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Abstract

The Mitchell-Sulphurets region is in the heart of the
Coast Range of northwest British Columbia. Geologically it 1is
situated on the western edge of the Bowser basin approximately
12 miles east of the main Coast Range Plutonic Complex. The
map area is underlain by partly or wholly metasomatized sedil-
mentary, volcanic, and intrusive rocks. The volcanic and sedi-
mentary rocks are tentatively dated as being Lower Middle Jura-
ssic and older. They probably belong to the Lower Hazelton and
Upper Takla groups. The sediments are typical of a greywacke,
turbidite sequence. The volcanics belong to a marine sequence
chiefly comprising pyroclastic members.

Possibly in Jurassic time, the sedimentary and volcanie
rocks of the area were invaded by the Mitchell Intrusions. The
earlier members of the Mitchell Intrusions were injected as sills
and dykes predominantly into the well-bedded sediments. The
later members formed lerger, more irregnlar bodies. There sre
marked mineralogical changes within the Intrusions. Differen-
tiation by fractional crystallization and minor composite intru-
sion account for the original variations in mineral composition,
but post-crystallization changes are the cause of the unusual |
rock types. Spilitized diabase, syenodiorite, albite syenite,
syenite, quartz syenite, and some granite have resulted from the
"deliming™ or albitization of the original plagioclases.

Immense quantities of trapped volatiles, which were



concentrated by the differentiation processes, resulted in
rhenomenal amounts of rock alteration during the dying stages

of the magmatic period. They have had a profound affect on an
area of rock about three times that of the intrusions. The
presence of these fluilds cecould have caused the post-crystalli-
zation changes in earlier members of the Mitchell Intrusions.
During the period of rock alteration the area approached an
equilibrium environment probably somewhere below 400° C. and
probably at moderate pressures., Throughout the area the altering
fluids possibly contalned moderate concentrations of Na, K,

S10,, and H,S, high concentrations of CO, and H0, and in the
Mitchell Valley trace amounts of HF, The end of the alteration

reriod was sharp, possibly being terminated by the development
of major faults which permitted the release of the fluids. The
chief types of alteration - albitization, carbonatization, seri-
citization, silicification, chloritization, and pyritization -
have affected the rocks in a similar manner throughout most of
the area. In most areas secondary minerals in highly altered
rocks are the same as those in the slightly altered rocks.

The mineral deposits, which are of the "Porphyry
Copper" type, were farmed during the alteration period. The
presence of large volumes of volatiles at an elevated tempera-
ture allowed extensive migration of the metal-bearing solutions
from their magmatic source. The large quantities of fluids have

also resulted in the separation of the copper and molybdenum



sulphides into distinct deposits. The formation of distinct
deposits was probably dependent upon the physical-chemical
properties of the environment at the time of alteration.

Major faulting occurred late in the alteration period.
This marked the end of the Mitchell epoch of magmatic activity.
Somewhat later in the history of the area, possibly in Tertiary
time, a few keratophyre (basaltic (?))dykes were emplaced. Ex-
tensive erosion by glaclation in Pleistocene and Recent times

has sculptured the landforms into their present shapes.
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CHAPTER I - INTRODUCTION
Nature and Scope of the Study

During the summer of 1960, Newmont Mining Corpora-
tion carried out an extensive programme of exploration for
mineral deposits 1n the Unuk River area of northwestern
British Columbia. The programme combined an airborne mag-
netometer survey with a study of reglonal geology. A series
of small maghetic anomalies were discovered in the vicinity
of the Mitchell and Sulphurets Glaclers. Later geological
work by Joseph Montgomery indicated the existence of several
low grade copper deposits. Since much of the copper minerali-
zation occurs in granitic rocks, Montgomery suggested that
the deposits may be of the "Porphyry Copper" type.

Encouraged by the discovery of several deposits and
by the type of mineralization, Dr. G.W.H. Norman of Newmont
Mining Ltd. outlined a detailed geological study of the area.
The writer of this paper took the oppoftunity to combine this
detailed geological study of a relatively large area with a
laboratory study, and to present the work as a thesis. He
has attempted to unravel the geological history of the area
and to shed some light on the origin of the mineral deposits.

Much emphasis has been placed on petrology. Since
most of the rocks of the area have been more or less meta-
somatized, a petrologicel study 1s of basié importance in

reconstructing the geological history. The study of igneous



petrology, ilncluding a detailed study of fifteen feldspars,
and a study of rock alteration have been most heavily stressed.
Methods |

To study an area of about 20 square miles two main
methods of field mapping were employed: tepe and compass
traversing, and photogeology. A total of eleven east-west
tape and compass traverses were made, and points on the tra-
verse lines were surveyed using triangulation. From the
traverses the geology was mapped at a scale of 200 feet to
1 inch. The gaps between the lines and to the borders of the
area were completed by mappling on aerial photographs, which
had been enlarged to a scale of about 800 feet to 1 inch.

The laboratory research included a study of about
three hundred hand specimens, seventy-five thin sections,
and asbout thirty polished sections. Several minerals were
identified by X-ray powder photographs. 1In addition to these
normal methods of investigation, a detalled study of fifteen
feldspars was made using X-ray diffractometer and universal
stage techniques.

The composition of the alkall feldspars was deter-
mined on a Norelco Phillips X-ray goniometer by measuring the
difference in 20 between the (201) feldspar peak (equals (201)
peak for triclinic feldspar)‘and the (101) peak of KBrO3

(Figure 1 after Orville, 1958).



Figure ls Difference in 20 between (Z01)
peak of synthetie alkali feldspar and (10l)
peak of KBrO3 for CuK. radiation plotted
agalnst composition. (after Orville, 1958)

Since the degree of accuracy that could be ex-
pected in determining the composition of feldspars that had
not been heat treated was unclear in the short article by
Orville (1958), a series of three standards was run. The
composition of these feldspars was taken from reports in the

literature. From the results it was concluded that the com-

position of untreated alkali feldspar could be determined
within 3 to % per cent of the correct value. It should be
noted that Crook (1962) employed exactly the same methods for
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determining the compositions of alkali feldspars as the writer.

In an attempt to shed seme light on the composition,
structural state, and thermal history of the plagloclase, the
difference in 20 between the (131) and (131) pesks was measured.
The determinations of compositions for the plagioclase feld-
spars are based on the assumption that they belong to the low-
temperature series. This assumption is reasonable since all
the assoclated potash feldspar is approaching low-temperature
microcline.,

For the X-ray diffraction analyses of both the al-
kali and plagioclase feldspars, three complete oscillations
were run at a 1/4° per minute over the oritical values of 20.
The average of the six readings was used in determining the
composition. Figures 2A and 2B are typical runs at 1° per
minute and 1/4° per minute respectively.

To complement the X-ray diffraction ilnvestigation
a universal stage study was performed on the same feldspars.

A total of about 70 to 80 2V, determinations were made on
a five-axis stage using the procedure outlined by Emmons
(1943).

Problems in Mapping

Rock alteration which 1s ubiquitous in the area has
added many problems to the geological mapping. In several
places rock types are indistinguishable. At some localities

intrusive plagloclase-hornblende porphyry became dense and
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green with increasing alteration. In the field it is im-
possible to distinguish this green rock from some altered vol-
canic or altered sedimentary rock. The style of alteration
has considerable variation from one place to another. An
effort was made to record these changes but sultable map units
that are completely satisfactory could not be assigned.
Throughout much of the area major structures such
as faults and contacts, are obscured or ecompletely obliterated.
And finally, where slightly altered rocks grade into more
highly altered varieties the contact 1s commonly a zone of

considerable width, though on the map it is marked as a line.
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land Canal. It is about 45 miles by air in a southerly diree-
tion.

As mentiomed above, the area is ome of the most im-
accessible parts of British Columbia., It is almost eompletely
surrounded by steep mountains and iceflelds. The river valleys
whiehf%ho natural aecess routes support dense folliage and laek
good trails. The main valley of Sulphurets Creek is bloeked
by a gorge near the river's mouth. At the present time there
are no roads within 30 miles, The proposed Stewart-Cassiar
Highway at its clesest point will be 25 miles to the north-
east, However, if the iron deposit om MeQuillan Ridge is
developed by Granduc Mines Ltd., there should be either a
road or railway or both within 12 miles of the area.

’ Topography

The area is characterized by steep-walled, glacier-
filled valleys and rounded, snow-capred ridges (Fromtispiece).
The valley slopes, where not precipitous, are covered by trees
and shrubs to an elevation of about 4,000 feet. Above this
elevation the valley walls give way to alpine meadows and the
snow-covered slopes of the rounded ridges. To the east and
south of the area, where there are nunatsak ridges that exeeed
7,000 feet in elevation, the slopes again become very preci-
pitous culminating in horns and arétes.

Within the map area the maximum relief 1is 5,000 feet.
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The lowest point is at the southwest border where Sulphuret
Creek drains to the west. The highest point is at the north-
ern border where a 6,900-foot ridge projects above the ice-
fields.

In general the land slopes and drains to the west.
Main glaciers are fed from the south and east by icefields
along the eastern divide of the Unuk River drainage system.
The pattern of drainage has separated the district into three
east-west-trending topographical divisions. The most northern
of these 1s the Mitchell Valley, the middle, Mitchell-Sulph-
urets Ridge, and the most southern, the valley of Sulphurets
Creek.

Clipate

The district is at the border between the West
Coast Marine and the Northern Interior climatic regions of
British Columbia. Most of the weather systems, which pre-
dominantly come from the west, are confronted by several peaks
and ridges before they reach the area. This zone in the moun-
tain belt receives from 60 to 100 inches of precipitation per
year. The amount of preeipitation generally increases to the
west.

The winters are long and severe and the summers tend
t0 be cool and relatively short. The summers in the Mitchell

Creek area are characterized by mist and drizzle with sporadic
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clear, hot days. August is usually by far the best month
for doing field work. The mean temperature for January is
from 0° to 10° F.,, and the mean temperature for July is from
40° to 50° F, The area has less tham 50 frost-free days per
year, and it has less than 150 days a year over 43° F,
Flora and Fauna

Below 4,500 feet elevation the area is in the Sub-
alpine Forest biotlec region; above, it 1s in the Alpine-Arc~
tie biotie region. Spruce, balsam fir, hemlock, lodgepole
pine, aspen, ground alder, and devil's-club, as well as many
other shrubs and bushes are common in the Subalpimne Forest
region. The flora of the Alpine-Arctic region varies from
stunted conifers at its base to short grasses on the rocky
slopes in 1ts upper regions. Luxuriant alpine meadows abound
throughout the area. Many varieties of shrubs, mosses, grasses,
and flowers are to be found. By the end of the summer the depth
of foliage in these meadows usually ranges from one to five feet.
Since many of the mountain slopes are very steep, there are many
areas that have a typical snowslide assemblage of broken, twis-
ted, intergrown eonifers and ground alder, with undergrowth of
devil's-club and lecally stinging rettles.

In this area, compared to other regions of British
Columbia, birds and other animals are not very abundant. Ftar-

migans, Franklin grouse, Hoary marmots, common field and jump-
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ing mice, Parry groundsquirrels, martens, porcupines, toads,
the occasional mountain goat and grizzly bear are some of the
animals found in the region. Since these animals are not very
abundant and there are no fish in the streams and lakes, it
would probably be very difficult for a human to sustain life
on the local game.
Glaclation

Glaciers have been the most important seulpturing
agents in the formation of the present landforms. The steep-
walled valleys owe their origin to the glaclers that present-
ly oceupy their bottoms (Photograph 4). Rounded ridges at
about 5,000 and 6,000 feet were probably smoothed off inm
Pleistocene or Post Pleistocene time when the continental ice
sheet covered most of the area. Horns and aretes that occur
above 7,000 feet probably projected above the continental ice

sheet.

