A CONTINENTAL VOLCANIC ARC OF EARLY
PROTEROZOIC AGE AT GREAT BEAR LAKE
NORTHWEST TERRITORIES

ROBERT S. HILDEBRAND







National Library
of Canada

Bhbliothdque nationale
du Cinggg

Canadian Theses Service Service des théses canadiennes

Ottawa, Canada
K1A ON4,

NOTICE

Thequality of this mi i i upon the
qualiy of the original thesis submited for microfilming.
Everyeffort h Q
reproduction possible.

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

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon o
if the university sent us an inferior pholocopy.

Reproduction ir: full orin part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, c. C-30, and
subsequent amendments.

' M pasoge

AVIS

La quaiié de cette microforme dépend grandement de la
qualié de la thése soumise au microfimage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-

S'l manque des pages, veuillez communiquer avec
Tuniversité qui a conléré le grade.

La qualité dimpression de certaines pages peut laisser A
désirer, surtout si les pages originales ont é1é daclylogia
phiées 2 Faide d'un ruban usé ou si funiversilé nous a fait
parvenir une photocopie de qualité inlérieure.

La reproduction, méme partielle, de cetle microforme est

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

Canadi




A CONTINENTAL VOLCANIC ARC OF EARLY PROTEROZOIC AGE

AT GREAT BEAR LAKE, NORTHWEST TERRITORIES

P by
(
\) Robert S. Hildebrand, B.A.

A Dissertation submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

Department of Geology
Memorial University of Newfoundland

April 1982

St. John's Newfoundland

[——



Bibkothéque nationale
Gu Canada

Canadian Theses Service  Service des théses canadiennes

Oupwa,
KiA ONG

T’heum-othaswmtedmhevombbm

mmmmdmwx

in his/her thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-

L'auteur a accordé une licence imévocable et
non exclusive permettant & la Bibliothéque
nationale du Canada de , préter,

mehwmmdm

substantiels de wlﬂd ne doivent &tre
imprimés ou autrement reproduits sans son

ISEN @-315-61814-0

Canadi



"A leading question is concerned with
the amount of reaction between Sial
and Sima and the resulting diversity

"

among eruptive species.
(R.A. Daly, 1933)
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ABSTRACT

The 1.875 Ga LaBine Group, which comprises mostly volcanic rocks,
outcrops along the western margin of Wopmay Orogen at Great Bear Lake
and rests on a deformed and metamorphosed 1.920 Ga siallc basement com—
plex. It is overlain by rocks of the mainly rhyodacitic Sloan Group.
Syn- to post-volcanic plutons of the Great Bear batholith intrade both
groups.

Facies relations and the oversll evolution of the Group are
closely comparable to Cenozoic volcanic fields belleved related to sub-
duction. Rocks of the LaBine field were hydrothermally altered by
high-level geothermal processes but on the basis of $10,, Ti0,, REE,
and phenocryst mineralogy they can be classified as calc-alkaline.
Therefore, it is concluded that the LaBine Group represents an early
Proterozoic volcanic arc developed upon continental crust. Laccoliths

in with recent gical and field

data suggest that the LaBine Group

collision in Wopmay Orogen and was probably generated above an eastward-
dipping Benioff zone which was either segmented or became shallower with
time.

1 data and logical 1ds {ons indicate that

the magmatic rocks of the belt were generated by partial melting of
lower continental crust and perhaps mixing of those magmas with slab-
derived basaltic andesite. Preservation of high-level volcanic and
plutonic rocks suggest that the region was never topographically high-

standing. Therefore, the zone may be an early Proterozoic analog of

iv




the Longitudinal Depression of Chile and other intra-arc synclinal

basins which seem to be the loci for major pyroclastic eruptions. The

i calculated volume of vitric ash removed from the basins by high-level

the volume of basaltic

H andesite intruded and extruded in island arcs. This may explain why
the basins remain in isostatic equilibrium close to sea level. Because
the volume of magma erupted and intruded in continental arcs is equal
to, or exceeds, the volume of mafic magma rising out of the mantle,
batholiths cannot be derived directly from the mantle--they are products

of in the crust.




RESIME

Le groupe de Labine, qui date de 1.875 Ga, affleure le long de
1a marge ouest de 1'orogine de Wopmay, dans la région du Grand lac de
1'0urs, et Tepose sur un complexe rocheux de caractire sialique,
déformé et mEtamorphisé, Ggé de 1.920 Ga. Il est recouvert par les
roches principalement rhyodacitiques du groupe de Sloan. Des plutons

a du batholite du Grand lac de 1'Ours

traversent les deux groupes.
Les relations de faci@s et 1'évolution globale du terrain,

d'abord soumis 3 des éruptions andésitiques pauvres en Eémanations

puis aux de tufs en coulées de
cendres rappellent les 1 o des
Etats-Unis, que 1'on estime 18s aux de Les

roches du secteur de Labine ont &t& altérées par des réactions hydro-
thermales intenses, mais en raison de leur teneur en §10,, en T10, et

REE et de la minéralogle des phénocristaux, on peut les classer dans les
roches calcoalcalines. On en conclut done que le groupe de Lsbine cor-

respond 3 un arc vol d'age , formé au-

dessus de la crofte continental.
Dans 1'aulacogine d'Athapuscow, 1’ existence de laccolites et les

donnges géochr et données sur le terrain

semblent indiquer que le groupe de Labine est ultérieur @ la collision 10
entre continent et microcontinent qui a eu lieu lors de 1'orogéne de i
Wopmay, et a probablement &té& formé au-dessus d'une zone de Benioff f
plongeant vers 1'est, qui s'est fragment&e ou est devenue moins profonde

au cours des temps.
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Les donnés et les

montrent que les roches magmatiques de la ceinture sont derivées du
mElange de fragments d'and@site basaltique avec le liquide produit par
la réfusion partielle de la partie inférieure de la crolite. La con-~
servation des roches volcaniques et plutoniques de la partie Iupij:laure
suggére que la région n'a pas &té topographiquement &levée. Donc la
zome peut itre un analogue Protérozoique de la dépression longitudinale

de Chile et de bassins synformes

ssociés aux zones d'lles en arc, qui
semblent &tre des sites d'&ruptions pyroclastiques majeures. Le volume
calculé de cendres de verre volcanique deplacé des bassins par des
conditions atmosphériques intenses, est 3 peu prés &quivalent au volume
estiné d'andésite basaltique qui a &t mis en place dans les 1les en arc
de fagon intrusive et extrusive. Ceci peut expliquer pourquoi les
bassins sont restés en equilibre isostatique prés du niveau de la mer.

Comme le volume de magma de fagon ou dans

les arcs continentaux est &gale ou excide de volume de magma provenant

du manteau, les sont des de la crofite le;

ne peuvant dériver directement du menteau.
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INTRODUCTION

The controversy regarding the origin of granites is nearly as
old as the science of geology itself and no lesser glants of the
science than Hutton, Werner, Michel-levy, Eskola, Barrell, Sederholm,
Buddington, Grout, Bucher, Lavson, Daly, and Shand to mention but a
few, have been drawn into it. The controversy reached a climax during
the late 1940's and early 1950's (see for example: Gilluly, 198) when
granitization vas the main issue of debate and now most geologists are
comfortable vith the notion that granites are derived by partial melt-
ing. Yet the granite comtroversy rages on, with only a change in

Yor example, today's geologists argue whether granitic melts

emphas.
of continental ares are derived from the crust or from the mntle.
Another classic problem in geology concerns the relationship of
volcanic rocks to plutonic rocks. On a grand scale, are the glant
batholiths of continental arcs related to the volcanic rocks vhich
form their roofs? If so, then what are the compositional and temporal
relationships? Cn a smaller scale, geologists are concerned vith the
nature of plutons beneath stratovoleanoes and cauldrons (see for
example: Thorpe and Francis, 1979; Lipman and others, 1981). Are they,
in fact, comgmatic? Do ring compleses, such as those of Peru (Bussell
and others, 1976) represent subcauldron plutonic complexes?

is

Yet another matter of which
the nature of tectonic processes during the Precambrian. Was there
“plate tectonics” and 1f so do precise actualistic models apply?

This dissertation reports the results of a detailed mapping,

petrographic, and geochemical study of parts of the Great Bear Magmatic




2
Belt, an early Proterozoic voleano-plutonic terrane located along the
east shore of Great Bear Lake. Rocks of the belt are folded and

sections thousands of metres thick are exposed on individual fold limbs.

This coupled with greater than 60 percent outcrop, superb lakeshore

exposures, and only minor surficial weathering since deglaciation com—
bine to make the area an excellent place to study the 3-dimensional
make-up of a continental voleano-plutonic complex and address some of
the above questions and controversies.

Specifically, work in the area was expected to yleld data that

wuld: (1) to the of the 1

and of 1

to siliceous terranes; (2) disprove or prove earlier hypotheses that
the area vas an ancient magmatic arc related to subduction, and by

dotng S0 elucidate tectonic and petrologic processes during the early

and (3) aid fa models with the
evolution of the early Proterozoic Wopmay Orogen.

Mapping, petrographical, and geochesical work were focused

on the LaBine Group and assoclated plutons (Pigure 1) because the group
1s compositionally heterogeneous and because the esst shore of Great
Bear Lake is more accessible than other areas of the belt. Along the

esst shore of the lake the LaBine Group is mainly exposed in two area:

one (Echo Bay-MacAlpine Channel area) covered by the MacAlpine Channel
(86K/5), Echo Bay (86K/4), and Port Radium (86L/1) sheets and the
other (Camsell River-Conjuror Bay area) by tne White Eagle Falls

(86F/12) and Rainy Lake (86E/9) sheets (Figure 2).
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McTovish Arm

Great Bear
Lake

Figure 2. Map of the east shore of Great Bear Lake showing
locations of Echo Bay-MacAlpine Channel area and
Conjuror Bay-Camsell River area.



PRESENT INVESTIGATION

This report swmarizes the results of eight months field work
in the Conjuror Bay-Camsell River area during the summers of 1978 through
1980 and follow-up laboratory studies on rocks collected during 1977,
1978, 1979, and 1980 from the entire LaBine Group. Geological mapping
of the entire White Eagle Falls (86F/12), Rainy Lake (86E/9) 1:50,000
sheets vas done on 1:62,000 black and white aerial photographs except
for the area of the LaBine Group which was mapped at 1:16,000 scale on
colour aerial photographs or on 1:16,000 enlargements made from the
standard 1:62,000 black and white aerial photographs. This work was
compiled on 1:50,000 topographic maps.

In general, terminology of ash-flow tuffs is that of R.L. Smith
(smith, 1960a, b; Ross and Smith, 1951). Volcanic stratigraphic nomen-
clature is that of Fisher (1966a; unpublished manuscript). Modal
analyses of intrusive rocks were estimated in the field and terminology
follows that recomended by Streckeisen (1967, 1973). The volcanic

rocks have been divided on the basis of their sz contents as follows:

basalt < 52% Sioz
andesite 53-631 5102
dacite 64-702 510,

thyolite > 70Z §10,

This classification agrees reasonably well with the classification used

1n the field (Streckeisen, 1967) which suggests that in most rocks

there have been only minor changes in S10, contents during alteration.
ALL of the major oxide analyses reported here were made at

Memorial University of Newfoundland using standard atomic absorption

K

o s P




1
3
!

techniqu

, except P,0;

which vas determined colorimetrically. Pre-
cision and accuracy for major element chemical data are given in
Appendix Sa.

All of the minor element determinations wvere made by standard

in-house x-ray on fully

Phillips
1450 AHP X-ray Flourescence Spectrometer using a rhodium tube. Stand-
ards were included with each run to check working curves and precision-
accuracy are as given in Appendix 5b. Values below detection limits
are reported as O while elements not determined are given the abbrevia-
tion nd.
Rare earth element analyses reported here were determined by
the thin filn XRF technique of Fryer (1977). These data were then
normalized to the chondritic values of Taylor and Gorton (1977).
Accuracy and precision for all reported elements are 10 percent or less.
Samples used for Rb-Sr whole rock study were assumed to be
representative on the basis of field selection, petrography, and pre-
liminary Rb-Sr values determined by x-ray flourescence. All samples
vere pulverized to -400 mesh in & tungsten-carbide shatterbox, and
splits of .25 grams were treated with HCI, HF, and KCl0, in Teflon
beakers. Sr was separated by standard ion exchange techniques using
Fisher strong cation exchange resin and loaded as a phosphate on a
single tantalum filament. Rb and Sr absolute abundances were deter-
mined by a minimum of 10 replicate analyses on a Phillips 1450 x-ray
spectrometer by in-house x-ray techniques. The estimated errors for
Rb and Sr concentrations and for Rb/Sr ratios are given by Taylor (1981).
Mass ratios for Sr isotopes were determined on a Micromass 30B mass
spectrometer using a Faraday collector and on-line data processing

(HP 2114A). Regression of the data was by the weighted least squares




method of Fryer (unpublished) using a value of 1.42 x 107! year™1

for the decay constant of 3Rb.

Analyses of individual minerals were made on a JOEL JXA-50A

electron probe microanalyzer using Kriesel Control Probe System V6A-

J6PI with Alpha corrections. Analyzed natural and synthetic minerals

were used as Fo

ratios of vere :
deternined by the method of Papike and others (1974) while amphibole

nomenclature follows Leake (1978).
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PREVIOUS WORK

Bell (1901) first investigated the geology in the region of
Great Bear Lake as part of a lengthy canoe reconnaissance for the
Geological Survey of Cansds in 1899. He noted “cobalt bloom and copper -
stain” along the east shore of the lake but vas umble to investigate
s discovery as he vas under great pressure to reach civilization
before freezeup.

