly less near the peri-

phery of the district.
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FIGURE 13 - GENERALIZED DIAGRAM OF THE MINERAL ZONIKG
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The chénge in charactéf“of thérfeihing outward in ﬁhe
district is the structural manifestation of zoning. The
inner (molybdenum) zone is essentially a stockwork of
quartz veinlets. Attitudes of the veinlets generally be-
come more uniform away from the central area, Most of
these veins are less than an inch wide, have quartz as their
main constituent, and occupy simple fractures, Although
these veins occur in swarms, individual velnlets are usually
fairly widely spaced. Veins of the intermediate and outer
zones, on the other hand, range up to several feet in

width; in many places contain more sulflides than quartz;
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and typlcally occupy sheeted fracture zones which have rea-
sonably well deflined limits and are generally spaced a few
hundred to a few thousand feet apart.

Statistical Study of Assays

Introduction

Assays from 2550 samples from 55 deposits in the dis-
trict were avalilable for study. It bécame apparent that
generalizations made from scanning the assays would give
little i1dea of the complexitles and detalls of metal dis-
tribution in the district. The metal zoning is not simple
or easily defined. Manual means of analyzing the data are
prohibitively slow; hence a statistical analysis making full
use of computers was selected as the best means of handling
the data. The study was initiated with the firm bellief that
1t would be possible to outline details of the zoning using
statistical techniques and that some subjective elements of
human bias could be eliminated. Because of the rather poor
nature of some of the data (especially for district-wide
studies) many of the statistics should be considered "des-
criptive" rather than "formal". The goal remains the same in
either case~-namely, to describe more fully the distribution
of metals in the district. Statistical inferences from the
numerical analysis, however, should not be applied too rig-
orously. The methods serve to illustrate a type of study

of zoning that can be carried out. Only a summary of the

salient features of this study are glven; a more thorough
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coverage of the results will be presented elsewhere,

Statistical Methods and Computing Procedures

Prellminary work consisted of correlation analyses sup-
ported by selected regression analyses; mechanically plotted
scatter diagrams; and calculation of property assay means,
standard deviatlions, and coefficlients of variations. Pro-
perty, local area, and district-wide studies were carried

out separately. Property assay means and standard deviations

are given in Table 3. For ease in computing s = EZx-iQE
N
rather than s = x-%)2 was used for the standard devia-

tion. This signifiggitly affects the results for small
numbers of assays. Polynomlal trend surfaces for selected
metals and metal ratios were also calculated.

The 1604 and 3600 Control Data Corporation computers at
the University of Wisconsin were employed for this study.
Extensive use was made of standard statistical programs in
STATJOB which is currently available as a 1604 CO=-0P MON=-
ITOR library tape. UCPLOT library routine on the CDC 3600

computer was used to construct the scatter dlagrams. Sev-

eral small FORTRAN programs were written for speclal aspects
of thls work. A program for analyzing gravity data that
was avallable in the Department of Geophysics was adapted
by B. Lewls and to a lesser extent by the writer, to cal-
culate and construct contour diagrams of polynomial trend

surfaces for assay and other geological data.
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~ Table ) « Sumnary of Assay Data for the Hudson Bay Mountain Mining District

P;v;ﬂrty ™ Ag ) 2Zn Cu s As
0s

B X » n 3 » n 3 ) n X 5 n 3 s n x s n [ s |
1 s W2 .4 6 RN .7 b G S 2 .1 .80 8 8 1,221 7T 1.9 bLar| - -
3 1 .0h - 1 .1 - b U | 103 - 1 W30 - 1 12,08 - - - -
i 7 .21 a8 5 o2 .2 - - - 3 103 W2 1 LA - - - - .- - -
6 1 0 - 1 o7 - 1 .S - 1 s.60 - ) S -] - 1 1.73 - - a -
7 13 L.6o 7.07 13 1k 2.1 - - - - - - - - DU | - - . -
8 6 a2 a2 5 55,9 70.7 3 .20 10.68 3 18.73 11,76 3 W28 .22 . - - - - -
9 S W06 . S 213 L6 S 3.9T 3.26 § 6.1 5.10 1 25 - 1 19,25 - 1 159 -
10 1 W2k - 1 t - T .0 - 1 2.80 - 1 W3 - 1 2340 - 1 .50 -
1 1 36 - 1 2 - - - - - - - - - - - . - P .
12 1 .26 - 1 o1 - - - - - - - 1 .08 - - . - 1 271,90 -
Th 1 .0 - 1 o2 - b BN & B 1 6,00 - 1 .05 - 1 1501 - - - -
15 1 0 - 1 7.3 - 1 S.2b - 1 12,90 - 1 a5 - 1 25,56 - - - -
16 8 .15 .1 8 L0 3.4 1 .08 - 3 8.3 5.27 3 .98 .53 1 1281 - 1 9,06 -
17 T g0 - 1 o5 - - - - 1 3.ko - - - - - - - - - -
18 6 .26 L,07 6 8.1 9.7 6 6,00 8,22 6 9,00 297 2 A9 W26 | 2 1336 384 | 2 9.20 k.80
19 L T S 23 23 L 20,04 8.58 1 8.80 - ) S 1 - 1 20,08 - 1 8% -
20 6 .10 LOT 6 9T.3 59 6 22,2k 17.26 S 11.09 3.27 1 «79 Wli6 2 17,36 .56 2 187 N7
21 3 08 - 3 11 b 2 2.65 .55 - - - 1 .75 - - . - - - -
22 2 .53 W2 2 6.5 o5 1 25.20 - 1 2340 - 2 1.0 - - . - - - -
23 1z Ak L20 13 6L.0 865 12 2.4 13.73 1. 16,37 5.98 30.73 0 W38 1 2595 - -~ - -
2l 2 38 - 2 3.8 - - - - 2 .20 - - - - - - - - - -
26 2 06 .04 2 33 1.6 2 B 6 2 1.5 105 2 W82 a6 2 2274 .60 ] 2 1.50 1.10
27 1 0 - 1 o1 - I - R 1 . - 1 L9 - 1 12,00 =~
28 1 o - 1 .2 - T L0 - 1 7.0 - 1 25 - 1 1597 - 1 S.80 -
29 2 2L W0h 2 1S .5 1 .1 - 2 7. 2.7 1 L7 - 1 1017 - 1 636 -
30 1259 ¥ W1 f259 7.5 1he? - - - 20 8.00 7.80 |80 .89 +98 - - - - . -
A 1 .22 - 1 2.0 - 1 .12 - 1 380 - 1 »30 - 1 16,55 = 1 20,15 -
32 |106 .5 J12 {106 12,1 12,1 98 8,6 1.0 99 8.25  L.97 - . - .- - - - - -
1) 13 . .05 W 1Sk 2.8 13 14,78 21.86 1 378  3.16 2 a2 08 | 2 7.22 RThj o2 755 W95
3% |0 a3 a2 [Wo 10,6 1,3 (3Wk 7,23 9.5 kO 7.3 7.06 - - - - - - -
3 1 .0 - 1 B4 - 1 b2 - 1 6,20 . 1 .03 - 1 18 . 1 380 -
¥% 8 .18 a6 86 15,0 S8.§ 6L 8.0 11.43 83 5.64 6.71 2 120 »| - - - - - -
37 16 .27 W16 15 3.1 3,2 15 U b8 1.b2 15 16,78 9.12 - - - - - - - -
38 S .20 .16 s 3.8 17. b 21.29 9.70 L 15.%  bL.93 111 - 1 1660 - 1 310 -
39 Ly .03 LOb Lh28  3L.7 102.¢ 21 L1 6,78 1r k72 5.8h - - - - e - - - -
hhg 16 a1 A8 [951 S1.5 1233 {727 6,32 10.7h |723 6,33 T7.38 - - - - - - -~ - -

1 L0 - 1., - - - - - - - - . - -~ - - - . -
Ly 2 e - 2 12,0 b 2 10,89 1.59 2 6.89 .99 1 .96 - 1 1.8 - .« - -
Ly 1 .02 - 17 30 - - - - - - - - 1 2,70 - 1 205 - - - -
L6 1 .0 - 1 N - 1 .17 - 1 .03 - 1 10,73 - - . - e -
L7 - - - 1 By - - - - - - 1 .22 - 1 g - - - -
u8 77«25 .55 77 22,8 26.0 72 10,47 18,14 70 1h.59 1S (20 7.63 1h.65 | 5 13.59 L.69 | 2 30 -
L9 29 I W05 39 12,9 1.3 25 7.h3 6.5 38 10,06 6,50 2 W51 .29 | 3 20,16 T8 - o -
51 1 a5 - 1 2.9 - - - - - - - - . - - . - - .-
s2 1 W32 - 1 1k - b S 1 - 1 .2 - 1 1.26 - 1 2753 - 1 1.8k -
53 3 .0 .0 3 1A K - - - 1 .36 - 3 2,92 W59 - . - - - -
Sk 1 W - 1 3.3 - - - - - - - 1 «68 - 1 23,61 - 1 8.60 -
55 1 .05 - 1 Y - - - - - - - b S & } - - - - ] 1 2,20 -
56 L a8 13 5 61 3.0 1 6.00 - - - - - - - - . - - . -
57 2 Oh O 2 63,8 UL7.8 2 60,09 12.91 1 .20 - 1 .13 - 1 8.3% . - . -
S8 1 .01 - 1 53.7 - 1 .02 - 1 1.8 - 1 6,89 - 1 ba7 - 1 1,29 -
59 13 00 0 13 281 LL.8 8 6,68 8.7 2 2,k0 1.60 2 W09 22 ]2 336 2|2 . o7
a 2 .0 - 2 10L,0 - - - - - - - 2 B2 68| - . - - - -
62 2 O - b 3.6 18 - - - - - - h 3.3 1.67 - - - Pa—_— -
63 3 .0 - 3 28 1.1) - - - - - - 3 153 B | - . - - - -

n = pumber of assays Au and Ag ~ in ounces per ton
x = nean value Pb,Zn,Cu,S,and As - in per cent

e = standard deviation

Thirty variables and other miscellaneous information
were coded on punched cards. The coded information is as
follows: property number, sample ldentificatlon number,
sanple width in inches, sample quality evaluation code,
ounces per ton gold, ounces per ton silver, per cent lead,
per cent zinc, per cent copper, per cent sulfur, per cent

arsenic, mine horizontal co-ordinate, elevation, north-
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south map co-ordinate, east-west map co-ordinate, dlstaﬁcevto
metamorphic "front"l, distance to & point in the center of the
molybdenum deposit ("A"), estimated average mole per cent
FeS in sphalerite for the deposit, speclal code to identify
samples from Cu-Fe~Ag deposits and samples taken by the
writer (a total of 52), card sequence number, silver/gold
ratio, gold/silver ratio, silver/lead ratio, lead/zinc ratio,
copper/zinc ratio, gold/copper ratio, gold/lead ratio, copper/
lead ratio, arsenic/sulfur ratio, silver/sulfur ratio, gold/
sulfur ratio, gold/arsemnic ratio, gold/zinc ratio, and sil=-
ver/zinc ratio.

Nature of the Samples

In any statistical study one should define the "target
population”-~that is, the population about which one wants to
gain information or make statistical inferences (see Krum=-
bein and Graybill, 1965). The target population of this
study is the ore deposits of the district. If valid infer-
ences are to be made about the population, the samples should
be randomly taken from the "sampled (accessible) population”.
As 1s typical for most geologic studies, the sampled pop-
ulation does not exactly equal the target population.

Unfortunately the available samples are not entirely
sultable for rigorous statistical analysis because they are

not representative "probability samples" (p. 149, Krumbein and

1 Only values outside the metamorphic aureole were recorded
and the front was considered to dip outwards at depth.
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Graybill) of the sampled or target population. Therefore
considerable subjective judgement has been used in evalua-
ting the results. The main problem involved is the nature
of the samples and the lack of a precise definition of a
mineral deposit for sampling purposes. For instance, it is
reasonable to ask if the samples are composed solely of ore
minerals or 1f they contaln various amounts of gangue, wall
rock, or even oxidatlion products. Because of the varlety of
mineral occurrences in the district, 1t is dlfficult to de-
fine clearly the target population, the "ore deposit". It can
be expected that most samples taken from surface exposures
were oxidized to varylng degrees. Samples could have been
chipped from "representative" material across a massive sul=-
fide vein, across a wide but sparsely mineralized sheeted
fracture zone, or across an entire rock mass of stockwork
ore. They could also have been grab samples from weathered
high grade ore on mine dumps. Fortunately, in one respect,
many of these problems have been avolded, since over 1900
of the assays are chip samples taken underground from the
Sil Van Mine. Hence 1t can be expected that there was a cer-
tain degree of uniformity in collecting these samples. But
thls leads to another problem 1ln the studying of zoning on
a district-wide scale. There is a tremendous "clustering"
of data from one area, and for many of the properties thefe
is only meager data. Because of the greater amount of data
avallable, more emphasis has been placed on studying the

Sil Van Miné area than other parts of the district.
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There are also other features of the assays that res-
trict their use in the study of zoning. Generally, unless a
metal was obviously abundant in the ore, no assay was made
for 1t. The absence of complete assay data causes the prob=-
lem of handling "missing data" in the statistical analyses.
Because gold andAsilver minerals could not be readily iden-
tified in hand specimen, and because they are economically
important, generally, more assays are avalillable for these
metals. The Mamie property is a good example of one where
there is ample assay data on gold, silver, zinc, and copper,
but absolutely no information on lead. Yet galena, although
sparse, 1s present in the ore.

Another problem arises from the faet that for some same
ples locations are only roughly known. Their "place" value
is, therefore, considerably less than that of a series of
assays whose relative locatlions are shown on a map.

Pormidable as these problems seem, they can be eval=
uated to some degree. The use of metal ratios greatly
alleviates some sampling problems in studying the zoning.1

There are, however, problems that are much more difficult

to account for, that may significantly affect the results.

1 Koch and Link (1963), in a study somewhat similar to the
present one, multiplied the assay value by the sample width
in an attempt to circumvent sampling errors. ©Sound as this
procedure may be for welghting assays for grade and tonnage
calculations, 1t does not solve sampling problems for sta-
tistical studies. Moreover, it tends to cloud the results
s0 that they cannot be directly compared with other areas,




36
For instance, on underdeveloped properties there is no way
of determining whether or not the sample was taken from a
sulfide shoot. Assays from developed properties, of course,
are maiﬁly from the sulfide shoots. It is very possible that
ores from shoots and ores from less highly mineralized por-
tions of vein systems are significantly different. Supergene
processes could possibly affect the results. Some hligh sil-
ver portlons of the Henderson vein system were attributed by
early workers to supergene deposition of native sllver and
ruby silver minerals. Although it 1s currently bellieved that
these minerals are hypogene, the textural evidence for this
consensus is not unequivocal.,

Selected Results

This study has produced a mass of data not yet completely
analyzed. For example, one correlation run with 30 variables
produces 900 correlation coefficients. The sheer volume of
results wlll require a great deal more time for analysls;
therefore, only some of the most obvious findings are presented.

The relationship between lead and sllver l1ls perhaps the
most striking discovery of this study. TFor many of the de=-
posits of the district there is a remarkably high correlation
between the lead and silver contents of the ores. Correlation
coefficients as high as .98(5) were found. Galloway (1924,

p. 109) and other workers have suggested that there is a

correlation between lead and silver of some ores. The for-

mer noted that there 1s about 1 to 2 ounces per ton silver
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for every per cent lead in the Victory vein. However, the
high degree of correlation had never been emphasized., Fig-

ure 14 shows a typical relationship between lead and silver.
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When 1t was found that lead and silver showed a very close

relationship in many of the deposits, the writer expected

that a single relationship would hold for all these ores.
However, when regression equations were calculated for these
properties, it was discovered that each property or part

of a property has its own characteristic relationship (Figure
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In sharp contrast to the high correlations found for many

sillver-lead ores, deposits or parts of deposits with high
silver contents typlcally have low to moderate correlations
with lead. For instance, the 3240 foot level of the Hender-
son veln and the Silver Creek No. 3 vein are high grade sil-
ver ores, in places containing as much as 50 to 100 ounces
of silver per ton.

1 It is easy to see how averaging of assay data would have
obscured the relationships. Stanton and Richards (1961 and

1963) have discussed the problem of averaging assay data
for correlation analyses.
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It is very difficult to conceive of multi-stage pro=-
cesses on a district-wide scale that could account for the
very high correlations between silver and lead. It is far
more reasonable to assume that they were deposited together
in silver-bearing PbS so0lid solutions. Oriented intergrowths
of silver minerals in galena and the phase relations in the
Pb~-Ag-Bi-S system (Cralg, 1967) support this conclusion.
The high grade silver ores which show much lower correlations
between silver and lead, on the other hand, suggest that
there was a separate stage of silver mineralization in these
areas. DBut the writer has not studied enough polished sur-
faces of these ores to substantiate this conclusion on min-
eralogical grounds. The variation in slope of the silver-
lead regresslion curves is probably a reflection of variations
in the silver/lead ratio in the ore solutions.

It is noteworthy that Koch and Link (1963) found very
similar patterns in the Don Thomas vein of the Frisco Mine
in Mexico., Unfortunately thelr data cannot be directly com=-
pared with the writer's, since they multiplied their assays
by sample width. Variations in silver and lead contents of
the Henderson vein system, moreover, would tend to cast doubt
on thelr conclusion that since the mineralization is diff-
erent on either side of the Frisco fault, faulting presum-
ably took place before part or all of the ore was emplaced
(p. 1070). There are no major faults off-setting the Hen-
derson vein, yet it possesses variations in metal content

very similar to those of the Don Thomas veln. The variations
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they describe could equally well be due to lateral zonation
within a single veln prior to faulting.

Correlations between other metals, metal ratios, and
various distance parameters, in general, are much lower than
those for silver and lead. This suggests that deposition of
most metals was not as closely related as was the deposition
of some of the silver and lead. Perhaps it merely reflects
the lack of simple solid solution relatlionships of heavy
metals in single minerals,

Although deposits of the district have been broadly
grouped in zones, statistical studies have served to indicate
that deposits within small areas have thelr own characteris-
tics. For example, if we consider three veins that are fair-
ly close together--the West Coronado, Mamie, and Henderson
veins~-~-we find they have distinct differences. The West
Coronado}vein is characterized by marked zonatlon over a dis-
tance of a few hundred feet; the Mamie vein by a low lead,
and high gold and copper content; and the Henderson vein by
a high silver and lead content and by very gradual zonatlon.
These varletions indicate that to some degree conditions of
ore deposition in the varlious veln systems were significantly

different.