The present existenca of glaclers e¢an be attributed
to three main factors: the low annual mean temperature, the
high precipitation, and the high elevation. Judged from the
aerial photographs that were taken in 1956, the Sulphurets
Glacier is in a stege of stagnation and the Mitchell Glacier
is in a stage of regression. Since 1956 the Mitchell Glacier
has receded 500 to 600 feet. The prominent trim lines (Frontis-
piece and Fhotograph 4) that are present high above both gla-
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ciated with most glaciers, and outwash gravels are very plenti-
ful,

A glacial feature of special note is the Forbes
bands that occur on the upper southwest arm of the Sulphurets
Glacier (these are beyond the southern limit of the area shown
in the Frontispiece). These bands have formed below an icefall,
Dovmstream, they are convex and diminish in size. Near the ice-
fall they have a typical asymmetrical wave form. These waves,
at maxrimum, have an amplitude of 30 to 40 feet and a wavelength
of a few hundred feet, The waves are composed of brecciated
ice. Their shape is clearly due to seasonal variaﬁions in flow
over the fall, or seasonal variations in the amount of ablation

of the material passing over the fall.
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CHAPTER I1I - GENERAL GEOLOGY
iptroductiop

The map area (area shown in Figure 4) is near the
western edge of the Bowser basin (Gabrielse and Wheeler, 1961)
and is approximately twelve miles east of the main Coast Range
plutonie complex. It eontains partly or completely metasoma-
tized, voleanic, sedimentary and intrusive rocks. The volcanic
and sedimemtary rocks are probably Lower to Middle Jurassic,
and the intrusive rocks are only slightly younger.

The volcanic and sedimentary rocks form part of the
Lower Hazelton Group and possibly part of the Upper Takla (%)
Group. The intrusions are most likely related to the Coast
Range period of ignecus activity.

e d U Takla (?) G s
Sedimentary Members

Sedimentary rocks are predominant in the west half
of the map area. Highly deformed, carbonaceous argillites,
siltstones, and greywackes make up the greater part of a belt
of sedimentary rocks along the western side of the map area.
At the extreme west end of Mitchell-Sulphurets Ridge pebble
and boulder conglomerates are the main rock types. Through-
out the mapped region dark argillaceous siltstone and fine-
grained feldspathic greywacke are the most common sedimentary

rock types. Conglomerate and argillite are less abundant and
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western belt are not appreciably altered and are only modera-
tely deformed. Some of the less competent fine-grained sedi-
ments contain well developed slaty e¢leavage. Nearer the in-
trusions most of the sediments are highly altered. The only
exceptions are some black, pyritic argillites and siltstones
on the north and south sides of the Sulphurets Glacier that
occur as relatively unaltered inclusions in highly altered
plagioelase-hornblende porphyry, and some of the sediments

in eontaat with intrusions in the upper Sulphurets Glacier
Region. Invariably highly altered sediments have lost their
dark colour and are usualiy & pale shade of grey or green.
Even in the most highly altered roecks, locally, well-developed
bedding stands out as the last remaining atrueture while major
structures, such as contaets, have been obliterated.

From thin section studies it was noted that a very
characteristic feature of both coarse and fine sediments is
their extreme immaturity. Always they are poorly sorted and
the grains have a low degree of roundness. Most greywackes
contain less than 25 per cent quartz and are very high in
plagioclase, The corglomerates are comprised chiefly of cob-
bles and boulders of volecanie rocks, and contain sbundant
clinopyroxene in both the matrix and fragments. All argil-
lites that were examined in thin section contained sub-angu-

lar and sub-rounded quartz and/or feldspar set in a clay
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matrix, Table 11 gives typical mineral compositions of the
sedimentary rocks.
Yolcapic Megbers

Volcanie rocks predominate in the eastern half of
the map area. They comprise pyroelasties intercalated with
feldspar porphyry flows. Invariably there are minor amounts
of sediments interlayered with the pyroclastics.

In the field these rocks are seen to be in all
stages of alteration from fresh-appearing purple and green
fragmental rocks and light green and white feldspar porrphyry
flows to pale, metasomatic equivalents. In the least altered
areas it is seen that lapillil tuff and volcanic breccias are
the most common rock types. Where the volcanic rocks are
partly altered they are usually a pale shade of green. Some
are massive greenstones while others are schistose. In the
schistose types the fragments have been elongated. Outlines
of the fragments become falinter with increasing ajteration.
In very highly altered varieties the fragments have been com-
pletely obliterated and the rock is usually a pale grey colour.

In thin aection it is seen that even the freshest
appearing varieties have suffered extensive alteration. The
alteration has destroyed many of the original features, al-
though in most sections a clastic texture is still preserved.
Any shards originally present in the matrix have been destroyed.

All volcanic rocks that were studied in thin section contain
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some plagioclase. In every section, except an oligoclase-
bearing flow, it was noted that the plagioclase had been com-
pletely albitized and was in all stages of replacement by cal-
cite and "sericite™. In some specimens, the albitized plagio-
clase is very fresh in appearance.

From the studies that were made, it seems that the
volcanic rocks have to reach a relatively intense stage of
alteration before they change colour to the paler green and
grey varileties. This colour change may be very sharp, and
is very similar to the "marble line"™ 1in metamorphosed lime-
stones. On one side of the line these rocks may not be re-

cognlzable while on the other side they appear unaltered.

Age and Correlation of the Sedimentary
and Volcanic Strata

Since most rocks in the map erea have had their
original natures obscured, the relationships and age of the
volcanic and sedimentary strata could be established only by
studying the unmetasomatized rocks in the outlylng districts.
About four miles north of the Mitchell Glacier at the head
of Treaty Creek, a volcanic and sedimentary sequence is ex-
posed that is probably the same as the suacession in the man
area. The sequence at Treaty Creek coaprises well-bedded,
green and purple tuffs and volcanic breccias, minor flow
rocks, carbonaceous argillites, siltstones, greywackes, and

minor amounts of conglomerate (Photographs 12 and 13). For-
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mations of sedimentary rocks occur above and below a main
volecanic unit. Photograph 12 1llustrates the top of the
main volcanic unit. Fossils collected at the top of this
unit were dated as Lower Middle Jurassic.

Tipper, in revising the Hazelton and Takla Groupa
of Central British Columbia, has assigned the tentative ages
of mainly Upper Triassic and Lower Jurassic to the Takla Group
and Middle Jurassic, Upper Jurassic, and Lower Cretaceous to
the Hazelton Group (Tipper, 1959). Hence, the succession at
Treaty Creek is probably part of the Lower Hazelton Group and
could contaln some rocks that belong to the Upper Takla Group.
The strata in the map area are thus tentatively identified as
Lower Hazelton and possibly Upper Takla Groups.

Mode of Origin of the Lower Hazelton
and Upper Takla (?) Sediments

Several features of the sedimentary rocks indicate

that they were rapidly deposited in deep water by turbidity
currents. The most significant feature supporting rapid de-
position is the extremely low maturity index (Pettijohn,

p. 509). Other features are the poor sorting and low degree
of roundness of the gralns. A deep water environment is in-
dicated by the fact that the majority of the rocks are fossil
poor, and that the fossils found in these rocks are pelagic .
genera, such as belemnites and ammonites.

There are several features that are typical of
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The writer thinks that not only most of the finer
sedimentary material but also the coarser conglomeratic mat-
ter could have been deposited by turbidity currents. These
sediments are also very immature. They contain minerals that
are very susceptible to weathering, such as plagioclase and
clinopyroxene. Sorting 1n these rocks is poor and the finer
material has a low degree of roundness. In the thin sections
of the conglomerates that were studied, it was noted that
there are many crystal fragments of clinopyroxene(in the ma-
trix)which have been crushed. One can imagine that finer
material between the larger cobbles and boulders in the tur-
bidity current would be like ore passing through a ball mill.
The observed textures leave the impression that this could
have been the mechanism of deposition.

Even though it is thought most of the sediments
were deposited in deep water by turbidity currents, some at
least were laid down in a shallow water, near shore environ-
ment. At the three localities in the eastern Unuk area where
fosslls were collected, the assemblages were typical of a
neritic environment. Bottom dwelling pelecypods and gas-
tropods are most abundant but pecten-type pelecypods, am-
monites, and belemnites were also found. All these locali-
tles are near the same stratigraphic horizon. They occur in

or near the volcanic unit shown in Photograph 12.
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Spilitized Diabase

Diabase sills and dykes are common in the western
belt of sedimentary rocks. To date none have been found in
the eastern half of the map area.

Megascapically the diabase is fine grained to apha-
nitic, has a "salt and pepper" texture, and is usually some
medium to dark shade of grey or green. In the field it is
locally impossible to distinguish some fine-grained diabasic
sills from greywacke beds.

In thin section the dilabase characteristically has
an ophitic texture; corroded, albitic plagioclase; clino-
pyroxene, and interstitial quartz. Typical mineral composi-
tlons of these rocks are shown in the first two columns of
Table IV. These rocks tend to be relatively equigranular
with grains averaging from 1/10 to 1/2 mm. in size. The
plagloclase occurs as lrregular subhedral laths and the
clinopyroxene as more equant, anhedral, poikilitic crystals.
In a few specimens there are coarse, circular clots of epi-
dote (pistacite) and quartz. Where the quartz is 1in contact
with albite,which encloses the clots, a well-developed myr-
mekitic intergrowth has formed.

The alteration varies widely. Plagioclase (albite)
is partly altered to "sericite"™, epidote, calcite, and clay
minerals; clinopyroxene 1s partly or completely altered to

uralite, biotite, chlorite, calcite, and serpentine.
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Structural relations of the spilitized diabase are
simple. Invariably 1t is massive and never displays any direc-
tional features. It usually displays intrusive relationships
with the enclosing rock. Most frequently the spilitized dia-
base was intruded as thin silla into the well-bedded sedi-
ments. Less frequently it formed dykes that cut both sedi-
mentary and volcanic rocks. In many areas the sills are
highly folded. They have been subjected to similar amounts
of deformation as the aediments.

Approximately six miles northwest of the map area
there is evidence that these sills may be the same age as
the main volcanic unit described above. The sills occur in
great abundance below the volcanie unit and feeder dykes
extend into it, but no sills occur above these volcanic rocks.

Mitehell Intrusions
Introduction

The name "Mitchell Intrusions" will be used in this
thesls to deslignate all the intrusive rocks occurring in the
vicinity of the Mitchell and Sulphurets Glaciers except for
the late dykes and the spilitized diabase. These intrusions
are thought to be related to one another and to the minera-
lization. The spilitized diabase may be part of the Mitchell
Intrusions. Some sulphide mineralization is assoclated with

one diabasic dyke and on the western end of Mitchell-Sulphu-
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rets Rldge diabase and plagioclase-hornblende porphyry have
been identified in what could be the same dyke body. Unfor-
tunately, however, at the time of mapping the writer was not
aware of the distinction between these rock types and thus
did not map the critical area where they should be in contact.
He, therefore, has no proof that the diabasic bodies are re-
lated to the other intrusions.

The Mitchell Intrusions can be subdivided into three
distinct lithologic groups: plagioclase-hornblende porphyry
*(albite syenite and minor syenodiorite porphyry), syenite and
quartz syenite, and granite. These rock types are found in
many relatively small intrusive bodies (shown in Figures U
and 5).