The area received only minor attention fros prospectors and
trappers until 1930 when Gilbert LaBine, then president of Eldorado
Mining Company, discovered high grade silver-pitchblende veins at the
present townsite of Port Radium. The'veins were mined for radium and

silver until 1940 vhen the mine we

shut down due to World War II and
the resulting disruption of the radium market.

Kidd (1932) examined the mineral deposit for the Geological
Survey of Canada in 1931. Kidd subsequently mapped much of the region
at a scale of 1:250,000 (1933) and also mads a broad reconnaissance of
8 20 mile wide strip from Great Bear Lake to Great Slave Lake (1936).
Smaller areas near Port Redium were mapped by Robinson (1933), Riley
(1935), and Furnival (1939).

In 1941 Eldorado gave Enrico Fermi and associates at Columbia
University 5 tons of uranium oxide for their experiments to generate
a chain reaction and the mine was reopened to supply the strategic
netal uranium to the United States Government. In 1944 the Canadian
Government obtained ownership of the property and a program of 1 inch
to 400 foot mapping in the vicinity of Port Radium was initiated by

the Geological Survey of Canada (Joliffe and Batesan, 1944; Thurber,

8
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1946; Fenisk, 1947; Fortier, 1948). Later, Feniak (1952) mapped the

MacAlpine Channel area at a scale of 1:50,000 while Lord and Parsons

(1947) mapped the Camsell River region.

During the next 25 ysars geological work was mainly confined
to detailed studies of the mineral deposits at Port Radium (Campbell,
1955, 1957; Jory, 1964; Robinson, 1971; Robinson and Morton, 1972;
Robinson aod Badham, 1974) and in the Conjuror Bay-Camsell River region
(Badham, 1972, 1973a, b, 1975; Badham and others, 1972; Shegelski,
1973; Badham and Morton, 1976; Ghandi, 1978; Shegelski and Scott,

1975; Thorpe, 1974; Wither

1979) but some maps were made (Shegelski
and Murphy, 1973; Padghan and others, 1974). Mursky (1973) compiled
much of the previously restricted data collected in the Echo Bay area
by the Geological Survey of Canada.

Hoffman, who was mapping & narrow strip across the northern
part of Wopmay Orogen, was the first to propose a subduction-related
origin for the entire Great Bear Volcano-Plutonic Belt (Hoffman, 1972,
1973; Fraser and others, 1972). Shortly thereafter, Badham (1973a)
reached a similer conclusion based on 18 chemical analyses from rocks
1n the Conjuror Bay-Camsell River area.

Hoffman and others (1976) and McGlynn (1974, 1975, 1976) mapped

the area and were the first to a of
the regional and (Hof fman and
McGlynn, 1977). However, the pac 1 vere

not known in enough detail to work out the evolution and genesis of the
various magmas. So the author undertook, in 1977, a more detailed

mapping project of the LaBine Group

the initial phase of a larger
study aimed at understanding the tectonic setting and petrogenesis of

the area.

a



REGIONAL GEOLOGY

The LaBine Group is widely exposed in the western part of
Wopmay Orogen (Figure 1), an early Proterozoic morth-south trending,
orogen which developed on the western margin of the Archean Slave
Craton between 2.1 and 1.8 Ga (Hoffman, 1973, 1980a). The orogen is
one of the best-exposed early Proterozoic orogenic belts in the world
and it appears to contain many of the features found in Cenozoic
orogens. For this reason Hoffman (1973, 1980a) has suggested that
plate tectonic models for the Cenozoic Earth are applicable to the
early Proterozoic. Hoffman and others (in press) divided the orogen
into three major zones whose boundaries parallel the trend of the belt
as a vhole. From east to west they are: Asiak fold and thrust belt,
Great Bear magmatic zone, and the Hottah Terrane (Figure 1).

Asiak fold and thrust belt is a zone 140 km vide where

easterly derived, passive continental margin sedimentary and volcanic

rocks along with or foredeep, deposits of
northwesterly provenance were thrust eastward tovard the craton, then
in the west metamorphosed and intruded by numerous S-type plutons

(Hepburn plutonic-metamorphic belt). The plutons for a continuous

series in which the oidest are protomylonitic granites and the youngest

are relatively undeformed diorites and gabbros (Hoffsan and others,
1980; Hoffman and St. Onge, 1981). U-Pb ages of the plutons fall
between 1.800-1.895 Ga (Van Schmus and Bovring, 1980, personal com-

munication).
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The Great Bear Magmatic zone (Figure 3) comprises a multitude

of gregarious plutons, mostly massive I-types, which intrude their

own volcanic cover.

It is separated from Asiak Fold and Thrust belt

by the poorly understood Wopmay fault zome (Figure 3) but locally,
rocks of the Creat Bear Magmatic zonme overstep this zone and lie uncon—
formably on deformed rocks of the fnternal zone. Rocks in the extreme

wvestern part of the zone overlie

and meta-
morphosed rocks of the Hottah Terrane (Hildebrand, 1981).

ALl of the non-plutonic rocks in the zone were termed the

McTavish Supergroup by Hoffman (1976a) while the plutonic rocks have
been referred to as the Great Bear batholith (Hildebrand, 1981). The
McTavish Supergroup is divided into three groups separated by uncon-

formities: the LaBine Group, Sloan Group and Dumas Group in ascending

order (Hoffman, 1978).

The LaBine Group, which forms the principal subject of this
paper, is a diverse aggregation, up to 7 ka thick, of siliceous to
intermediate lava flows and pyroclastic rocks, plus associated sedi-
mentary and high-level porphyritic intrusive rocks (Hoffman and McGlyon,
1977). This group outcrops only along the western margin of the volcano-
plutonic zone (Figure 3) where it unconformably overlies the Hottah

Terrane (McGlynn, 1976; Hildebrand, 1981).

The stratigraphy of the LaBine Croup in the Echo Bay-MacAlpine

Channel area (Figure 2) was described in detail by Hildebrand (1981) and 1

for 14

the reader is referred to

that paper. The pertinent points to be extracted from that work are

as follows: the oldest rocks are mainly andesitic lavas, breccias,

and pyroclastic rocks at least 3,000 m thick, interpreted to be the
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remains of a nusber of large stratovolcanoes. Overlying, and in part

vith the

are seven major ash-flow tuff
sheets which are locally intercalated with andesite, dacite, rhyolite
flows and domes, and a diverse assemblage of fluvial and lacustrine
sedimentary rocks. At least 3, and perhaps as many as 5, cauldrons
have been identified and can be related to specific ash-flow tuff sheets.

The LaBine Group is disconformably overlain by the Sloan Group, which

consists mostly of thick of densely ash-
flow tuff and intermediate and mafic lava flows (Hoffman and McGlymn,
1977; Bowring, personal communication, 1981). Outccops of the Sloan
Group are confined to the central portion of the Creat Bear zone
(Figure 3). To the west (Figure 3), the Sloan Group is unconformably
overlain by the Dumas Croup. This group, which also unconformably
1ies on the internal parts of Asiak Fold and Thrust Belt, is a sequence
of mudstone, intermediate to siliceous ash-flow tuff and intermediate
to mafic lava flows.

Plutonic rocks of the Great Bear magnatic zone are mainly
hornblende and biotite-bearing. They have been roughly divided into
four age groups (Hoffsan and McGlynn, 1977; Hoffsan, 1978), each with
similar compositions. The oldest are sheets and laccoliths of quartz
diorite and quartz monzonite (1) here informally termed the “early
intermediate intrusive suite." They intrude piles of andesite occurring

in the LaBine Group. These plutons were generally followed by emplace-

ment of haped biotite-hornblende quartz ite plutons (G2),
some of which can be shown to occupy the cores of cauldrons (Hildebrand,
1981). Large discordant biotite granites (G3), without known extrusive

equivalents, were intruded after eruption of the Dumas Group and after
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the belt vas folded. The final plutons to be emplaced were a suite of
small, ovoid tonalite to diorite bodies (G4), found sporadically

throughout the eastern Great Bear zone. U-Pb zircon

s in the belt

range from 1.876 Ga to 1.840 Ga (Van Schmus and Bovring, 1980, personal
communication) .

The entire Great Bear Magmatic zone, except the G3 and Gh
plutons, 1s folded about shallowly plunging axes which trend morthwest—
southeast except near the Wopusy fault-flexure where they trend east-
west. The folds sre en echelon which led Hildebrand (1981) to suggest
that they were the product of oblique convergence.

The folds, and even the youngest plutons (G4) of the Great Bear

zone, are cut by a svarm of nor trending

faults (used in the sense of Freund, 1974). Most of these faults are
steeply dipping and have right-lateral separation on the order of kilo-
metres. They are part of a larger set of cenjugate transcurrent faults
found throughout Wopmay Orogen (Hoffman, 1980b). Freund (1970, 1974)
has pointed out that in regions undergoing transcurrent faulting, each
fault plane rotates about a vertical avis avay from the axes of principal
compressive stress. In the Great Bear Zone such rotations are counter-
clockwise. Thus, as pointed out by Hoffman (1980b), all studies of

such

pa or pal studies,

as well as all pre-fault require 3

The Hottah Terrane (Figure 3) forms the basement for the western
part of the Great Bear magmatic zoue as it is unconformably overlain by
the LaBine Group. The terrane comprises deformed and metamorphosed
sedimentary and volcanic rocks which are cut by a variety of pre-tectonic

intrusions. One of the deformed intrusions, a granite at Hottah Lake,

has ylelded a U-Pb zircon age of 1.915 Ca (Van Schmus and Bowring,
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personal communication, 1982). Thus the deformation of the terrane is

younger than 1,915 Ga.

The supracrustal rocks (Holly Lake metamorphic suite) are of
unknown age and provenance. Their metamorphic grade appears to range
up to the amphibolite facies (McGlynn, 1976) but the terrane has not
been mapped in detail and to date only one petrographic study has been
undertaken (Violette, 1978).



GEOLOGY OF THE CAMSELL RIVER-CONJUROR BAY AREA

The geology of the area is complex and varied, resulting from

a long history of and on followed by

folding and transcurrent faulting. The distribution of the LaBine

Group and nomenclature of plutonic rocks in the area are illustrated

in Figure 4 and a table of formations occurring in the area is shown

in Table 1. Geographic names used in this section are shown in Pigure 5.
The purpose of this section is to describe the major geological

units of the area, emphasizing those

pects which are necessary to
give the reader a feel for the complexity and varlability of the rocke

so that he may fully comprehend the complex interplay between volcanism,

on, and alteration. In most ¢

s a
brief interpretation follows the lithological descriptions. The inter—
pretations are purposely succinct as it is not the purpose of this
report to examine all the nooks and crannies of the stratigraphy but
metely to provide an overview of the geologic history and development of
the area, partly to provide a basis for later geochemical arguments and
partly for comparison with younger volcano-plutonic terranes. For
convenience, the overall geologic history is brought together and sum-

marized at the end.

Hottah Terrane

Holly Lake metamorphic suite
The oldest rocks of the study area are deformed and metamorphosed
impure quartzite and semi-pelites of the Holly Lake metamorphic suite.

The term Holly Lake metamorphic suite is an informal one proposed by

17



Figure 4,

11 gabbro
+ biotite syenogranite
4 leucogranite
i kspar megacrystic biotite granite
29 biotite hornblende monzogranite
(=1 biotite-hornblende quartz monzonite Shawtves.
@ hornblende monzodiorite, monzonite [ TS S -

Distribution of Hottah Terrane, LaBine Group, and major plutons in the area of
the Rainy Lake and White Eagle Falls 1:50,000 sheets. Nomenclature and dominant
rock types of major plutons are also shown, RL=Rainy Lake Intrusive Complex.
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Figure 5. Geographic names in the Camsell River-Conjuror Bay area used in this report.
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Hildebrand (1981) to include all non-granitoid rocks of the Hottah

Terrane. In the map area the Holly Lake metamorphic suite is exposed
only in the Conjuror Bay area and at Fishtrap Lake.

In the Conjuror Bay area rocks of the Holly Laxe metasorphic
suite typically have a steeply-dipping NNE-SSW cleavage and are folded

about axes which trend nearly morth-south. Locally the cleavage is

spaced several apart and is probably of
solution origin (Beach, 1979). In places the spaced cleavage is kinked.
Myriads of quartz veins (25 cm wide) form en echelon groups
that parallel fold axes (Figure 6), while numerous smaller veins (1-2
cm) are oriented either parallel to Bedding or randomly. In most places
the small veins are folded (Figure 7) and/or broken by faults. On the
mainland south of Conjuror Bay zones of intense mylonitization up to
20 m wide and striking NNE-SSW are cut by metre-wide quartz veins whose
trends parallel the shear zones.
Where the rocks are not intensely sheared, such as on Bloom
Island, abundant sedimentary structures such as ripple laminations,
load features and graded bedding are common (Figure 8). Thickness of
beds ranges from thin laminations to 30 cm and individual beds are

generally continuous over outcrop length of 20 or 30 m.

Intrusions

Prior to deformation the sedimentary rocks of the Holly Lake
metamorphic suite were intruded by quartz diorite-quartz monzonite
plutons. Remnants of the plutons occur south of Hloo Channel, on
Richardson Island, and on islands in western Conjuror Bay (Map 1).