Variatlons 1n absolute metal contents, as functions of
distance from the metamorphic front (aureole), are shown
in Flgures 16 to 19. The mean value for each property listed

in Table 3 was used for the graphs. In general "large"

(greater than 30 assays) and "intermediate"-sized (greéter
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than 10 assays) samples, shown as large dots;-butline the
trends better than do the small samples. DSome low values
probably only signify poorly mineralized rock., From the
plots 1t can be seen that gold values are highest in a zone
about 3500 to 6000 feet from the metamorphic front; silver
values in a zone about 5000 to 9000 feet from the front;

lead values in a zone about 5000 to 8000 feet from the
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front; and that zinc values show no discernible increase or
decrease away from the front. It should be noted that the
mole per cent FeS content of sphalerite (Figure 44, p. 105)
and the atomlic per cent arsenic in arsenopyrite (Figure 50,
p. 120)also show definite trends away from the front.

Varilations in selected metal ratios as functions of
distance from the metamorphic front are shown in Figures 20,
22, and 23.

Again the large and intermediate slzed samples outline
the trends better than do the small samples. The ratios
were calculated from the property assay means in Table 3.
The same ratios determined by calculating the means of the
ratios of the raw assay data, interestingly enough, yield
very different values, but the trends are the same. The
"mean of the ratios" 1s a function of assay variance but
is not a function of the absolute values of the assays as
is the "ratio of the means". Mathematically it is probably
a better value than the "ratio of the means" used in this
report. The silver/gold, silver/lead, and lead/zinc ratios
all show marked increases in the outer part of the district.
Variation in the silver/gold ratio is very similar to that
given by Sims and Barton (1962) for the Central City dis=-
trict (Figure 21). Although the silver/gold ratios for the
Hudson Bay Mountain district are somewhat larger, the strik-
ing similarity of the trends strongly indicates that the

Hudson Bay Mountaln trend 1s real. Sims and Barton used
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production data and sampling-works assays for their calcu-
lations, and the distance they cite was measured from the
centerline of the core of the district.

It can be noted that in the metal and metal ratio plots
there is abrupt termination of properties at about 8000 feet

from the metamorphic front. PFigzgure 21 shows a simllar abrupt



44
termination of properties about 8000 feet from the center-
line of the Central City district. Sims and Barton (1962)
have attributed the drastic changes in silver/gold ratio and
presumably the termination of the mineralization to a zone
of throttling (irreversible adiabatic expansion of the ore
solutions) and possibly of mixing of the magmatically de-
rived hydrothermal solutions with ground water. Similar
depositional mechanisms are quite feasible for the Hudson
Bay Mountain district, but the writer believes that mix-
ing of solutlons was probably the most important factor
causing the drastlc change in ratios and possibly the ter-
mination of mineralization.

Since much of the assay information comes from the’
southwest part of the district,and since the known extent
of these veins 1s approximately coincldent with the limit
of outcrop, the abrupt termination of the mineralization as
shown in Figures 16 to 23 should be viewed with caution.
Exploration work done by Sil Van Mines Ltd. has shown that
there are geophysical anomalies in the covered areas along
strike from some of the veins. Possibly the veins could ex-
tend at least 1000 feet farther from the front.

Mole per cent FeS in sphalerite was plotted against
assays and metal ratios, but due to clustering of data

trends of only dublous value were outlined. Sympathetic

variation of metal ratlos and mole per cent FeS in sphal-

erite, of course, would support the contention that the
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underlying causes for variation in both would be directly
or indirectly the same. Since absolute metal content,
metal ratios, mole per cent FeS in s$phalerite, and atomic
per cent arsenic in arsenopyrite all vary as a function of
distance from the metamorphic front, it can be expected

that they are all related to some degree.

Vein and Mineral Paragenesis

The main purpose of a paragenetic study 1s to recon-
struct the depositional history of ores. Because of the
problems involved in lnterpreting the temporal aspects of
ore deposition for an entire mining district, a distinction
has been drawn between vein and mineral paragenesis. De-~
talled mapping of deposits and district has shown that not
all deposits were formed at the same time. Nevertheless,
there 1s insufficlent evidence to establish the exact
chronology of each deposit. Since veins and deposits formed
at different times, it is apparent that mineral paragenesis,
the sequence of mineral deposition within a rock or vein,
has only local significance. It would take thousands of
polished surfaces and many field observations to establish
the exact timing of the various mineralizing events, if in
fact it can be established.

There are numerous examples of successive periods of ore
deposition and more could probably be found 1f it were not
for the fact that most ore exposures, whether on surface or

underground, are covered by a layer of oxides or grime.




W U ks e,

46

A summary of the relatlive age relationships of ores and

intrusions in the district is as follows:

1.

The porphyry dikes in the Glacler Gulch area
shown in Figure 12 are intra-mineral with
respect to the molybdenum mineralization (i.e.,
they cut and are cut by nmolybdenum-~bearing
veinlets), and to the north of the Toboggan
Glacier they cut sulfide veins of the inter-
mediate zone.

Aphanitic potash-rich dikes related to the
stock below the ridge south of Glacier Gulch
are also intra-mineral with respect to the
molybdenum mineralization. These dikes post-
date about 80 to 90 per cent of the quartz
veinlets,

The small body of granodiorite porphyry ex-
posed in a crevasse near the toe of the Hud-
son Bay Glacier apparently cuts the surface
molybdenite minerallization, but is cut by
numerous velinlets containing chalcopyrite.
This i1s an indication that there might have
been a major stage of copper mineralization
that at least in part followed the perlod

of molybdenum mineralization.

The abundance of cross-cutting veins and the
great diversity of vein and alteration types
in the molybdenum deposit indicate that a
varlety of ore solutions under somewhat var-
iable physicochemical conditions were res-
ponsible for ore formation in this area.

Post-sulfide chalcedony and chalcedony-kao-~
linite velns occur in the Henderson and Dome
vein systems, and very fine grained quartz
post-dates at least some of the sulfides in
the Empire and Snowshoe veins,

Post-sulfide carbonate veins have been obe
served on the Henderson, Vancouver, and Gla-
cier Gulch South Side properties.

A minute bournonite vein that cuts deformed ga-
lena and sphalerite was found in a hand speci-
men from the East Coronado vein.
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8. On the Bee Claim a two to four inch galena,
sphalerite vein is traversed for several feet
by aisto 4 inch chalcopyrite vein.

S. Sulfide stringers with entirely different min-
eral assemblages which occur in the sheeted
fracture zones, indicate that the ore solutions
were of variable nature and passed through the
fissures at different times.

In the molybdenum deposit there 1s a seemlngly chaotlc
maze of cross-cutting veins which have been grouped by the

writer (1966) as follows:

A. "wormy" barren gquartz veinlets in the contact
reglon of the quartz monzonite stock (Figure 24)

B. barren quartz vein stockwork ("high silica" rock)
in the contact reglon of the quartz monzonite
stock (veinlets have plannar walls) (Figure 24)
C. Type I molybdenum-bearing quartz veins (fine
greined, sugary, well developed banded (ribbon)
structure, high magnetite content) (Figures 25 and26)
D, Type II molybdenum-bearing quartz veins (medium
and coarse grained, drusy, massive, low magne-
tite content) (Figure 26)

E. Post-Type II barren and molybdenum-bearing quartz
veins

F. Post=quartz veln stockwork, quartz-carbonate
veins (anastomosing, contain minor pyrite,
sphalerite, galena.and molybdenite which

is present only in vein fragments from the
quartz vein stockwork)

From relatlonships observed in diamond drill core it was

concluded that these vein groups appear to represent suc-
cessively younger periods of mineralization. However, from
some of the vein relationships observed underground, it was
discovered that the distinction between Type I and Type II

veins is not clear-cut. Some Type I veins along strike
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grade to veins that are more like Type II in character, and
some Type I velins with a well developed banded structure
contain clots of coarse gralned drusy minerals. Even though
a clear distinction between Type I and Type II molybdenum
veins cannot be made for that part of the deposit exposed

in the underground workings, it is still a definite possi-
bility that there were at least two distinct periods of
mineralization in other parts of the deposit. It should be
remembered that a tremendous volume of rock has been miner-

alized and not all of it has been adequately studied.

Figure 24 - Barren "wormy" quartz veins cut by tab-
ular gquartz veins in drill core specimen
from the chilled contact zone of the

~quartz monzonite porphyry located approx-
imately 3000 to 3500 feet below the ridge
south of Glacier Gulch. Mag, 2x.
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Plgure 25 = Type I molybdenum vein showing the charac-
teristic banded structure. Note the cross-
cutting veins of the same type.

Figure 26 - Type I veins cut by Type II veins.
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The fileld evidence clted above certainly indicates that
there was at least some polyascendency (Kutina, 1957) of the
ore solutions in the Hudson Bay Mountain district. If it were
not for the generally poor quality of ore exposures it is al-
most certaln that more such cross-cutiing relationshlips cpuld
be observed,

Figure 27 shows conventlonal paragenetic diagrams for the
main classes of deposits in the district. These types of
deposits do not in general overlap or grade to one another
so the relative timing of each 1s not known. It can only
be inferred from the general geologlc features of the district.

Caution should be exercised in interpreting these se=-
gquences. Recent work, such as that by Brett (1963), has
cast doubt on the validity of certain microscopic textural
relations as criteria for determining the paragenesis of ores.
Recent studlies of the kinetics of solid state sulfide reac-
tions have shown that some soft sulfides continue to react
far below their initial crystallization temperatures (see
Skinner and Barton, 1967); It can be expected that such solid
state reactlions mask many of the original textural features
of the ores. It 1s possible that a conventlonal paragenetic
sequence determined from microscopic features may more closely
parallel the "textural stability" rather than the initial
sequence of deposition. That is, hard, stable minerals with
high powers of crystallization would be indicated as relatively

old; whereas, soft, "unstable" minerals with low powers of
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crystallization would be indicated as relatively young. An

example of this relationship is a simple one-quarter inch

quartz, pyrite,

several hundred

chalcopyrite vein that can be traced for

feet in the molybdenum deposit.

Microscop=-

ically the chalcopyrite may vein the pyrite; however, in-

tuitively 4t is very difficult to accept a complex deposi-
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tional history for such a simple vein. 1t is far more rea-
sonable to conclude that the veln minerals were precipltated
at one time and subsequently underwent solid state changes
that led to the apparent textural relations.

In the construction of Figure 27, through-going veins
of one mineral in another were accepted as evidence that
the vein mineral is younger. Crustification, breccia frag-
ments, and some obvious replacement textures (e.g., pseudo-
morphs and veins with corroded borders) were also accepted
as valid differential age criteria. Virtually all other
textures were, however, interpreted to indicate simultan-
eous deposition. Unsatisfactory as this procedure may seem,
it is considered to yield the most meaningful results,

Some of the typical microscopic veln relatlonships are
shown in Figures 28 and 29, and other textural features are
shown in microphotographs in other parts of the thesis,

An extremely interesting relationship was discovered in
ores from the sulfide velns. In these ores pyrite and arsen-
opyrite are typically highly fractured and veined and
replaced by most other minerals, especially pyrrhotite.

But some very anomalous relations were found in pyritic ores
near the inner 1limit of the outer (pyrite) zone and in the
intermediate (pyrrhotite) zone. These relations are as

follows:

1, the sphalerite associated with the pyrite con-
tains too high an iron content, as indicated by
the known phase relations (Barton and Toulmin,

1966 and Boorman, 1967), to have crystallized
in equilibrium with the pyrite (e.g., sample 64-30)




Figure 28 - Pyrite from small veinlet in the molybdenum
deposit brecciated and veined by quartz
(dark) and chalcopyrite (light). Mag. 150x.

Figure 29 - Arsenopyrite from the Copper Queen claim
veined by chalcopyrite (light gray ),
pyrrhotite (medium gray), and quartz
(black). Note that the quartz veins cut

the chalcopyrite, pyrrhotite wveins.
Mage 500x.
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2. sphalerite in this area even though assoclated
with pyrite contains blebs of pyrrhotite

3. lamellar marcasite is abundant in this area
(Figure 31) - Edwards (1954) claims that this
type of marcasite forms only by pseudomorphic
replacement of pyrrhotite

4, a few small pyrrhotite inclusions are present
both in the pyrite and marcasite

Even though the textural relations (vein) would lead
one to believe that the pyrrhotite in the sulfide veins gen-
erally formed after tne pyrite, the features cited above
strongly suggest that pyritic outer zone ore actually formed
at the expense of pyrrhotitic ore of the intermediate zone,
If this is true then it follows that the general microsco-
plc textural features of pyrite and pyrrhotite yleld very
misleading age data.

The presence of marcasite also indicates that these re-
placement reactions must have occurred below about 430°C
(Kullerud, 1966). The intimate association of marcasite
and pyrite supports the contentlon that the two minerals
have different compositions and that both have stability
fields somewhere below 430°C (Kullerud, 1966 and 1967). Un-
der very high sulfur fugacities 1t would be expected that
the marcasite would have decomposed to pyrite (Kullerud,
1967). Hence the sulfur fugacities were probably such that
the stabllity fleld of pyrrhotite was only slightly ex-

ceeded.
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Figure 30 - Poikilitic pyrite crystal with included
galena (light gray) and tetrahedrite
(dark gray) from the Henderson vein. Mag.

130x.

Figure 31 - Pyrrhotite partly replaced by lamellar
marcasite along a carbonate vein. Light
crystal in lower left is arsenopyrite.
Copper Queen claim, Mag. 100x.
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Peatures of Selected Minerals

Tetrahedrite-Tennantite

Both minerals occur in the district but tetrahedrite
is the most abundant. Tennantite has been identified in
only two samples: one from a small quartz vein in the mo-
lybdenum deposit, and the other (highly argentiferous)
from a small carbonate, sulfide vein on the Rico Aspen
property. Tetrahedrite (freibergite) occurs in many of the
high-grade silver ores, and is probably the main silver min-
eral in them. Analyses of two tetrahedrites from the Hen-

derson vein are given in Table 4,

Table 4 - Chemical Analyses of Tetrahedrite 1)
from the Henderson Vein

Sulfur 21.8 20.7
Antimony 25.0 25.5
Copper 19.0 18.0
Iron 4,0 5.0
Silver 25.3 26.8
Gold #* *

Bismuth Nil Nil
Arsenic " "

Tellurium " "

Specific gravity 5.1 5.2

1) after Galloway, 1923

2) Equals 7,384 oz. per ton
3) Equals 7,925 oz. per ton
%* Equals 2.1 o0z. per ton

Bournonite (2PbS-Cu23'Sb283)

Bournonite has not previously been reported from the dis-
trict, but it is very wildespread. It is most abundant in

sulfide ores of the intermediate and outer zones. Previous
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workers have probably mistaken it for tetrahedrite. X-
ray films have a few characteristics of seligmannite, so
there remains a distinct possibility that some arsenic has
substituted for antimony.
Galena

Galena ranges from very coarse grained undeformed cry-
stals to gnelissic and steely deformed varieties., It occurs
as large masses and as small grains intlmately assoclated
with other sulfides. In polished section it is typically
free from intergrowths, but specimens from the Vancouver,
Henderson, and East Coronado veins contain oriented inter-
growths of tetrahedrite and matildite (?) formed by exsolu-
tion. Craig (1967) indicates that exsolution of matildite
from galena only occurs below 215 15°C. Unoriented blebs
of pyrargyrite and native silver occur in galena from high-
grade silver ores. Inclusions in some grains of galena
from the Vancouver property are arranged in crude zones,
which may be an indication that some galena was inltlally
zoned in respect to silver.
Chalcopyrite

Chalcopyrite, although only a minor constituent in most
deposits, 1s very wldespread and shows much dlversity in
occurrence, It occurs as intergrowths, separate grains, and
cross-cutting velns. Some is twinned, some is not; some
contains isolated stars and blebs of sphalerite; some con-
tains rows of rectangular blocks and crude stars of sphalerite

that possibly could outline growth zones (Figure 32); and
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Figure 32 - Row of sphalerite inclusions in chalco-

pyrite from scheelite-rich quartz vein

(66-76) near fringe of the molybdenum

deposit in Climax'*s exploration adit. Mag. 700x.
some does not contain any sphalerite or other inclusions.
In some of the Cu-Fe-Ag ores it occurs as crystallograph-
ically oriented lamellae in bornite. Some of the chalcopy~-
rite probably crystallized as cubic chalcopyrite or cuban-
ite which at low temperature transformed to tetragonal chal-
copyrite (Yund and Kullerud, 1966). Possibly the twinning
ls a record of such transformations. Chalcopyrite of the
intermediate zone probably initially crystallized as cuban-
ite (see Figure 54, p. 133). Since chalcopyrite is so wide=-
spread and occurs in every type of deposit, it would probably

be fruitful to further study this mineral.
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Gypsum

Gypsum, in the form of selenite, 1s present in many of
the quartz velnlets of the molybdenum deposit. In some areas
it has been found at depths as great as 2000 feet. Since 1t
1s stable only at relatively low temperatures and pressures,
and since it i1s an integral part of many veins, it is pro-
bably an alteration product of primary anhydrite.

Scheellite

The economically important tungsten of the molybdenum
deposit 1s contained mainly in scheelite, which occurs in
quartz veinlets with molybdenite and alone. From available
assay data it appears as 1f the zone of tungsten mineraliz-
ation is approximately coincident with the zone of molyb-
denum mineralization.

Most of the scheelite fluoresces yellow-green suggest-
ing Mo in solid solution (Greenwood, 1943), but some near the
fringe of the molybdenum mineralization fluoresces white-
blue and some crystals in the center of the molybdenum de-
posit exhiblt irregular or crude zonal fluorescence., Al-
though to the writer's knowledge the phase relations of the
system scheelite (CaW0,)-powellite (CaMoO,) have not been
studied, it can be expected that there would be considerable
solid solution in the system, since scheelite and powellite
are isostructural and since the radii of their +6 ions differ
by only 9 per cent. Chemical and x-ray analyses show,
however, that scheelite from the Hudson Bay Mountain dis-

trict contains only minor Mo in so0lid solution.
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To determine the extent of Mo substitution, two schee-
lites were chemically analyzed and two were x-rayed. The
results are shown in Table 5.
Table 5 = Chemical and X-ray Data for Scheelite
A. Chemical Analyses of Scheelitel)
67-157%) ppH57-3533'3) 67-157 DDH57 533
Ca 14,15 - Ca0 19.80 19.231‘)
W 61.22 58.50 W03 7720 7377
Mo 1.35 2.52 M003 2.05 3.78
Ignition 0.80 - Ignition .80 -
Loss Loss

Totals 99.85 96.78

B. Cell Dimenslions of Scheelite

DDH28-1743" 66-76 szntheticS) sxnthetio5)
scheelite powellite
8,= 5.243%,003 5.242%,003  5.242%.005  5.226%.005

¢, =11.376%.002  11.369%.002 11,372%.005 11.43 T,007

1) analyzed by the British Columbia Department of Mines

2) Sample 67-157 is from & drusy, pegmatitic scheelite-
rich quartz vein which contains molybdenite, chalco-
pyrite, pyrite, feldspar, mica, chlorite, and calcite.

3) Sample DDH57—533' is from a relatively barren, coarse
grained quartz, carbonate vein., Only a small amount of
material was available for analysis.