Tuttle and Bowen (1958, p. 127) state that unless
rocks containing greater than 80 per cent normative Ab+Or+Q
fall into the abe triangle (diagram, p. 138), they should
not, for genetio reasons, be called granite. This would mean
that in order for a rock to be named a granite it should con-
tain over 15 or possibly even 20 per cent quartz. Following
this line of reasoning, the writer of this thesis uses the
term quartz syenite for rocks of the appropriate composition

containing from about 3 to 15 per cent quartz. Rocks of the

* This name is used rather than albite syenite porphyry (ete.)
because it is a better field name; it allows for a much
greater range in compositionj; and the writer doubts very
mach that these rocks crystallized as albite syenite or
syenodiorite.
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appropriate composition with less than about 3 per cent quartz
are termed syenites, and rocks with greater than about 15 per
cent quartz are termed granite. It should be noted that some
syenites on the north side of the Mitchell Glacier, which are
near the contact of a granite, may be abnormal since they are
very low in soda feldspar.

Plagioclase~Hornblende Porphyry

In the map area plagleclase-hornblende porphyry is
restricted to the Sulphurets Valley and Mitchell-Sulphurets
Ridge. Although none was found in the Mitchell Valley, it
1s possible that_some of the highly altered rocks wére this
porphyry. Small areas of cross-cutting chlorite-sericite
schist which accur to the west of the Mitchell Glacier could
have been this rock (Photographs 33 and 33A show a relic
plagioclase crystal in a clot of sericite). Most of the
altered rocks in the lower Sulphurets Valley have been iden-
tified as plagioclase~hornblende porphyry.

Because of alteration, these rocks, megascopically,
have many variations in appearance. Completely unaltered
varieties, of which there are few, have medium grained, dark
green hornblende and white plagioclase phenocrysts set in a
dense,light-grey matrix (Photograph 15). Usually both types
of phenocrysts are present but either one may be less conspi-

cuous than the other. As the rock becomes more and more al-
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tered the colour gradually changes and the phenocrysts become
less distinct. Completely altered hornblende-plagioclase por-
phyry 1s a masslve, pyritic, dense, green-grey rock that is
very similar to some of the altered volcanics. Pseudomorphs
after the hornblende and plagloclase phenocrysts generelly
ensble one to distinguish the two in thin section (Photo-
graph 32).

In thin section it is apparent that the alteration
has resulted 1n the plagloclase-hornblende porphyry having a
variety of textures and mineral assemblages. Typical mineral
compositions are listed in columns 3 to 6 inclusive of Table IV.
The degree of alteration generally increases from left to right.
Despite the variations due to alteration, there are properties
that are diagnostic for all the plagioclase-hornblende por-
phyries. As mentioned above if euhedral or subhedral horn-
blende and plagioclase phenocrysts are not present, then pseu-
domorphs, usually of chlorite, calcite, and "sericite", are
present after them. In all specimens there is a microcrys-
talline matrix with an average grain size ranging from 1/2 to
1/50 mm. In many specimens grains of the matrix grade into
phenocrysts which have an average size varying from 1 to 3 mm.
The matrix and phenocrysts vary in abundance but usually they
are in subequal amounts. Some scattered apatite erystals up
to 1 mm. in length and scattered microcline erystals, which

can be over 10 mm, in diameter, are present in minor amounts.
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These two constituents generally survive most of the altera-
tion. Photograph 29 illustrates a relatively unaltered micro-
cline crystal in a highly altered alblte syenite porphyry.
Syenodiorite has been included in this group since a few speci-
mens taken on the east side of Sulphurets Glacier contained
oligoclase rather than albite.

The plagioclase-hornblende porphyry usually forms
relatively small- to medlum-slized sills and dykes. These
bodles have been emplaced along pre-existing weasknesses in
the rock. Where well-developed bedding planes were present
the magma forced its way between the beds. In some places
this process was quite passive, the intrusion having little
effect on the sediments, but in other places the intrusions
have highly deformed the confining rocks. In many areas in
the Sulphurets Valley contorted bedding is to be found im~
mediately adjacent to the intrusions. On the north side of
Sulphurets Glacier just above its toe, large, contorted in-
clusions of carbonaceous argillite and siltstone, some over
100 feet long, are found in the altered albite syenite por-
phyry (Figure 4).

Most of the plagiorclase-hornhlende porphyry is mas-
sive without any directional features, but in some areas the
hornblende and plagioclase phenocrysts are conspicuously
aligned. Rusty outcrops and alteration make it difficult to

measure these foliations and lineations.
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Syenite and Quartz Syenite Porphyry
A major part of the largest intrusion on Mitchell-

Sulphurets Ridge and of a maln intrusion in the Mitchell Valley
is comprised of syenite and quartz syenite porphyry (shown in
Figure 4). The only place thet syenite porphyry and quartz
syenite porphyry occur in small bodies is as satellitic dykes
and sllls near the contacts of the main intrusions.
Megascopically, the syenite and quartz syenite por-
phyry are characterized by porphyritic, granitic textures; many
coloured feldspars; lack of visible quartz, and low percentages
of mafic constituents. Invariably, these rocks have a porphy-
ritic, granitic texture. The phenocrysts are mainly from 2
to 5 mm. long, but a few specimens contain very coarse pheno-
crysts, some belng over 20 mm. In most specimens potash feld-
spar forms the largest, most conspicuous phenocrysts but in
some, plagioclase is also present as phenoerysts. Although
they may have pink or red borders the coarsest phenocrysts
are chiefly white. A few speclimens of quartz syenite contain
pale pink potash phenocrysts. The matrix is dominantly fine
grained and in all cases the ordinary varietles contain less
than 25 per cent dense matrix. The feldspars of the matrix
may be white, pink, red or light green. The pink and red
feldspars are microperthite, the light green are plagioclase
(green colour is due to sericitic alteration), and the white

may be plagioclase or potash feldspar. The specimens with
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green plagloclase and pink or red microperthite have a
"Christmasy" appearance. Even though some of the rocks of
this group contain considerable quartz, 1t 1s never coarse
enough to be visible to the unaided eye (except as velnlets).
Ferromagnesian minerals at most places amount to less than

10 per cent of the total rock. Most of the primary mafic con-
stituents have been altered to chlorite and other secondary
minerals. Unusually large, amber-brown sphene crystals are
found scattered throughout some of the syenltic rocks.

The megascopic features of the syenite and quartz
syenite porphyry permit an easy field separation from the
plagiloclase-~hornblende porphyry and granites of the district.
The plagioclase-hornblende porphyry 1is readily distinguished
by its hlgh percentage of dense matrix, its dark hornblende
phenocrysts, and by the overall green colour of the altered
varleties. Granites of the map area, in all places, contain
visiblé quartz. A granite on the north side of the Mitchell
Glacler is easily distinguished because it is more equigranular
and has a very dlagnostic purplish red colour (Photographs 19,
20, and 26).

In thin section the ¥*syenite and quartz syenite
porphyry are seen to have a prominent porphyritic texture, sub-
equal amounts of potash and plagioclase feldspar, zoned feld-

* Typical mineral compositions of these rocks are given
in columns 7, 8, and 9 of Table IV,
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spars, small amounts of interstitial quartz, a low ferromag-
nesian mineral content, small percentages of alteration minerals,
and ublquitously corroded plagioclase. In the specimens studied
feldspar phenocrysts comprise from 50 to 85 per cent of the rock.
Most of them are subhedral (irregular in detail) and they aver-
age from 1 1/2 to 5 mm. in length. A microcrystalline matrix

of irregular, anhedral, low birefringent (feldspar and quartz
(?)) grains makes up the remainder of the rock. The average
grain size of the matrix is highly variable, ranging from 1/30
to 3/% mm. in diameter. In most specimens grains of the matrix
are gradational to the phenocrysts. Many plagioclase and micro-
cline (untwinned) crystals are zoned. The zoning in the plagio-
clase is outlined mostly by varying amounts of alteration
minerals, and in the microcline it is outlined by differences

in extinction and varying amounts of exsolved albite (Photo-
graph 22). The quartz that 1s commonly present in minor amounts
is interstitial to the coarser feldspars. As seen in hand
specimen the ferromagnesium content of these rocks is low.
Relics of hornblende lindicate that it was the main primary

mafic mineral. Most of the hornblende exhibits resorption
textures (Photographs 23, 24, and 24A). An original euhedral
outline of the phenocryst i1llustrated in Photograph 23 1s

still preserved.

Alteration, although only in minor amounts, 1is
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these porphyries with the rocks that they have intruded are
gradational. A typlcal contact of this type is the western
boundary of the main intrusion on Mitchell=Sulphurets Ridge.
There is a zone of highly chloritized rocks which contains
many small, irregular intrusive bodies immediately adjacent
to the main porphyry mass. The alteration has obscured the
original nature of this zone. Other contacts of the syenite
and quartz syenite porphyry are major faults (Figures 4 and
5).

The syenite and quartz syenlte are also in contact
with granites. On the north side of the Mitchell Glacier the
syenitiec porphyries, at least in part, are cut by a younger
granite. Minor amounts of granite are also associated with
the syenite and quartz syenite on Mitchell=Sulphurets Ridge
but this granite is distinctly different from the one on the
north side of the Mitchell Glacier. Genetically, it is more
closely associated with the quartz syenite and syenite por-
phyry. This granite grades into the quartz syenite which in
turn grades 1nto the syenite.

The syenite and quartz syenite porphyry at most
localities are massive without any directional features; how-
ever, in the immediate vicinity of the younger granite on the
north side of the Mitchell Glaclier, they show a prominent
alignment of the large microcline phenoerysts (Photograph 26).

Specimens of these rocks that were examined in thin sectlon
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are all abnormally low in plaglioclase. The writer believes
that this alignment is a contact feature and 1is possibly re-
lated to the removal of plagioclase. Another ncteworthy in-
ternal feature of the syenitie rocks mear the granite iz the
fact that many of them have been shattered. Crystals have
been offset along minute fractures and small mylonite zones
have developed throughout the rock (Photograph 17).
Grapite

The distribution of granite was discussed with that
of the syenite and quartz syenite porphyry. The type locality
for the granite, which euts the syenitic rocks, is on the
north side of the Mitchell Glacier (Figure 4)., Only a rela-
tively small area of this granite has been recognized. The
granite that grades into the quartz syenite is found in minor
amounts seattered throughout the syenite and guartz syenite
masses, It may be thought of as & rock essentially the same
as the gquartz syenite only with a greater amount of free sili-
ca, In a very general fashion the quartz content of the Mit-
chell Intrusions inereases to the north and east and is, there-
fore, seen at a maximum on the north side of the Mitchell Gla-
cier where the cross-cutting granite occurs.

The granite that merges with the quartz syenite is
in all aspects the same as the quartz syenite, except it econ-

tains more quartz (which is visible in hand specimen). Because
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of 1ts similarity to the quartz syenite this granite will not
be further considered in this section.