They are variably foliated and often contain aligned potassium feldspar

megacrysts and enclaves of country rock (Figure 9). In several places
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Figure 6. En echelon quartz veins cutting folded metasedimentary
rocks of the Holly Lake metamorphic suite, southern
Bloom Island.

Figure 7. Detail of Figure 6 showing folded quartz veins.



Figure 8. Deformed metasedimentary rocks, Holly Lake metamorphic
suite, showing well-preserved sedimentary structures.
Photo taken south end Bloom Island.

Figure 9. Enclaves of metavolcanic rocks in granitoid of the Hottah
Terrane. Pen in the top center for scale. Photo taken
south side of Hloo Channel.
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feldspar were to cut across aplite dike
margins. They are also commonly found in enclaves and xenoliths within
the plutons. These relations suggest a subsolidus metasomatic origin
for the megacrysts (Pitcher and Berger, 1972).

In most places the fabric of the deformed granitoids is
abruptly truncated by non-foliated granitoid plutons of the Great Bear
batholith. For example, on Richardson Island foliated granitoid forms
the roof for two younger undeformed plutons (Map 1). The youngest rocks
of the Hottah Terrane appear to be gabbro and diabases. These intrusive
bodies, which are alvays strongly foliated, occur as boudins in the most
deformed granitoids and as dikes in the lesser deformed granitoids. A
complete gradation exists between the two. Therefore they postdate
emplacement of the Hottah Terrane granitoid rocks and predate the de-

formation.

Conjuror Bay Formation

Unconformably overlying the Hottah Terrane in the Conjuror Bay
area is a complex succession of sedimentary and pyroclastic rocks about
150 m thick, here termed the Conjuror Bay Formation. The formation is
conformably overlain by several kilometres of basaltic lavas and breccia
of the Bloom Island Formation.

The Conjuror Bay Formation is exposed on several islands in
Conjuror Bay, on the mainland east of Tla Bay, and south of Rainy Lake
(Map 1). The best exposures and most complete sections occur on the
islands in Conjuror Bay and east of the bay but there is nowhere a
completely exposed section. However, the section exposed on Bloom Island
is nearly complete with only the unconformity and basal few metres of

section inferred.




The formation is divided into two members: a lower member of
mature crossbedded quartz arenite and an upper member comprising con-
cretionary mudstone, ashstone, lapilli tuff, sandstone, conglomerate,

and breccia.

Bai unconformity

The unconformity between the Hottah Terrane and the Conjuror
Bay Formation is well exposed on the small island south of Cobalt Island
and le:

well exposed, due to younger intrusions, on the mainland south
of Conjuror Bay (Map 1). On Bloom Island the unconformity is not
actually exposed but sedimentary rocks of the Conjuror Bay Formation
are separated from the Hottah Terrane by a valley 20 metres wide.

On the small island south of Cobalt Island vertically dipping
and foliated metasedimentary rocks of the Hottah Terrane are overlain
by gently northward-dipping quartz arenite (Figure 10). There is about
20 m of relief on the unconformity at this locale and rounded hills of
Hottah Terrane appear to be preserved beneath the quartz arenite.

A peculiar feature found above the unconformity is a breccia
3 to 4 m thick comprised of semi-rounded, phaccoidal blocks of the over-
lying quartz arenite with ferrodolomite void filling and replacement
(Figure 11). The breccia grades upwards into unbrecciated quartz
arenite. At the margins of the fragments are darkened zones of unknown
composition. Locally within the breccia anomalous uranium values are
encountered. The breccia is interpreted to be a solution feature which
developed when water percolated along the unconformity. The darkened

zones rimming may be insolubl d
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Figure 10. Unconformity between Hottah Terrane and Conjuror Bay
Formation, small island south of Cobalt Island. Tree
in left centre is 3 m high.

Figure 11. Detail of possible solution breccia at base of Conjuror
Bay Formation.
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Lower member
The lower quartz arenite member of the Conjuror Bay Formation
is generally well-bedded (4 cm to 1 m); medium to fine-grained, and

trough crossbedded with laminations rich in heavy minerals (Figure 12).

Pa sout! transport direction. In some
areas herringbone crossbedding occurs (Figure 13), but outcrops are mot
sufficient to determine whether or mot crossbedding is bipolar. Coarse
sand lenses are locally present and these often contain doiomite con-
cretions.

Near the top of the sandstone are lenses of vein-quartz pebble
conglomerate (Figure 14) up to 10 m thick with irregular, probably
scoured, basal contacts and sharp planar upper contacts. Pebbles are
clast supported with minor mudstone matrix. Clasts contained within

the lenses are 1y rounded to vein quartz pebbles

along with minor subangular to angular clasts of mudstone, quartz

arenite, quartzite granulestone, and rounded vesicular basalt cobbles.

Upper member

Conformably overlying the lower member is an assemblage, of
variable thickness from 40 m to 100 m, comprising intercalated fine
sandstone, basaltic ashstone, siltstone, chert, lapilli tuff, con-
glomerate and breccia. The thickest preserved sections are east of
Tla Bay and the unit thins rapidly to less than 50 m on the islands
in Conjuror Bay.

Bedding ranges from fine laminations to about 1 m thick and
is generally planar. However, some low-angle crossbedding, load

features, and scoured channels are present in the sedimentary rocks.
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Figure 12. Crossbedded quartz arenite of Conjuror Bay Formation.
¥ Pen in top centre for scale.

Figure 13. Herringbone crossbedding of Conjuror Bay Formationm.



Figure 14.

Quartz pebble conglomerate in upper part of Conjuror
Bay Formation.
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Many tuffaceous units only 4 to 10 cm thick, contain abundant

flattened fragments of pumice, devitrified shards, and sbout 20 percent
broken phenocrysts of plagioclase. They do mot appear to be welded and
therefore flattening of the pusice is attributed to compaction.
Sandstones of this member are typically immature pebbly arkoses
containing a variety of volcanic and sedimentary fragments. They are
commonly crossbedded or graded and are generally less than 1 metre

thick. Clast often appear to £1ll

channels and are sometimes graded.

Interpretation
The uniform 1ithology, substantial thickness, sedimentary struc-
tures, and mineralogically mature nature of the formation suggest that
deposition was subaqueous. The presence of herringbone crossbedding
suggests tidal dominance and therefore relatively shallow marine water.
The formation is therefore interpreted as marginal marine. The general
fining-upvard nature of the forsation from sandstones to sudstones is
interpreted as reflecting either a change in the size of material being

transported into the area or deepening of the water.

Bloon Basalt
Two to three kilometres of pillow basalt, associated breccia
and aquagene tuff, along with intercalated oolitic and stromatolitic
dolomite is exposed in the Conjuror Bay area (Map 1). It is here named
Bloom Basalt after its exposures on Bloom Island.
The contact with the underlying Conjuror Bay Formation is placed
at the base of the lowest lava flow. The original top of the formation

1s not exposed in the mapped area. However, the formation is overlain
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along an angular unconformity by Moose Bay Tuff and in a few places by

the "younger ash-flow tuffs. Bloom Basalt occupies a similar strati-
graphic position as pillow basalts found at Hottah Lake and the two
units were correlated by Hoffman and McGlynn (1976).

The formation i3 dominantly composed of pillow lavas. The

pillows range in size from 0.3 m up to 3 m across. Most have vell-

developed vesicular selvages and contain abundant chlorite-caroonate

' amygdules in their central parts. Amygdules are y

near the tops of the pillows. All are altered and

epidote-chlorite veins and replacement are ubiquitous (Figure 15). For
this reason no samples were analyzed for chemical composition but similar,
less altered, rocks from the Hottah Lake ares, in a similar stratigraphic
position, were analyzed by Wilson (1979) and are high aluminum, low
titaniun basalts. By analogy the pillow lavas in the Conjuror Bay area
may be of similar composition.

Lenses of pillow breccia are locally present in the formation.

They comprise y-sized pillow ina 1 mafic
matrix. Sparse aquagene tuff also occurs as lenses in the pillow basalt
piles but were not studied in detail due to the intemse alteration and
consequent obliteration of all original mineralogy and most textures.
Oolitic and stromatolitic dolomite (Figure 16), up to 30 m
thick, occurs locally in the formation. The best exposures are on
Cobalt Island where the dolomite units consist of crossbedded and
rippled colitic grainstone overlain by the distinctive branching stromato-
lite Jacutophyton (identification by P.F. Hoffman, 1981).
In thin section the pillow lavas contain completely saussurit-

1zed plagioclase microphenocrysts up to 1 mm long in an altered
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-Figure 15.

Figure 16.

Altered pillow basalts, Bloom Basalt.

Stromatolitic dolomite of Bloom Basalt.

32



groundmass of epidote, tremol. lite,

sphene, and opaque Fe-Ti oxides. Much of the tremolite-actinolite
appears to replace original pyroxenes. The texture of the rocks is

best described as intersertal.

Interpretation

The thick sections of pillow basalt in the Bloom Basalt indi-
cate deposition under vater. The presence of intercalated Jacutophyton-
bearing and oolitic dolomite, most easily interpreted as patch reefs
suggest that the environment was shallow marine as Jacutophyton are
known only from environments interpreted to be marine. The common
occurrence of the stromatolite Jacutophyton stratigraphically above the
oolitic dolomite indicates ..-ugm deepening of water depth with time
(Hoffman, 1976).

Because Bloom Basalt is over 2 km thick in the Conjuror Bay area
and absent in sections south of Rainy Lake there may have been a period
of normal faulting during eruption of the basalt. This would explain

the presence of Conjuror Bay Formation and lack of Bloom Basalt in the

eastern section. Another possibility may be uplift and erosion after
eruption of Bloom Basalt. This would require considerable uplift,
perhaps several kilometres. As the overlying Moose Bay Tuff is inter-
preted to be subaerial this is certainly a go.od possibility but there is

no record of erosion (i.e., conglomerates,

talus) preserved.
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Porphyritic Dikes and Si1:
Quartz-feldspar porphyritic dikes and sills intrude the Holly
Lake metamorphic suite, Conjuror Bay Formation, and Bloom Basalt but
are themselves cut by mafic sills that 1ie unconformsbly beneath Moose
Bay Tuff. Therefore, the porphyries were emplaced prior to the erup-
tion and deposition of the Moose Bay Tuff.

The pocphyritic intrusions are common on the mainland south of
Conjuror Bay where most form sills intruded into intensely sheared
rocks of the Holly Lake metasorphic suite. The sills are not sheared.
A few intrusions occur on the islands in Conjuror Bay. There they form
dikes up to 10 m across.

The are vith

size of lagioclase, and quartz in a fleshy-

red or gray coloured aphanitic matrix. The relative proportions of the
various phenocrystic phases varies from body to body but K-feldspar
always constitutes the majority.

Tabular plagioclase, to 1 cm long, are generally saussuritized

but occasionally are replaced by chessboard albite. Locally they form

clots. after dine, often
occurring as Carlsbad twins, range in size up to 2 ca long. In some
of the intrusions they are mot tabular but are ovoid to rounded in
form. Both tabular and "golfball" types occur together in the same
bodies. The perthites are often charged with inclusions which are
found to be axiolitic intergrowths of plagioclase, quartz, chlorite,
and carbonate. Quartz (4 mm) mostly occurs as bipyramids rounded
and esbayed by resorption, but in a few dikes clots up to 1 cm across

occur. Less than 1 percent partially chloritized biotite occurs as




small (<2 mm) flakes while original pyroxenes (<4 percent) now

replaced by chlorites, opaques, and vralitic amphibole, form prisms
up 3 mm long. Less than 1 percent accessory zircon and apatite also
occur. The matrix is a microfelsitic intergrowth of quartz and feld-

spar, comsonly dusted with hematite.

Mafic Sills

Rocks included under this section comprise mafic sills, up to
70 metres thick, that intrude the porphyries and older units but are
unconformably overlain by Moose Bay Tuff. There are two basic varie-
ties: fine-grained disbase sheets without phemocrysts and, diabases
which contain plagioclase phenocrysts up to 2 centimetres across (Figure
17). All the sills of both types are considerably altered.

In thin section they are holocrystalline with subophitic

texture slender d plagioclase laths in a matrix

of subhedral uralitized pyroxeme and skeletal grains of opaque oxides.
Where present, the large plagioclase phenocrysts are rounded, intensely

fractured, and completely saussuritized.

Moose Bay Tuff

Rocks under this heading comprise a sequence, in ascending

order, of rocks, and densely-velded, lithic-rich
rhyolite ash-flow tuff intercalated with minor intermediate lavas, tuffs
and arkosic sandstone. The units bemeath the ash-flow tuff are here
designated as the lower member while the overlying ash-flows, and
intercalated rocks, are termed the ash-flow tuff member. The Moose

Bay Tuff is named for its excellent exposures around Moose Bay where

it obtains its maximum exposed thickness of nearly 3 km.




Figure 17.

Plagioclase porphyritic sill,
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Exposures of the Moose Bay Tuff occur in a broad, broken band

on the southwest side of Norex syncline from 3 miles south of Arden

Peninsula to the large point which juts out into Conjuror Bay west of

the mouth of the Camsell River (Map 1). A few scattered exposures
occur on 1slands in Conjuror Bay.

Relationships with older rocks at the base of the lower member
are unknown because the unit is everywhere intruded by younger rocks.
West of the Camsell River the lower member is absent and the ash-flow
tuff member lies unconformably on Bloom Basalt but the contact is
obscured by a distinctive K-feldspar quartz porphyry. South and east
of the Gunbarrel Gabbro the tuff is overlain by the Arden Formation
but the contact is never seen due to younger intrusions. To the west

the tuff is overlain by White Eagle Tuff.