L) by stoichiometery

5) after Swanson, Gilrich, and Cook, reported in the Hand-
book of Physical Constants, Clark, ed., 1966,

6) Samples 67-157, DDH57-533', and DDH28-1743' fluoresced
yellow green. Sample 66-76 fluoresced white-blue.
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If there 1s considerable Mo substitution,it should be
reflected in the cell dimensions, since the cell dimensions
of scheelite and powellite are significantly different. To
test this possibility the writer, using a Norelco diffrac-
tometer and a NaCl internal standard, measured the position
of the (020) and (004) scheelite peaks (to & .0126) of
two scheelites-~-one with yellow-green fluorescence (DDH28-
1743') and one with white-blue fluorescence (66-76). The
"a" and "c¢" cell dimensions were calculated from these
peaks using standard formulae for the tetragonal system
(Table 5).

Several noteworthy features are shown by these cell
dimensions. PFirst, in view of the limits of accuracy of
the methods, there 1s excellent agreement between Swanson
et al.'s cell dimensions for scheelite and the writer's;
however, the results are not in accord with Ferguson's
(2=5.26 and ec=11.41),(in Berry and Thompson, 1962). Also
the fact that there is very little difference in cell
dimensions of the yellow-green and white-blue fluor-
escing scheelite reinforces the conclusion that only
minor Mo has substituted for W. Using Vegaard's rule,the
increase in the "c¢" dimension of DDH28-1743' scheelite
over that of 66-76 corresponds to about 9 to 15 mole
per cent CalMo0O,, depending on whether 66=T76 or the synthe-
tic scheelite 1s used for the W end member. These ten-

tative results serve to indicate that the "c¢" dimension may be
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useful in determining the composition of scheelite, but
some attempt should be made to determine the extent of
Fe,Mn,Pb,and possibly other elements substitution and
their effect on the cell dimensions.

There is some evidence to suggest compositional zon-
ing of scheelite with respect to the molybdenum mineral-
ization on the 3500 foot level. Near the fringe of molyb-
denum mineralization scheelite fluoresces white-blue; where-
as, in most of the deposit it fluoresces yellow-green.
Buseck, 1967, has noted zonation of scheelite fluorescenoce
in respect to molybdenum mineralization at Tem Puite, Nevada,
But the zoning he noted 1s the reverse of that at Hudson Bay
Mountain. He interpreted this to indicate that where the
molybdenum was incorporated in molybdenite it was unavail-
able to enter scheelite.

For a molybdenum-rich environment, indicated by the
presence of abundant molybdenite, the molybdenum content
of scheelite should be mainly controlled by the temperature
and the f02/fSp ratio of the ore solution, A high temper-
ature, sulfate-rich environment would favor an increased
substitution of Mo in scheelite; whereas, a lower-temper-
ature, sulfur-rich, oxygen-poor environment would tend to
favor the formation of molybdenite and lessen substitu-
tion of Mo for W in scheelite. The presence of "anhydrite"
and magnetite suggest that the molybdenum deposit was
formed in an environment relatively high in SOqﬁ. Future
work may show that the Mo content of scheelite in molyb-

denum deposits is a very sensitive f02 indicator.
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Vein Feldspars

FPeldspar 1s abundant in the quartz vein stockwork of
the molybdenum deposit. 1In places there is sufficient
mica and hornblende with the feldspar to deslignate the
veins as "pegmatitic", after the classification of Vokes'
(1963). The feldspar which 1s typically white or light
pink occurs mostly in medium- to coarse-grained anhedral
and subhedral crystals. Some "flesh'" pink feldspar has

been identified as sodic plagioclase. X-ray analysis of
5 samples with a KBrOs ilnternal standard (Orville, 1960

and 1967) showed that one is almost pure albite and the
others are monoclinic (orthoclase?) potash feldspars con=-
taining about 10 per cent albite in solld solution.

Stained potash feldspar from sample 66-76 showed that some
zoning has been preserved. Preliminary work indicates that
potash feldspar from assoclated porphyries does not contain
as much albite in solid solution.

Vein Carbonates

Carbonate minerals are important gangue constituents
in the quartz vein stockwork of the molybdenum deposit
and of the sulfide vein and replacement deposits. They
are also the main constituents of the quartz, carbonate
veins that cut the quartz vein stockwork of the molybden-

um deposit. In all these environments a definite sequence

of carbonate deposition has been identified. Early buff

or cream colored carbonate is cut by white, pale, or clear
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carbonate (Figure 33). The buff carbonate is either siderite

Figure 33 - Calcite veln cutting voleanic host rock
and banded ferroan dolomite from the
Vancouver Group (Sample 65-62), Mag. 2X.
or dolomite-ankerite solid solution (Rosenberg, 1967), and
the white, pale, or clear carbonate is calcite., Most of
the carbonate occurs in compacted masses of medium to
coarse grained anhedral crystals, but some of the calcite
is present as terminated crystals lining wvugs.,

Twenty-two carbonates were studied by x-ray and staining
techniques. The d(211) spacings were measured using NaCl
as an internal standard, Hand specimens were stained with
0.5 per cent Alizarin Bed S and 2 per cent HCLl solution,

and later with é 2 per cent potassium ferricyanide and

2 per cent HCl solution. According to Warne (1962),
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in the Alizarin Red S solution, calcites stain red, dolomites
do not staln, and ankerites and ferroan dolomites stain pur-
ple. Since many of the calcites stain purple instead of red
this staining scheme is not applicable to carbonates of the
Hudson Bay Mountain district. Similarly, Carpenter (1965)
found that calcites from the Appalachian massive sulfide de-
posits stain purple instead of red. The potassium ferricyan-

ide solution is a test for Fe'' ion. Samples of calcite, fer-

roan dolomltes, and ankerites turn various shades of blue
depending on the iron content, but siderites are not reactive
to this solution. Although the writer did not test for it%,
small amounts of mangaﬁese can be expected in all samples,

Table 6 ~ Chemical Analyses of Calcites

65-62 65-98
CaCo % 96 . 45% 96.76%
FeCO 5 1.66 2.66
MnCO = 1.13 O.44
MgCO 3 0.29 0.21
BaCO3 trace trace
Sr003 ‘ 0.25 trace
Insoluble material 0.37 0.35
Totals 100.15 100.42

- analyzed by British Columbia Department of Mines

- 65-62-cross-cutting, coarse grained clear and white calcite
from the Vancouver Group

- 65-98-coarse-grained, pale buff calcite from the Molyb-
denum Deposit
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The results are given in Table 7 and schematically rep-
resented in Figure 34. The lower the d spacing of calcite
and the higher for siderite and "dolomites'", the greater
the amount of minor element substitution that can be ex-~
pected. The dependence of the d(2ll) spacing of natural
dolomites and ankerites on regular substitution has not been
adequately studied, so the results indicated in Figure 34
should be viewed with some caution. Figure 34 shows the
probable compositional ranges of the carbonate minerals stud-
led. ©Since any one of a number of cations can have a sig-

nificant effect on the 4 spacing, the exact compositions

211
cannot be determined wit;out)chemical analyses. However,
from the x-ray and stalning results, and from two chemical
analyses of calclite samples shown in Table 6, 1t is probable
that carbonate minerals from the district are rich in Ca

and Fe relative to Mg and Mn.

DDH29-1172' calcite and 65-98 ankerite (?) are of par-
ticular 1mportance in geothermometry. If the shift of the
d(p17) spacing of DDH29-1172' calcite is primarily a function
of 1ron substitution for calcium, its minimum indicated tem-
perature of formation is 350°C (Rosenberg, 1962); hovever,
if there is considerable magnesium substitution the minimum
temperature would be even higher (Goldsmith and Graf, 1961).
If the d(p11) Spacing of 65-98 ankerite (?) is indicative of
a high iron content, then this ankerite (?) may have crys-
tallized above 425°(Rosenberg, 1967). Since this carbonate

vein cuts the quartz vein stockwork of the molybdenum de-



R ———rr

et aracesoms .. meeeoem A e bbb T P Gy o P T L P MR T L NI

67

Table 7 - Sumnary of X=-ray and Staining Uata for Vein Carbonates

Prop. Sample io, d(211) Calcite Stain  Iron Stain Occurrence
NO, spacing
* ,002A
Calcites
1 65~78 3.020 purple strong Type II py,mo,mus,gyps,carb,qz veinlet
65-98 3,030 purple strong poat-mo,qz,cardb veln
67-181 - pucple faint post-mo qz,carb vein
DD:18-1482" - purple ‘ faint Type il mo,qz veinlet
OLDE21-1551" 3,022 . purple strong coarse py,ccp,mus,kspar,carb,qz veinlet
' DDI129-561%* 3,018 purple moderate coarse py,mus,z,carb veinlet
: DDi{29~1172¢ 3.012 purple strong Type II mo,mus,carb,qz veinlet
DDIIZ9=-1556" 3,025 purple moderate Pegnatlitic, I'ype 11 ab,carb,mus,qz,mo,
py velinlet
9 65~3 3,020 purple strong sulfide vein
43 65-62 3,028, red faint late crustiform carb veins
48 66-80 3,012 red faint

(anomalous} sulfide vein

! Calcite reagent 3,034 - - x=-ray calibration sample

Fexroan Dolomites-pnkerites

1 65~78 2,912 purple strong Type 11 py,mo,mus,gyps,carb,qz veinlet
65-98 2,914 purple strong post-mo gz,carb vein
65=138a 2,907 dark purple faint post~=mo gz,carb vein
67~181 - purple strong post=-mo gz,cark vein
DDLH22-1983 2,8985 nagative strong coarae py,mus,qz,carb vein

9 65=3 2.9085 - - sulfide vein

43 65«62 2,901 faint red strong late crustiform carb veins
5 65-91 2,9025 purple strong ccp, sp, tn,carb vein
Siderites
) 9 65~3 2,794%) very faint negativa sulfide vein
20 65-113 2,81(+7) negative very faint sulfide vein
40 65-39 2,81(+?) negative very faint sulfide vein
59 65~105 2,80 very faint negative sulfide vein

Abbreviations - ab-albite; carb-carbonater ccp-chalcopyritay DDii~diamond
drill-hole; gyps=gypsumy kspar-potash-feldspar; mo-molybdenitep
mus-muscoviter py-pyritey qz-—quartz; ap-sphalerite;
tn~-tennantite

1 The dggllg spacings of the siderites are not accurate because the peaks
overlap t N CI(ZOO) peak,
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FCCO3

CaC03 3.02 CaMg(C0z), MgCO3
3.0358 2.8858 ‘ 275
11634 Subsolidus relations in the system CaCOp-MgCOx FeCOp at 450°C. D---

dolomite solid solution; C-—calcite solid solution; 5 —siderite-magnesite solid solution,

after Rosenberg(1967) -shaded areas =approx. compositions of
carbonates studied -numbers are selected % i spacings(after
Rosenberg,1963 &1967 and Goldsmith &Graf, ‘21 1958)

posit, this would be a minimum temperature for molybdenum
deposition. Because the effects of manganese on the phase
relations have not been studied, only minor information is
available on the kinetics of carbonate solid state reac-
tilons,and since adequate studles of the relationshlp be-
tween composition and d(Qll) spacing_have not been made
for natural ankerites and ferroan dolomites, these results
are only tentatlve,

Perhaps the most significant feature found in the pre=-
sent study is the relationship between carbonate composlition
and paragenesis. The paragenetic series from siderite, to

ankerite or ferroan dolomite, to calcite is probably a re-
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flection of the change in cation ratio of the ore solutions
with time. Early solutlions were probably rich in iron rel-
ative to calcium and magnesium while later solutlons grad-
ually increased in calcium relative to iron. Magnesium may
nave increased in respect to the other two when the anker-
ite or ferroan dolomites were forming. The Ca/Fe ratio
probably increased as a natural result of iron being pre-
cipitated in sulfides and calcium being extracted from wall
rocks by alteration (H' metasomatism).

In view of the paragenetic relations of the carbon-
ates, it is interesting to note that siderite has not been
found in the molybdenum deposit. A possible explanation for
its absence is found in Holland's data (1959 and 1965). He
has demonstrated that very high fugacities of CO, are re-
quired to stabilize siderite at high temperatures. In lieu

of fluld inclusions exhibiting a separate CO_. phase, 1t 1s

2
most reasonable to comnslder that siderlite crystallized only
at moderate temperatures. Nevertheless, the presence of
calcite with quartz in the molybdenum deposit would require
relatively high CO, pressures to inhibit the formation of
calcium silicates (Holland, 1965). It is also clear from
Holland's work that in the presence of free silica, it is

rather unlikely that such calcite formed above 500°C,
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Precious Metals

Many deposits of the district contaln economically im-
portant concentrations of precious metals, but very little
work has been done td 1dentify thelr exact occurrence.
Moreover, it has been found that much of the gold is lost
during concentration of the base metal sulfides. In many
arsenopyrite-bearing ores it has been tzken for granted that
the gold is concentraied in arsenopyrite and not in the
other minerals. Nevertheless, Thorpe (1967) has demonstated
convincingly that the gold of the Rossland district is con-
tained malnly in chalcopyrite and not in arsenopyrite.

Sims, et al. (1963) have shown that in the Central City dis-
trict, chalcopyrite and tennantite contain more gold than
pyrite, galena, and sphalerite, but that all metallic min-
erals contain some gold.

In order to better evaluate the precidus metal distri-
bution in the district, the writer made concentrates of min-
erals separated under a binocular microscope. The concen~-
trates were analyzed for gold and silver. The analytical
results are shown in Table 8. Except for 64-35 pyrite, most
samples appeared reasonably pure. As might be expected,
tetrahedrite and galena ccntain most'of the silver., Nore-
over, the correlation analyses demonstrate the close assoc-
lation of lead and silver in many ores. It is also note-
wvorthy that the chalcopyrite from the Mamie deposit contalns
considerable silver. From Table 8 it can be seen that the

Mamie deposit contains about 7.5 ounces per ton silver, but

¥
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Table 8 - Precious Metal Contents of iiineral Concentrates

Mineral Prop, 3ample Approx, Au T Ag . Associated Yein Assaysz)
: No, No., % Purity oz./ton oz./ton Au oz,/ton Ag oz./ton
arsenopyrite 18 . 64-39 99 0;38 0.5 0,23 6,2
0,29 1.8
arsenopyrite 33 64~2 98 0.69 0.1 0.04 0.6 .
0.15 8,9
pyrrhotite 26 64-27 98 0,65 " 1.3 0.10 1.7
pycite 19 64-35 80 0.14 2.3 0,39 6.8
sphalerite 30 85-24 97 0.10 2,0 - -
sphalerite 33 64-3 24 0.10 10,0 0,29 6,2
0,29 1.8
chalcopyrite 30 65~24 97 0.20 20,3 - -
galena 33 54~3 98 trace 66,0 0,29 6,2
1) 0,29 1.8
tetrahedrite 40 - - 2.1 7384.0 - -
tetrahedritel) 40 - - 2.1 7925.0 - -

-analyzed by the Iritish Columbia Department of iiines
© 1) after Galloway, 1223

2) grab and channel samples collected from the same localities
as the hand speciirens

only sparse amounts of galena have been found in the ore.

For thlis reason it is possible that the silver content of

this chalcopyrite is somewhat anomalous. The silver con-

tent of 64-3 sphalerite might be somewhat high due to con-
tamination by tetrahedrite and chalcopyrite.

The contention that gold occurs only in arsenopyrite
is shown by these preliminary results to be unwarranted.
Although arsenopyrite does contain significant amounts of
gold, tetrahedrite and pyrrhotite have even higher gold con-
tents, and all ore minerals tested, except perhaps galena,
contain some gold. The data are too few to draw firm con-
clusions, but they serve to point out that 21l the metal-
lic minerals of the sulfide vein deposits are potential
sources of precious metals., Although no analyses were made

on minerals from the gold-bismuth deposit, free gold 1is
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common as lsolated specks 1n gangue material and as grains
along the cleavage planes of Joselte. 'Thompson, 1949, has
also 1dentified calaverlite from this deposit.

Pyrrhotite

Distribution and Descriptioﬁ

Pyrrhotite 1s widespread. In sulfide ores of the inter-
mediate zone it is the most abundant iron sulfide., Although
far less abundant than pyrite, 1t is also an ilmportant con-
stituent of the molybdenum deposit. Using detailed mapping,
D. Davidson and J. Jonson of Climax Molybdenum Corp. (per-
sonal communication) have shown that pyrrhotite is more abun-
dant near the limits of molybdenum deposition. The writer
has confirmed their observation. In those parts of the meta-
morphic aureole which have not been affected by alteration
related to molybdenum deposition, pyrite is very sparse. In
these areas pyrrhotite is widespread as a2 minor constituent,
in veinlets, as disseminations, and as smwall masses in al-
teration clots and vugs. In the barren zone some of the
quartz veins contain minor amounts of pyrrhotite.

In the southern part of the district pyrrhotite and py-
rite seem to be antipathetic. In velin deposits on the south-
west slopes of Hudson Bay Mountain they tend to be in separ-
ate stringers in the sheeted fracture zones. Pyrrhotite tends
to be more closely associated with sphalerite and chalcopyrite,
whereas pyrite 1s more closely associated with arsenopyrite
and quartz. On the southeast side of the mountain most de-

poslts contain either one or the other lron sulfide but not
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both. In the molybdenum deposit there are veins that con-
tain abundant pyrrhotite and abundant pyrite, but most con-
tain elther one or the other so to some degree there 1s an
antipathetic relationship. But many of the veins and re-
placement bodies on the northwest side of the mountain con-
tain abundant pyrrhotite and pyrite, indicating a3, and T
conditions such that they were stable together.

Pyrrhotite 1s invariably massive but ranges from very
coarse-grained to very fine-grained. Unterminated crystals
up to three inches in diameter have beeh observed in some
deposits. The coarse grained pyrrhotite on the Mammoth and
Neepawa properties 1s associated with coarse sphalerite and
lesser amounts of coarse chalcopyrite that is concentrated
between the two minerals., An unusual vermicular intergrowth
of pyrrhotite and sphalerite has been developed on the Iron
Vault.property by selectlve replacement of pelecypod shell
fragments. In some deposits pyrrhotite has been deformed
by movements along the ore-bearing faults. Pyrite, arsen-
opyrite and to a lesser degree sphalerite have reacted in
a relatively brittle manner while the pyrrhotite and galena
have deformed plasticelly, flowing around breccila fragments
and boudins of the other minerals. In the deformed ores
pyrrhotite is generally fine grained and in polished section

displays well developed deformation twinning.
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Experimental Technigues

The composition of natural pyrrhotites that crystal-
lized in equilibrium with pyrite was proposed by Arnold
(1962) as a possible geothermometer. Recent work (Carpen-
ter and Desborough, 1964; Desborough and Carpenter, 1965;
Clark, 1966; Arnold, 1966 and 1967, etc.) has shown, how-
ever, that owing to so0lid state equilibration, most natural
pyrrhotites are low temperature structural types. Pyrrho-
tite cannot be used in geothermometry unless it is possible
to evaluate its post-depositional history. Yet since pyrr-
hotite 1s an important constituent of the ores in the dis-~
trict, and shows some diversity of occurrence, and because
Arnold (1966 and 1967) has suggested some improved methods for
studying pyrrhotite, the writer x-rayed a total of sixteen
pyrrhotlites and studied thirty in polished surfaces by the
etching technique outlined by Arnold (1966 and 1967).