In hand specimen the cross-cutting granite (one on the
north side of Mitchell Glacier) is a medium-grained, relatively
equigranular, dark red rock containing visible quartz and few
or no ferromagnesian minerals. It 1s thus readily distin-
guished from the syenite and quartz syenite porphyry. Occa-
sionally, the two rock types occur in the same specimen (Pho-
tographs 19 and 26), and where alteration minerals coat the
fracture surfaces, the true nature of the specimen is ob-
scured. These features result in unavoidable mapping prob-
lems., Some of the granite contains large white feldspar phe-
nocrysts (Photograph 20). Quartz, calcite, and lsss eommonly,
chlorite veinlets cut the granite. Disseminated chaleopyrite,
pyrite, hematite, magnetite, and less commonly molybdenite
occur in trace amounts,

In thin section the cross-cutting granite oharacteris-
tieally contains medium-grained, anhedral and subhedral micro-
perthite with interstitial, fine-grained quartz (Photograph 25).
A very basic distinction between this granite and the syenitie
members (including the granite related to the syenitic members
of the Mitchell Intrusions) is the fact that it is a one feld-
spar rock whereas they are two feldspar rocks (Tuttle and Bowen,

1958, p. 130). It contains a single alkali feldspar, micro-
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scarce or absent. Typical mineral compositions of this rock
are shown in columns 10 and 11 of Table IV,

The structural relations of the granite are very
complicated and many of them are obscured by alteration. In
the areas that were studied (on the north side of the Mitchell
Glacier] it was noted that the granite and the syenitic rocks
are intimately assocliated with one another. The exact natures
of the contact zones are obscured by elteration. From detailed
studies of the hand specimens that were c¢ollected from that
area, it is thought that the contact is probably gradational.
The gradational nature of the contact is attributed to varying
amounts of included syenitic material in the intrusive granite.
Inclusions in the granite 1llustrate various etages of disrup-
tion and replacement of the syenite. Photograph 17 illustrates
‘a syenitic rock near the contact that had been shattered or
"erackled" probably by intrusive processes related to the em-
placement of the granite. Photographs 19 and 26 illustrate the
granite cutting the syenite (the offset along minute fractures
of some of the crystals in the syenite can also be observed).
These areas of syenitie material are inclusions in the granite.
In thin section it was noted that the large phenocrysts of the
syenite are partly transformed to dark purplish red microcline
typical of the granite (Figure 6 and Photograph 27). Single

crystals of microcline traverse the contact. On the syenite
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Photograph 26: (K-23) Red
granite cutting syenite por-
phyry (chalcopyrite and py-
rite in quartz-calcite vein-
let on left, disseminated
chalcopyrite and pyrite
throughout, plane surfaces

of granite-syenite contact,

and aligned microcline pheno-
crysts in syenite can be noted).

Figure 6: (K-23) Diagram showing the contact relations
(as observed in thin section) of the younger granite
and the older syenite (the areas containing the red
microperthite are granite and the uncoloured areas are
syenite; the original plagioclase of the syenite has
been destroyed).

Photograph 27: (K-23)
Photomicrograph of trans-
formed crystal at syenite-
granite contact (X25;
polarized light).
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side they are white and contain little or no exsolved alblte;
on the granite side they are dark purplish red and contain
abundant exsolved albite. In other specimens large white
feldspar crystals typical of the syenitic rocks are found
scattered throughout the granite (Photograph 20). These crys-
tals are both plagioélase or microcline. Invariably they are
rimmned, veined, and in all stages of replacement by the dark
red microperthite., In some specimens euhedral or subhedral
forms of what once were obviously single feldspar phenocrysts
are now occupied by a mosaic aggregate of crystals with varia-
ble optic orientations. The writer believes that these high-
ly corroded white phenocrysts represent the last vestiges of
syenitic material engulfed by the granite.

Feldspars of the Mitchell Intrusions

A detaiied study was carried out on fifteen feld-
spars from various parts of the Mitchell Intrusions. The
location of the speclmens used is shown in Figure 15. The
results of the X-ray diffraction and universal stage studies
are shown in Table V and Figures 7 and 8.

In Table V it can be noted that host of the alkali
feldspar consists of two phases. Usually the albite or soda
phase 1s much less abundant than the microcline or potash
phase. These features are consistent with those observed in
thin section. Antiperthite 1s absent and in the perthitic
intergrowths the exsolved alblite is usually less than one
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quarter the amount of microcline.

Another feature that should be enlarged upon is the
zoning that has been observed in the larger microcline crys-
tals. The X-ray results indicate that the maximum composi-
tion range of the potash feldspar in one specimen is probably
from 0r87% Ab+An12é to Orgs Ab+Ang (specimen K-153). The
former 1s the composition of a very large white phenocryst
and the latter is the composition of very small pink crystals.
These feldspars are probably a close approximation of the maxi-
mum composition change for the whole area. The composition
variation of the zoned crystals of which the 2V; was measured
is much less than this maximum variation. For this reason
the variations in 2Vx probably reflect variatlions in the
degree of ordering of the crystal lattice and not variations
in composition.

In using Figure 7 to determine the composition of
the plagloclase the writer has made the assumption that the
plagioclase belongs to the low temperature serles. The basis
for this assumption 1s the assoclation of the plagioclase with
low temperature potassic feldspar. Although this assumption
is reasonable, the writer believes that there 1s probably
some departure of the plagioclase from this curve. The X-ray,
universal stage, and standard thin-section determinations of

the anorthite content give simllar results but they vary over
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10 per cent An. When the anorthite percentage of the plagio-
clase, as determined by X-ray methods, is plotted agalinst the
2V, (Tuttle and Bowen, 1958, p. 108) it can be noted that the
feldspars fall both above and below the curve for the low tem~
perature series. The variations are great enough to suggest
that there 1s a considerable error in the determination of
anorthite percentage by the 26 (131) - (131) method. Until
more is known about this subject these anorthite determinations
should only be used qualitatively.

From the X-ray diffraction, universal stage, and
thin-section studies several conclusions can be drawn con-
cerning the methods of investigation and concerning the feld-
spars from the intrusions:

1. The composition of the plagioclase as determined
by X-ray diffraction methods alone should only
be used gualitatively.

2. The composition of the alkali feldspar, on the
other hand, can probably be determined within
4 per cent accuracy without homogenlzation by
heatling.

3. Most of the potassic feldspar of the Mitchell
Intrusions is similar in nature. It is inter-
mediate and maximum microcline (Smith and
MacKenzie, p. 1181) of the average composition
Or95 Ab+An5.
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The variations in 2Vy of the potash feldspar
may be up to 24 degrees in a single specimen.
This change in optic angle reflects a varlation
in the degree of ordering of the crystél lat=-
tice, and not a variation in composition.

In Figure 8 it is shown that the two crystal
phases of the perthite are compatible with and,
moreover, support an origin of the perthite by
exsolution and not replacement.

Most of the exsolution has gone to completion,
and yet the perthitic intergrowths still per-
slst. Thls appears contrary to Tuttle and
Bowen's conclusion that totally unmixed potas-~
sium and sodium feldspar will separate complete-~
1y in a volatile rich environment (p. 139).

It appears, from using Tuttle and Bowen's
classification of salic rocks (p. 129) that

the Mitchell syenite and quartz syenite are
group II ¢ subsolvus rocks and that the granite
is a hypersolvus granite (Appendix I). The
facts that the syenite and quartz syenite con-
tain discrete crystals of both plagiocclase and
microperthite and that the granite contains only
discrete crystals of microperthite as their

feldspar phases are bases for this distinction.
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The writer attributes the apparent inconsistency
to post-crystallization changes in the syenite
and quartz syenite. The mechanisms involved are
explained in the next section.

Genesis of the Mitchell Intrusions

| The Mitchell Intrusions are an assortment of in-
jected bodies (Daly, 1933, p. 74%) that were emplaced in a
hypabyssal environment. Sills, dykes, and irregular stock-
type masses have been recognized. Earlier plagioclase-horn-
blende porphyry tended to form the sills and dykes and later
syenltic rocks tended to form larger more irregular bodies.
Mést of these bodies are simple intrusions but a stock-like
mass on the north side of the Mitchell Glacler shows evidence
of minor composite intrusion. Outside the map area in the un-
altered rocks of the Hazelton and Takla groups no evidence of
regional metamorphism or deep burial can be found. The only
high grade metamorphic rocks, suggestive of a plutonic en-
vironment are found several miles to the west between batho-
lithic masses of the Coast Range Complex. These features in-
dicate that the intrusions were emplaced in a hypabyssal en-
vironment. The fact that the cross-cutting granite 1s of the
hypersolvus type also supports a hypabyssal environment. Since
the rocks of the district show no megascopic signs of regional
metamorphism it is safe to assume that the depth of cover at

the time of emplacement was probably somewhat less than 30,000
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feet, this being the lower limit of the greenschist facles
suggested by Turner and Verhoogen (p. 534%).

A compositional gradation seems to exist from syeno-
diorite and albite syenite (plagioclase-hornblende porphyry)
in the Sulphurets Valley Reglion to the syenlte, quartz syenite,
and granite on Mitchell-Sulphurets Ridge and in the Mitchell
Valley. Many of the more detaliled relationships are still
in doubt but a general gradatlion between these rock types can
be established. The mineral paragenesis of the lntrusions is
shown in Figure 9. The albite syenite and syenitic rocks were
not observed in contact but there definitely seems to be a
compositional gradation between the two. The main masses of
these rock types are separated by major faults and by a'very
large alteration zone paralleling the faults (Figures 4 and 5).
There is one feature, however, that supports compositional
gradation. In the zone between the faults, large, white
potash feldspar phenocrysts have been found that constitute
up to 10 per cent of a highly altered albite syenite porphyry.
Similar potash feldspar phenocrysts were one of the first
minerals to crystallize in the syenitic rocks above the faults.
The close relationship between the syenitic rocks and the
granites has already been mentioned. The fact that one gra-
nite cuts the syenite clearly indicates that the former must

be somewhat later in time. The intimate associatlion of the
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quartz syenite, and granites, we will then have better under-
standing of the problems involved. The writer believes that
the syenite, quartz syenite, and granites were derived from
a common magma by fractionation followed by albitization of
the syenite, quartz syenite and of the two-feldspar granite.
The syenitic,two-feldspar rocks crystallized before the one-
feldspar granite. If the typical mineral compositions of these
rocks are examined (Table IV), it can be seen that the rocks
have normal compositions for granites and syenites (Figure 10).
This would mean that they have a very low anorthite content,
But Tuttle and Bowen (p. 136) states:

The appearance of plagioclase early in the

crystallization of granites, syenites, and

nepheline syenites is strongly dependent

upon the amount of lime present in the mag-

ma, If there is little lime the possibility

of plagioclase appearing during crystalliza-

tion is highly improbable, whereas if the

lime content is high plagioclase will cer-

tainly be one of the earliest phases to be-

gin crystallizing.
They go on to note that more than 4O per cent of all rocks
containing over 80 per cent normative Ab+*Or+Q will finish
crystallization with a single alkali feldspar, with or with-
out a core of plagioclase. They state, "If fractionation
takes place during crystallization, the pdssibility of com-
pleting crystallization with only a single feldspar is greatly
enhanced." (p. 137). These facts are directly applicable to

the evolution of the Mitchell syenites, quartz syenites, and
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granites. Using Figureill, 1t 1s easy to see that unless
fhe syenite, quartz syenife, and two-fgldspar granite ori-

- ginally contained considerable lime, the plagioclase, which
typically comprises about 35 to 45 per cent of the total rock,
could not have crystalllzed as a separate feldspar phase unless
the PHoO was greater than 4,000 kg/ecm®. Such a pressure is
unreasonable since it could only be attained below a depth of
8 miles, that is, in a plutonic environment. Therefore, &
lime-poor magma would never have been in the two-feldspar
field. It is also easy to see how the cross~cutting granite
was formed by fractionation of the magma. As the magma 4dif-
ferentiated by fractional crystallization it would pass from
the two-feldspar field into the one-feldspar field. The'soda
content of the single feldspar would be increased as fractiona-
tion continued. This would explain the higher albite to micro-
cline ratio of the perthites in the one-feldspar granite. To
complete the history of these rocks the lime content of the
plagioclase must have been lowered after crystallization. The
fact that the plagloclases of the syenite, quartz syenite, and
two-feldspar granite are invariably altered and in some cases
completely missing, although tne potash feldspar reslsts al-
teration (Photograph 21), indicates that during the alteration
period the plagiociase was not in equilibrium with its environ-

ment while the microcline was (possibly metastably).
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Figure 11: Ternary diagram of the system NaAlSi308-KA151308_

CaAl5i208 (after Tuttle and Bowen, 1958, pp. 132-135). The
diagram shows the approximate conditions that might be ex-
pected for the crystallization of the Mitchell Intrusions.
BB!' represents the limit of solid solution.
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Besides the "deliming" of the plagioclase described
in the preceding paragraph, there are other features that in-
dicate the area has undergone regional albitization, which,
at least in part, must have followed the cfystallization of
intrusions. The spilitized diabases strongly support albiti-
zation. The rélic clinopyroxene and a well-developed ophitic
texture indicate that the rock crystallized as a basalt, but
now all the plagloclase is either albite or sodié oligoclase.
All the Hazelton volcanic and sedimentary rocks of the area
contain mostly albite and less frequently oligoclase. Con-
sldering that these are normal eugeosynclinal rocks it 1s
very unllkely that originally the plagioclase did not, at
least in some cases, have a high anorthite content. Regionall
albitization over an area of at least 20 square miles has
surely taken place. Untll more 1s known about the regional
distribution of the albitization, the writer hesitates to
suggest whether the albifization is related to metasomatism
immediately following the emplacement of the Mitchell Intru-
sions or whether it 1s related to a more widespread spilitic
province.