Lower menber

The lower member is a sequence of sedimentary rocks,
minor dacite ash-flow tuff, and at least one andesitic lava flow which
underlies the upper ash-flow tuff member of the Moose Bay Tuff. The
lower 40 m of the unit consists of interbedded . ndstone, siltstone,
and ashstone. Beds of mudstone and siltstone are generally 1-10 cm
thick and ashstone beds are typically between 5 and 10 ca in thickness.
Sandstones are mostly well-bedded wackes comprising angular to sub-
rounded sand grains in a silty or muddy matrix. They comonly contain
abundant mudchips.

South of Moose Bay the sedimentary rocks interfinger with poly-
mictic breccias containing angular to rounded fragments ranging from

sand size to 30 m or more, across. Clast lithologies include rhyo-

litic ash-flow tuff and



siltstone and sandstone. In some cases the breccia is matrix sup-
ported while elsewhere there is a paucity of matrix such that the

breccia is clast-supported. Some of the larger blocks are themselves

intensely brecciated. The matrix is typically a greenish, strongly-

altered, siliceous ashstone which sometimes contains fragments identi-

cal to the fine-grained matrix.

The breccia normally passes up into arkosic sandstone but in

one fault block south of Mule Bay it is overlain by a calcareous ash-
stone, that is in part brecciated and in part folded, containing occa-
sional large blocks (2-5 m) of silicified sediment. Overlying this

unit is 10 m of white-weathering green, siliceous ashstone which in H

turn is capped by several metres of finely laminated red and purple

ny with a on sur-

faces.
In most other sections morth of Black Bear Lake, there is a

plagioclase porphyritic andesitic lava flow about 20 m thick with quartz-

filled amygdules about 5 mm across and well developed trachytic texture
above the sandstone. The flow weathers red and gray, and is platy
jointed in its lower parts.

In exposures on the peninsula which juts out from the northwest
side of Black Bear Lake the flow is overlain by 20 m of massive pebbly
sandstone. Clasts are subrounded to rounded and consist of chert, mud-

stone, rhyolite and orthoquartzite.

Ash-flow tuff member
The predominant lithology of the ash-flow tuff member of the

Moose Bay Tuff is densely-welded, lithic-rich, rhyolite ash-flow tuff

which reaches a maximum thickness of nearly 1.5 km. Generally, the
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ash-flows were deposited so quickly that they welded together without
visible partings. However, north of Mule Bay the tuff shows compound cool-

ing unit cs such as 1 vith sand-

stone and intermediate extrusive rocks.

The tuff directly overlies Bloom Basalt northwest of the trans- ¥

current fault that passes from the west side of Moose Bay out into
Conjuror Bay (Figure 19 and Map 1) and it thins rapidly until

it pinches-out at the mainland point south of Cobalt Island. East of
the fault the upper part of the tuff is intercalated with 0.5 km of
intermediate lava flows, breccia, and lapilli tuff which thin rapidly
to the east such that they are not present in sections east and south
of the Camsell River. Beneath the lavas are a few hundred metres of
interbedded airfall tuff, ash-flow tuff, and sandstone. The sandstones
are very similar in composition to the ash-flow tuff and are therefore
considered to be its reworked arkosic equivalents.

South of Black Bear Lake, at the base of the member, occur
large blocks of dacite welded tuff. The blocks are up to 15 metres
across and have no preferred orientation.

Lithic fragments in the tuff are very abundant, locally making
up to 50 percent of the rock. They are gemerally porphyritic volcanic
rocks of a siliceous nature but fragments of metamorphic rock are also
comon. In stratigraphically higher parts of the tuff most lithic
fragments are pebble to granule size. Their average size increases

d ion with cobbles more

The upper parts of the tuff are characterized by small (52 cm)
flattened pumice fragments, often green to black in colour (Figure 18).

In stratigraphically lower parts of the tuff they are not often pre-

served due to alteration and recrystallization.




Figure 18.

Lithic~rich densely-welded rhyolite
ash-flow tuff of ash-flow tuff member,
Moose Bay Tuff. Note abundant, small,
flattened pumice fragments.
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The upper kilometre of the tuff also weathers red to flesh-

coloured while the lower parts weather shades of white and green due

to more intense alteration and silicification. Quartz veining is
common in the areas where the tuff weathers white.
In thin section the ash-flow tuff member is seen to contain 4-10

percent broken and embayed quartz phenocrysts (to 3 m) along with 10-15

percent ol ysts of turbid probably after
sanadine (1-2 mm), and tiny anhedral flakes of chloritized biotite in

an ultrafine-grained groundmass of quartz, feldspar, and sericite.

Interpretation

The tremendous thickness of the Moose Bay Tuff indicates that

the tuff ponded in a topographic depression. The dramatic thickness
change of the tuff across the tramscurrent fault which passes along the
vestern side of Moose Bay suggests that the depression was fault-bounded
on the west. The disparity in thickness of the tuff scross the fault
and the presence of coarse breccias in the lower member just southeast

of the fault suggest that it was active just prior to, and during,

eruption of the ~flow tuff member. This interpretation implies that
the fault, as a zone of weakness, was later reactivated during trans-
current faulting because the fault presently separates stratigraphic
units younger than the Moose Bay Tuff.

and lati such as the above are

typical of those found in Cenozoic calderas (Steven and Lipman, 1976;
Lambert, 1974; Lipman, 1976; Bailey, 1976; Bailey and Koeppen, 1977;
Smith and others, 1970; Byers aud others, 1976; Seager, 1973; Elston

and others, 1976). the possible lcanic fault may have

been the main ring fault along which subsidence of the central block

R T R s s —



of a cauldron took place. The rapid thinning and pinchout of the

tuff along the unconformity with the Bloom Basalt is a type of buttress

which could the original wall of a

cauldron, created as material collapsed from the oversteepened cauldron
wall, itself generated by subsidence along the ring fracture zone.

If the above interpretations are correct then all exposures of
the Moose Bay Tuff south of Conjuror Bay are intracauldron deposits.
The postulated cauldron is here informally named the Mule Bay cauldron
after Mule Bay.

The trace of the eroded topographic margin appears to pass out
into Conjuror Bay and is exposed on Cobalt Island, the island south of
Cobalt Island, and on Bloom Island (Figure 19). In those exposures
ash-flow tuffs younger than Moose Bay Tuff lie uncomformably on Bloom
Basalt. The unconformity vas intruded by a distinctive porphyry which
also can be traced through the islands of Conjuror Bay. While the
porphyry may appear to be a type of ring pluton it is considered to
be unrelated to Mule Bay cauldron as it intrudes the "younger ash-flow
tuffs" and is therefore much younger than the Moose Bay Tuff.

The small normal and reverse faults south of Moose Bay are
possibly related to differential subsidence of the central block.
Because the proposed ring fracture dips slightly invard the faults
probably developed as the central block collapsed. It is interesting
that at least one of the fault blocks appears to have remained as a
high during the subsidence. This suggests that one mechanism for
decreasing the size of the central block so that it is able to subside

along a ring fault whose radius is decreasing dovnward, might be to

leave large marginal blocks hanging in the cauldron £111 deposits.




S

Flguze 19, Sketch map of southern Conjuror Bay showing .
possible ring fracture of Mule Bay cauldron
and trace of topographic margin.




Arden Formation

The Arden Formation, as defined here, comprises up to 200 m of
sedimentary and volcanic rocks which lie betveen the Moose Bay Tuff and
the first intermediate lava flow (Camsell River Formation). It is
exposed only on the southwest limb of Norex syncline from Clut Lake to
Conjuror Bay (Map 1) and is named for exposures on Arden Pininsuls.
The formation pinches out abruptly at the proposed cauldron margin
fault of Mule Bay cauldron.

There are no complete sections of the formation because it s &
locus for intrusions. Most exposures form the roof of the Rainy Lake
Intrusive Complex and 8o are considerably altered. The remsining
exposures are north of Arden Peninsula (Map 1), where the base of the
formation 1s intruded by a biotite-quartz microporphyritic sill which
also alters the formation but to a lesser degree than the Rainy Lake
Intrusive Complex. In addition, half of the exposures above the Ratny
Lake were intruded by a plagioclase porphyry and at least one diorite
body (Map 1).

Rapid lateral facies changes are characteristic of the formation
as a whole but lithic arkose generally dominates the upper half of the
formation. The lover half is a more varied assemblage of mudstone,

breccia, limey argillite and ashstone.

Lithology

Lithic arkose is the major lithology of the Arden Formation and
dominates the upper parts of the formation northwest of the plagioclase
porphyry. These sandstones are typically volcanogenic, immature,
granular to pebbly, fine to coarse-grained and weather various shades

of brown, purplish brown, rust brown and green-gray. Commonly there are

purplish-brown (Figure 20). Many of the sandstones




Figure 20.

Intercalated sandstone-mudstone of Arden Formation.
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contain sbundent mudstone rip-ups. Locally, foresets are draped with

sdst Beds of sand are and nearly alvays less than

1 m thick, with 0.2-0.3 m being typical. Sedimentary structures are
comon and include trough and planar crossbedding, ripple lamination and
vhere interbedded with mudstone, load features. In places these are

channels filled with cl rTounded to

subrounded pebbles and cobbles of chert, andesite, silicified mudstone,
siliceous porphyry, and vein quartz in an arkosic matrix containing up
to 5 percent hematite grains. Beds of lithic pebbly sandstone sometimes
contain mostly rhyolitic fragments.

The lower part of the section just west of Clut Lake is composed
of siltstone and fine sandstone with minor mud drapes. The sandstones
are generally well-sorted, arkosic, crossbedded, and rippled with minor
climbing ripples. These grade upvards into coarser-grained trough-

with linear (lmx5cm).

Elsewhere the lower half of the formation comprises varicoloured,
laminated mudstones and ashstones. They are alvays strongly altered and
recrystallized (Figure 21) as they form the roof of the Rainy Lake Intru-
sive Complex. Reds, greens, and black are the dominant colours. In thin
section green and black rocks are found to be dominated by tremolite-
actinolite and chlorite vhile reddish laminations generally consist
predoninantly of albite with finely disseminated hematite.

Pyroclastic units are also common in the Arden Formation. They

are most commonly fine siliceous and intermediate ashstones ranging in
thickness from a few centimetres to half a metre. They generally veather
shades of pink but vhere strongly altered weather white. In thin section,
these units are seen to contain broken microphenocrysts of quartz and

postassium feldspar. Occasionally normal and reverse size-graded beds

i A




& i
of lapilli tuff can be found. b

About 20 m of interbedded carbonate and argillite occur in the
middle of the formation north of Arden Peninsula west of the Camsell

and average about

River. Laminations are crinkly, somewhat irregula:

1 ca thick. Interbedded with these units are beds and lenses of pink
weathering rhyolitic ashstone, up to 0.5 m thick (Pigure 22). Near the
top of this successfon are 0.3 m thick beds of fine-grained sandstone
and crystal tuff. Both are typically graded.

Lenticular beds of completely unsorted breccia occur in the
middle parts of the formation. They are thickest (15 m) and most
sbundant in the northwest. Typically, they contain angular to sub-
rounded fragments of carbonate-argillite and rhyolitic ashstone in a

sparse black or dark-green silty matrix (Figure 23). The fragments,

which range up to 4 m across, are identical to the above described
limestone-argillite and rhyolite assemblage (Figure 24). Badham (1972)
interpreted the breccias to have resulted from emplacement of the Rainy
Lake Intrusive Complex but because they are everywhere concordant with
beds above and below them the breccias are here interpreted to be of
sedimentary origin.

A stubby, quartz-porphyritic rhyolite flow occurs in the Arden

about 5 km of Arden It overlies mafic

ashstone. The lower 3 or 4 metres of the flow weather vhite and grade
up into 12 m of dark-gray to green massive rhyolite. Most of the flow

(30 m) is £l d and 1 flow bands (less than

15 cm) are either pink or gray with both sharp and diffuse, gradational
contacts, They are folded and micro-faulted. Brecciation generally

postdates the formation of the flow banding as most fragments consist

of flow-banded rhyolite.




Figure 21. Altered and fractured mudstone and siltstone, Arden
-~ Formation.

Figure 22. Intercalated limey argillite and rhyolitic ashstone,
Arden Formation. Pen in top centre for scale.
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Figure 23. Sedimentary breccia of Arden Formatiom.

Figure 24. Large clast of interbedded dolomite and argillite in
sedimentary breccia of Arden Formation.

49



50
Interpretation

The fine-grained and thinly-laminated nature of the lower part

of the Arden and limey argil

yolitic

stones without scours and current indicate that

was in relatively quiet, shallow water. The rapid lateral facies changes
of the formation coupled with the presence of sub-aerial units both
directly above and below the unit suggest that the formation is non-

marine. 1t 1s probably 1 The upper 1ithic arkose

with its abundant B and lenses
1s interpreted to be of fluvial origin.

Because the Arden Formation directly overlies intracauldron i
facies Moose Bay tuff and pinches out abruptly at the possible cauldron-
margin fault northwest of Mule Bay it is interpreted to have accumulated
within the topographic depression of Mule Bay cauldron. Lakes have
developed inside most calderas following collapse and some younger
examples include the giant Toba caldera (van Bemmelen, 1949), Creede
caldera (Steven and Ratt@, 1965, 1973), the Kari Kari caldera (Francis
and others, 1981), and Kutcharo caldera (Katsui and others, 1975).