" peak were made

Diffractometer traces of the "d(loe)
with and without a quartz internal standard. The superior
peak resolution without the internal standard greatly facil-
itated the ldentification of hexagonal and monoclinic mix-
tures. This x-ray method was used in conjunction with
polished surfaces etched for approximately one hour with a

saturated solution of chromic acid (Arnold, 1966). Very

small amounts of one type of pyrrhotite in another could be

detected. Runs with the quartz internal standard made it
possible to employ the d(loe) spacing method of Arnold and
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Reichen (1962) and Arnold (1966) to determine the composi-

tion of predominantly hexagonal samples. The d spacing of
the hexagonal peak was measured only in those samples where
the d(20§) monoclinic peak was insignificant. A summary

of the findings of the x-ray and microscopic analyses is
given in Table 9.

Although it is possible to determine the bulk compo-
sition of hexagonal-monoclinic mixtures by heatling the
samples in evacuated silica tubes, such work was not done
in this study. Nevertheless, Carpenter and Desborough's
(1964 and 19565) and Arnold's (1967) work indicates that the
bulk composition of such mixtures varles within fairly small
limits, (46.5-47.5%). Hence it is possible to make a rea-
sonable estimate of the bulk composition of the sampls by
determining the relative amounts of hexagonal and mono-
clinic pyrrhotite. It was found, however, that in all
cases where several polished surfaces were available from
one deposit, the ratlio of hexagonal to monoclinic pyrrho-
tite varies greatly from one section to the next. Moreover,
in some specimens it was noted that the etch reaction is
partly dependent on grain size and orientation. For these
reasons no attempt was made to determine accurately the

relative amounts of the various phases.



Table 9 - Summary of Pyrrhotite Data
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ey ey e tewete. s aoue gt

10 Unnamed 64-60A,64-603 H T 47.55) asp, sp, ccp

9 Glacier bulch I, Side 63~104 H M 47.? 8p,asp,ccp

16 Iron King 65-20 H M 47.5 8p,asp,ccp

30 Mamie 65-23 H M 47,2 sp,asp,ccp

45 Iron Vault 64-110,64-111,66-83 & H @ 47.6%)  py,sp,cep,asp,gn

4 drill core samples
5 Unnamed 65-74 H M asp,cép
26 Hayflower #2 claim - 64~26 H M 47.5 1) sp,cep
Hend, vein system
52 “T* Fraction 65-85 H M asp,py,ccp, 8p,gn
S0 Mammoth Claim 65-101 H M pY.asp,8p,ccp,gn
- 14 Josie Claim 65-94 H M 8p, py, ccp
1 Glacier Gulch »blybdenum 64~78 H M pY,ccp
{surface) 65-99 H,M

24 Neepawa 65-137 H,M 8p,ccp,gn,ms

1A ggggigi Gu;sy Molybdenum 66,68,66-69,66=70,66-71 H,M

vel .

s2 Copper Queen Claim 63-206,65-121 M asp, sp, py, cep
1A g;ggi;:vgzlsy Molybdenum 66=76 M R shee, ccp, 8p, b1, ty,mo
1 Glacier Gulch DDH39-990* M H mo, py

L Unnamed 65-73 H H ma

12 Unnamed 64-43 M asp, ccp

Symbols - T-troilitey H-hexagonaly M-monoclinicy asp-arsenopyrite; bm=bismuthinite;
cep-chalcopyritey gn-galena; mo-molybdenite; ms-marcasites py-pyriter

shee-scheelitey sp-sphalerite; ty-tetradymite

1

-

2) -determined by 4(102)

(1966)

arranged in approximate order of increasing percentage of monoclinic pyrrhotite

spacing method after Arnold and Reichen (1962) and Arnocld

=~combined hexagonal-monoclinic peaks were measured below the point separation

. =None of the samples were heated; therefore, the composition has not been

given for samples containing much monoclinic pyrrhotite.

However, from

Arnold's work (1967) and Carpenter and Desborough's work (1964), it can
be expected that the bulk composition for hexagonal-ionoclinic mixtures
varjes from about 47,5 to 46.5 atomic per cent metals with increasing

monoclinlic pyrrhotite content,

3) pyrrhotite that occurs disnaminated (up to 20+ of the rock) in black argillites
and motavolecanic rockus

\ 4) in a tungsten-rich vein near the limit of molybdenum deposition

s) 4(102) Spacing of the troilite phase was found to be 2.0930A which,as shown
by Toulmin and Barton (1964), is very close to.Stolchiometric FeS,

6) Carpenter and Desborough's Silver Creek Sample (p, 1355,1964)

7) Arnold's Henderson Mine sample'(p. 35, 1967)
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Interpretation of the Results

Perhaps the most remarkable feature ef the pyrrhotites
studied 1s the fact that no single phase pyrrhotites were
found. This supports the contention that at low temper-~
atures 2-phase fields (troilite + hexagonal and monoclinic
+ hexagonal) predominate in the composition range 46.5 bo
48.5 atomic per cent metals. The bulk compositions show
‘a general relationship with structural type, the presence
or absence of pyrite, and the position of the pyrrhotite
in the district. Samples with signiflcant percentages of
monoclinic pyrrhotite occur only in the molybdenum deposit
or in areas near the outer limit of the intermediate zone
where the pyrrhotite is essociated with pyrite. Predom-~
inantly hexagonal pyrrhotites (relatively metal-rich ones)
occur in or very close to the metamorphic aureole. These
features indicate that pyrrhotite bulk compositions are in-
deed related to conditions that prevalled at the time of
ore formation. However, 1t 1s misleading to emphasize
this relationship too strongly since it is apparent that
in some samples, such as 63<104 (Figure 37), the fﬁrmation
of much of the monoclinic pyrrhotite was related to super-
gene processes that lead to the formation of marcasite and
limonite. On the other hand, however, the fact that lamel-
lae in some pyrrhotite have no apparent relationship to
marcasite veilnlets 1s further evidence to suggest that the
two had different origins (Figure 38). Because of the over-

all pattern of pyrrhotite distribution it is tentatively
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suggested that lamellae such as the troilite in sample

64-60A (Figure 35) and the hexagonal and wmonoclinic la-
mellae in sample 65-74 and 64-26 (Figures 36 and 38)
formed by exsolution mainly in a response to cooling and
not because of compositional changes in the environment
(1.e., a change in the fugacity of sulfur). Howéver, 1t
1s equally apparent that lamellae of monoclinic pyrronotite
can form in hexagonal pyrrhotlte by supergene alteration
and presumably by any process that would cause an increase
in sulfur fugacity. It is obvious that each sample, de-
posit, or even district should be evaluzated on its own
merits., It would be advantageous to have some criteria
whereby the cooling history could be traced.

In the Hudson Bay Mountain district distribution of
pyrite and pyrrhotite gives some indication of the gener-
a2l conditions at the time of ore deposition. The molyb-
denum deposit 1s characterized by relatively sulfur-rich
assemblages, whereas other areas within the metamorphic
aureole are in sharp contrast with their sulfur-poor assem-
blages. Outside the metamorphic aureole the sulfur-poor
assemblages grade to assemblages richer in sulfur until
pyrrhotite stability limits were exceeded and pyrite was
deposited. This pattern of iron sulfide occurrence is al-
most certalnly due to fugaclity of sulfur and temperature

gradients that existed durlng the perlod of ore deposition,

(see Figure 54), and it 1s possible to evaluate the pyrrhotite
composition within this framework.
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Figure 35 - "Zig-zag" troilite lamellae in hexagonal pyrr-
hotite from a sulfide vein (64-60A) to the
north of the Toboggan Glacier. Note that the
"zig-zag" amplitude is approximately propor-
tlonal to the lamellae width. Surface was
etched with a saturated solution of chromic
aCid. Mag. L]’5OX.

Figure 36 - Intergrowth of monoclinic pyrrhotite (dark) in
hexagonal pyrrhotite (light). The light bands
in the monoclinic pyrrhotite are probably twin
lamellae. Specimen (65=74) is from property
no. 5. Surface was etched with a saturated so-
lution of chromic acid. Mag. 675%.
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Figure 37 - Monoclinic pyrrhotite (dark) formed in hexagonal
pyrrhotite (limorite) along a secondary fracture
with limonite and marcasite. Specimen (63-104)
1s from the Glacier Gulch North Side property.
Surface was etched with a saturated solution
of chromic acid. Mag. 300x,

Figure 38 - Lamellae of monoclinic pyrrhotite (dark) in hex-
agonal pyrrhnotite (light and medium gray).showing
no apparent relationship to the marcasite vein-
lets. Specimen (64-26) is from property no.

25. BSurface was etched with a saturated solu-
tion of chromic acid. Mag. 150x%.
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Pyrrhotites of the molybdenum deposit probably have
bulk compositions from about 46.7 to 47.2 atomic per cent
metals. This 1s based on the assumption that Arnold's
(1967) findings for natural pyrrhotites would hold for these
pyrrhotites, If, as might be expected, these pyrrhotites
crystallized in or almost in equilibrium with pyrite, the
minimum temperature of formation estimated from the pyrrho-
tite-pyrite solvus (Arnold, 1962) would be about 450° o 350°C.
Using the same reasoning, similar minimum temperatures can
be obtained for the Mamis, Iron Vault, "T" , Mammoth, Josie,
and Copper Queen properties. It is not unreasonable to con-
sider that the pyrrhotite equilibrated with pyrite down to
these temperatures, but in view of the rapid reaction rates
of pyrrhotite in the so0lld state it is even more surprising
that the pyrrhotite, at least in some areas, d4id not equil-
ibrate at even lower températures, forming assemblages of
only monoclinic pyrrhotite and pyrite. The mere fact that
the pyrrhotite with pyrite 1s not solely monoclinic pyrrho-
tite is strong evidence to suggest that most 1f not all of
these ores crystallized above 300°C. However, any defini-
tive use of pyrrhotite in geothermometry in the district
should be deferred pending further work in the Fe-S system.

Even with all uncertainties that have currently been
ralsed concerning interpretation of pyrrhotite relations,

mineral assemblages in the Fe-S system certalnly are useful

indicators of the general conditions (&S, and T) of ore de-

2
positions in the Hudson Bay Mountain district.
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Sphalerite

Introduction

The relatively slow reaction rates of sphalerite in
the sollid state, its large range in composition, the abun-
dant available information on its phase relations, and its
widespread distributlion in the district make it a very use-
ful mineral in the study of ore-forming processes., For this
reason considerable effort was expended in collecting repre-
sentative material from as many deposits as possible.

Distribution and Description

Sphalerite has been found in all zones of the district,
but 1t 1s most abundant in the sulfide ores of the interme-
diate and outer zones. Traces are present in the molybdenum
deposit. It occurs as exsolution (?) starsand blebs in some
chalcopyrite, but it occurs mostly in quartz, carbonate
velns that cut the molybdenite-bearing quartz vein stockwork.
Its deposition was therefore not directly related to that of
the molybdenite. In one sample (656-76) taken on the 3500
foot level sphalerite is assoclated with molybdenite, but
the two minerals are not in contact.

Sphalerite typically forms dark brownlish-black, fine- to
coarse~grained, massive,anhedral aggregates ar grains inti-
mately intergrown with other ore and gangue minerals. Ter-
minated crystals of sphalerite were not found. Regular
polysynthetic twinning is prominent on some fresh cleavage

surfaces of eoarse grained material, and on polished sur-
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faces etched with saturated chromic acid solutions (Figure
40). Pyrite, pyrrhotite, arsenopyrite, galena, chalcopyrite,
tetrahedrite, bournonite, quartz, calcite, and dolomite are
common associated vein minerals.

Small amounts of light-colored sphalerite were found in
many deposits. In general 1t constitutes only a minor por-
tion of the total sphalerite; in deposits such as the velns
on the Silver Lake claims (property no. 48), it is 2 main
constituent. At most localities the light sphalerite occurs
as blebs and pods in darker sphalerite. It probably crys-
tallized in cavities or replaced material after the dark
sphalerite had formed.

In polished "thick sections"--sections slightly thicker
than normal thin sections--regular growth zoning is rel-
atively rare. Intricate growth zoning such as that described
by Sawkins (1964) in Providencia district, Mexico, and Roed-
der (1965) and Barton, et al. (1963) at Creede, Colorado
was not found, Nevertheless, a few specimens exnibit some
growta zoning. Typically the transparent sphalerite is in
reasonably sharp contact with opaque sphalerite. In many
specimens, areas of light sphaierite are blotchy and con-
tain numerous zones of opaque ("dusty") inclusions.

Polished sections reveal that some sphalerites contain
intergrown pyrrhotite and chalcopyrite, both as irregular
blebs and as crystallographically oriented blades (Figure

39). Etched sphalerite surfaces show that most unoriented
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2 =
Figure 39 - Oriented lamellae and blebs of chalcopyrite in

unetched sphalerite (65-111) from the Empire
property. Mag. 150%,

Figure 40 - Same as Figure 39 except the surface was etched
with a saturated solution of chromic acid., Note
that the oriented chalcopyrite lamellae lie along
twin planes, and that the unoriented lamellae lie
along grain boundaries. Also note that a rim of
sphalerite stands in relief along the grain boun-
daries., PIa-go BOOXC
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blebs occur along grain boundaries; while the oriented blebs
occur along crystallographic planes within crystals; for
example, along twin lamellae (Figure 40). In many of the
etched surfaces narrow rims of sphalerite along grain boun-
daries and irregular vein-like structures stand in relief
after etching (Figure 40). The reason for this is unknown.

Chemically Analvzed Svhalerlte Standards

Sixteen sphalerlite samples,to serve as standards for
electron microprote and x-ray analyses, were analyzed for
Zn, Fe, S, Cd, Mn, and Cu. Fure samples representing a wide
range of iron content were sought. In general satisfactory
samples were found; however, because several grams of mater-
12l were required, and because some microscopic impurities
could not be avoided, the analyses at best are only very close
approximations of the bulk composition of what was later shown
by microprobe analyses to be heterogeneous material.

The variation shown in the duplicate anslyses of sample
65-109G is undoubtedly due to the heterogeneous nature of the
sample, not to poor analytical procedure. Indeed, the fact
that the analyses show a very high degree of linear corre-
lation (+ .999) with the electrén microprobe analyses indi-
cates that the chemical and microprobe bulk compositions are

in general reliable.
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The following is a brief summary of analytical methods
used:

Zinc., Sample was dissolved in HNO-: + KClz, interfer-
ing elements were removed, énd ziné was titrated
with a standard K4Fe(CN)6 solution., Analysis
by R.S5. Young.

Sulfur.Sample was dissolved with a mixture of KBr and
Br,, and the resulting sulfate was precipitated
with BaCl, and weighed as BaS30,. Analysis by
R.S. Youns.

Iron. Sample was fused with Na,0-, and the fusion leached
with water. After acidigication and removal of
interfering elements iron was reduced and ti-
trated with a standard KoCrpo07 solution using
diphenylamine sulfonic acid ag end-point indi-
cator. Analysis by S. Metcalfe.

Manganese. Sample was put in a sulfuric acid solution
and manganese was oxidized to permanganate with
K10,. The absorbancy of the colored solution was
measured on a Beckman spectrophotometer., Anal-
ysis by R.S. Young.

Copper.In some sphalerites copper was determined by XN.
G. Colvin by x-ray fluorescence and in other
samples by R. Hibberson using an A.R.L. spectro-
graph.

Cadmium. It was determined by N.G. Colvin using x-ray
fluorescence.

The results are given in Tables 10, 1ll,and 12. The maj-
or elements should be accurate within a few tenths of one
per cent.

Semi-quantitative analyses of some of these samples
showed trace amounts of Sb, In, Ti, Ni, and Co but falled to

reveal any Sn or Ge.



Table 10- Chemical Analyses of Sphalerite Standards

Sample Zn Fe ca Mn S Cu As PS Total
No, :
65-109C 64,20 2.44‘ 0,58 0,08 32,64 0,01 - - 99,95
'65-109F 61,38 5.16 0,55 0,06 32,86 0.015 - - - 100,02
65-109G1 61.04 5,70 0.58 0.05 32,54 0,03 - - 99,94
65-109Gi 61,04 5,28 0,57 0.05 32,87 0,02 - - 99,83
65-111 56.40 9,04 0.48 0.27 33.26 0.32 - - 99,77
64-3A 50,35 9,31 0.34 0.43 30.89 0.43 - 2,02 93,77
63~-176 55,80 9,50 0.28 0.20 32,90 0,03 - - 98.71
64-154C 53,45 10,51 0,38 0,27 32,84 0,09 - - 97.54
64-5 52.41 10.46 0.39 0.22 32,67 0,11 - 1,37 97.63
64~39C 49,80 11,40 0.39 0,30 32,11 0.25 1,30 1,65 97.20
65-23A 54.48 11,60 0.35 0,26 32,42 0,08 - - 99.19
64-26 52.4i 11,98 0,36 0.34 33,12 0,24 - - 98.45
65-114 52,68 13,16 0.32 0,60 33,08 0,07 - - 99,91
65-20 51,98 14,04 0.25 0,49 33,02 .16 - - 99,94

63-104 46,53 16.87 0.53 0,31 33.39 0.28 - - 97.91

=Done by the Analytical Branch of the British Columbia Department of Hines

-Samples collected during 1965 are of higher purity than those collected during
1963 and 1964

Electron Microprobe Analyses

X-ray and electron microprobe techniques were used to
determlne the iron content of sphalerite. However, because
of the overwhelming superiority'of the laﬁter technique,
the x-ray methods of analysis were abandoned. Williams (1965)
hes presented a good discussion of the relative merits of the

various methods of sphalerite analysis.
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Table 11 - Sphalerite Analyses Corrected for Impurities
and Recalculated to 100 Welght Per Cent

Sample Zn Fe “Cd Mn S
No.