Since 1t is probable that all the.surrounding rocks
have been albitized, it 1s difficult to see why the syeno-
'diorite and alblite syenite porphyry should not also have been
affected. The presence 6f hornblende and plagioclase pheno-

crysts in rocks is normal and very common, but the presence
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of albite and hornblende phenocrysts in rocks is far less com-
mon. Therefore, taking the simplest explanation, the plagio-
clase had a much higher anorthite content at the time of crys-
tallization than at present. It can be expected that the
plagioclase and hornblende were the first crystals to separate
from a dioritic or comparable magma.

Even though extensive metasomatism has obscured
many of the original features of the intrusions, guesses can
still he made on the nature of the original rock types and on
the conditions at the time of emplacement. If, as it appears,
all the plaglioclase has been albitized, then it is safe to
assume that the original rocks probably belonged to a normal
calc-alkaline series. Diorites, monzonites, quartz monzonites,
syenites, and granites were probably present. The plagioclase-
hornblende porphyry (alblte syenite and syenodiorite) would
have been the more basic types, the syenite, quartz syenite,
and two-feldspar granite would have been the intermediate rock
types, and the one-feldspar or cross-cutting granite would
have been the most acidic member. Compared to the other rock
types the one-feldspar granite has remained relatively un-
changed.

A general gradation in mineralogical composition
between the various members of the Mitchell Intrusions can be
accounted for by differentiation by fractional crystallization.
There are two distinct possibilities: differentiation in
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place and differentiation at depth. The writer favours the
hypothesis that differentiation took place at depth but only
slightly below the observed level. The distribution of the
intrusive rock types would permit differentiation in place
but there are objections to such a hypotheslis. The one-feld-
spar granite shows cross-cutting relationships; therefore, it
has been mobilized to some extent. Secondly, 1f differentia=-
tion was in place there should be considerably more "dioritic"
rocks to account for the amount of derived rocks. Although
such a large body or bodies of "dioritic"™ rocks have not been
recognized, it 1s possible that a large portion of the highly
altered areas could have been "dioritic" rocks. The writer
does not favour differentiation at a great depth because of
the distribution of the intrusive rock types. If the magma
was at a great depth, the distribution of the rock types
should be more irregular.
Late Dykes

Scattered dykes cutting earlier rocks and struc-
tures have been mapped in Sulphurets Valley and on Mitchell-
Sulphurets Ridge. These dykes, although very thin, are in
some places continuous for great distances. The best example
is a low-dipping one that outcrops on the northern slopes of
Sulphurets Valley (Figure 4). In hand specimen these dykes
are usually dark green and resemble fresh basalt, but in

thin section it is seen that they are keratophyres. Typi-
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cally they contain 25 to 30 per cent albite, 35 to 40 per cent
hornblende, a2 trace of corroded clinopyroxene, and many secon-
dary minerals.

The specimens that were sectioned were taken in areas
where the dykes traverse alteration zones. Possibly the al-
bitization 1s a result of contamination since the dykes were
in contact with many readlily accessible, reactive, low-tem-
perature minerals.

Structural Geology

Stratigraphic Sequence
The stratigraphic sequence in the Mitchell-Sul-

phurets Region has not been determined because alteration and
intrusions have obscured the relationships. In general there
is a large volcanic unit in the eastern half of the area and
a large sedimentary unit in the western half, but the deter-
mination of the stratigraphic positions of these units aust
await studies in districts that are not as complex as the map
area.
Folds

In the Mitchell-Sulphurets Region

Because of the complexities developed by intrusion
and because of the extensive alteration, the style of folding
in the map area could not be ascertained. Sedimentary lami-
nation has been disrupted by widespread intrusion and faulting,
and has been partly obliterated by metasomatlism. Figure 12
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is a stereogram of the poles to bedding. From this figure
it can be seen that the area is characterized by relatively
haphazard, moderately to steeply dipping beds.

Regional Folding

Some features concerning the nature of the regional
deformation of the Lower Hazelton and Upper Takla groups have
been determined in reconnaissance outside the map area. Photo-
graph 12 taken on the east side of the Treaty Creek Glacier,
which is about % miles north of the map area, illustrates

the eastern limb of a major fold. The axial trace of this
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fold is to the west of the area shown in the photograph. The
trace approximately bisects the Treaty Creek Glacier. The
axis probably plunges to the north at a low angle. In the
field it 1s clear that the overall geometry of the fold is
contfolled by the competent volcanic horizons. The incom-
petent sedimentary rocks above the volcanic members have been
deformed into accordian-type folds and the volcanic and thin
sedimentary members have been deformed into concentric-type
folds with rounded hinge areas (see Photograph 12 and Figure 14).
Figure 14 is a diagram illustrating the accordian-type folding
that exists in the thick sedimentary units but is not present
in the volcanic or thin sedimentary units. From the areas

that have been examined it is concluded that the regional

folding is a mixture of complex and simple structures.

Sedimen féry rocks

Velcanic rocks -

Figure 1l4: Bloeck diagram illustrating accordian-type
folding in the thick sedimentary horizons and normal
concentric folding in the volcanic and thin sedimentary
horizons.
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Schistosity and Cleavage in the
Mitchell-Sulphurets Dilstrict

Figure 13 1s a stereogram of poles to schistosity
and cleavage. These poles form a broad, irregular girdle
along a great circle, This feature shows that schistosity
and cleavage have been warped. There is a marked concentra-
tion of poles near the south edge of the stereogram. Thils
concentration is related to the area of best developed schis-
tosity in the highly altered rocks on the soutn side of the
Mitchell Glaclier. It is not a result of the warping.

In determining the origin of the schistosity and
cleavage several important factors should be considered. First,
no major folds or shear zones can be found that are resnonsible
for areas of well-developed schistosity or cleavage. Secondly,
there is a direct correlation between the degree of alteration
and the development of schistosity. Typically the most highly
altered rocks, provided micaceous minerals are present, have
the best developed schistosity. The only slightly altered
rocks that have good cleavage are some of the incompetent sedi-
ments. The writer sees no reason why schistosity and cleavage
should necessarily be a result of folding or a result of the
development of shear zones. He belleves that the development
of the schistosity and cleavage in the Mitchell=Sulphurets
Region was dependent on two main factors: the degree of al-
teration and the amount of stress in the rock at the time of

alteration. As the alteration proceeded micaceous minerals
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erystallized and the strength of the rock was deereased. If
there was sufficient stress in the rock at the time of altera-
tion the micaceous mimerals would tend te be aligned perpem-
dieular te this stress. Dmvelopment of schistesity im this
marner wonld be somewhat similar teo the development of axial
plane or AB cleavage of folds, but it would be directly re-
lated to the areas of alteration and not to regional deforma-
tion of the roeck.

Faulting

Faulting is of major structural importance in the
area., Main faults that were recognized are e¢lose in time to
the period of rock alteration and probably were active at the
close of the Mitchell magmatic eycle. The faults that are shown
in Figure 4 are marked by offsets in lithologies. Many of the
faults have only tentative positions (indiecated in Figure &
by question marks) because the metasometism has affected most
faults and has made their recognition difficult. Undoubtedly,
there are many minor faults that have not been recognized.

The most important faults are a group that cut the
main bodies of the Mitchell Intrusions (the weatern and ocentral
parts af Figure 4), These faunlts strike approximately north-
south and dip about 40 degrees to the west. The upper or most
westerly of these faults is the best documented of the group,
probably because it 1s the youngest and has not been es strongly

affected by the alteration. At least some movement along this
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fault is post alteration since it offsets major alteration zones.
Movement along this group of faults was probably very complex.
Drag features in the Mitchell Valley (west side down relative
to east) are opposite to those observed in places on Mitchell-
Sulphurets Ridge. Even though the drag features are of little
value in determining the movement, the movement can be esti-
mated from the general position of the intrusions and from the
positioning of various intrusive rock types. The rock typee on
Mitchell-Sulphurets Ridge are very similar to those in the
Mitchell Valley but they are distinctly different from those
in the Sulphurets Valley. From these features it can be seen
that the resultant movement along the faults has shifted the
west block to the south and slightly to the east relative to
the east block. This movement 1s of a very unusual type for
moderately dipping faults, that is, strike-slip movement with
minor thrusting. A general rotational movement on these faults
is suggested by the fact that the regional strike is different in
the west and east blocks. In the west block units strike slight-
ly to the east of north and in the east block units strike gen-
erally to the northwest. The total amount of movement along the
fanlts is unknown. The west block has moved possibly a few thou-
sand feet to the south relative to the east block or it could
have moved over a mile.

Besides the faults deecribed above the only other

possible major fault that has been recognized is the marked
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lineament trending north south along the eastern border of the
map area (Frontispiece). Until further information is gathered
the writer is reluctant to call this structure a fault for no
major offset of lithologies has been demonstrated, and beyond
the northern border of the map sedimentary and volcanie units
cross the lineament (section AB Figure 5). Certainly at the
southeast corner of the map area this structure is some type
of fracture system. There are small but steep-walled gullies
along the lineament. If this structure is a fault it is de-
finitely pre-alteration for it has controlled the development
of alteration zones.
lopite Zo

Mylonite zones have been found assoclated with major
faults, and on a small scale as minute zones in the "crackled"
members of the Mitchell Intrusions. The mylonite zones asso-
ciated with major faults are chiefly in altered rocks. Mega-
scopically, the mylonitized rocks are mostly buff to grey,
some have a very distinctive blotchy appearance, and most of
them have a "cherty" texture. In thin section these rocks are
seen to he characterized by a very fine-grained, microcrystal-
line, wosaic of feldspar. Most of the mylonites are rich in
albite, low in gquartz, contain considerable potash feldspar and
sericite, and minor amounts of many other minerals.