The coarse, locally-derived breccias of limey argillite-rhyolite
suggest that local areas were subject to syndepositional uplift and
erosion. Whether this resulted from resurgence or local block faulting
near the ring fracture systes could not be determined because the forma-

tion is exposed in only two dimensions.

Camsell River Formation
The Camsell River Formation is named for its exposures along the
Canmsell River at Rainy Lake. It is an assemblage of intercalated ande-

sitic lava flows, laharic breccia, explosion breccia, andesitic ash-flow




tuff, sandstone, conglomerate, ashstone, lapilli tuff and mudstone

about 2 kn thick that conformably overlies the Arden Formation. The
lower contact is placed at the base of the lowest andesite flow or
breccia. The top of the formation is mot exposed.

Most exposures are in a broad northwest-southeast band from
Conjuror Bay to Clut Lake (Map 1) between the Balachey Platon and
Rainy Lake Intrusive Complex, but many also occur morth of the
Balachey Pluton, such as on Clut Island (Map 1). Like the Arden
Formation it is not present iu sections west of the proposed ring

fracture zone of the Mule Bay cauldron.
Lava flows
Andesitic to dacitic lava flows (Tsble 2) of the Camsell River

Formation are characterized by abundant large platy plagioclase pheno-

crysts (Figure 25) that often are fl

igned (Figure 26).

flows are generally 10 to 30 m thick. They are often columnar jointed
sbove platy-jointed bases, but many flows have autobrecciated margins.
In cases where basal flow breccias overlie mudstone it is common to find
blocks of lava up to 0.5 m across "floating” in a mudstone matrix.

The predominant colour of the lavas is dark gray. Hovever, parts
of many flows were oxidized to a brick-red colour and some are altersd to
vhite, pink, and green. Most flows are amygdaloidal with amygdule con-
tent varying from less than 10 percent to nearly 50 percent of the rock
by volume. The asygdules commonly comprise quartz, calcite, epidote,
and chlorite.

ALl lavas of the Camsell River Formation are altered because
they were intruded by the Balachey Pluton and the Rainy Lake Intru-

sive Complex. A few flows have original mineralogy preserved while
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Figure 26,

Photomicrograph of flow-oriented plagioclase phenocrysts
in andesitic lava flow of Camsell River Formation.
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other:

are completely recrystallized to mixtures of albite, epidote,

chlorite, ite, sphene and A brief descrip-
tion of the alteration related to the two intrusions is found with the
descriptions of those bodies.

In some flows, where vestiges of original mineralogy are pre-
served, phenocrysts of calcic andesine, up to 1 ca long, and augite or
salite to 5 mm (Figure 27), are emgulfed in a dense pilotaxitic matrix

made up of subparallel of chlorite

and and material. Plagiocl

always dominates the modes (Table 3).

Ash-flow tuffs

Ash-flow tuffs of the Camsell River Formation are generally less
than 10 m thick. They are fouwnd at many horizons in the formation; are
very discontinuous along strike; and probably fill paleovalleys. The
tuffs are most common in the southeast and often thin to the northwest.

Most are densely-welded simple cooling units containing variable
proportions of lithic fragments, broken crystals of plagioclase and
altered ferromagnesium minerals, pumice, shards, and impalpable dust.
All are cospletely devitrified, and many have well-developed eutaxitic
structure. However, a few cooling units do not contain pumice or shards
but are an aggregation of broken crystals, andesitic fragments, and dust.

Plagioclase dominates the modes of most samples, and chemical

analyses (Table 4) show that they are andesitic and strongly altered.

Laharic and explosion breccias
The term laharic breccia is used here for rocks composed of

blocks of a wide variety of size and shape engulfed in a muddy or silty

matrix. Such rocks are rare in the Camsell River Formation but where
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Figure 27.

River

Camsel River Formation

Field of cl

Composition of pyroxenes in andesite flows of Camsell

andesites after Gill (1981).

from high-K

TABLE 3: Modal analyses of Camsell River Formation andesite flows.

Sample No.

B-80-7

Igroundmass  Zplagloclase  ZIpyroxene
H-79-296 59 a1 1
2-79-97 7 15 1
§-79-135 55 % i
H-79-124b 75 23 1
B-79-194 76 22 1
§-79-126 8 20 2




TABLE 4: Major and trace element analyses of ash-flow tuffs,
Camsell River Formation.

Sample FNo. H-79-83 H-79-86 H-79-91 H-79-96

5102 58.1 57.4 58.9
T10; 0.64 0.44 0.44
A1,05 15.6 17.4 15.6
FeyO3h* 10.0 5.02 5.17
M0 0.14 0.10 0.07
g0 2.40 1.08 1.38
Ca0 0.96 1.92 4.75
Nay0 3.38 3.00 4.00
Kp0 5.20 9.22 4.17
P205 0.17 0.17 0.18
101 2.34 2.46 4.97
Total 98.94 98.21 99.63
N 15 11 17 14
2r 220 149 228 17
Y 27 23 30 25
st 142 83 106 9%
U 1

Rb 232 97 212 133
Th 25 15 2 21
Pb [ 10 6 5
Ga 16 17 10 18
Zn 8 99 20 2
Cu 9 7 3 19
M 28 4 ° 4
cr 141 49 1 32
v 132 135 85 121
La 26 35 119 43
Ce 49 64 229 86
Ba 2313 1813 2421 1043

**Total Fe as Fe;03
Oxides in weight percent; trace elements in parts/million.
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found are generally dominated by andesitic fragments, many of which are
larger than 1 m in diameter. The best and most accessible exposures of
laharic breccia (Figure 28) in the Camsell River Formation occur on the
north side of Arden Peninsula.

Another type of breccia found in the Camsell River Formation

comprises angular andesitic fragments of varfous sizes in a fine-grained

matrix of andesitic material (Figure 29). The matrix
1s identical to most of the fragments except that plagioclase crystals
are broken and fractured in the matrix. Locally, a few foreign rock
fragments can be found but at most they make up only a few percent of
the rock. These breccias are interpreted to be explosion breccias
created by Vulcanian-type eruptions.

Explosion breccias occur at several stratigraphic horizons in
the Camsell River Formation but are most common near the top. One major
unit of explosion breccia (Map 1) mear the top of the formation
thins to the northwest and as fragments decrease in size in this direc—
tion, it is considered to have been erupted from a source vhich lay to

the east.

pilli tuff

The rock types under this heading occur throughout the Camsell
River Formation. They are described together under onme heading because
they are intimately intercalated; grade into one another laterally; and
because in many cases, due to alteration, it is difficult to determine
whether or not a given bed of volcanic material has been reworked by
sedimentary processes.

Ashstones of the formation are planar-bedded rocks comprised of

vhole and broken phenocrysts of plagioclase and pyroxene in a fine-grained
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Figure 28, Laharic breccia, lower part of Camsell River Formation.

Figure 29, Explosion breccia, Camsell River Formation.



matrix of sphene, plagioclase, chlorites, tremolite-actinolite, and

opaque oxides. Beds range from thin laminations to a few centimetres
thick. They occur as normally and reversely-graded beds, some with
razor-sharp contacts and others with gradational contacts. Most are
strongly altered and contain abundant disseminated sulphides (up to 25
percent). Some beds contain sparse lapilli-size fragments of andesite.

Lapilld tuffs are thicker-bedded than the ashstones but a
continuun exists between the two. Beds are typically greater than 5 cm,
but less than 0.5 m thick. Some beds have closely packed subrounded
1lapilli of andesite but most contain sparse lapflli of andesite and
plagioclase in an ashstome matrix. As with the ashstones, both normally
and reversely graded beds occur.

Sandstones and conglomerates are more common in the Camsell
River Formation than either ashstone or lapilli tuff. Most contain
andesitic debris in beds ranging from thin laminations to several
metres. The sandstones are commonly planar and trough crossbedded.
Many individual beds have bouldery or cobbly zones near their bases
iuterpreted to be lag deposits (Figure 30). The clasts in those zones f

are often Many of the ticularly in the

lower parts of the formation, comprise semispherical sugite grains and
imbricated tabular plagioclase crystals with abraided corners (Figure 31).
The uppermost unit of the Camsell River Formation, exposed only

bouldery conglomerate over 100

in the core of Norex synclinme, is
metres thick. It contains mostly vell-rounded cobbles and boulders of
andesite (Figures 32 and 33) in a sandy to muddy matrix. The unit is
best exposed in outcrops along the shore east of the outlet of the

Camsell River into Conjuror Bay.




Figure 30.

Volcanic conglomerate of the Camsell River
Formation. Note imbricated cobbles and
abundant plagioclase crystals.
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Figure 31.

Plagioclase crystal sandstone, Camsell
River Formation.
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Figure 32.

Interbedded sandstone and conglomerate of
upper clastic member, Camsell River Formation.
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Figure 33.

Detailed photograph of outcrop in Figure 32. The
andesite boulder shown above is just to the left
of the assistant's left knee in Figure 32.
the mudstone drapes and imbricated cobbles.

Note
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Interpretation

The abundance of lava flows and explosion brecciss in the Camsell
River Formation is typical of near source facies of intermediate composi-
tion stratovolcanoes (Williams and McBirney, 1979). However, as no vent
reglons vere observed and because there is a large amount of epiclastic
material intercalated with the volcanic rocks it is most likely that
the formation represents material deposited on the flanks of a volcano,
perhaps in an environment similar to the large fluvio-volcanic fans of
the Peusangan valley or Mt. Talang, Sumatra (Verstappenm, 1973).

The of the above 14! £111

along with its abrupt pinch at the 14 gin fault,
suggest that the formation accumlated within the Mule Bay cauldron
after collapse. Post-collapse andes!ic volcanism is known from several
younger cauldrons. For example, post-collapse andesitic lavas and
breccias fill both the Oligocene Platoro and Summitville calderas in

the San Juan volcanic field of southwestern Colorado (Lipman, 1975);

the andesitic stratovolcanoes Atosanupuri and Mashu formed after col-
lapse of, and partially fill, the 7 million year old Kutcharo caldera,
east Hokkaido (Ratsui, 1955; Katsul and others, 1975); and four calderas

of Kyushu, Japan (Aso, Aira, Tbusuki, and Kikai) each contain strato-

of py andesite 1943).
In most of the cases cited above, there appears tc be 2 com-
positional continuum between the ash-flow tuffs, which are mostly
dacitic in composition, and the post-collapse andesites. For this “
reason Lipman (1975) suggested that post-collapse andesites might repre-

sent the lover parts of the same magna chambers from which the ash-flow

tuffs wvere derived.




This is not a likely explanation for andesites of the Camsell

River Formation because there is a large compositional gap between them
and the rhyolitic ash-flow tuff of Mule Bay cauldron. Therefore, the
andesites of the Camsell River Formation are thought to represent a

different batch of magma than that which erupted the Moose Bay Tuff.

The of to the coupled
with the decrease in ash-flow tuffs and thickening of epiclastic rocks
in that direction suggest that the eruptive source lay to the south-
east. Although the original extent of the Mule Bay cauldron is
unknown, the lack of eruptive vents for the ndesites and the probable
non-genetic relationship between them and the tuff, suggest that the

eruptive centre lay outside the cauldron and that the lavas spilled

into the after collapse.

Augite Porphyritic Intrusions
Rocks under this heading are irregular-shaped augite porphyritic

bodies common in the area around the eastern end of Rainy Lake. They

typically contain uralitized euhedral to subhedral augite crystals up
to 0.5 cm across (Figure 34) in a fine-grained matrix of altered

lagiocl sphene, amph hlorites and epidote.

Badham (1972) and Withers (1979) mistook these intrusions for
basalt flows. However, north of Smallwood Lake irregular fingers tems
of metres long intrude breccias and andesite lava flows of the Camsell
River Formation and have chilled margins. While locally a few vesicles
are seen, most outcrops contain none of the features expected in basalt .
flows.
The bodies predate intrusion of the Balachey Intrusive Complex

but whether they are related to volcanism of the Camsell River Formation



Figure 34.

Detail of augite porphyritic intrusion.
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18 not known with any degree of certainty. Blocks of similar rocks in
breccias of the formation do, however, suggest that some were exposed
at the surface during that time and therefore may be genetically

related to the andesites.

Balachey Pluton
This is a composite pluton comprising mainly seriate quartz
monzonite, monzonite, and quartz monzodiorite, cut by granite, which
outcrops continuously for over 20 km in a north-south trending belt,
1 to 6 km wide, in the central part of the study area (Map 1). The
complex is named for its extensive polished and lichen-free outcrops

on Balachey Lake.

General lithology
The major rock types of the complex are medium to coarse-
grained hornblende quartz monzonite (Figure 35) in the north, and quartz

monzodiorite in the south. Other rock types such hornblende monzon-—

ite and hornblend are relatively minor phases. Locally,

there is a plagioclase porphyritic phase adjacent to external conmtacts.
Contacts between internal phases are everywhere gradational and moderate
nmineralogical variation were seen on scales ranging from kilometres down
to the scale of a hand specimen.

Fine to coarse-grained biotite granite, with sharp contacts and

associated aplite dikes, contal partially n

of more intermediate members of the suite. lowever, the granite is not
thought to be genetically related to the rest of the suite and is
therefore not discussed here.

The Balachey Pluton contains a multitude of xenoliths and

enclaves which are especially numerous in the northwest parts of the




Figure 35.