65-109C 64,25 2.43 .58 .08 32.66
65~109F 61.39 5.15 .55 .06 32.85
65-109G1 = 61.13 5.68 .58 .05 32.56
65-109G2 61.18 5.27 .57 .05 32.93
65-111 57 .. 50 8.46 .49 .28 33.27
64-34 56.29 9.47 .38 .48 33.38
63-176 56.58 9.60 .28 .20 33,34
64-154C 54.94 10.72 .39 .28 33.67
64-5 54.75 10.82 41 .23 33.79
64-39C 54 .37 11.06 43 .33 33,81
6426 53.61 12.04 .37 .35 33.63
65-114 52.83  13.14 .32 60 3311
65-20 52,39 13.85 .25 .49 33.02
63-104 48.05 17.00 .55 .32 34,08

- calculated on the basis Zn + Fe + C4d + Mn + S = 100 wt. &%

- amounts of included pyrrhotite and chalcopyrite blebs
were determined from polished sections

- 211 Cu was assumed to be in chalcopyrite (CuFeSy,)
- all Pb was assumed to be in galena (PbS)

- all As was assumed to be in arsenopyrite (FeisS)
-pyrrhotite composition was assumed to be FeS

- minor corrections for pyrrhotite impurities were made for
samples 65-111, 64-3A, 64-39C, 65-20, 63-104
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Table 12 = Calculated Mole Per Cent Sulfides in Sphalerite Standards

Sample ZnS FeS CdS MnS
No.

65-109C 9541k L. 0,50 0.15
65-109F 90,53 8.89 0.L47 0.11
65-109GI 89.66 9.75 | 0,50 0,09
65-109G2 90.31 9.11 0.k49 0,09
65-111 84453 1k.56 0,42 0.49
6L=3A 82,58 16,26 ‘ 0,33 0.83
63=176 82,9k 16,47 0.2h4 0.35
6L-154C 80.73 8.k 0.3k 0.9
6L-5 80,61 18,64 0.35 0,40
6li-39C 80,01 19.05 0.36 0,58
65-234 79.56 19.71 0.29 0Ll
6426 78445 20,62 0,32 0,61
65-114 76.L45 22,26 0.26 1,03
65-20 75657 23,38 0,21 0,8k
63-104 69.99 28,99 0447 0,55

=Calculated on the basis ZnS + FeS + CdS + MnS = 100%
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The main purpose of the microprobe analyses was to de-
termine the iron content of sphalerite from as many deposits
as possible and correlate it with the zonal distribution of
metals. Early in the work, however, it was recognized that
individual deposits showed a wlde range of sphalerite com-
position. Sampling the material to give the most meaningful
.results, therefore, became a problem., Presumably the average
iron content would be most representative of the overall
physicochemioal conditions prevalling during ore deposition.
Nevertheless, to determine these conditions from the sphal-
erite phase relations, 1t is necessary to establish that
equilibriun existed between sphalerite and an iron sulfilde.
In 1ieu of well developed growth zoning or crustiform layer-
ing the only satisfactory way to determine equilibrium com-
positions is to analyze sphalerite that grew in contact with
an iron sulfide. However, it is still possible that sphal-
erite isolated from iron sulfide gralins crystallized in
equilibrium with an iron sulfide. On the other hand, mere
coexistence of sphalerite and an iron sulfide in a deposit
or even the same hand specimen is not sufficient evidence
that equilibrium was obtalned, although such evidence has
been accepted in other studies. The writer's studies sug-
gest that a rim of sphalerite 1 mm or less in thickness

around an iron sulfide graln was sufficient to prevent

1t from reacting with subsequently deposited sphalerite.

A good example is shown in sample 64-110, in which sphalerite
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with less than 1 mole per cent FeS occurs only a few mill-
lumeters away from pyrite and pyrrhotlite. Under no condi-
tlons 1s it conceivable that the sphalerlte reached equi-
librium with the pyrrhotite.

Time requirements and the nature of the available ma-
terlal precluded a study that would satisfy all requirements.
In general it was easlest to select material from which the
average composition of the sphalerite of the sample and hence
the deposit could be estimated. For this purpose, sphaler-
ite grains were selected from as many locations as possible
in the hand specimens. Most specimens consist of several
chunks and chips from several places at the sample local-
ity. If color zonlng was prominent, separate samples were
prepared from each zone. The grains were then mounted in el-
ther epoxy or plastic in one inch cylindrical epoxy blocks
made to fit in the sample holders of the microprobe. These
blocks were polished by normal diamond polishing techniques
and buffed with chromic oxide.l The polished surface was
evenly coated with a thin 1layer of carbon %o conduct away
the bombarding electrons. As a rule, ten.separate gralins

were measured from each sample, and 1f the zoning was

1 Although chromic oxide buffing was used throughout this
study, some duplicate samples were buffed with chromic acid
solution using the method suggested by Cameron and Van Rens--
burg (1965). The results indicated that the chemical-mechan-
lcal buffing did not cause any significant change in the
composition.



pronounced, more grains were measured,

To evaluate compositions of sphalerite that might have
crystallized in equilibrium with an iron sulfide, composi-
tions of sphalerite adjacent or reasonadbly close to iron
sulfide grains are given in column 5 of Table 13. However,
the mere proximity of the grains is no assurance that sphal-
erite crystallized in equilibrium with the associated iron
sulfides. In fact in some cases, as cited on p. 52, there is
reason to believe that the sphalerite crystallized in equi-
libriun with pyrrhotite that was subsequently replaced by
pyrite. Moreover, on textural grounds it 1s difficult to
determine the relative ages of the miherals. For a few prop-
erties separate samples were prepared to determine the
sphalerite compositions adjacent to iron sulfides.

Instrumentation and Analytical Procedure

The Applied Research Leboratories Electron lilcroprobe
of the Department of Geology of the University of Wisconsin
was used for the analyses. The acceleration voltage for all
runs was 15 KeV and the sample current was about .05 MA.
FeK . and ZnK_ peaks were measured using LiF analyzing crys-
tals. Since optical resolution is poor for carbon-coated
surfaces, simultaneous measurement of zinc eliminated the
possibility of mistaking other ilron-bearing sulfide minerals
for sphalerite. A method employing counts per 100,000
counts of beam current eliminated the need for drift cor-

rections commonly used in standard x-ray fluorescence analysis.
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Most measurements required 15 to 20 seconds.

As a rule 6 or 7 sphalerite.samples were run between
measurements of a homogeneous sphalerite standard. A
sphalerite obtained from B.W. Evans of the University of
Californla at Berkley was used for this stendard, since no
sphalerite of sufficient purity from the Hudson Bay Moun-
.tain district was found during the early stages of the work.
Evans (indirect communication) reported the iron content,
as found by wet chemical techniques, to be 11l.4 weight per
cent. However, from Figure 41 it can be seen that this an-
alysis is probably too high, The same grains were measured
each time the standard was run.

All analyses were corrected for background, determined
by measuring the background an equal distance on eltner side
of the peak and averaging the results. The background was
normally measured at the end of a day's run. An average
value, determined for bvoth high-iron and low-~iron sphaler=
ites, was used.

For some samples S, Cd, Mn, Cu, and As were aiso deter-
mined by procedures essentially the same as those used for
Fe and Zn, except that pure metal standards were used for
the As and Cu analyses.

Splits from the samples sent for chemical analysis were

employed to establish an iron calibration curve for Hudson
Bay Mountain sphalerites. To obtain the curve shown in

Figure 41 the chemically analyzed sphalerites were run
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several times over a period of three months., The curve was
calculated by least squares regression analysis forcing the
curve through the origin.l The constant for the regression
equation is known very accurately (¥ .0010; Figure 41); hence,
although the samples used for calibration show some disper-
slon from the curve, their heterogeneity is not a limiting
factor of the accuracy of the method.

Williems (1967) pointed out that if natural sphalerites
are to be used for probe standards, one should not only have
8 library of standards analyzed for Fe, but should also have
analyzed samples displaying a range of Cd and Mn contents.
Undoubtedly variations in Cd and Mn will affect the accuracy
of the results. However, the effects should be very minor
indeed for Hudson Bay Mountain sphalerites since Cd + Mn 1is
usually less than 1 per cent, Cd content does not generally
vary more than .25 per cent, and Mn varies with Fe, Williams
suggests that for most work pure metals standards would be
most satisfactory. However, use of natural sphalerlite stan-
dards is far faster and need not be any less accurate.
Goresy (1967) used ZnS, FeS, and MnS standards to good ad=-
vantage in analyzing sphalerites in meteorites.

The precision or reproducibility of the analyses was
evaluated by measurement of the same grains of samples of a

low~- and high~iron sphalerite five times over the three=-

1 Sample 63-176 was not used for the calculations.
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month period of analysis. The standard deviation for the
low-iron sphalerite was found to be } 0.01 weight per cent
Fe or 0.4 per cent of the amount present, while that for
the high-iron sphalerite was found to be Y o.16 weight per
cent Fe or 1.23 per cent of the amount present. Since the
callibration curve 1s known with confidence, the accuracy of
the analytical technique is probably limited by the pre-
cision.

Barton and Toulmin (1966) in their analysis of syn-
thetic sphalerites used a Fe/Zn count ratio and related it
to & FeS/ZnS mole ratio. One should, however, be cautioned
against using this method for natural sphalerites since the
analysis 1s based on the assumption that FeS + ZnS = 100 per
cent. Natural sphalerites invariably contain some Cd and/or
Mn which necessarily causes the results to be consistently
high. For example Hudson Bay Mountain sphalerites determined
by this method yielded results that were consistently .1
to .4 mole per cent FeS higher than the values calculated

from Fe counts alone.
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Discussion of the Results

Iron contents of sphalerite from microprobe analyses
are given in Table 13. Most of the analyses can be ac=-
cepted at face value, but the method of presenting the
data falls to reveal erratlic values or mixed populations
of differing compositions. Figure 42, for instance, shows
- an extreme case of a bimodal population. The arithmetic
mean (average) 1s not very representative of the sphalerite
compositions. At first it was thought that the marked break
in composition had genetic significance; that is, there was
a definite discontinuity in sphalerite deposition. However,
iron contents in the range 6 to 13 mole per cent were found
in samples 65-61, 65-62, and 65-63 taken from the same
property, indicating that the bimodal nature of the pop-
ulation is probably a function of the sampling procedure.
This points up the shortcomings of the analytical method in
determining the mean sphalerite composition of a sample
and of an entire deposit. ‘

Even with these limitations, the microprobe data are
far superior to those obtained by other available analy-
tical methods. Only the purest of sphnalerite samples can
be analyzed with confidence by wet chemical technliques,
and the results are only averages of a composite sample,

Measurement of the cell edge by x-ray diffraction has
been used extensively in the past to determine the Fe con-

tent, but the method has very serious drawbacks, as pointed
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Table 13 = Summary of Electron Microprobe Data for Sphalerite

4ole % FeS
1 2 3 4 5 18 7 8
Prop Sample Samplel)| Observed 2)) Adjacent 3)|Zst 4) Occurrence Main assoc
No No AV Range Fe Sulf Prop Ore Minerals
Av in Sample
1 | 64-87 12.3 8,0-16.0 8.0-16,02 mainly barran post-mo | py,ccp
qtz=card vn
65=98 0.4 0.1~ 0.9 5) “ pY, ccp, bo?
65-138 1.25 0.5- 2,0 15.3 w pY,gn,bo?
1A 66764 15.3 13,7-16,7 W-rich va at fringe of shee, po, ccp, b, ty, mo
o dep
66+765 15.8 12,5-17.8 17.0-17.89 “=gp adj po "
2 65-71 12.9 11.0-15.4 12,9 probably a late carb vn| ccp,bo,asp
3 65-68 19.1 17.0-19.7 19,0-19.7 19,1 mainly barren qtz vn asp, po, cep
4 65~67 20,7 18,0-22,3 20,7 . alt po?,asp, py,bo
. 9) )
6 65«77 10.25 0.,5-25.0 10,0 probably late carb pY.gn )
veinlets
8 63-104 28.5 24,8-30,5 24,.8-30,5 27.0 sulf vns) po,asp,gn, ccp
65~41nA 0.7 0.4- 1.6 sulf lense~h s 1 sp asp, po
65-413 9.6 6,0-11.2 " =-h 8 m sp asp, po
65-4lC 10.8 11,5-26,.4 ? -26.4 " -h 8 d 8p asp, po
9 | e5-3 4.0 1.0-7.02 4.0 | probably a late carb vn| gn,asp,bo’
10 64-58 26,0 20,3-28,0 26.5 sulf wvn asp, py,ccp
64-58A 27.6 25,4-29.2 25,4-29,2 " po,ccp,ms
64=-60A 26,1 22.8-27.5 22,8=-27.5 " po,asp
64-50B 25.9 18,3=-26,0 25,8-26,.0 " poe, ccp
11 65-116 22,7 18,3~26,0 24,0-25,0 | 24,0 “ pe, ccp
65-117 25,4 22,7=27.5 22.7-27.6 “ asp, po
13 64-66 22,0 21.3-23.5 21.3-23,5 22,0 sulf veinlets po+py in wall rock
14 64~132A 19.5 18.8-21,2 21.5 sulf vn po
64-132B 21.3 20,7-22,0 15,0=-22.C " po
65-94 22.2 20,0-24,0 20,0-24,0 " PO, PY, ccp
15 65-93 12,9 12,3-13.5 17.5 " gn,ccp
65~114 21.7 21.4-24.0 21,.4-24.0 “ po,gn, ccp
16 =18 21.6 19,2-23,1 19.2-23.1 23.0 sulf velnlets asp, po
65=-17 23.5 21,9-25,0 21,9-25.0 widely scattered vein- asp, po
lets in meta rks
65-20 23,1 21,0-25.4 21,0~25.4 sulf vn po,asp, ccp
17 65-54 19,4 18.9-19.8 19.4 sulf vn ’ asp,ccp, pY
18 64-39 ;19,6 19,0-19.7 19.0=19.7 19.4 " asp, py,gn,ccp
64-39C 19.3 18,8-19,7 156.8-19,7
19 63-181 12,3 9,5-13.7 11,0-13.7 15.0 " pY.asp,gn
64=-35 16,2 15.3-19,2 15.3-19.2 asp, py,gn, cep
20 65~113 5.2 0.3~ 8.8 7.0 sulf vn asp, py,gn
66-77 9.9 5.4=12.4 i 5.4-12,.4 v gn,ccp, py,asp, td
66~78 11.7 7.0-17,.4 sulf frag in late qtz pY.gn
66=~79 7.7 7.4~ 8.4 7.4~ 8.4 sulf vn gn, ccp, py,asp, td
22 | e1120%1) 9.1 8.0-10,3 carb vn gn, ccp, pY
23 63-195 5.5 1.2-10.1 12,0 sulf vn g, py,asp
65-111 14.9 11,0-21.1 11,0-22.1 u py,gh,asp, ccp
665~112 5.4 4.9- 8.2 4,9~ 8,2 frag in late gtz PY.,gn
24 65-136 | 19,4 18.3-20.8 18,3-20.8 19,7 i sul® vn po,ccp,qn,m?lﬁp
65-137 20,0 19,0-21,8 19,0-21.8 " po, ccp,gn, 1
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Table 13 = continued
Mole % Fc
1 2 3 4 5 € 7 8
Prop Sarmple Sample Obsarvad ad jacont Zst Cccurrencs Maina Acsoc
No No AV Range Fe Sulf Prop Ozre Mincrals
Av in Sample
25 63-189 20.9 20,2=21.7 19.5 sulf vn a6p, pY
65-~26 18,5 17.3-13%,1 17.3~19.1 “ =asp+py in Be= po,ccp
parate veinlets
26 €3-1868 » 10,7 7.5=12,7 10,0-122.7 20,0 sulf va (poor sampla) asp,cep, py
64=256 1.1 20,0-21.9 | 20,0-21.9 suls vn po,ccp, pyY?,a0p
64-27 18,7 18,1-20,0 18,1-20.0 . po, pY.Ccp,a8p
28 64-30 21.8 20,7-23.4 | 20,7-23.47)] 21,8 . pY.asp
29 65-14 20,25 19,0~21,0 20,3 b4 PY,33p
30 6522 20.4 19,7-20,9 19.7 " asp
65=23 2G,2 19,5-21.1 . asp,ccp, Po, Py
65=24 18.2 17.9-218.7 o aesp, ccp
6525 20,7 19.8-21.4 . asp
31 65=21 16,7 15,0-20,0 | 15,0-20.0 16.7 . - asp, py,ccp
32 65=13 16.8 16,2-17,.6 16.2-17.6 17.0 " gn,py,asp, ccp
33 63-28 18.2 12,5-20,0 12,.5-20.0 16,5 " PY.a&p, ccp,gn,bo?
64=2 l4.8 9,7=19.7 ? =19.7 . &5p,gn
64=3 16,9 14.0-18,1 7 -18,1 - a8p,ga,coY, pY
64-34 16, 16,2-17.5 16,2~17.5 - asp,gn,cpy, Y
34 6417 23.5 21,9-25,0 | 21,9-25.0 18.5 . PY.Sn, PO
64-21 19,0 18,7-29.6 | 18,7-19.6 . BY,Gn,a8p, ccp
64-154c | 18,8 18,0~15.7 18,0-19.7 " pY.3CD
64~154D | 18.8 18,2-19,5 18,2-19.5 . p7,a52
64~1543 18.5 13,3-19.3 . P/,26p
64~155 18,2 17.6-18,7 17.6-18.7 . gn,asp,cep, pY
64-155¢C 17.7 16,9-18,1 16.9-18.1 " =-h 8 d 5D gn,asp, py,ccp
64-155D 15.1 8,1-16.9 - -h & 4 &p gn
35 64~5 18,7 18,2-19.4 18,5 . asp,py,9gn,ccp
36 63-25 18.5 15.4-20.7 ? =20.7 15.0 - 23,90, ccp, pY
65=32a Tk G,4~ 7.6 » -h & m 8D as?,6n, ¥y, ccp
65=32B 15.3 13,i=~19.0 ? =19,0 » =-h 8 4 8p &Zp2,6a, pY,CCP .
65-33 24.7 19,2-27.8 . asp,gn, po
37 63-36 17.3 14.6-22.5 ? =22.5 10,0 . ;‘-S?.Cc?,qn;P}{
65=343 5,2 0.5-10.3 bt ~h 8 m 8D €a,353,c0p
65=34B 11.7 9,7-13.5 * <«nsdasp ga,asp, cep
38 65-30 14,4 13,7-15.0 13.0 . gn,ccp,bo,asp
65-31A 1.2 2.0=- 1,4 hd -h 8 1 cp gn,acp,ccp, o
65-313 6.6 0,7=-15.7 b =h 8 m &p gn,asp,ccp,bo
65=-31C 11,7 6,9«15,7 hd -h 8 & 8p gn,asp,ccp,bo
39 646 15.0 13,2~18.6 | 13,2-18,6 16.5 - asp, py.gn, ccp
40 64=7 15.8 16.0-17.5 | 16.0-17.5 | 14.0 . 223, p7,90, CCP
64=-152C 1.0 10.6-15.1 » «h 8 d ap asp, ny
64=152D .0 5,4=10,7 * <=hsmnadasp &op, Py
64~157A 0.7 0.1~ 3,7 ® =hs8nsp PYL&Ep
64-157B | 10,3 9,2=11.5 ? =11.5 . -h 8 4 &p OAPEN=3-3
65=35 15.0 7.5=19.3 . Gn,&a3p
65-39 15.3 12.8-156.2 . ¢a
65=40 9.7 3.7=37.9 . =h 8 @ 8p g, AP
65-403 14.4 11,7-16.0 . ~h & 4 82 Gh,aup
41 64~10 7.4 2,8-17.8 ? -17.8 7.4 card vn PY.9gn,asp,ccp
42 63=-176 18.3 3,9-18.9 18.3 carb-sulf veinlets gn,py
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Table 13 - contlnued
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Mole % Fuld
1 2 3 4 5 6 7 8
Prop Sample Sample Observed Ad jacent Est Occurrence Main Assoc
No No Av . Range Fe Sulf Prop . Ore Mincrals
Av - in Sample
43 63-174 14.1 4,7=21.1 7 -21.1 8.0 carb-sulf veinlets gn,cep, py,asp
65-61 S.7 3,7- 7.8 . gn,ccp, pY
65-62 9.9 5.2-15.8 "
65-63 5.6 3.,3- 9,5 - gn,ccp, py,bo?
45 65~134 5.2 1,8-11,0 5.2 sulf veinlet
48 64-117 20,8 19,7-21.4 19.,7-21,.4 10,0 sulf vn asp, py,ccp,gn
65-107A 1.0 0.7- 1,6 0,7~ 1.6 . «h s 1 sp gn,ccp
64-1078 1.7 1.1- 2.4 hd -h s 1 sp gn, ccp
65-107¢C 2.3 1,0- 5.7 . =h 8 m 8p gn,ccp
65-108 |, 9,7 7.5=12,7 ." gn,cecp
€5-109¢C 3.5 3.2- 4.9 *  alarge xtd gn,ccp
- 65-1097 8.4 6,9-10.5 . ~large xtl gn,ccp
€5-109G 8,0 7.3-10,1 " =large xtl gn,ccp
66-80A 1,9 1.2- 2,2 . =h 5 1 8p ccp,gn, po
66-~808 2.4 1.2- 4.0 ® <«h s masp ccp,gn, po
66-80C 15.9 14.8-17.3 - =h 8 d 3sp ccp,gn, po
- not adj po
66-800 19.7 18,1-21.7 18,1-21.7 sulf vn~h 8 d sp ccp,gn, po
adj po
49 63-~213 17.9 17.5~18,5 | 17.5-18.5 18,5 repl body in lm Y
64-110A 0,8 0.6~ 1,0 . =h s 1 sp| po,py,asp,eccp
64-110B 19.1 18,1-19,5 18.1-23.5 . «h 8 4 8p | po,py,asp,ccp
64~111 19,3 18,1~-21,0 | 18,1-21,0 b ' PO, PY,asp, ccop
65-92 15.8 ' 14.2-18.5 sulf vn gn,ccp
65-129 17.7 16,7-18.5 | 16,7-18.5 repl body in 1lm PY
65-130 18,2 18,0-19.5 18,0-19.5 - pY. DO, CCD
66-83 18,7 18,3-19,4 18.3-19.4 - PO, PY,9n, CCp,a8p
DDH1 18.2 16.8-19.3 16.8-19.3 sulf vn pY,po,asp,gn
DDH2 18,6 11,3-18,9 18,0-18.9 repl body in 1m pY,asp, po
DDH4A 17.9 17.2-18,9 { 17,2-18,9 - PO, PY
DDH4B 19.2 18.8-19.6 18,8-19.6 sulf vn po, pY,asp, ccp
DoH7 18.3 18,1-18.5 18,1-18,5 repl dody in 1lm po,pY
bpHs 18.3 17.7=-18.5 17,7-18.5 . po, PY,. CCP
DDH15 18,6 17.,4-19,4 | 17,.4-19.4 . pY, PO
DDHU4 18,2 16,.2-19.3 16,2-19.3 . gn,py,po
S0 6€5=-101 20.0 18,3-20.5 18,3-20.5 20,0 sulf vn po, PY,.asp,ccp,gn
51 65=121 19.6 19.1-20.0 | 19,1-20.0 19,5 . asp, po, py, ccp
52 €5-85 17.2 16.0-18,2 | 16,0-18,2 17.2 . asp, po, py, ccp,gn
58 €5-91 3.0 0.2~ 6,2 3.0 tn, ccp
3] 65-104 9.4 6.9-13.7 ? -13.7 7.0 L pY,qgn
) 65=105 4.7 0.1-11,7 b pY,gn,asp