Minute mylonite zones, which are chiefly in the

"erackled" syenitic rocks adjacent to the cross-cutting granite
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Photograph 28: (K-76) Photomicrograph of

mylonitized granite or quartz syenite (some

of lighter grains are microperthitic - X80,

polarized light).
on the north side of the Mitchell Glacier, probably formed from
stress developed by magmatic activity. They seem to be closely
related to the intrusion of the granite. Some of these zones
are present in specimen K-22, shown in Photograph 17.
Tectonic Breccia and Boudipage

There are many breccias in the Mitchell-Sulphurets

region of which the origin is unknown, but there is evidence
to indlcate that a large shear or breccia zone, which is shown

in Figure 4 on the north side of the Mitchell Valley, was formed
by tectonic activity that is probably related to faulting. The
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central and eastern parts of this zone are a jumbled complex
of brecciated, relatively unaltered sedimentary, volcanic, and
some 1lntrusive rocks. On the western border of the area there
are features that indicate the zone has suffered extensive
shearing. Sedimentary beds are in all stages of disruption.
First boudinage structures developed; then as deformation con=
tinued the boudins were brecciated and the fragments were jum~-
bled together in a large movement zone. There is no obvious
explanation for such a large movement zone, but since the faul-
ting is probably very close in time to the main period of al=-
teration, there is a possibility that this movement zone is

a result of a rapid release of volatile materials.



CHAPTER IV - ROCK ALTERATION
iptroduction

Alteration is widespread in the rocks of the Mitchell-
Sulphurets Region. If the Mitchell Intrusions are considered
to be the source of the altering fluids, it is interesting to
note that the visible portion of the alteration halo is greater
than three times the area of the intrusive bodlies, All rocks
of the area, even the ones that megascopically appear to be
fresh, have been affected to some extent (Photographs 9 and 10).
Weak propylitization is the most common type of alteration
throughout the area. Regional albitization of the plagioclase
feldspar has also taken place but it 1s questionable if this
phenomenon is directly related to the main period of alteration
or whether it is related to a more widespread spilitic province.
Albite, calcite, sericite, guartz, chlorite, and pyrite are
the most common secondary minerals. The distribution of these
and other secondary minerals, determined from thin-section
analyses, is shown in Figure 15. The preservation of pseudo-
morphs with increasing alteration indicates that a major por-
tion if not all of the alteratiom has taken place at constant
volume,

ITime of Alte [2)
The major period of rock alteration must have followed

the conasolidation of most of the Mitchell Intrusions. Possibly
it was synchronous with or closely followed the crystallization
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of the cross-cutting granite. Large portions of the plagio-
clase-hornblende porphyry and moderately large portions of the
syenite and quartz syenite have been altered. In contrast, the
areas of cross~-cutting granite that have been examined, although
they show much evidence of veining by quartz and calecite, do
not contain much rock alteration. The inference follows, that
since the cross-cutting granite is the youngest of the Mitchell
Intrusions, alteration may have been continuous with crystal-
lization. Although this might well have been true, it should
be noted that the minerals in the cross-cutting granite are not
as susceptible to alteration as those in other rocks. This
leads to another inference that the minerals in the granite
were closer to being in equilibrium in the alteration environ-
ment than those in the other members of the Mitchell Intrusionms.
The field relations make it difficult to fix the
relative time of the periods of famlting and alteration. Large
alteratlion zones have been offset by major faults. The sharp
upper limit of alteration on the north slopes of the Mitchell
Valley is a result of its being mainly a fault contact. On the
other hand, many major faults have been rehealed and obliterated
by alteration and have also controlled the development of some
alteration zones, Moreover, the mylonite zones that were exa-~
mined have been affected by alteration. These faults with

their essociated mylonite zones are definitely post intrusion.
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The only simple explanation would be that the major periods
of faulting and rock alteration were very close in time.
Nature apd Temperature of the Alteripg Fluids

A study of the products of alteration gives some in-
dication as to the nature and temperature of the altering fluids.
As stated before, the main alteration minerals in the Mitchell-
Sulphurets region are albite, calcite, sericite, guartz, ch-
lorite, and pyrite (?). Chlorite and pyrite are less abundant
than the others. It is known that the alkali content governs
the formation of zeolltes, sericite, and kaolin in alteration
zones at temperatures below 40O0° C., Turner and Verhoogen in
discussing experimental work done by Noll (p. 577) state:

At lower temperatures (below L400° C.) it

depends upon the alkali concentration of

the active solutions whether zeolites,

sericite, or kaolin are formed..........

Kaolin originates from Si0p- or Al,03-

gels in neutral solutions free of alkali
metals or in acid solutions containing
alkali metals, at temperatures below
400° C.; on the other hand, montmoril-
lonite forms in alkaline solutions of
the alkali metals, and at higher con-
centrations of potash, sericite appears.
At very high concentrations of alkali,
zeolites, especially analcite appear.

If, as the writer believes, alteration in the Mitchell-Sulphurets
region is predominantly a low-temperature phenomenon (below
400° C.), then from Noll's experimental work it would seem that

the altering fluids contained moderate concentretions of the
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alkalil metals, These conditions could possibly account for

the extensive albitization as well as for the sericitization.
These concentrations were probably relatively uniform over large
areas since tkhere is no evidence of strong zonation.

Besides the alkali metal content, the solutions must
also have carried considerable earbon dioxide or soluble car-
bonate to facilitate the extensive formation of calcite. 1In
the case of the map area silica would have been displaced from
lime silicates and ealcite would have formed. Turner and Ver-
hoogen (p. 578) state:

Whereas silica readily displaces carbon dioxide

from carbonates at moderate and high tempera-

tures, many silicates are converted with equal

ease to carbonates by hydrothermal reaction with

solutions containing carbon dioxide or soluble

carbonates, at low temperatures. Autometasoma-

tic replacement of such minerals as feldspars,

augite, and olivine by carbonates 1s a common

deuteric process illustrated by igneous rocks

of widely different composition.

This feature also explains why no skarn zones are found near the
intrusions even though there are many limy rocks in the vicinity.
Besides the liberating of the silica from the silicates by the
carbon dioxide or soluble carbonate, guyartz was probably added
to the solutions at thelr source. Many quartz veinlets are
found In the granites and syenitic rocks, some of which are
relatively unaltered.

The presence of hydrogen sulphide or some such sul-

phur-bearing compound in the altering flluids would be the
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easiest way to account for the formation of pyrite in the
altered rocks. The ferromagnesian minerals such as hornblende,
pyroxene, and blotite would be replaced by a magnesium~rich
chlorite and by iron sulphide. The reason for bellieving that
this type of chlorite may be relatively ricbh in magnesia is
discussed later.

Many of the hand specimens, examined in this study,
contain inconspicuous quartz, calcite, chlorite, and in a few
from the Mitchell Valley, fluorite veinlets. These minerals
at many places form a network of criss-crossing veinlets, which
average from 1/32- to 1/4 of an inch in width. In some areas
fractures containing these veinlets may have been the only
channel-ways for the altering fluids.

There are several reasons for believing that the
alteration throughout the area is uniformly a low-temperature
variety. First, there is no evidence of steep thermal gra-
dients. The alteration varies in intensity but there 1is no
significant change in the types of secondary minerals from
place to place (Figure 15). Secondly, high-temperature altera-
tion minerals, such as calec-silicates, potash feldspar (except
metastably),pyrophyllite, tourmaline, ete., have not been found.
Thirdly, all the secondary minerals that have been identified,
except the potash feldspar, are compatible with and support a
low-temperature origin. The potash feldspar, which is thought
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to be secondary, is found only adjacent to some intrusive con-
tacts in high-temperature zones where low-temperature meta-
somatism has been superimposed. The potash feldspar is possibly
a metastable relic of the earlier high-temperature metasomatism.
The ubliquitous nature of secondary calcite probably signifies
a widespread, relatively uniform low-temperature environment
of alteration. Turner and Verhoogen (p. 578) state that secon-
dary, hydrothermal calcite 1s a product of low-temperature
metasomatism rather than moderate or high temperature.

In summation the actlive fluids at the time of meta-
somatism probably contained moderate concentrations of Na, K,
510p, end HpS, high concentrations of CO, and E;0, in the
Mitchell Valley trace amounts of HF, and were at some elevated
temperature probably below 400 C. for a considerable period
of time,

Degree of Alterati

The altered rocks cen be subdivided into two groups
depending on the degree of alteration. The first group includes
those rocks in which relics of original high-temperature con-
stituents are in all stages of replacement by low-temperature
minerals., With continuing alteration the primary minerals
that were susceptible to replacement became more and more al-
tered until a point was reachéd that all the minerals suscep-

tible to alteration had been completely destroyed. This point
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marks the start of the second group of altered rocks. Now
with continuing alteration the secondary mlnerals increased
in size and developed better or what might be described as
"fresher" crystals (Photograph 34%). Photographs 29 to 33
illustrate the first group and Photographs 34 and 35 illus-
trate the second group. Such a subdivision may be of primary
lmportance in distinguishing the alteration zones that make
the best host rocks for the ore minerals. From this pre-
liminary study of the Mitchell=Sulphurets region it seems
that the deposits that have the best chance of being ore
grade are in the second group and that the less promising
deposits may occur in either group.

Judging from the varying degrees of alteration of
rocks over large areas, the writer believes that there were
probably many "centers™ of alteration. Unless such minerals
as sericite and calcite can form over an extremely wide range
of temperatures, there was probably not significant tempera-
ture variations from the highly altered rocks to the outlying
areas. Also, as shownh by results of Noll's experiments in
the previous section, the concentrations are important for
governing the formation of alteration minerals in an environ-
ment of low temperature. That sericite is widespread, and
kaolin, other clay minerals, and zeolltes are negligible,
mean that the concentrations in the altering fluids probably
did not vary greatly from the highly altered rocks to the less
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altered rocks. Thils leaves one eritical variable; that is,
the degree of soaking or the amount of altering solutions to
which the rock was exposed.

The quartz-sericite schist probably represents the
highest grade of alteration. Béteman (p. 104) states:

With most rocks, except limestone and

quartzite, the end product of altera-

tion is a rock composed mostly of seri-

cite and quartz. The original feld-

spars, ferromagnesian minerals, and

micas are all changed to sericite,

and silica is generally added.
Since the greatest development of quartz-sericlte rocks 1s in
the Mitchell Valley (there are also considerable quantities
of quartz-sericite schlst about where the legend is in
Figure 4) the main center of alteration was probably near the
cross-cutting granite.

Susceptibility of Minerals to Alteration

In general ferromagnesian minerals and plagioclase
feldspar were by far the most susceptible to alteration, and
apatite, potash feldspar, and quartz resisted alteration.

A general alteration series can be established by
using the pseudomorphs in the altered plagioclase-hornblende
porphyry. Photographs 30 to 33A illustrate increasing altera-
tion in these rocks. Photograph 29 shows a relatively un-
altered microcline phenocryst in an otherwise highly altered
porphyry. In these rocks the hornblende is most commonly re-
placed by chlorite, calcite, pyrite, and trace amounts of

silica. In some of the least altered rocks 1t is replaced
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Photograph 29: (K-167) Photomicrograph

illustrating a relatively unaffected

mierocline phenocryst in an otherwise

highly altered albite syenite porphyry

(X25; polarized light).
by epidote and perhaps actinolite (?). In the more highly al-
tered rocks sericite has accompanlied the chlorite, calcite,
and pyrite 1n replacing hornblende. The plagliosclase in all
these rocks, whether the hornblende is altered or not, is
albitized (some oligoclase). This feature leads one to be-
lieve that the albitization could be independent of the rest
of the alteration. Calcite and sericite are the main secon-
dary minerals that replace plagioclase. Occasionally minor
clinozolsite is present. Even though the plagioclase and

hornblende are equally altered in the lowest zones, relics of

plagioclase are present in rocks where nearly all vestiges of
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hornblende have been destroyed. The potash feldspar resisted
alteration until most of the plagioclase had been destroyed.