Detail of outcrop of Balachey Intrusive Complex.
Note the wide variation in size of plagioclase
phenocrysts characteristic of seriate texture.
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body and vary in size up to 7 m long. All of the xenoliths appear to
pe pieces of nearby wall rock and are intensely altered and more or
less digested. Lithologies include andesite and epiclastic rocks with
shapes ranging from angular to rounded. There is a general tendency
for the smaller xenoliths to be more rounded than the larger ones. An
interesting, and important feature, seen in many outcrops of the
intrusion is the occurrence of abundant fractures along which amphiboles
are concentrated (Figure 36). The amphiboles are similar to those seen
elsewhere in the intrusion.

Numerous chalcopyrite-pyrite veins, up to 10 cm wide, are found
to cut the intrusion as do smaller stringers of quartz and specular
hematite (Figure 37). These veins and stringers trend approximately
north-south, parallel to many small faults showing right-lateral
separation. Both the faults and the veins are probably contemporaneous

with, and related to, the post-Labine transcurrent faulting.

Contacts

Contacts of the Balachey Pluton with surrounding country rocks
are always sharp and trend northwest-southeast (Map 1). Along the
entire southwestern margin, and part of the northeastern, rocks of the
complex intrude, and strongly alter, up to 2 km from the contact, lavas,
tuffs, and sedimentary rocks of the Camsell River Formation, as well as
earlier intrusions of monzonite and diorite. In these areas the con—
tact dips away from the pluton at about the same inclination as the
bedding of wall rocks.

From Uranium Point to Grouard Lake, a distance of 15 km, the
northeastern margin of the intrusion is nearly always vertical but

locally is roughly horizontal such that the contact is step-like in



Figure 36, Amphibole concentrations along fractures, Balachey
Intrusive Complex.

Figure 37. Hematite veins cutting Balachey Intrusive Complex.
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cross-section. Where the contact is flat, or nearly so, there occurs

a peculiar breccia angular of the within

a hematitic matrix. Overlying the breccia, and buttressed against the
steeper portions of the contact nearly everywhere is another breccia,
unaltered and characterized by a wide variety of fragments, 30 to 100
percent of which are identical to phases of the Balachey

Pluton, sitting in a crudely-bedded muddy to sandy matrix. Quartz
wonzonite fragments, up to 1 m across, range from well-rounded to
angular and some even appear to be bounded by original joint surfaces.
Although a more detailed description of this unit and its genetic
significance will be presented later, there is little doubt that this
contact is an unconfornity--an extremely important one because it

tightly constrains the emplacement age of the Balachey Pluton.

Shape of the pluton

If the interpretation of relations along much of the north-
eastern margin as evidence of an unconformity is correct, then there
are many stratigraphic wits younger than the Balachey Pluton.
Because the younger rocks are folded about sinmilar axes as pre-Balachey
rocks, then the Balachey must predate the folding and itself be folded.
Furthernore, as there are northwesterly plunging synclines on both the
northeast and southwest sides of the intrusion, and because the contacts
of the pluton themselves, where intrusive, dip away from the intrusion,
it appears that the pluton occupies the core of a northwesterly plunging
anticline. If so, then the compo..itional change from quartz mon:onite

in the to quartz te in the may be inferred

to represent a vertical compositional zoning in the pluton with the

quartz monzodiorite occupying deeper structural levels than the quartz




This on is with the

that xenoliths become more numerous to the northwest and that the
pluton itself becomes wider to the southeast. e
Map 1 shows that not only do the intrusive contacts have
similar dips as bedding in the country rocks, but they also have
similar strikes. This implies that the roof of the intrusion is con-
cordant with the country rocks and was rather flat prior to folding.
There are eight other intrusions which also intrude andesitic
rocks of the LaBine Group and display striking similarities to the
Balachey 1in texture, composition, and wall-rock alteration type. They
are the seven plutons of the Mystery Island Intrusive Suite found in
the Echo Bay area (Hildebrand, 1981) and the Rainy Lake Intrusive Com-
plex (Tirrul, 1976) of the Camsell River area. All but onme of these
intrusions, the Tut pluton of the Echo Bay area which was itself de-
roofed early on, are exposed in cross-section and seen to be concordant,
sheet-like bodies. Thus, it is reasonable to assume a similar sheet-—

like form for the Balachey Pluton.

Petrography

Thin section examination of the main body of the quartz monzon-
ite shows it to be a massive rock consisting of euhedral, sericitized
plagioclase phenocrysts, 1 to 4 mm long, in a matrix of quartz and
microperthite, typically forming granophyric intergrowths. Concentric
shells of sericite define original zoning in the plagioclase pheno-
crysts. Quartz alvays displays undulatory extinction. Both it and
the microperthite locally appear to replace plagioclase. Fibrous

green amphibole, probably tremolite-actinolite, is subhedral to
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anhedral, replaced by chlorite along cleavage planes, and form clots

2 to 4 mm across. A fev small patches of amphibole are replaced by
epidote. Anhedral grains of opaque iron-titanium oxides are conces-
trated in the amphibole clots but sparse hexagonal plates of hematite

oceur the rock. 1 prisms of apatite less

than 0.5 mm in diameter are a common accessory but total less than 1
percent of the rock, as do euhedral zircon crystals.

In thin sections made from samples collected closer to the
roof of the pluton, plagioclase phenocrysts are seen to be replaced
by an interlocking mosaic of quartz and albite. Vestiges of original
plagioclase phenocrysts occur but most have been completely replaced by
albite and are no longer euhedral. Instead, they have margins which
grade into and interlock with the quartz and albite matrix. The few
intensely sericitized cores of plagioclase that do remain are com-
pletely albitized around their margins. Amphibole is present in these
rocks as felted mats and irregular clots of small crystals pseudo-
wmorphing earlier ferromagnesium minerals. The borders of the clots
and aggregates are ragged and fuzzy. Opaque oxides are much sparser
in these rocks than in the main body of the pluton; only a few tiny
anhedral grains occur. Thousands of minute apatite grains are seen in
individual thin sections but are so small that their total abundance
is probably not much greater than 1 percent. As in the central parts
of the intrusion all quartz grains display undulatory extinction. .

The fact that even late replacement quartz has been strained
might suggest that the deformation may not have taken place during
emplacement of the pluton but instead occurred as the sheet-like body
was folded. However, a block of the intrusion in the White Eagle Tuff,

known to have been erupted prior to folding, also contains strained



quartz, yet quartz phenocrysts in the tuff itself are not strained.

Therefore, the deformation is ascribed to the latter stages of emplace-

ment and not to folding.

Alteration of wall rocks

The Balachey Pluton strongly alters its wall rocks
to a distance of at least 2 kilometres. At present a detailed study
of the alteration and its relation to the intrusion is still under way.
Accordingly, only a brief description will be given here.

Three zones of alteration were mapped in the field: an inner
zone of intense bleaching and albitization; a central zone of magnetite-
apatite-actinolite; and an outer zome of pyrite-chalcopyrite. The
criteria used to delineate the zones were as follows: (1) the boundary
between the immer and central zones was placed at the first appearance
of the assemblage magnetite-apatite-actinolite; (2) the boundary between
the central and outer zones was mapped as the disappearance of the
magnetite-apatite-actinolite assemblage; and (3) the outer margin of the
sulphide zune was placed at the disappearance of megascopically visible
gossan. Mapped in this way albite is present in all three zones and
sulphides occur 1in the outer part of the magnetite-apatite-actinolite
zone,

The zones of alteration are widest in the northwest (Map

1) and pinch towards the They are by the uncon-
formity along the northeast side of the intrusion.

The inner zone is characterized by nearly complete albitization
of the andesitic lavas and sedimentary rocks. Most original textures

are obliterated and the rocks weather white to very pale pink. Nearly

all bedded rocks are but i of bedding can



still be seen within the fragsents. A fine-grained, pre-Balachey,
monzonitic intrusion located morth of Jason Bay (Map 1) is completely

albitized only ad)

t to fractures which gives the rock a mottled

pink and white in outcrop. Andesi flows within this zone

are often completely replaced by granoblastic-polygonal albite with
only a few specks of chlorite and weather white in outcrop.

Anal of lavas and vol from

vithin this zone are presented in Table 6. The chemical modifications
are large and include an increase in silicon, aluninum, and sodium.
Elements lost appear to be all those incapable of being accommodated

in the albite crystal lattice such

T4, Fe, Ca, K, Nb, Y, U, Rb, Th,
Pb, Cu, Ni, Cr, V, La, and Ce. Figure 38 shows the large increase in
N.ZO and concomitant decrease of KZO in andesites within the alteration
halo.

The zone of magnetite-apatite-actinolite is characterized by
the presence of those minerals as pods, veins, disseminations, and as
rosettes with albite. Most commonly there are small veins a centi-
metre or two wide in which fibrous green amphibole grows perpendicular

to the vein walls with interstitial, anhedral pink apatite and octa-

hedra of e or its ic equivalent, martite. Pods of
magnetite-apatite-actinolite up to 2 m across also occur and those typi-
cally contain coarse blades of amphibole up to 30 em long, magnetite
octahedra to 5 or 6 cm, and patches of apatite of variable size up to

20 cm. Rosettes of bladed albite, up to 15 cm across, with interstitial
chlorite, amphibole, and magnetite are commonly found as alteration
products of andesite flows (Figure 39). Epidote is a common mineral
within this zone and a few cavities within lava flows are lined with

it and contain partially-filled cores of apatite,
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Figure 38.

. + AnimalAxdesite
= Echo Bay Formation
© Camseil River Formation

“*Na,0

K,0 versus Naj0 plot for various andesites of the
LiBine Group showing the effects of albitization
within the alteration halo of the Balachey

Pluton. Note the increase of Nap0 and concomitant
decrease of K0 in samples collected from within
the alteration halo.



Figure 39.

Albite rosettes in magnetite-apatite-actinolite
zone of Balachey Intrusive Complex alteration
halo.
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The contact of the magnetite-apatite-actinolite zone with the

sulphide zone is gradational but was mapped

the disappearance of
magnetite-apatite-actinolite. Sulphides within this zone are mainly
pyrite and chalcopyrite although secondary (7) pyrhotite is also
commonly present. Typically the sulphides occur as patches of varisble
size, but generally tens of metres across, of 20-25 percent fine
disceninations. They are easily recognizable in the field from great

distances

gossans. It is this zone that concains polymetallic veins
of native silver and bismuth and Ni-Co arsenides located along the

north side of the Camsell River.

Interpretation

The late stage replacement of plagioclase phenocrysts in the
Balachey Pluton by quartz and albite; the concentration of amphibole
adjacent to fractures in the pluton; and the wide alteration halo,
sometimes with fracture controlled albitization, attest to the
activity of high-temperature hydrothermal fluids. At the preseat
time, without oxygen isotope data, it is not possible to determine
the relative role of magmatic versus ground water but the incredible
volume of altered rock suggests large scale ground water:rock inter-
actions.

The pinch-out of the alteration zones in & southeasterly
direction suggests that the alteration is depth-co: trolled for, as argued
earlier, deeper levels of the pluton are exposed in that direction.

As the Balachey Pluton is unconformably overlain by White
Bagle Tuff but intrudes the Camsell River Formation its age of
emplacement is tightly constrained. This mey indicate that the hydro-

thermal cell was not especizlly long-lived for there are abundant




fragments of the altered rocks in the breccia at the unconformity

wvhich indicate that alteration had already taken place prior to the
deroofing of the pluton.

Although it 1is not possible to know how much Camsell River
Formation was eroded prior to eruption of the White Eagle Tuff the
upper conglomerate of the Cemsell River Pormation may mark the origimal
top of the pile. If so, then the Balachey Pluton was intruded 2-3 km
beneath the surface. Even if substantial volumes of andesite were
stripped avay, the pluton vas nevertheless emplaced at only a few

kilometres dep! 1ts size.

The close temporal, spatial, and chemical relationships of the !
Balachey Pluton to the Camsell River Formation suggests that the two

are genetically related. Probably the intrusion represents the type

of magma chamber which at deeper levels fed the surface volcanism of

the Camsell River Formation. Eventually the body migrated upwards and

invaded its own volcanic ejecta much in the manner envisioned by

Hamilton and Myers (1967).

Rainy Lake Intrusive Complex

The Rainy Lake Intrusive Complex (Tirrul, 1976) is a composi-
tionally and mineralogically zoned sheet-like pluton about 1,500 m
thick and 10-11 km across. The pluton was folded after intrusion and
15 now exposed in cross section on the southwest limb of Norex Syn-
cline (Map 1). Only a brief description of the pluton will be made
here because work on this complex, but interesting, body is still in
progress.

The intrusion has a flat roof that is roughly concordant with

bedding of the roof rocks. However, down dip in the Terra Mine



workings the upper contact is seen to cut up section. The floor of

the body is convex downward with the thickest parts near the ceatre
of the intrusion. Both the upper and lover contacts strike northwest—
southeast and dip from 50-90° to the mortheast. In the southeast the
pluton was intruded by a younger syenogranite and the original lower
contact of the Rainy Lake Intrusive Complex is therefore not exposed
in that area,

Tirrul (1976) recognized that the pluton was compositionally
zoned, parallel to its flat roof, and mapped five major lithologic

units within the body. From top to bottom they are: upper border

fine-g d syenite, grained syenite,

and (Map 1), In there is also a lower border

monzonite.