Abbreviations =~ adj -~ adjacent; asp -~ arsencpyrite: bm - bismuthmite; bo - bournonite: carb ~ carbonatey

1)

2)
3)

4)

- 8)

6)
7)

8)
9)

10)

11).

ecp = chalcopyrite; dep - deposit; est -~ estimate; Fe ~ irony frag -~ fragmentsy gn =
galena; h s d sp - hand-sorted dark sphalerite; h s 1 §p - hand-sorted light sphaleritey
h 8 msp - hand-sorted medium sphaleritey lm - limestone; meta - metamorphic: min =
.pineraly mo - molybdeniter Mo = Molybdenumy m3s = marcasite; no = number; po - pyrrhotites
prop = property: py - pyrite; gtz - quartz; repl - replacementy rk =~ rocky shee - scheo~
lite; sp - sphalerite; sulf -~ sulfide;y td « tetrahedrite; tn - tennantites ty - tetra-
dymiter vn - veiny W = tungsteny; xtl - crystal
Many samples have pronounced bimodal and even polymodal distributions, Hence, the average may
not be very representative.

In many samples the range is controlled by one or two erratic values,

Column S is given to ald in evaluation of the phase relations &{n the Fe-2Zn-S system, However, it {s
not necessarily implied that the sphalerites with the compositions cited were in equilibrium with
the associated iron sulfides.

This was the value used in the statistical study, It i3 probably within 0.5~3,0 mole per cent of the
actual value for most properties, but in deposits containing abundant strongly zoned sphalerite

the estimate could be off by as much as 5 mole per cent, The value given in this column was

usually tempered by the writer's knowledge of the deposits and the samples,

These sphalerites, although occurring in the molybdenum deposit, were not directly related to
aolybdenite deposition,

Quartz and carltonate minerals are important gangue minerals in the sulfide veins,

A fevw small pyrrhotite inclusions were found in the pyrite. Possibly the sphalerite crystallized in
equilibrium with pyrrhotite that was later replaced by pyrite, i

The FPeS content drops to about 15 mole per cent about 100 microns from pyrrhotite contact.

Most of the sphalerite in this sample contains less than 1,5 mole per cent FeS except for a few high
erratic values near 24-25 mole per cent, As far as can be ascertained only low-iron sphalerite occurs
near the pyrite,

Determined by x-ray techniques,

University of Wisconsin Economic Geology Collection number,
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out by Williams (1965). Skinner'(l96l) has shown minor
amounts of cadmium and manganese have a profound effect
on determination of the iron by this method. For instance,
the writer measured the cell dimenslons of about fifty
sphalerite samples from the Hudson Bay Mountain district
using an x-ray diffractome;er and NaCl as an internal stan-
-dard. It was found that if no corrections were made for
cadmium or manganese the iron content determined by x-ray
diffraction was generally 5 to 8 mole per cent higher than
that determined by the microprobe. The deviation was usu-
ally greater the higher the iron content of the sample. This
deviation 1s what would be expected from the known cadmium
and manganese contents of the samples.

The microprobe determinations of cadmium and manganese
were, in general, in agreement with the values cited in the
chemical analyses in Table 11.

Boyle and Jambor (1963, p. 488) suggest that arsenic
may substitute for sulfur in sphalerite lattice. Since
arsenic is abundant (in arsenopyrite) in the Hudson Bay
Mountain district, the writer thought that this would offer
an excellent opportunity to see if arsenic does in fact
enter the sphalerite structure, Of the ten samples tested
for arsenic none gave counts significantly above back-
ground. ©Since the exact detection limltis were not deter-
mined it can only be concluded that the arsenic content is

probably less than a few hundredths of one per cent.
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Copper was also analyzed for in the same samples as
the arsenic. In all the samples tested it was found to be
low, probably less than .0l per cent, but distinctly above
background. This is In good agreement with the findings
of Toulmin (1961) and Sims and Barton (1961). High~iron
sphalerite samples were tested both away-from and near la-
mellae of chalcopyrite. No significant difference was
found. This evidence plus the fact that most of the inter-
grown chalcopyrite blebs occur along grain boundaries lend
support to Toulmin's contention that sphalerite cannot take
sufficient copper into so0lid solution to permit a signifi-
cant amount of chalcopyrite exsolution. The oriented nature
of the chalcopyrite blebs has been explained by Toulmin (1961)
and Sims and Barton (1961) to be the result of epitaxial
crystal growth. Of course the possibility remains that in-
1tial so0lid solution copper completely exsolved as chalco-
pyrite in the natural environment, leaving no evidence of its
former solid solution. Heatling experiments could be used to
test this possibility. It should also be pointed out that
no copper values approaching those reported in the wet chem-
ical analyses were found., This is further evidence that the
copper found by wet chemical analysis occurs actually as

intergrown chalcopyrite.
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District-wide Variations in the FeS Content of Sphalerite

The average FeS content of sﬁhalerite from most deposits
in the district lies between 5 and 30 mole per cent. There-
fore, all sphalerites of the district have formed at activ-
1ties of sulfur and temperatures somewhere in the band about
the pyrite-pyrrhotite solvus shown in Figure 43. From Bar-
ton and Toulmin's data (1966) this interval corresponds to
activities of FeS in the range 0.1 to 0.7. Although this only
sets very broad limits on the conditions of sphalerite forma=-
tion, it serves to establish a general framework within which

various possible conditions of formation can be considered.

Ty
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Fig. 43 - FeS contents of sphalerites in mole percent contoured on an activity of
Sz-temperature plane. The sulfur liquid + sulfur vapor, bornite + pyrite + chal-
copyrite, pyrite + pyrrhotite and pyrrhotite 4 iron buffer curves are plotted for
reference. (modified slightly from Barton & Toulmin,1966, using
Boorman's data,1967)-Shaded area shows possible

range of H.B.Mtn. sphalerite-bearing ores.
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The sphalerite adjacent to pyrrhotite in sample 66-76
from the scheelite-rich quartz vein near the outer 1limit of
the molybdenunm deposit may be of use in geothermometry. This
was the lowest iron content (17.0-17.8%) found immediately

ad jacent to pyrrhotite. If, as Boorman (1967) contends, the
sphalerite-pyrrhotite-pyrite curve in the Fe-Zn-S system does
not reverse its slope bvelow 500°C, then from Barton and Toul=-
min's data (1966) it is apparent that if the sphalerite crys=-
tallized in equilibrium with the pyrrhotite, it probably
formed above 600°C. The possihility of high pressures causes
sonme uncertainty in this estimate.

Figures 44, 45, and 46 show that there is a reasonably
systematic variation in the FeS content of sphalerite in the
Hudson Bay Mountain district. It should be noted, howvever,
that most of the sphalerite was collected from sulfide de~
posits; hence the variations discussed are mainly restricted
to variations in these ores. By comparing Figure 12 with
46 and Figures 16 to 23 with Figure 44 it can be seen that
the variation of FeS approximately parallels the general zon-
al distribution of ores in the district. This lends support
to the conclusion that the underlying causes for both are di-
rectly or indirectly related. Barton and Toulmin (1966) have
pointed out that the iron content of sphalerite is primarily
a function of the activity of FeS which is dependent on the
activity of sulfur and temperature. Therefore, elther var-
lations in the activity of sulfur and temperature were res-

pousible for the zoning or else parameters that did not vary
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FIG. 46-SCHEMATIC CONTOUR MAP
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Independently from the activity of sulfur and temperature were
responsible for the zonal distribution of the sulfide ores.

The regularity of the district-wide pattern of the FeS
content of sphalerite (Figures 44 and 46) suggests that
spatial variations were more important than temporal variations
in the sulfide ores. The heterogeneous nature of individual
sphalerites, nevertheless, indicates that there were some tem-
poral variations in ore deposition. Marked temporal changes,

such as those described by Sawkins - (1964)
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for the Providencla district in Mexico, were volumetrically,
apparently not very important.

Early in the study of the district the wrliter became
aware that the sulfide ores seemed to show a closer relation-
ship to the metamorphic aureole than to the molybdenum depos—
it. To test this possibillty the FeS content of sphalerite
was plotted as functions of distance from both (Figures 44
and 45). It is readily apparent that the FeS content of
sphalerite is, in fact, more closely related to the metamor-
phic front than to the molybdenum deposit (point "A"). The
trend shown in Figure 45 is for sphalerites from the south-
west side of Hudson Bay Mountain. It could also simply re-
flect variation away from the metamorphic aureole.

| In some manner the metamorphic aureole must be related to
the compositional variations of sphalérite. It is most rea-
sonable to consider that at the time of sphalerite deposition
in the sulfide ores, the metamorphic aureole was still at
elevated temperatures. The resulting regional thermal-
hydrothermal regime, with its physicochemical gradients was
conceivably responsible for digtrict-wide zonation of sphal-
erite and the sulfide ores. The fact that the molybdenum
deposition at least in part followed the metamorphism (p. 16)
and the zonation is not primarily a function of distance
from the molybdenum deposit, supports the contention that
the molybdenum deposit was formed later in the magmatic his-

tory of the area.
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Arsenopyrite

Distribution and Descrintion

Arsenopyrite is wldespread in the district. It is pro-
bably the most abundant ore mineral in the intermediate zone
and inner part of the outer zone, It is less predominant
near the periphery of the outer zone where low=-iron sphaler-
1te is abundant. Arsenopyrite is virtually absent in the
molybdenum deposit. 65-144 was the only sample in which
molybdenite and arsenopyrite were observed together.

Arsenopyrite in many ores is closely assoclated with quartz.
Although in part it replaces quartz and wall rock it seems
to have been mostly deposited with quartz. Some deposits
contaln cockade layers of quartz and arsenopyrite around
brecclia fragments of wall rock. Both fine and coarse-grained
crystals are common, and in some deposits terminated crystals
of arsenopyrite occur with clear euhedral quartz crystals
in vugs. In the Dome vein there ere terminated arsenopyrite
crystals up to 3 inch in diemeter.

From microscoplc textural relations arsenopyrite appears
to have been deposited relatively early. It was veined and
partially replaced by most other ore and gangue minerals.

In polished surfaces etched with nitric acid, arsenopyrite
displays very complex twinning (Figure 47) and possibly
intergrowth patterns. The twinning makes it difficult to
establish the presence or absence of well developed growth
zoning. Nevertheless, growth zoning was observed 1in a few

crystals (Figure 48).
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Figure 47 - Twinned arsenopyrite crystals veined by pyrrho-
tite (1light gray), chalcopyrite (slightly dark-
er gray) and quartz (dark gray). Specimen (65-85)
is from property no. 52. Surface was etched with
nitric acid. Mag. 100X.

Figure 48 - Zoned arsenopyrite crystals from the Iron Vault
property. Surface was etched with nitric acid.
Mag. 150x.




110
Arsenopyrite geothermometer-geobaroneter

Clark (19602, 1960b) studied in detail portions of the
Fe-As-S system which are of geologic interest. He suggested
that arsenopyrite may be useful as a geobarometer and/or
geothermometer. In view of this it 1is surprising that so
little subsequent work has been done on arsenopyrite field
relations or in the Fe-As-S system. Because of our lack of
knowledge on the applicability of the experimental studies
to natural systems, it is still not possible to use arseno-
pyrite relations with confidence in geobarometry or geother-
mometry. At present the best one can do is to see if arsen-
opyrite relations are compatible with other features of the
geology. If, however, subsequent work shows that arsenopyrite
can be used to determine the PT conditions of ore formation,
then its lmportance cannot be overemphasized. For instance,
1f it becones possible to determine the temperature of min-
eral formation to 15°C using oxygen isotopes (Taylor, 1967),
the conmposition of arsenopyrite should be the best pressure
indicator available for ore studies.

The slow reaction rates of arsenopyrite in the solid
state (Clark, 1960a & b, Barton, et. al.; 1963, and Skinner
and Barton, 1947) increase its potential usefulness in
geothermenetry and geobarometry, but they have alss nmade
i1t very difficult to study arsenopyrite in the laboratory.
Clark (1960a & b), for instance, was only able to approach
equilibrium from one direction. It should also be pointed
out that he used rigid silica glass tubes for his ini-

tial studies and encountered vapor in all runs.
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Bulk compositions could have been affected to some extent,
since some elements, such as As and S, would be differen-
tially partitioned in the vapor phase. Moreover, since
vapor could not be avoided, pressures would vary, making it
only possible to determine the supposed "condensed system"
(see Kullerud and Yoder, 1959) which does not truly repre-
'sent the phase relations.1 Without further work in the Fe=-
As-S system it is hazardous to rely too heavily on Clark's
findings.

Chemical Analyses

Four arsenopyrlites to be used as standards for x-ray
and microprobe analyses were chemically analyzed, Clark
(19602 & b) and Morimoto and Clark (1961) have shown that
the d(131) spacing of arsenopyrite is a function of the As/S
ratio. They state that provided the combined minor eiement
content 1s less than one per cent, the composition can be de=-
termined to within ono atomic per cent. The four analyzed
samples were used to check their findings.

The samples for analysls were hand picked under 2 bin-
ocular microscope. Polished sectlons were used to determine
the presence or absence of internal impurities. Many samples
that seemed megascopically satisfactory were rejected because
of numerous, microscopic veinlets of other minerals. Sample

65-144 was etched with FeCl, and x-rayed to determine whether

3

1 Clark was aware of these problems.
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or not it contained any loellingite éontamination. As
might be expected from the chemical analysls, none was found.
Some quartz contamination was noted in samples 64-2 and 65-21,
and minor chalcopyrite was noted in sample 65-21. Otherwise
no other impurities were recognized.

The following is a brief description of the wet chem-
1cal analytical technique:

Arsenic. Sample was decomposed with KoS04 + HoS04 and
arsenlic was distilled as the trichloride,
which was titrated with a standard KBrO; so-
lution using methyl orange as the end-pdint
indlicator. Analysis by R.S5. Young.

Sulfur. Sample was dissolved with a mixture of KBr and
Br_, and the resulting sulfate was precipitated
wifh BaCl, and weighed as BaSO,. Analysis by
R.S. Young.

Iron. Sample was dissolved with HC1l and Br,, inter-
fering elements were removed and iron was ti-
trated with a standard KpCrp0O7 solution using
diphenylamine sulfonic acid as the end-point
indicator. Analysis by R.S. Young.

Nickel. After solutlion, nickel was extracted as nickel
dimethyl~glyoxime into chloroform, and the
absorbancy was measured on a Beckman spectro-
photometer. Analysis by S. Metcalfe,

Cobalt. After solution of the sample and removal of
interfering elements, the nitroso-R-salt method
was applied, and the absorbancy was measured
on a Beckman spectrophotometer. Analysis
by R.S. Young.

Copper and Bismuth. Analysis by R.J. Hibberson using an
A.R., L. Spectrograph.