Alteratlion Minerals

Alteration minerals will be discussed in an approxi-
mate order of decreasing abundance. The distribution of al-
teration minerals is shown in Figure 15.

Albite - Albitization is ubiquitous ir the area. Plagioclase,
a comanon mineral in the region, everywhere is either al-
bite or oligoclase. Besldes the maln occurrences des-
cribed throughout the thesis, minor amounts of albite
are also found lining veirlets, both in mylonites and
in some syenitic rocks. This type of albite appears to
have grown in place, whereas, most of the secondary al-
blte is replacement of pre-existing plagioclases.

Some of the sedimentary rocks and mylonites, which
are rich in albite, have developed a silicified appear-
ance. This appearance results from the rock breskirg
through grains instead of around them. This type of
fracture results from the interlocking nature of gralns
in these microcrystalline rocks.

The evidence for albitization has been dlscussed in
the section on the genesis of the iMitchell Intrusions.

Calcite - Secondary calcite, usually in minor amounts, 1is
found in most rocks of the area. It typically replaces

lime~bearing silicates. With or without guartz it is
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some specimens minute flakes of sericite have formed
uniform grids throughout host minerals. In some, the
flakes are randomly scattered throughout the host; while
in others, they have formed alteration zones in the host.
In a few specimens the sericite flakes have formed sin-
gle trzin-like veinlets. A few of the highly altered
rocks contain pseudomorphic clcts of sericite after
plagioclase.

Quartz - Secondary quartz is abundant in the quartz-sericite
schists, massive silicified rocks, and in veinlets which
mainly occur in the schists, syenitic rocks, and granites
but also in other rocks throughout the area. In the low
grade altered rocks 1t is difficult to separate the pri-
mary quartz from the secondary quartz.

Two distinct generations of quartz veinlets have been
found in the quartz-sericite schist. The first genera-
tion 1s by far the most abundant and is closely connected
to the formation of the schist itself. These veinlets
usually average about 1 inch in width and may comprise
over 50 per cent of the rock. 1In all places they paral-
lel the schistosity and are usually separated by areas
of granular quartz, sericite, chlorite, and pyrite. They
may have formed by metamorphic differentiation. These
veins are invariably barren. The second system of veins

usually cuts the first at high angles. These generslly
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do not comprise more than 2 per cent of the rock. At
many localities they contain coarse chalcopyrite and, in
a few rare cases, galena, sphalerite, and tetrahedrite.
In one area small amounts of chalcopyrite had migrated
considerable distances from these veins into the country
rock.

Chlorjite - Chlorite is common as a minor constituent through-
out the region, but in a few places it occurs in abun-
dance. Where it is subordinate to quartz, sericite, and
calcite, the altered rocks in most places are pale buff
or some shade of grey, but where it is abundant the rocks
are some shade of green. Only the rocks that contain
greater than 5 per cent finely disseminated chlorite
have a greenish tint. In a few specimens the sericite
as well as the chlorite is green.

Variatlons in the types of chlorite have been noted
in thin section. Chlorite found as a widespread altera-
tion product is pale green approaching colourless, is
weakly pleochroic, and has anomalous blue or brown bire-
fringence. Chlorite found locally in soue minerallzed
areas 1s a much darker green, 1is strongly pleochrolc,
and commonly displays anomalous royal purple birefrin-
gence.,

W. G. Jeffery, in his work on the Campbell Chibou-

gamau Mine in Quebec, has described a similar phenomenon
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(unpublished thesis, 1959, pp. 149 and 158). He was
able to divide the chlorites in that area into two
groups: Chlorite I and chlorite II. Chlorite I has a
high magnesium content and chlorite II 1s rich in iron.
These two groups were dlstinguished by their optical
properties. The main diagnostic properties are as fol-

lows (after Jeffery, p. 149):

Type I Type II
Usually colourless or Green
pale green Pleochroism - strong
Pleochroism - nil to faint Length slow - positive
Length fast - negative elongation
elongation

He states:

Between the two variations the optic angle

passes through zero, the chlorite is iso-

troplic, and the birefringence is nil. As

the birefringence deoreases from that of

types I and 1I they can be termed respec-

tively low chlorite I and low chlorite II.
At the Campbell Chibougamau Mine chlorite II is found
chiefly as wall rock alteration associated with sulphide
mineralization, whereas, type I is not associated with
mineralization. He cautions against using the chlorites
as a guide to ore since chlorite II is also found in
shear zones that are not mineralized.

Followlng Jeffery's distinction of the two varie-
ties, the writer believes that the dark green, more

strongly pleochroic chlorite which is found in some of

the copper mineralized areas, could be richer in l1ron
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than the chlorite found as a widespread alteration pro-
duct. The elongation of most of the chlorites in the
mapped area is negative (length fast) and only a few
have positive elongatlion even in the ore zones. Possi-
bly this means that all the chlorites of the area con-
tain considerable magnesia. Hey (1954) in his review
on chlorites has noted that the optical properties do
not vary proportionally to changes in the Fe total/
Fe+Mg ratio. From his charts it can be seen that varia-
tions in the optical properties are also dependent upon
the amount of silicon present. In the "ore" 2zones it

i1s quite possible that the copper, upon entering the
rock, replaced the iron of the pyrite which then en-
tered the chlorite. The writer has no proof for this
hypothesis but offers it as feasible explanation for the
observed phenomena.

Pyrite - Small amounts of disseminated pyrite are widespread
throughout the area. Pyrite is included with the altera-
tion minerals because the formation of the bulk of it
was probably more closely connected with the alteration
processes than with other sulphide deposition. Wherever
observed, 1t 1s older than the other sulphides. Pyrite
associated with magnesian (?) chlorite and calcite in
most areas has formed as a replacement product of pri-

mary ferromagnesian minerals. The pyrite in the region-
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ally altered rocks constitutes typically less than 5 per
cent of the total rock. Amounts greater than this are
rare and have undoubtedly resulted from the addition of
iron to the rock.

Clay Minerals - Clay minerals have been noted in a few speci-

mens, especlally from rocks of low grade alteration. A
clay mineral (or minerals) has been recognized selec-
tively replacing certain zones of plagioclase crystals
in the syenitic rocks. This mineral (or minerals) could
not be resolved in X-ray powder photographs. Although
the possibility that they may have been overlooked or
mistaken for sericite is still considered, clay minerals
do not appear in great abundance in the map area. Large
kaolinized zones or any '"'chalky" type altered rocks have
not been observed.

Epidote - (Usually pistacite, minor clinozoisite). Epidote
occasionally occurs in abundance but it is not one of
the major alteration minerals of the area. Ferromaghesian
minerals in some of the least altered rocks are replaced
by pistacite. Clinozoisite was identified in a few thin
sections as an alteratlon product of plagioclase.

Biotite - Minute flakes of hydrothermal biotite exist 1n a
few areas in similar types of occurrences as sericite.
The highest concentration of secondary biotite was noted

in a porcelaneous mylonitized rock which occurs on the
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upper northern slope of Sulphurets Valley. This rock
contalns minor disseminated chalcopyrite and molyb-
denite.

Potash Feldspar - Potash tfeldspar is not a common alteration

product in the area but it has been included in this
section since it is found intimately associated with
chlorite adjacent to some of the intrusive contacts.
Moveover, it does not seem to be in dyke-like bodies.

In these contact areas it is difficult to distinguish
between dykes and metasomatized country rock. Fotash
feldspar has also been found as a constituent of mlcro=-
crystalline, mosaic aggregates in mylonitized rocks.

Here the potash feldspar was probably an original pro-
duct of the rock that recrystallized upon mylonitization.

Photograph 28 illustrates such a mylonite.



CHAPTER V - MINERAL DEPOSITS

Introduction

The Mitchell Intrusions appear to have been the
focus for the development of several mineral deposits. These
deposits occur both in the intrusive rocks and in the surroun-
ding altered rocks. Lxcluding the gold-silver deposits, about
which little 1s known, the most promising deposits, econoni-
cally, are of a disseminated nature and are of very low grade
but possibly contain very large tonnages.

Types of Deposits

1. Disseminated Copper in or Very Closely
Associated wilth Members of the Mitchell
Intrusions.

Hematite, magnetite, pyrite, chalcopyrite, and to
a lesser extent molybdenite have been found very sporadically
disseminated throughout or immediately adjacent to the syenite,
gquartz syenlite, and granites. Similar but lower grade minera-
lization has been found assoclated with the plagioclase-horn-
blende porpnyry. BGven in the syenltic and granitic wmembers
over any significant area, the copper and molybdenum would
only amount to traces. Noticeablz concentrations have been
recognized in some areas. To date, the most promising of these
areas is an alteration zone in the central part of the main
intrusion on Mitchell-Sulphurets Ridge. In places thls deposit
has been tested by diamond drilling, which indicates that

average grade would probably be in the order of .2 to 1 per
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cent copper. Pyrite and chalcopyrite are the only metallic
minerals found in abundance in this zone, but specks of molyb-
denite have been recognized in a few places. I{agnetite and
hematite have been found in concentrations in or adjacent to
this zone. Chalcopyrite 1s the only primary copver mineral
that has been identified. It occurs in subequal amounts with
the pyrite.

Three possible origins for the existence of this
altered zone have been considered by the writer. They are
faulting, explosive brecciation, and the alteration of a
sheet of sediamentary rocks included in the intrusion. The
writer favors the last hypothesis. The gangue material con-
sists of altered rock comprising calcite with lesser amounts
of chlorite and quartz (Photograph 34). Although some of the
chloritic areas have developed small shear surfaces, no sig-
nificant faults can be demonstrated in this zone. In one area
near the top of the ridge, a small area of breccla was noted
as having rectangular blocks of altered porphyry set in what
appears to be a granulated porphyry matrix. This breccia
could well have been formed by a volcanic type explosion
(Carr, 1960 and White et al, 1957) but the area is off to one
side of the main zone and is insignificant in size. For three
reasons the writer believes that the zone merely represents a
sedimentary sheet caught up in the process of intrusion. The

first reason is that where sediments have been observed in
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contact with similar types of intrusive rocks, they have been
altered in a comparable manner. The second reason is that as
this zone extends to the south it spreads out into a amuch
larger area of altered rocks in which relic bedding still per-
sists. The third reason is that blocks of limestone and one
block of dragfolded, well-bedded sediments have been found in
the center of this zone at the top of the ridge.

Another area in the Mitchell Intrusions that has
significant concentrations of copper and minor amounts of
molybdenum 1s the main body of cross-cutting granite on the
north side of the Mitchell Glacier. Typical mineralization
of this type is shown in Photograph 26. At this locality
pyrite, chalcopyrite, and occasionally molybdenite occur as
sulphide veinlets, sulphide-bearing quartz, calclte, and
rarely chlorite veinlets, and as disseminations throughout
the rock. In this area the granite and syenite have been
“"crackled". Mineral-bearing solutions have permeated the
resultant closely spaced fractures and have invaded the rock
between the fractures. There are areas up to 50 feet in dia-
meter that contain a stockwork of these veinlets. These areas
have a considerable concentration of sulphides but the minera-
lized zones tend to be sporadic and widely separated by large
areas of barren rock. There is no extensive alteration asso-
clated with these "ore" zones. As yet, no continuity of these

deposits has been demonstrated and the bulk of the rock is far
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too low grade to be mined at a profit.