Where the upper margin of the intrusion is exposed (Figure 40)
there 1s typically a well-developed border phase, up to 20 metres
thick, comprising 30-35 percent intensely sericitized plagioclase

phenocrysts (Figure 41) up to 1 ca long and ragged mafic clots (3 mm)

of amphibole, and opaque oxides sitting in a

much finer of albite,

sphene, epidote, and a trace of quartz. Concentric shells of sericite
outline original zoning in some of the plagioclase phemocrysts. Under
the microscope all original plagioclase seems altered hut the micro-
probe revealed tiny domains of unaltered andesine. Most of the phemo-
crysts are rimmed with unaltered albite that intimately interlocks .
with the matrix.
Large numbers of slender needles of apatite, up to 2 mm long,

are found throughout the matrix. Veins of magnetite-apatite-actinolite,



Figure 40. Upper contact of Rainy Lake Intrusive Complex.

Figure 41. Detail of upper border monzonite. Note the similarities
of plagioclase phenocrysts to those of andesites of the
Camsell River Formation.
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up to 30 cm across, are found cutting the monzonite (Figure 42) and

most trend normal to the outer contact, locally cutting across it. In
the veins fibrous amphibole: grows mormal to the vein walls with central
zones of coarse anhedral apatite and magnetite octahedra.

The lower border phase is similar to the upper border monzonite
except that it does not contain mafic clots nor magnetite-apatite-
actinolite veins. It gemerally weathers pink.

The lower half of the pluton is, in its lowest parts, a seriate

monzodiorite (Pigure 43) consisting of euhedral,

ricitized plagio-
clase phenocrysts from 1 or 2 mm to 1 cm long with interstitial pale

green opaques, and a few specks of

chlorite. The plagioclase crystals occur as euhedral tablets of
oscillatory zoned andesine. They are heavily sericitized and closely
packed. Only locally have crystals grown together. Some of the
phenocrysts have been replaced at their margins by unaltered albite.
In the field the plagioclase crystals locally define a weak foliation.
These features led Tirrul (1976) to suggest that the lower monzodiorite
was a cumulate rock derived from gravitational settling of the plagio-
clase.

The pale green amphibole occurs as mostly interstitial clots
(3 mm) consisting of fibrous material with random optical orientations
but a few light brown to green actinolitic hornblendes show uniform
crystallographic orientation. They are about 2-3 mm across and also
£111 interstices between plagioclase phenocrysts. Anhedral opaque
oxides are ubiquitous in the clots but uncommon in the crystals with
uniform optical orientation.

Anhedral perthite, about 4 mm across, also occurs as inter-

stitial material and is often intimately intergrown with the amphibole.




Figure 1:2. Magnetite-apatite-actinolite vein cutting upper border
monzonite.

Figure 43, Lower monzodiorite of Rainy Lake Intrusive Complex.
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In places it appears to have replaced marginal portions of the plagio—
clase phenocrysts. Cranophyric intergrowths of quartz and micro-
perthite have & similar mode of occurrence as the perthite in that

they are mainly nterstitisl, intergrown with asphibole, and sppear to

have replaced plagioclass. Locally, quartz occurs without alkali feld-
spar. Tiny hexagonal prisus of apatite are a common feature in the
interstitial sceas bLetween plagloclase phenocrysts.

Upwards in the basal monzodiorite the following changes are
ween: plagloclane phenvcrysts become more heavily sericitized, have
wider rims of albite, cores of finely disseminated zoisite or clino-
zoisite, and are replaced along cleavage traces by albite; the clots
of amphibole become smaller and the smphiboles themselves become more
ragged and felted; and quartz becomes sparser and locally sbsent.

The transition from monzodiorite to monzonite is gradational

and takes place over a distance of several metre: Mineralogically,

the change 1s characterized by an increase in the size of perthite to

7 mm and the appearance of minor amounts of chessboard albite. (Quartz
1s absent., Apatite becomes especially common and nests of tiny needles
vccur throughout the matrix. Epidote clots become common and appear

to be after amphibole. Chlorite and fine amphibole occur in the cores
of plagloclane phenocrysts.

Texturally, both unaltered albite and perthite replace signifi-
cant portions of the plagloclase phenocrysts such that only ovoid
werleltized coren remaln, Felted ferromagnesiw rinerals forn ragged
clots with abundant opaque oxides.

In general, the monzonite appears much less altered in thin
section than the lower monzodlorite. This is mainly due to the

destruction of altered plagloclase and replacement by rather fresh



appearing albite and perthite, but there are fewer plagioclase pheno—

crysts in the monzonite than in the monzodiorite.

The upper contact of the monzonite is also gradational over
several metres. The syenite is characterized by a sudden decrease in
the size of perthite to 4 mm, the growth of abundant chessboard albite,
and the development of abundant carbonate in the ferromagnesium clots.
The clots are smaller and much sparser in this phase than in lower
parts of the intrusion. The destruction of plagioclase is so great
that only sparse elliptical relicts of intensely chloritized cores
remain (Figure 44). Apatite is either very common or virtually absent
and there does not appear to be a gradation between the two. Quartz
makes up at most 2 percent of the rock but granophyre is completely

absent. Opaque oxides are still in the fer

clots but like the clots they become finer and more disseminated upwards.
As higher levels of the intrusion are reached,perthite decreases
in size until just below the upper border phase where it is absent alto-

gether. albite as Tiny

blebs of quartz become common where perthite is sparse or sbsent. By
this level there 1s only one, or perhaps two, relict cores of plagio-
clase per thin section. They are alvays heavily chloritized and con-
tain tiny wisps of amphibole.

The syenitic portions of the intrusion weather pink, probably
due to the presence of finely disseninated hematite. Numerous dikes
of Eine-grained albitite, up to 30 cm across, and typically with
gradational contacts, cut the body. They appear to be randomly
oriented but were not systematically measured during mapping. Overall,
the syenitic phases appear remarkably fresh in thin section except for

the relict cores of plagioclase.



Figure 44.

Upper syenite phase of Rainy Lake Intrusive Complex.
Note sparse plagioclase phenocrysts.
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A remarkable feature found in the top 10 metres of the syenite

is the occurrence of pink apatite coating fracture surfaces. The
fractures typically trend at high angles to the roof of the
intrusion.

The contact of the syenitic phase with the upper border phase

is sharp. Locally the syenite the border such

that it is absent, or nearly so, and syenite occurs at the upper con-

tact of the intrusive.

of from the parts of
the intrusion indicate that they are actinolitic hornblende. Upwards

in the intrusion there is a change to ferroactinolite. Amphibole is

mostly absent in the upper of the but amphibole in
the magnetite-apatite-actinolite veins cutting the upper border phase
are silicic ferroactinolite. The compositional changes of the amphi-
boles with respect to level within the intrusion are shown in Figure 45.

All of the amphiboles, with perhaps the exception of the acti-
nolitic hornblendes which may be low temperature hypersolidus phases
(de Albuquerque, 1974), are relatively low temperature phases, stable
at oxygen fugacities around the FMQ buffer, only at subsolidus tempera-
tures 1in rocks of the composition of the Rainy Lake Intrusive Complex
(Ernst, 1968; Bookstrom, 1977). This suggests that they have a hydro-
thermal origin.

In melt-crystal systems of intermediate to mafic composition
at temperatures below about 825°C the amount of tetrahedrally-
coordinated aluminum in amphiboles decreases steadily with falling ¥
temperature and there is a positive correlation beween Al (IV) and
the number of cations in the A-site (Helz, 1973). A constant decrease

upwards in both Al (IV) and A-site occupancy in amphiboles of the
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Figure 45.
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Composition of amphiboles in the Rainy Lake
Intrusive Complex plotted in terms of atoms
of tetrahedrally coordinated aluminum versus
atoms of sodium and potassium.



Rainy Lake system is suggested by the limited data of Figure 45.
Vhile Helz did not investigate subsolidus amphibole-H,0
partitioning, the similar trends found in amphiboles during this study

suggest that d steadily upwards in the

during their However, as there is little or no

experimental work on the crystal chemistry and partitioning of various

elements into actinolites this conclusion should be regarded with caution.

Major and trace element chemistry
Results of whole rock analyses of samples from the intrusion
are presented in Tables 7a and 7b. The concentrations are shown

hically versus height in Figures 46a, b, c, and d.

For the most part the chemical variations show a strong cor-
relation with mineralogy. Note that the two samples of albitite veins
(C-79-21, :2-79-26) have very low abundances of P,0, total Fe, Mg0,
Ba, Rb, and Sr compared to other parts of the pluton. Also, those
samples have the highest concentrations of sodium found in the intru-
sion. Further note that the highest sample from the intrusion, col-
lected from the upper border phase, is generally much closer in
composition to the lower monzodiorite than the upper syenitic parts

of the intrusion.

Rare earth elements
Rare earth element (REE) concentrations of seventeen rocks
from the Rainy Lake Intrusive Complex are presented in Table 8. All
samples exhibit the light REE enrichment patterns and high overall
abundances typical of the Labine Group.
Ce, Eu, and Yb are plotted versus stratigraphic height in

Figure 47. The important features to note on the plots are that Ce
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Figure 46a.

Variations of $10,, Nb, Zr, Nag0, Y and T10,
plotted with respéct to height in the Rainy

Lake Intrusive Complex.

percent; trace elements in ppm.
scale is approximately 1.5 ka,

Oxides in weight
Vertical
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Figure 46b. Variations of Ca0, St, AL,O,,
with respect to height in’the
Complex.

in ppm.

K0, Rb and Ba plotted
Rainy Lake Intrusive
Oxides in veight percent; trace elements
Vertical scale is approximately 1.5 ka.
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Figure 46c. Variations of Mg0, Ni, Cr, Ma0, Zn, and V plotted
with respect to height in the Rainy Lake Intrusive
Complex. Oxides in weight percent; trace elements
in ppm. Vertical scale is approximately 1.5 ka.
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Figure 46d. Variations in weight percent Fe,,l)3 and PZOS plotted
with respect to height in the Rainy Lake

Tncrustve Complex. Vertical scale is approximately
1.5 k.
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Figure 47.

Selected rare earth elements plotted versus

height in the Rainy Lake Intrusive Complex.
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concentrations are nearly constant regardless of stratigraphic height;
Eu concentrations increase upwards in the lowermost parts of the
monzodiorite but otherwise remain constant throughout most of the

body; and Yb concentrations show a slight increase upwards.

Strontius fsotopes
The results of strontium isotopic analyses of samples from the

intrusion are presented in Table 9. Model ages, calculated using an
tntetal se/%sr totoptc ratio of 0.7025, are plotted versus strati-
graphic height in Figure 48. The data clearly indicate that Rb-Sr
systematics in the upper half of the pluton have been severely dis-
turbed and that the system has not remained closed with Tespect to

Rb and/or Sr. Therefore, the rocks cannot be dated by the Rb-Sr

method (Faure, 1977).

Water content and magma temperature

Plagioclase was the 1iquidus phase in the Rainy Lake magma and
it can be inferred from arguments presented in conjunction with lavas
of the Camsell River Formation that the Rainy Lake magma contained 2
percent or less H)0. By similar reasoning to that used for the
Balachey Intrusive Complex, the depth of emplacement is considered to
be 3 or 4 ka.

Once the pressure and water content of an andesitic magma are
known it is easy to estimate the liquidus temperature of the magma by
using published experimental data. With 2 percent water at less thau
5 kb the liquidus temperature for andesitic magnas is slightly less
than 1100°C (Green, 1972; Eggler and Burnham, 1973).

Most of the crystallization of an andesitic magma takes place

over a short temperature interval 50 to 100° below the 1iquidus
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Calculated model ages using an initial ratio of
0.7025 for selected samples of the Rainy Lake
Intrusive Complex plotted versus height in the
intrusion. Note that x axis is logarithmic.
Vertical scale is about 1.5 km.




(Marsh, 1981). As the Rainy Lake magma was sbout one-third crystal-
line when intruded,it can be inferred that the temperature of the

sagma was about 1000°C when emplaced.

Alteration
The Rainy Lake Intrusive Complex has a similar alteration halo

to that of the Balachey Intrusive Complex but the zones are not

vell-defined and have been modified by the emplacement of younger
intrusions. There do, hovever, sppear to be larger bodies of magnetite-
apatite-actinolite (Figure 49) above the roof of the Rainy Lake Intru-
sive Complex than occur around the Balachey.

The bodies of magnetite-apatite-actinolite led Badham and

Morton (1976) to late that an iron liquid
from the intrusive as an imiscible liquid. This appears unlikely for
the following reasons:
1. Many veins contain only amphibole and/or spatite. Magnetite
can be absent. Thus there is often more silica than iron
in the veins.

2. Amphiboles typically grow orthogonal to the vein walls, a

texture more of from

fluids than a magmatic melt.
3. The veins are often zoned with margins of amphibole and
magnetite and cores of apatite-a texture incompatible with
their derivation from a single iron phosphate melt.
4. Granular magnetite-apatite-actinolite often replaces individ-
ual beds of sedimentary rock (Figures 50 and 51) and selec-
tively replaces matrices of ash-flow tuffs of the Camsell

River Formation.




Figure 49,

Body of granular magnetite-apatite-actinolite
above roof of Rainy Lake Intrusive Complex.
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Figure 50. Granular magnetite-apatite-actinolite replacing
sedimentary rocks of the Arden Formation.

Figure 51. Granular magnetite-apatite-actinolite replacing
alternate beds of sedimentary rock above roof
of Rainy Lake Intrusion.
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5. The composition of amphibolss in the veins suggests low

temperature crystallization not the temperatures of over
1000°C that are meeded to maintain en iron-phosphate melt
(C. Thompson, personal communication, 1981).