Antimony.Analysis by N,G. Colvin using Phillips x-ray
fluorescence equipment.
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The results of the analyses are shown in Table 14.

Table 14 - Chemical Analyses o

£ Arsenopyrite Standards

64-2 64-39B 65-21 65-144

a b a b a b a B
e 34.88 35.39 34,80 35,52 34.45 34.60 33,85 33.88
s 21,68 22,00 21,29 21,73 21,30 21,39 19.08 10,09
As 41.92 42,54 41,81 42,68 43,76 -43,94 46,94 46,98
5b 0.07  0.07 0,07 0,07 0.07  0.07 0.04 0,04
BL n.a, - n.d. - 0.002 - 0.01 0.0l
Co trace - trace - 0.0011 - 0,0042 -
Ni trace - trace - 0.0021 - 00,0011 -
Cu - - - - 0,04 - 0.015 -
Totals 98,55 100,00 97,97 100,00 99,625 100,00 99.94 100,00

- done by the Analytical Branch of the
a - chemical analysis

British Columbia Department of Mines

b - recalculated assuming Fe+S+As+Sb+Bi+Co+Ni = 100 weight per cent

- a second sample from specimen 65-144 was found to contain 46,90 per cent As

- n,d, = not detected

X-Ray Analyses

The x-ray analyses were
fractometer. CuK, radiation
with four degree slits and a
per minute., Chart speed was

fluorite with cell dimension

carried out using a Norelco dif-
at 35 KeV and 18 MA was used
scanning speed of % degree 20

L degree 206 per inch. A natural

|

of 5.4630% .0003 A (R. Thorpe,

personal communication) was used as an internal standard.

Five to ten oscillations were made over the (311) and (131)

peaks of fluorite and arsenopyrite, respectively. CsKﬂ a31)-

(311) andaX,., were measured to closest .005 degree 26 (that

is, .01 inches). The average

of 2ll measurements was used
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to determine the d(y3) spacing to appréximately ¥ .0004
ﬂngstrom units. This variation is equivalent to about

+ 0.4 atomic per cent arsenic,

The results are shown in Figure 49 and Table 15.

Table 15 = Summary of X-ray Lata for Arsenopyrite

1

Prop. Sample d(131) Indicated ) Main Assoc, Ore 2) Indicated N

No, No, Aeomic ? As Minerals in Sample P.T. Limits

(<15
1 65-144 1.6332- 33,25-33.9 mo, py?
1,6338

2 65-71 1.63087 30.9 sp,ccp,bo-mo naarby

4 65-56 1,6331 33.18 §p, pY=po nearby 0-1000 bpars <456°C

5 6574 1.63235 32.4 20, ccp ) >1400 bars >500°¢C

8 65-41 1.63095 31.0 sp,po

10 64«58 1.63112 31,2 sp,pY, CCp~msS+po nearby

11 65-117 |, 1.63112 31.2 8p+po nearby

12 64-43 1.63124 31.8 cecp=po nearby

16 65-20 1.6316 31.6 po,sp, ccp >2200 bars > 529°C

17 65-64 1,6312 31.2 8p,ccp, pY .
18 64-39 1.6305 30.5 g¥.8p,9n, ccp >500 bars 47 c ¥

19 63-181 31.0%) sp, py,an 0-2000 bars >326° -500°¢ 4)
20 65~113 1.6303 30,3 pY,gn, sp

27 64-28 1.6326 32,65 32,1

. «33,25
28 64=30 1.63167 31,7 pY.sp <2200 bars 360°-420°¢C
30 65-23, 1.63098 21.0 Sp,CCP, P2, 2Y
65~25 1.63112 31,2 8p R

31 65-21 1.6305 30.5 8D, pv, ccp >400 bars < 470 C

33 642 1,63042 30.4 sp,gn-ccp, py nearby >500 bars < 4709C4)

S1 65-121 1,63087 30.9 po,8p, Py, ccp 0->2000 bars 310 =520 C
52 6585 1.6310 31,0 po, pY, €Cp, 8P, gh 0->2000 bars 320°-520° ¢%)
55 64-48 1,6320 32,0 ccp

l)-from the relationship dj3; = 1,6006 + 0,0098x, after Morimoto and Clark,
1961
=x 18 the atomic per cent arsenic (the equation is misprinted in the orig-
inal paper)

2)=abbreviations same as Table 13,
=Underlined iron sulfides are intimately intergrown with the arsenopyrite.

3) The assumption has been made that the arsenopyrite in question crystallized
in equilibrium with the associated iron sulfides, -

4) ~for reascnable praessures

5) =electron microprobe analysis
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Discussion of the Results

From Table 14 it is apparent that samples 64-2, 64-39B,
and 65-21 have very similar compositions and only sample
65-144 1s significantly differsnt. The déficiency in the
analyses of 64-~2 and 64-39B is most probably due mainly %o
quartz contamination.

It can be seen that the Hudson Bay Mountain arsenopyrites
are remarkably low in minor elements. It is improbable that
any samples studled contain more than 0.1% combined trace

elenments.
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Sample 65-144 has a significantly higher arsenic con-
tent than would be predicted by Mbrimoto's and Clark's
(1961) equation: dyz = 1.6006 + 0.00098x, where x 1is the
atomic per cent arsenic (Figure 49). This,plus the fact
that Morimoto and Clark have little control for their

curve at higher arsenic values, prompted the writer to check

‘and recheck this d(131) determination. A second sample sub-
mitted for arsenic analysis showed a difference of only
.04%, Polished surfaces showed no arsenic-bearing impurities.
The cell dimension of the fluorite standard was checked on
the diffractometer using NaCl (a, = 5.64028i) as an internal
standard, It was found to be 5.4631 ¥ .00041 which is with-
in the limits given by Thorpe. A conplete édiffractogranm
was made of the arsenopyrite to check its structure against
the structure of samples studied by Morimoto and Clark. It
was found that 65-144 arsenopyrite has features intermediate
between the synthetic and Freiberg arsenopyrites (Fig. 1
of Morimoto and Clark). Most of the peaks are very similar
to those of the Freiberg arsenopyrite ezcept that the
321,202 and 123 reflections are not split.

Several runs on separately prepared samples were made
on the diffractometer to determine the d(131) spacing.
Although some variation was found, all runs gave arsenic
values significantly below those indicated by chemical an-

alyses.
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The data are meager; but permit certain inferences,

Morimoto and Clark used only filve natural and one synthetic
arsenopyrite to calibrate thelir curve; hence, thelr control
is not much better than the writer's. The 65-144 arseno- |
pyrlte sample is remarkably free from contamination and is
very low in minor elements.1 However, it should be remem-
bered that they state that this method is not overly sen-
sitive--that 1s, it can only be used to determine the ar-
senic composition to within one atomic per cent. Since the
overall range in arsenic content of natural arsenopyrltes
is only about 8 atomic per cent, this is not particularly
good accuracy. Even if Morimoto and Clark's curve is slightly
in error, x-ray determined compositions should still be
acceptable for the study of arsenopyrite phase relations,
since Clark (19602 & b) used the x-ray spacing method in his
experimental studies. Hoﬁever, in the future 1% wili pro-
bably be important to know the position of this curve wmore
accurately when the electron microprobe and possibly other
techniques are used to determine arsenopyrite compositions.

In this study, x-ray measurements of the d spacing
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were in general fair, but some arsenopyrites gaie viry poor
d(131) peaks. A ¢ .OOO4E deviation is a ressonable value
for the precision of most measurements. Some 131 peaks,
nevertheless, are very broad and only an average 'compo-

sition" could be determined. It is possible that this

1 Some of the samples studied by Morimoto and Clark con=-
tain significant amounts of minor elements.
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broadening is due to zoning. Some compositional variations
were noted in microprobe analyses but regular zonal patterns
have not been verified,

Reasonable ranges of PT conditions for arsenopyrite
intimately associated with iron sulfides are given in Table
15. BRanges were only estimated for these samples because
there 1s no just reason to expect that the other arsenopyrites
had obtained equilibrium with a particular iron sulfide,

Even intimate intergrowth 1s not conclusive evidence that
these minerals crystallized in equilibrium, but it is the
only criterion that is available.

It is very difficult to establish the exact paragenetic
relations between pyrite and arsenopyrite. Many deposits
contain abundant highly fractured and veined pyrite and
arsenopyrite, indicating that these minerals probably had
comparable histories. However, there 1s evidence to suggest
that pyrite and arsenopyrite were also deposited during later
episodes, For example terminated arsenopyrite and pyrite
crystals 1n vugs are reasonably abundant and there are also
arsenopyrite "veins?" that apparently cut other sulfides,
Such an example 1s arsenopyrite in sample 65-41. In hand
specimen it appears to be 1n a vein that cuts both sphal-
erite and pyrrhotite, but the high power of crystallization
of arsenopyrite makes it difficult to evaluate this relation-
ship under the microscope. It 1s significant, however, that

this and other samples removed from the regression analysis
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(Figure 50) do not contain the veinlets of other sulfides
that are so numerocus in arsenopyrite from other ores.
Despite the lack of evidence on the exact depositional tim-
ing of these minerals, Clark's work (1960a & b) indicates
that either the arsenopyrite and/or pyrite was formed ﬁelow
491+12°cl,

In all polished sections containing abundant inter-
grown arsenopyrite and pyrrhotite, the pyrrhotite veins and
replacegthe arsenopyrite. Therefore, there 1s some doubt

whether arsenopyrite crystallized in equilibrium with pyrr-

hotite. The district-wide distribution of pyrrhotite and
pyrite suggests, however, that most of the arsenopyrite in
the barren and intermediate zones probably crystallized in
equilibrium with pyrrhotite'rather than pyrite. Falling
conclusive evidence for equilibrium of arsenopyrite with
associated iron sulfides, it is still reasonable to expect
that most if not all arsenopyrite of the district crystall-
ized near its sulfur-rich limit (Clark, 1960).

District-wide Varizations in the Composition of Arsencpyrite

Figure 50 shows the arsenic content of arsenopyrite

plotted against the approximate distance from the metamor-
phic front. If samples 64-58, 65-41, 65-71, and 65-117 are
removed, it is apparent that there is a reasonably syste-

matic decrease in the arsenic content outwards in the district,

1 This is at 1 bar. At higher pressures this temperature
is slightly higher.
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This variation
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at present seems most probably due to a de-

crease in temperature. Nevertheless, the change could reflect

a decrease in lithostatic pressure systematically away from

the center of the district, but this is unlikely since most

of the deposits studied in the outer areas are at lower

elevations than those in the inner zones. Another interest-

ing possibility is that ore solutions decreased in pressure

outwards because of successive zones of throttling. De-

terminations of the temperature of arsenopyrite deposition

by some independent means would shed light on thils possibil-

ity.
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If one assumes that the decrease in arsenic content of
arsenopyrite corresponds to a decrease in temperature, that
the pressure was reasonably constant, and that most arseno-
pyrite crystallized near its sulfur-rich limit, from Figurer
51 it is possible to evaluate the general PT conditions of

the district. The transition from arsenopyrite (min. d(131)
about 1.6320) in the intermedlate zone associated with pyrr-
hotite without pyrite to arsenopyrite (max. d(131) about

1.6319) in the outer zone associated with pyrite with or
without pyrrhotite might correspond to crossing of the ar-

senopyrite + pyrite + pyrrhotite + liquid univariant curve
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in the Fe-As-S system. From Figure 51 it is apparent that
- the univariant curve would be crossed somewhere in the vic-
inity of 2000 bars. Most individual estimates of temperatures
and pressures also indicate high pressures of formation
(Table 15). PFor rocks with a density about 2.7 , a lith-
ostatic pressure of 2000 bars is equivalent to a depth of
about 5 miles., Since rocks of the district have not been
regionally metamorphosed above lowest greenschist facies,
and since'drusy cavities are common in many veins, such a
pressure seems excessive. Because general geologic rela-
tionships do not seem compatible with deep burial, the
writer is reluctant to accept such high pressures of for-
mation. Nevertheless,it is interesting to entertain the poss-

ibility that ores of the district formed under high pressures.

Fluid Inclusions

An extensive search was made to find fluid inclusions
sultable for geothermometry. Thermometric information
gained from such inclusions would aid greatly in the inter-~
pretation of the sulfide relations. MNany polished "thick"
sections (slightly greater than 3 mm) were made of quartsz
and transparent sphalerite, but usable material vwas hard
to find. The quartz studied was almost devoid of inclusions
or had a maze of secondary inclusions. The sphalerite gen-

erally contained only very small, dark inclusions which
were very difficult to see into because of total reflection

from their walls. Moreover, since well develcoped growth
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zoning is rare in either mineral, and since many of the in-
clusions are aligned along crystallographic planes that
could not be related to crystal faces, primary inclusions
could not be distinguished from secondary or "pseudo-se-
condary" inclusions (Raedder, 1965). Nevertheless, the
writer feels that many inclusions, especially isolated ones,
are probably primary.

Besides the limitations set by the nature of available
material, the study was also hampered by problems in eali-
brating the heating stage. The main problem lay in the
fact that the thermocouple used for temperature measurement
conducted much more heat into the cell than did the air sur-
rounding the sample. From metals and alloys with known
melting points, it was determined that the thermocduple
was generally from 10 to 60 degrees higher in temperature
than the sample. Some samples that were placed close to the
upper window of the cell, on the other hand, were actually
lower in temperature than the thermocouple. The poor re=-
producibility of the results precluded accurate measurement
of fluld inclusion filling temperatures.

Despite the severe limitations placed on this study,
some significant discoveries were made., It was found that
many of the inclusions in gquartz from the molybdenum deposit
contain daughter minerals. Transparent cubes, such as the

one shown in Figure 52, ars by far the most common. Since

these cubes have relatively slow rates of solution on heating
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it can bas expected that they are NaCl rather than KCl. The
presence of a salt daughter mineral indicates that the so-
lution contained greater than 40 equivalent weight per cent
NaCl (Roedder, 1965). This means that some of the ore so-
lutions were very concentrated brines rather than relatively
dllute hydrothermal solutions. The absence of daughter
minerals in other inclusions, however, indicates variability
in concentrations of the solutions. Roedder and Creel (1966)
have noted simllar brine-filled inclusions in quartz from
Bingham, Utah, and Roedder (1967) states that very concen-
trated saline solutions are a characteristic feature of por-
phyry copper deposlits,

Although most of the daughter minerals are cubes, trans-
parent crystals with acicular and other habits have been
observed. In one inclusion in quartz, there are small opaque
specks, and in one in sphalerite from the Silver Creek prop-
erty there 1s a cublc daughter mineral, presumably NaCl.

Most filling temperatures of inclusions in quartz from
the molybdenum deposit were quite inconsistent and ranged
from 120-250°C. For instance the filling temperature of the
inclusion shown in Figure 52 was ebout 150°C. However, the
daughter mineral persisted above 200°C. The writer cannot
offer a satisfactory answer for this relationship. ZEven
though 1t is obviously a very concentrated saline solution,

a considerable pressure correctlon presumably has to be ap-

plied to the filling temperature to determine the actual



Figure 52 - Fluid inclusion with a2 sodium chloride daughter
mineral., Quartz crystal (Sample 66-76) from
scheelite-rich vein near the outer limit of
molybdenum mineralization in Climax's explor-
ation adit. Mag. 200x. -

Figure 53 - Typical fluid inclusions in sphalerite from the
Henderson vein (Sample 64-155D). Note large
vapor bubbles, Mag, 700x.
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temperature of formation.

Inclusions shown in Flgure 53 are typical of some found
in sphalerite from the outer and intermediate zones. Al-
though filling temperatures of these inclusions were not
measured, 1t can be expected that they would be considerably
higher than those in quartz from the molybdenum deposit.
Groups of these inclusions seem to have similar liquid/vapor
"ratios.

In some quartz crystals from the molybdenum deposit and
from the sulfide veins, groups of inclusions contain highly
variable liquid/vapor ratios, and some appear to be filled
entirely by gas. This could be an indication that bolling
occurred during ore deposition. However, this line of evi~-
dence is inconclusive since variable liquid/vapor ratios
could also be the result of leakage or "necking-down’ of large

inclusions.
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SOME THEQRETICAL CONSIDERATIQNS OF ORE GENESIS

The close spatial and temporal relatlonship of the ores
to the Tertlary porphyries and to the metamorphic aureole
presumably related to the Tertiary porphyries, leaves 1lit-
tle doubt that the ores are geneticaliy related to the por-
phyries. But many of the details of the relationship remain
somewhat conjectural. For instance, although it 1s apparent
that silicic magmas were the source of the heat or energy that
drove the system, the exact nature and origin of the trans-
porting media, the source of the sulfur, heavy metals, and
gangue constituents, and the depositional controls are still
in doubt. From the data at hand, however, it is possible to
offer some answers to these important questions.

Pressure Estimzates of QOre Formation

Besldes partlal pressures of volatile components, there
gre two main pressures, lithostatic and hydrostatic, to ﬁe
considered in deducing conditions of ore formation. If the
ore solutions were in contact with freely circulating ground-
water then the pressure predominating would be hydrostatic.
But if the solutlions were trapped in contact wlth a magnma
it 1s reasonable to consider that fluid pressures could have
bullt up to the point where they equalled or exceeded the
lithostatic pressure., Pressures in the district during ore
deposition were probably between the hydrostatic and lith-

ostatic,
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Although it is impossible to estimate the depth of ore
formation by reconstructing the stratigraphy, minimum depths
can be estimated from the present topography. Also, arsen-
opyrite compositions possibly give some indications of pres-
sures that might have existed during ore deposition., Hud-
son Bay Mountaln is 8500 feet high. Most of the ore depos-
its occur bhelow 5500 feet elevation and some occur below 2000
feet. Therefore, 1f 1t is assumed that the deposits were
covered by rocks at least level with the top of the mountain,
there were from 3000 to 6500 or more féet of cover at the
time of ore deposition. However, this assumptlion, although
very reasonable, may not be acceptable since the land may not
have been flat while plutonism was taking place during the
Tertiary. Lateral zonation in most ores seems more marked
than vertical zonation; hence, it is a distinct possibility
that slopes of the range during the Tertiary were much the
same as they are now.

From Table 15 it can be noted that some arsenopyrites
may have formed under pressures greater than 2000 bars. If
these pressures were essentially lithostatic, and the cover
rocks were of normal density (2.7), the pressure would be
equal to a depth greater than five miles. Although such a
depth based on other geologic features seems excessive,
the possibility of depths greater than five mlles should not

be ruled out. TFor purposes of speculation on the processes

of ore deposition, it 1s reasonable to conclude that ores of
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the district could have formed at depths ranging from two to
five miles. These would be equivalent to lithostatic pres-
sures of 800 and 2000 bars, and hydrostatic pressures of 300
and 800 bars.