2. Disseminated Copper in Massive Pyritic
Replacement Bodles in Sedimentary Rocks

To date only one such body has been found in the
area. It is shown in Figure 4% to the west of the Mitchell
Glacier. At thils locality sedimentary rocks have been highly
replaced by pyrite. The pyritic replacement was selective,
being controlled by the composition of the sedimentary layers.
This differential replacement has preserved the sedimentary
lamination in otherwise very highly altered rocks. These rocks
have the silicified appearance that was described in the sec-
tion on alteration minerals where albite is discussed. In
thin section it 1s seen that these rocks are high in albite,
contaln considerable epidote, and have minor amounts of quartz.
The pyrite content varies from about 1 to over 75 per cent.
Most of the pyritic rocks are barren but local areas contain
concentrations of chalcopyrite disseminated throughout or in
minute quartz veins. In this same area concentrations of
chalcopyrite and trace amounts of galena have been noted at
the "noses" of what appear to be completely replaced and pos-
sibly boudinaged plagioclase-hornblende porphyry dykes. Sparse
small veinlets of purple fluorite are found in these zones.

3. Disseminated Copper and Molybdenum
in Mylonite Zones

The only noteworthy example of this type of deposit

is on the upper northern slope of Sulphurets Valley. The iron
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staining over the deposit 1s a much darker brown than over the
surrounding rocks. The attitude of this zone is similar to
that of the major faults of the vicinity. The strike is ap~-
proximately north-south and the dip is about 45 degrees to

the west.

Pyrite, chalcopyrite, and molybdenum are very fine-
ly disseminated throughout an extremely fine-grained, por-
celaneous, light grey and green rock. In thin section it is
seen that this rock comprises mainly microcrystalline feld-
spar (albite and potash feldspar (7)), sericite, and fine-
grained, hydrothermal biotite. Minor to trace amounts of
chlorite, calcite, and apatite are also present. In hand
specimen this rock appears silicified but no quartz was iden-
tified in thin section. The sulphides tend to be relatively
evenly distributed throughout the rock. They are only visible
as minute specks to the unaided eye. The grade of this de-
posit is probably somewhat less than 1/2 per cent copper and
.02 per cent molybdenum.

4, Disseminated Molybdenum in
Quartz~-Sericite Schist

Dissemin=ted molybdenite has been noted in a few
localities in quartz-sericite schist but the only significant
concentration found to date is on the south side of the Mit-
chell Glacier at an elevation of about 4,000 feet and at a

distance of about 4,000 feet to the east of the main porphyry
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intrusions. The only chalcopyrite found in this area is in
rare scattered quartz veinlets. The molybdenite appears to
have been concentrated in quartz-sericite schist near the con-
tact of a massive zone. The massive zone generally is a few
hundred feet to the south. In the areas that the writer
examined the molybdenite occurs as coatings on the cleavage
surfaces, coarse flakes (some rosettes) in cross-cutting
quartz veins, and as minute, cross-cutting veinlets of pure
molybdenite. The molybdenite coating the cleavage surfaces
is poorly illustrated in Photograph 36. Pyrite is the only
other metallic mineral that occurs in 2bundance in these de-
posits. The overall grade of this deposit 1is probably very

low.

Molybdenite

/ \

Photograph 36: (K-81)
Molybdenite coating
cleavage surfaces in
quartz-sericite scinist.
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5. Vein Deposits

Several types of veins are found throughout the
region especially in the central and eastern parts of the
map area. Quartz, calcite, barite, quartz-celcite, and quartz-
calcite-barite veins have been observed. The quartz veins are
by far the most common and the largest. Barren quartz velns
up to ten feet wide have been found. Quartz veins containing
chalcopyrite, pyrite, galena, and sphalerite have been found
that range up to 5 feet in width, but in most places they are
small and tend to be irreguler. Quartz veins containing only
chalcopyrite are more common than the ones with galena and
sphalerite. 1In the outlying areas beyond the map borders a
few complex sulphide veins have been found that contszin ar-
gentiferous tetrahedrite. To date these have proved to be
of 1little importance. However, some quartz-calcite-barite
stringers were noted that contain pyrite, galena, sphalerite,
tetrahedrite (?), and electrum. One sample that was assayed
has irdicated that these veinlets may contain considerable
gold and silver. The economic importance of these stringers
has not yet been ascerteined. Barren calcite and barren
barite veins up to two feet wide have also been encountered
but no ore minerals were associeted with then.

Primary Metsllic tinerals

Little information was gathered from a mineralo-

graphic study. Most of the ore minerals tend to be finely
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disseminated and in discrete grains. Only rarely are they
found in contact with one another and even then the relations
are not clear. The main feature that came out of the study
was the fact that pyrite is invariasbly older than the other
sulphides. It was observed veined and repleced by chalco-
pyrite in many sections and in one section it was replaced

by galena.

Pyrite - Pyrite was considered in the section on rock altera-
tion. There 1s no clear distinction between pyrite in
the mineral deposits and pyrite disseminated throughout
the altered rocks. Perhaps where pyrite is finely dis-
seminated with indications thst little if any 1iron was
added to the rock, it may be considered as a product of
alteration. Whether more closely connected to the al~
teration or to other sulphide mineralization, pyrite 1s
by far the most abundant and the earliest sulphide mineral
of the area,

Pyrrhotite - It is far less abundant than pyrite but is found

in similar types of occurrence either by itself or with
pyrite. The largest area contelning disseminated pyrr-
hotite 1s on the upper southwest arm of the Sulphurets
Glacier beyond the southern border of the map. Pyrrho-
tite and chalcopyrite veins varying from 1/2 inch to

2 feet in width have been found associsated with a dia-
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base dyke along tre west side of the Sulphurets Glacier.

Hematite - Speculsar hematite has freguently been found in the
syenite, quartz-cyenite and granites. It occurs as small
specularite or quartz-specularite veinlets and as dis-
seminations throughout the rock. On Mitchell-Sulphurets
Ridge large concentrations of disseminated hematite and
hematite-bearing guartz veinlets occur in the quartz
syenite adjacent to an altered zone. Numerous specu-
larite-bearing quartz veinlets have also been found on
the north side of the Mitchell Glacier above a large
altered zone in syenitic rocks. In some of these vein-
lets the hematite is associated with a green sphalerite.

Magnetite - As are pyrite and hematite, magnetite is found in
trace amounts disseminated throughout or nesr the Mit-
chell Intrusions. The only place that 1t was observed
in abundance was on Mitchell-Sulphurets Ridge where it
forms the matrix of a small area of breccia. It has
also been found in veinlets up to 3 inches wilde 1n both
the Mitchell and Sulphurets Valleys. There is no close
relationship between the magnetite and economic sulphide
minerals.

Chalcopyrite - Disseminated chalcopyrite in trace to minor

amounts 1s widespread in or near the Mitchell Intrusions.
It is randomly scattered throughout rock or is concen-

trated in minute velnlets. Invasriably the chalcopyrite
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is associated with pyrite and as described above, it is
sometimes associated with molybdenite. The pyrite-
chalcopyrite and the chalcopyrite-molybdenite ratios

are variable. Typically the pyrite is in greater amounts
than the chalcopyrite and the molybdenite 1s in lesser
amounts.

Molybdenite - In most areas that molybdenite is found, it

is only in trace amounts. Beslides the main occurrences
that were described above, molybdenite occurs also as
films on bedding planes in some of the highly altered
sediments.

Sphalerite, Galena, and Tetrahedrite - These minerals are

not abundant, but they have been found in various types
of velns throughout the area. The velns are usually in
the outer regions of alteration.

Blectrum - Zlectrum as scaly aggregates has been found at one
locality. Here it is associated with sphalerite, galena,
and probably tetrahedrite (?). These minerals occur in
quartz-calclte-barite stringers that are scattered
throughout the altered rock. The electrum is visible
to the unaided eye and is a silver white colour. The
gold and silver of some electrum was separated from the
other constituents. The ratio of gold to silver was

determined to be 46.2/43.8 (assayed by N. Colvin).
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Secondary Minerals

Limonite (goethite (?)), malachite, and to a lesser
extent azurite and ferrimolybdite (?) exist in the map area.
As shown in Photographs 2 and 3 iron staining is common through-
out the whole area. 1In most areas these stains are only very
thin coatings. The only exception is in the cirque basin to
the south of the toe of the Sulphurets Glacier. Here solu-
tions, running over a pyritic gquartz-sericite schist higher
on the hill, have deposited in the basin a spongy iron gos-
san, which in places 1s probably greater than 20 feet thick.
At other localities malachite has been found locally in abun-
dance but usually it is a residual weathering product and the
weathering has not continued to any great depth. The possi-
bllity of any supergene enriched zones is small, for glacia-
tion has stripped the area of any but the most recent wea-
thering products.

Genesis of the Altered Rocks and Mineral Deposits

In the Mitchell-Sulphurets region tne altered rocks
and mineral deposits were formed in waning stages of magmatic
activity. Thelr formation was facilitated by the presence
of large quantities of volatile materials that had been
trapped in the vicinity of the Mitchell Intrusions. These
fluids were possibly concentrated during the differentiation
processes. The early differentiates suffered extensive auto-

metamorphism by these residual volatiles. There was possitbly
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a complete gradation between the residual granitic magma and
the hydrothermal solutions. As the parent magma was frac-
tionating with crystallization, the volatile components would
have been concentrated in the residual silicate melt. The
altered rocks indicate that active fluids probably carried
considereble alkali material with them, indicating a possible
gradation from the magma to the hydrothermal conditions.

The major period of alteration and subsequently
developed mineral deposits mainly followed the complete crys-
tallization of the silicate magmas. This 1s indicated by the
fact that essentially all of the altered rocks were formed
at a sub-magmatic, elevated temperature probably somewhere
below 400° C. Although to begin with, the alteration was
probably a hlgher temperature variety nesr the intrusion
zones.

A comparison with the Highland Valley area brings
out important differences in the environments of ore deposi-
tion in what might have otherwise been similar "Porphyry
Copper" type deposits. Whereas in the Highland Valley area
the volatiles may have escaped through volcanic vents, in
the Mitchell-Sulphurets region they lingered for some time
after the crystallization had ended. The presences of vast
amounts of volatiles in the rocks not only facilitated the
extensive rock alteration but also allowed considerable mi-

gration of the metal-bearing solutions. In the Highland
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Valley region the contrast in environments is marked by steep
thermal gradients, lack of extensive rock alteration, and the
localization of the mineral derosits in sub-volcanic structures
(White et al, 1957, p. 503).

The mineralizing fluids in the Mitchell-Sulphurets
district probably travelled through the main structural con-
duits of the area to the points of deposition. The nature of
the conduitswas probably quite variable., In some places they may
have been faults; in others, permeable schistose zones; in others,
brecciated zones; while still in others, they may have been '"crac-
kled" areas. The factors governing the sulphide deposition would
be the physical-chemical properties of the rocks and the envi-
ronment.

For some unknown reason, possibly the develorment of
major faults, the temperature following alteration was probably
lowered very rapidly. As has been shown in previous sectioms,
some main faults were probably active during the main period of
rock alteration. Possibly the formation of these faults permit-
ted the escape of the volatile materials. If the temperature
fell gradually it would be expected that argillic or similar
types of alteration, on a large scale, would have been surer-
imposed on the higher grades of alterationm.

In order to give a complete explanation of the gene-
sis of the altered rock and mineral deposits of the district,

the importance of a structural trap should te considered. As
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it has been shown, some aprarent differences in the "Porphyry
Copper" type derosits can be explained by the history of the
volatile phases. The most important feature is whe