Thermal Pattern in the District

Variations in mineralogy and metal content of the ores
in respect to the metamorphic aureole stfongly suggest that
all ores of the district despite their timing were deposited
under the same general thermal regime. That is, the core of
the district was relatively hot and the peripheral parts of
the district were relatively cocol. This thermal regime was
controlled by the emplacement of Tertiary porphyries. Al-
though it is not possible to determine precisely the temper-
ature of ore formation in space or time, some reasonable
temperature estimates can be made., Some of the more impor-
tant temperature data are as follows:

1, Based on the depth estimates in the previous sec-
tion and on reasonable geothermal gradients, min-
imum temperatures in the district at the time of
ore formation were probably somewhere between
250 and 400°C,

2. The minimun melting temperature of water-saturated,
granitic magma at 2000 bars is about 700°C. This
is a satisfactory maximum temperature for most
deposits.,

3« The common occurrence of the assenblage magnetite
+ pyrite gives a maximum temperature for most of
the molybdenum deposit of 675°C (Barnes and Kul-
lerud, 1961).

L, Kullerud (1966 ) has also shown that pyrite and mo-
lybdenite cannot coexist above 732°C, and Kullerud
and Yoder (1959) have shown that pyrite melts in-
congruently at 742°C. These reactions further sub-
stantiate the maximum temperatures of ore forma-
tion in the molybdenum deposit.
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Absence of arsenopyrite from the molybdenum
deposit could be an indication that temper-
atures in the deposit were in excess of 500°C,
exceeding the stability limits of arsenopyrite
in a sulfur-rich environment. However, this
line of reasoning is inconclusive, since the
molybdenum deposit may have evolved from so-
lutions significantly different in nature from
those that deposited the sulfide ores,

Composition of ankerite in sample 65-98 (p. 66)
may be an acceptable indication that it crystal-~
lized above L25°C, which could be taken as a
minimum temperature for molybdenum deposition

in that area,

The composition of sphalerite adjacent to pyrr-

hotite in sample 66-76 from a tungsten-rich

quartz vein near the outer limit of molybdenum

mineralization indicates a possible temperature i
of formation in excess of 600°C (Barton and Toul-

min, 1966, and Boorman, 1967).

The common assemblage of arsenopyrite + pyrite
indicates a maximum temperature of about 500°C
for the crystallization of the outer zone
(Clark, 1960a).

The transition of the assemblage arsenopyrite +
pyrrhotite in the intermediate zone to arsenopy-
rite + pyrite in the outer zone must have occurred
below 500°C (Clark, 1960a, see Fig. 54). However,
the mineralogic transition might have occurred as
the temperature dropped below 500°C if the solutions
were near the pyrite-pyrrhotite solvus.

The compositions of some arsenopyrites fron the
intermediate zone indicate temperatures of forma-
tion in excess of 500°C,

Presence of hypogene marcasite and kaolin in the
outer zone indicates that this stage of mineral-
ization took place below 430°C (Kullexrud, 1966
and Roy and Osborne, 1954).

Tennantite melts at 640°C and tetrahedrite at 555°C
which give maximum temperatures of formation for
these ninerals.,

The pyrrhotite compositions indicate that probably
all the pyrrhotite formed initially above 300°C,

The exsolution of matildite from galena must have
occurred below 215°C (Craig, 1967).
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Although the data are not conducive to rigouous inter-
pretation, the following generalizations on temperatures of
can be made:

1. All ores of the district were probably deposited
between 250 and 700 C.

2. The quartz vein stockwork of the molybdenum deposit
probably formed between 400 and 700°C.

3. Ores of the intermediate zone were probably formed
between 400 and 600°C; however, there are few re-
liable temperature indicators for this zone.

4, Ores of the outerozone probably formed mainly in
the range 250-500"C.

5. Compared to other deposits of the district temper-
atures of formation of the Cu~Fe-Ag deposits were
probably relatively low but they can only be inferred
from general geologic relationships.

The Concept of Monoascendent and Polyascendent Zoning

Kutina (1957) proposed that zoned ores should be separ-
ated into monoascendent types, those derived from a single
period of interrupted ascending solutions, and polyascendent
types, those derived from interrupted ascending solution,
possibly from unrelated sources. Since his proposal there
has been considerable discussion of the relative lmportance
of monoascendent and polyascendent solutions in the develop-
ment of zoned deposits and districts. Muoh of the two volumes
generated from the symposium on "Problems of Postmagmatic Ore
Deposition” held in Prague, Czechoslovakia is devoted to
this question.

From findings of the presmsent study the writer would caution

against uncritical use of these terms. Kalliokoski (1965) has
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noted the risk of obscuring thé complex and variable nature
of veln formation by using these terms, and even Kutina (1965a)
has indicated the difficulty of unambiguous interpretation
of geologic features in separating the two types of zoning.

As cilted throughout this thesis, there is ample evidence
indicating that there was at least some polyascendency of
the ore solutions. However, 1t does not necessarily follow
that polyascendency of solutions was responsible for the
zonal distribution cf ores. Cause and effect relationships
should not be forgotton. From this study it appears as if
neither monoascendent or polyascendent solutions were the
cause of the zoning, but rather the zoning was a result of
a thermal-hydrothermal regime developed by the emplacement
of Tertiary intrusions.

Chemical Character of Ore Solutions in Terms of Activity of
Sulfur and Temperature

Since most sulfide reactions are relatively lnsensitive
to changes in pressure and are very sensitive to ehanges in
the activity of sulfur and temperature, Sims and Balton(196l)
and Barton and Skinner (1967) have shown that 4t is very con-
venlent to show the stability fields of ore minerals on
aSo-T diagrams, Figure 54 1s such a dlagram for ores of the
Hudson Bay Mountain district. It can be noted that the sta~
bility positions of the varlous types of ores are strongly
dependent on the temperatures used for plotting. As mentloned

above, the temperature determinations for ores of the district
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FIG.54-ACTIVITY OF SE-TEMPERATUF!E DIAGRAM FOR SELECTED SULFIDATION REACTIONS (after Barton & Skinner,1967)

Shaded areas are the most probable a52-T regions for ores of the Hudson Bay Mtn. district.

may be subject %o revision; however, it is reasonable to ex-

pect that the positlons of the various ore types will not
be changed drastically by future work. |

The diagram serves to indicate that it is quite reason-
able to assume that sulfide ores of the intermediate and outer
zones were formed largely from monoascendent solutlons that
gradually changed in chemical character as they migrated

away from the central part of the district., On the other
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hand, it is equally apparent that, chemically, ores of the
Cu-Fe;Ag deposits and molybdenum deposit, are significantly
different from those of the "sulfide" deposits. Although
1t is not indicated on the dilagram, it remalins a2 possibil-
1ty that the Cu-Fe-Ag deposits evolved Ifrom solutions that
produced the molybdenum deposit but this is rather unlikely.

The exact relationship of ores of the molybdenum deposit
" to the sulfide veins of the intermediate and outer zones 1s
not at all clear. At present the writer favors the hypoth-
esls that the sulfide ores were formed at the same time or
shortly after the development of the wetamorphic aureole,
and that the molybdenum deposit, with its pervasive alter-
ation and bleaching, formed later during 2 more restricted
period of magmatic activity.

Possible Mechanisms of Ore Denosition

Any process that could decrease the solubility of ore
and gangue minerals could be responsible for ore deposition.
Since the solubility of most minerals decreases with temper-
ature,l processes which lead to a significant lowering of
temperature could be effective in causing ore dzposition,

Mixing of Solutions

Mixing of hydrothermal solutions with grouri water eould
certainly be an effective means of cooling ore solutions.

The drastic change in the chemistry of the sulfide ores near

1 Carbonate minerals and anhydrite as shown by Holland
(1967) are notable exceptions. Decreases in pressure would
be the most effective way of precipitating these minerals,
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the periphery of the district could be due to this process.
As Sims and Barton (1951 and 1962) have indicated, such
mixing may be accompanied by irreversible adlabatic ex-
pansion (throttling) of the solutions, which would further
promote cooling. Even if mixing of solutions occurred near
the periphery of the district, it is far less probable that
such mixing could have been important in the central part
of the district.

Throttling

Barton and Toulmin (1961), Toulmin and Clark (1967),
and other authors, from theoretical considerations, have
demonstrated how throttling may play a very important role
in the cooling of hydrothermal fluids, and hence in causing
ore deposition.l The princlple may be explained as follows:
. when a fluid under high pressure passes through a constric-
tion to an area of lower pressure, it is rapidly cooled by
adiabatic expansion. Some throttling must have occurred
in the district, but 1ts ilmportance in causing ore deposition
remains to be demonstrated. It may have been responsible
for development of ore shoots along sulfide vein systens,
but more lmportant, it could have been the main factor in
the localization of ores of the molybdenum deposit.

The writer previously (1966) stated that fractures which
are occupled by quartz veins of the molybdenum deposit could

1 Solubility of most substances also decreases tremen-
dously as density of a2 supercritical fluid decreases.
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have been "formed during cooling following thermal meta-
morphism or possibly from relaxation of the magmatic
forces that caused the doming." But this is rather an un-
satlsfactory explanation on several counts. It fails to
answer the question why the prominent Jolnts of the molyb-
denum deposit (Figure 8) are not characteristic of other
parts of the metamorphic aureole. Moreover, the profusion
of cross~cutting veins indicates that the Jjointing was ac-
tually an integral part of the mineralizing proéess.

Secor (1965) has demonstrated, using theoretical models,
that flulds under high pressures, especially when they ap-
proach load pressures, can be very effective in jolinting
rocks or re-opening existing fractures. It is very reason-
able to consider that near the magma chamber in Glacler
~Gulch, fluid pressures bqilt up to the point that the fluids
actually fractured the rock. As the fluids migrated out
through the freactures, pressures would be released and the
solutions were effectively throttled. The resulting decreases
in temperature and pressure 6f the solutions would have pro-
moted deposition of ore and gangue minerals, eventually seal-
ing off the fractures, again making it possible for fluid
pressures to increase., The banded Type I molybdenum velins
were probably formed in fractures that were repeatedly o-
pened. This i1s a very satisfactory way of explalning the
localization 6f the wide and continuous Type I veins which

control zones of higher grade molybdenum ore in the
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granodiorite shéet approximately parallel to the base of
the sheet, and 2 main thrust fault. The fractures would
sinmply have been pre-existing, structurally weak zones that
were continuously re-opened by the hydrothermal fluids.
Prom Figure 25 it can be seen that at least some of the
banded velns were re-opened.

In envisioning such a system it is easy to see how the
solutions of the area would have been mechanically very
unstable, and guite variable in their physicochemical na-
ture. This is consistent with the great diversity of veln
and alteration types in the deposit.

If such a system were responsible for the development
of the molybdenum deposit, 1t is a necessary requisite that
hydrothermal flulds migrated away from the magma and not
towards 1it. The short distance of travel through the vol-
canic host rocxs would aiso support the contention that
much of the molybdenum was derived from the magma and not
from other parts of the hydrothermal system. Turekian and
Wedepohl, 1961, indicate that the average igneous rock of
intermediate composition contains about 1 ppm Mo. This is
far too low to account for the several hundred to over 2,000
ppm Mo contazined in as much as & or possibly 1 cubic mile
of rock in the molybdenum deposit.

The throttling wodel developed for the localization of
the molybdenum deposit should be considered only a first

approximation. 1In order to fully understand the mechanisms
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of deposition one would have to know the absolute and rel-
ative temperatures of hydrothermal solutions and wall rock,
as well as the pressures involved. Moreover, the salinity
of the solutions would certainly affect the throttling me-
chanism. Although the necessary quantitative thermal data
on concentrated complex solutions is lacking, Toulmin ard
.Clark (p. 446, 1967) state:

Broadly speaking, however, the thermal effect of
throttling is greatest in the general vicinity of the
critical point. The effect of dissolved solids will
in general be to displace this region to higher tem-
peratures and lower pressures and so restrict the
region of geological likellhood of the throttling
process.

Chemical Control of Wall Rocks

Most recent workers such as Barton and Toulwmin (1961),
Parker (1962), and Toulmin and Clark (1967) have concluded
that heat exchange with host rocks and wall rock alteration
are not effective means of cooling hydrothermal solutlons.
But this does not exclude the possibility that chemical ex-
change with wall rocks could be an importent factor in de-
creasing the solubllity of some ore constituents, thus lead-~
ing to ore deposition. It is a well established fact that lime-
rich rocks can play an important role in ore deposition.
Most ores of the district occur in lime-poor rocks, but it
is obvious that limestone lenses and limy graywackes on the
northwest side of the district weré very important in local-‘
izing ores. Here sulfides have replaced limestone near

limestone-~vein intersections and nave caused the localization
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of ore shoots in the veins where they cut these rocks.
Such a chemical control on ore deposition may be the reason
why ores in this area are telescoped.

Cu~Fe-Ag ores commonly occur in red and purple volcanic
rocks rich in supergene or diagenetic lron oxldes. A4As indi-
cated by the limited size of these deposits and their alter-
ation halos, the volume of ore soiution was probably rel-
atively small. Thus they could easily have been affected
by reactions with the wall rook. It is quite possible that
the iron oxides of the wall rock (largely hematite?) were
effective in buffering the solutlons, causing a significant
increase in f0,, thus permitting the formation of the unique
mineral assewblages. The Last Chance property, the only one
of this type with abundant magnetite, occurs in volcanic rocks
that do not contain as much hematite (?). The complete
pseudomorpnic replacement of early hematite by magnetite in
this deposit, indicates that reactlions with the wall rocks
in the early stages of ore deposition could have caused the
deposition of hematite jout that with increasing hydrothermal
activity,compositions of the s&lutions were able to over-
ride the initial, dominating effects of the wall rocks.

Structural Control

Structural control of ore deposition is apparent in the
sense that permeable structures that had access to the hy-

drothermal solutions were favored sites for ore formation.

Por instance, ore occurs in subsidiary fractures along the
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main fault on the east and north sides of Hudson Bay Moun-
tain, and in the subparallel set of fractures on the south-
west slide of the mountain. These fracture systems must have
had access and been permeable to the hydrothermal solutions.
Ore shoots along veln systems were probably localized main-
ly in the most permeable areas (possibly due to throttling).
Volcanic and intrusive rocks, in general, were better hosts
than sedimentary rocks, with the exception of limy rocks.
The reason for this is simply that, being more brittle, the
former were more highly fractured and thus provided better
access routes for ore solutions,

Possible lModel of Ore Formation in the District

Although it is obvlious that the ore-forming processes
in the district were very complex, it is possible to offer
a generalized model consistent with observed relsationships,
Burnham (1967), based on experimental data, has given a de-
talled discussion of the possible relationships of hydro-
thermal fluids and granitic magmas. His diagram, shown in
Figure 55, can be used to trace the history of a hypothe-
tical magma as 1t migrates towards the earth's surface, If
it is assunmed that, at depth, the magma contained about five
per cent H,0, then it 1s apparent that the PelH20 would equal
Ptotal when the Ptotal was decreased to just less than three
kilobars. At this point the magma would boil and a water-
rich phase would separate as droplets which would move up-
wards. The subsequent decrease in water content would pro-

mote crystallization of the magma--perhaps producing the
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phenocrysts so characteristic of porphyry copper deposits.
Crystallization would decrease tﬁe amount of silicate melt
and hence promote "second bolling" which would cause a fur-
ther separation of water from the melt. It is this initizl
water-rich phase that the writer envisions as facilitating
the extensive thermal metamorphism and possibly being res-
ponsible for sulfide ores of the intermediate and outer
zones, This thermal-nydrothermal activity could have pre-
ceded the magma on its advance towards the surface. Fol-

lowing this stage, the magma or perhaps small portiouns
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of the magma, then could continue upwards until it reached a
Ptotal of about 2 kilobars,. Possibly further intrusion of
the magma was inhibited by the granodiorite sheet. During
this stage the writer believes that the bodies of magma were
smaller than those of earlier magmas, tut possitly the amount
of hydrothermal fluid being evolved was considerably greater,
Whereas earlier pressures of the hydrothermal fluids had been
- gradually dissipated as the fluids migrated away from the mag-
ma, pressures of these fluids were permitted to build up to

a point of sudden release. This stage of activity caused
development of a throttling zone that led to formation of the
quartz vein stockwork of the molybdenum deposit.

Although as viewed here, the molybdenum deposit was
formed after the sulfide ores from smaller bodies of magnma,
the central positioning of all the magmas and the mainten-
ance of a reglonal thermal-hydrothermal regime permitted the
zonal distribution of the ores.

Admittedly this model is over simplified but it is con-
gistent with the major features of the district., It explains
the relationship of the ores to the Tertiary porphyries,
metamorphic aureole, and the overall regime of the district.
It also explains the relative timing of the main types of
ores; the drastic chemical, mineralogic, and structural dif-
ferences btetween ores of the molybdenum deposit and ores of
the intermediate zone; and it is consistent with the observed
spatial and temporal relationships of porphyries and molyb-

denum mineralization.
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CONCLUSIONS

All deposits of the Hudson Bay Mountain district are
spatially, temporally, and genetically related to Early
Tertiary porphyry intrusions. Most deposits were formed
under the same general thermal regime, except perhaps the
quartz, carbonate veins of the molybdenum deposit which
probably formed under waning conditions. The overall zon-
al pattern of ores was developed by chemical evolution,
in space and time, of hydrothermal solutions that migrated
outwards from a magmatic center dﬁring_a prolonged period
of magmatic and hydrothermal activity. Temporal, mineral-
ogic, chemical, and structural features of the deposits
suggest that there were at least two maln periods of ore
deposition--an early one that led to the formation of the
sulfide ores and a later one that led to the formation of
the molybdenum deposit,

The sulfide veins were probably synchronous with the
thermal metamorphism which resulted from the emplacement of
a relatively large intrusion that has not yet been unroofed.
The formation of the molybdenum deposit coincilded with a
period of pervasive hydrothermal activity and fracturing and
the emplacement of small porphyry intrusions in the Glacler
Gulch area. This restricted period of magmatic activity

largely followed the period of thermal metamorphism.
The maintenance of a regional thermal-hydrothermal
regime about a magmatic center was probably the reason for

the zonal deposition of ores. Monoascendency and polyas-
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cendency of ore solutions were impbrtant in the district,
but neither was solely responsible for causing the zoning.
The Hudson Bay Mountain area 1s perhaps a sultable example
of a zoned district in which polyascendency of ore solutions
was important,

Most of the ore solutions were probably magmatically
derived, concentrated brines. Interaction of the hot brines
with ground water near the periphery of the district could
have been the main reason for ore deposition and the drastic
change in metal values and metal ratios in these areas.
Throttling might also have been an important factor in caus-
ing deposition of these ores. Throttling of fluids under very
high pressure as they were released from a magma chamber
could have been a key factor in the formation and localiza-
tlon of the molybdenum deposit. Chemical interaction of the
ore solutions with wall rocks apparently was not an impor-
tant factor causing deposition, except pernaps on the north-
west side of the district where lime-rich host rocks caused
the precipitation of sulfides. Such a chemical control could

have been responsible for the telescoping in this area.
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