6. MApatite coats fractures in the upper syenite which indicates
that it was solid enough to fracture when the apatite
crystallized.

7. It does mot explain the intense albitizatiow. of the upper
part of the intrusion, its chemistry, nor its Rb-Sr systematics.

8. lastly, an iron-phosphate liquid will sink, due to greater
density, in a silicate liquid (Daly, 1915) and therefore

magnet: pati bodies from a silicate

liquid by immiscibility should occur at the bottom of the
fatrusion, mot at the top, as is the case in the Rainy Lake
Intrusive Complex.

AlL of the above data are, however, compatible with a hydro-

thernal origin.

Interpretation

The Rainy Lake Intrusive Complex, like the Balachey Pluton,
appears compositionally related to the Camsell River Formation. The
pluton did not rise as close to the surface as the Balachey but its
effect on the country rocks was sinilar.

When first intruded, the pluton was probably a relatively
homogeneous body of andesitic magna containing 30-35 percent large
andesine phenocrysts. Magma adjacent to the walls vas rapidly chilled
to form the porphyritic border phase. As the plagioclase crystals

occurring in the lower monzodiorite are nmearly the same size as those




of the upper and lower border phases there was not much plagioclase

growth after empl:cement. The major difference between the two zones
1s that the lower mcazodiorite contains 60-65 percent plagioclase

phenocrysts while the border phases contain only 30-35 percent. .

some 11y pheno-
crysts in the lower part of the intrusion.

While it is not possible to reliably predict the viscosity of
the Rainy Lake magma, experimental work and subsequent thermal modeling
suggest that when a body of magma the size, composition, temperature,
and water content of the Rainy Lake is intruded, it will naturally
convect (Shaw, 1965; Bartlett, 1969; Murase and McBirney, 1973;
McBirney and Noyes, 1979). Therefore, the Rainy Lake melt probably
began to convect shortly after intrusion. Since convective rates are
many orders of magnitude greater than crystal settling rates calculated
by using Stokes Law (Rice, 1980) it is unlikely that the plagioclase
crystals settled slowly to the bottom. Instead, a more attractive
possibility is that the crystals were carried downward by convection
currents and deposited near the base.

The upper parts of the intrusion as seen today do ot reflect
the original composition of the differentiated magma. Calculations by
Tirrul (1976) and the author of this report clearly demonstrate the

inability of plagioclase and bol to

yield 1iquids of the composition found in the upper parts of the Rainy

Lake from any original bulk Furthermore, REE

data 1is le with a simple tion model. Instead, it

1s suggested that the upper part of the intrusion is a metasomatic rock

by hyc and/or boiling.




While retrograde boiling may have generated the fractures in

the Toof of the intrusion (see Burnham, 1979; Burnham and Ohmoto, 1980)
which are nov filled with magnetite-spatite-actinolite and may have
even altered the upper part of the body, the water to rock ratio would
not, ia all likelfhood, have been large enough to pervasively alter the
entire pluton and 1its wall rocks to their present state. The only

mechanisn capable of doing so appears to be cooling by hydrothermal

By this vast of meteoric water cir-
culate through the cooling intrusion and heat is transferred outward
1nto the country rocks (Taylor, 1979; Parmentier and Schedl, 1981).
Furthernore, virtually identical alteration types are seen in the
country rocks around the Balachey Pluton and it would be difficult to
argue that this alteration is anything but hydrothermal.

Therefore, one might make the argument, based on similarities
with the Balachey Pluton that the upper syenite, composed mostly of

albite, is equivalent to the inner albite zone of the Balachey halo and

that the -apat1f 1nolite zone is by the

fracture coatings of apatite in the syenite, the veins of magnetite-
apatite-actinolite in the border phase, and the larger bodies of
magnetite-apatite-actinolite above its roof. Similarly, the large
sulphide zones which host the polymetallic ore veins of Terra Mine,

located on Arden Peninsula, could be the pyrite-chalcopyrite halo.

The iron, phosphorous, and magaesium of the maguetite-apatit:
actinolite bodies could have been derived from the albitite veins,
which are depleted in those elements relative to the rest of the
syenite. Volusetrically there was enough iron, magnesium, and phospho-
rous lost from the veins to easily produce the volume of those elements

present in the magnetite-apatite-actimlite bodies. It is hypothesized




that the veins were the main fluid pathways during hydrothermal
alteration.

It 1s not known whether or not the intrusion was completely
solid when the alteration took place but the sharp contact of the
syenite with the upper border phase and the large differences in altera-
tion between them suggest that alteration commenced prior to complete
crystallization of the magma. The tremendous increase in sodium in
the upper half of the intrusion relative to the lower half requires a
source for that element other than the pluton or the country rocks
because neither is depleted in sodium. NaCl-rich brines may have
remained as intergranular fluids in marine sandstones of the Conjuror
Bay Formation, present just bemeath the intrusion.

Elsewhere in the world, 9 tite-

actinolite deposits at El Romeral, Chile as products of hydrothermal
alteration while Fiske and others (1963) attributed magnetite-apatite-
actinolite bodies above the roof of the Tatoosh pluton to volatile
streaning. The bodies at Great Bear Lake are similar to magnetite-
apatite-actinolite deposits at Kiruna, Sweden (Geijer and Odman, 1974)
and in the St. Francols Mountains, Missouri (Snyder, 1969). Both the
Rainy Lake Intrusive Complex and Balachey Pluton have many features in
comon with the Tatoosh and other epizonal plutous described in the
literature (Table 10). The alteration is somewhat akin to that of
porphyry copper systess (Lowell and Guilbert, 1974; Gustafson and Hunt,
1975; Lanter and others, 1975) but the haloes of both Balachey and
Rainy Lake intrusions are appreciably larger than those systems.
Plutons like the Rainy Lake or Balachey may be the type of subvolcanic
plutons ultimately responsible for the heavy pyritization of surficial

rocks of arc volcanoes (see Taylor, 1959).
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White Bagle Tuff
The White Eagle Tuff is a densely welded ash-flow sheet and

associated breccias named for its exposures near White Eagle Falls
along the Camsell River between Clut Lake and Balachey Lake. It
generally lies unconformably on the Camsell River Formation, but on the
malnland south of Conjuror Bay it lies on Moose Bay Tuff. Northeast

from Clut Lake to northeastern Balachey Lake the tuff is overlain by a

distinetive brick red rhyodacite ash-flow tuff which is strongly
eutaxitic or by clastics of the Uranium Point Formation. It is over-
lain by Animal Andesite morth of Balachey Lake, while in the southeast
Conjuror Bay area and east of Clut Lake the tuff is found beneath

younger ash-flow tuffs.

Distribution and thickness

The White Eagle Tuff is exposed almost continuously in a 2 to
4 kn wide north-south trending belt from Grouard Lake nearly to Conjuror
Bay (Map 1), a distance of sbout 20 kn. There the tuff is exposed in &
series of open morthwest-southeast trending folds with axes that plunge
shallowly northwestward such that the base of the tuff is exposed only
in the southeast, on Clut Island and on the eastern isthmus betveen
Clut and Grouard Lake. Throughout the entire belt there is nowhere
exposed a complete section, which makes accurate measurement of its
thickness impossible. However, continuous sections greater than 1.5 km
thick are exposed in fold limbs.

All along the southwest margin of this belt the tuff inter-
fingers with and grades into the coarse sedimentary breccia which
unconformably overlies the Balachey Pluton. This breccia is here termed

the mesobreccia member of the White Eagle Tuff.




The tuff is also well-exposed south and west of Animal Lake.

About 30-40 m of nearly flat-lying tuff occur south of the lake but
the top of the unit is not exposed. To the west of the lake White
Eagle Tuff is a maximum of 350 m thick.

Exposures of the tuff are also found on islands in eastern
Conjuror Bay and on the mainland south of the bay. At those localities

the tuff is nowhere thicker than 200 m but sections are not complete.

General lithology
The White Eagle Tuff is a composite ash—flow shcut, composed of
densely welded and devitrified andesitic to dacitic ash-flows (Table
11). Partially weided tuff is present only at the top and bottom of
the unit in the thinner preserved sections west of Balachey Lake.
Exposures at the southeast end of Clut Lake contain altered
and fractured blocks of Camsell River Formation up to 1 km in diameter

and 2 few blocks of Balachey Lake Intrusive ranging up to 100 m across

Often large blocks with brecciated margins have many smaller fragments
of the same rock type around them. In a crude way the size of the
blocks becomes larger in stratigraphically higher sections of the tuff.

Where blocks are the tuff abundant ysts of

green amphibole similar to green amphiboles f£i11ling vesicles in Camsell
River andesite flows.

Elsewhere the tuff varies in lithic content but is typically
lithic-rich with lithics generally making up 10-20 percent of the rock.
In a few areas lithic fraguents of foliated granitoids occur and were
probably derived from the Hottah Terrane.

Phenocryst abundance and size in the White Eagle Tuff were

not studied in detail but total phenocryst content typically ranges
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from 25-35 percent of the rock (Figure 52). The phenocrysts in the

rock are broken crystals of plagioclase, hornblende, biotite, and

quartz, along with subhedral to euhedral microphenocrysts of magnetite.
In general the phenocrysts are less than 3 mm in diameter but a few
are as large as 5 mm.

In structurally deeper levels of exposure the tuff is richer
1n quartz while quarcz is generally very sparse, if present at all, in
the upper parts.

Pumice, typically highly flattened, is present in nearly all

exposures but in some thick sections is partially obscured by welding,

and/or p tional West of Balachey

Lake and in the Conjuror Bay area black fiammé 10-15 cm in diameter and

1 cm thick are very conspicuous.

Petrography
Thin section examination of the White Eagle Tuff shows it to
mostly contain broken crystals of plagioclase up to 3 ma long, now
ubiquitously replaced by carbonate and epidote in a massive groundmass
of finely intergrown quartz, feldspars, and alteration minerals that
typleally mask original textures. Hovever, in a few specimens, col-
lected high in the sheet, well-preserved vitroclastic textures were seen.
Ragged plates of biotite (to 1 mm) completely altered to epidote,
chlorite, and opaque oxides make up no more than 5 percent of the bulk.
Anphibole, as large as 3.5 mm, makes up another 1 or 2 percent of the
total and it tco is typically altered to assemblages of epidote and
carbonate. There are typically a few small (0.5 mm) quartz chips
present but they only make up more than 1 percent of the bulk in the

stratigraphically lowest parts of the tuff. Opaque iron-titanium oxides




Figure 52.

Crystal, lithic-rich tuff typical of intra-
cauldron facies White Eagle Tuff.
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most commonly occur as tiny grains in altered biotite but are also

present as achedral microphenocrysts less than 1 mm across.

10n

The abrupt pinch-out of tremendously thick sections of the tuff,
coupled with the zones of megabreccis indicate that most exposures of
the White Eagle Tuff represent intracauldron facies tuff. The thin
sisple cooling units exposed south and west of Animal Lake and in the
Conjuror Bay area are mot propylitized, contain abundsnt puaice, and
have unvelded, or poorly-welded bases. Therefore, they are most easily
and logically interpreted as remoants of the outflow sheet. The name,
Clut cauldron, is proposed for the cauldron because it is so well
exposed near Clut Lake.

The gargantuan blocks of Camsell River Formation and
Balachey Pluton that occur in the tuff south of Clut Lake probably
represent material which spalled from the steep cauldron walls during
collapse of the cauldron. This, along with the order of magnitude
thickness difference between the intracauldron and outflow facies tuff,

clearly that occurred simul with ash-

flow eruptions. The crude inverse grading of blocks may indicate that
reliet on the scarp increased with time. This suggests that ash-flow

volcanism wi

not able to keep pace vith subsidence.

Mesobreccia member

The informal term mesobreccia member is here applied to the
thick local assemblage of breccias along the northeastern margin of
the balachey Pluton (Map 1). The mesobreccia mesber interfingers with
the ash-flow tuff and in many places is gradational with it. In the

field the units were mapped on the basis of matrix type. That is, if




the matrix vas muddy or silty it vas mapped as mesobreccia but if
tuffaceous it vas assigned to the ash-flow tuff. Typical relationships
between the two units are illusirated in Figure 53. From there diagrams

it can be seen that the occurs as

wedges. The base of the breccia is not exposed but pr
on Camsell River Formation as does the ash-flow tuff. The breccia is
overlain by the Uranium Point Formation. The unconformity (see section
on Balachey Pluton contacts) with the Balachey Pluton is nearly alvays
vertical but locally is roughly horizontal such that the contact is step-
like in cross-section.

The mesobreccia is generally an unsorted mixture of clasts (1 ca-
2 m in diameter) and matrix, in places clast supported and in others
matrix supported (Figures 54 and 55). The breccia is poorly-bedded and
typically massive but in places there are graded beds and discrete zones
which contain only pebbles of Balachey Pluton. Dip of these units are
less than 15° to the northeast.

The clast population varies considerably from place to place.
Generally exposures closer to the Balachey Pluton contain a higher
proportion of Balachey Pluton clasts than do those farther from the
contact. Other cvommon clast types are altered fragments of Camsell

River pebbles of tite and and cobbles of a

distinctive quartz-plagioclase porphyry.

Clast shapes span the entire range from vectangular to spheroid
and both extremes are commonly found adjacent to one another in the
same breccia tongues. Some Balachey clasts are nearly perfect quadri-
laterals suggesting that they are still bounded by original joint

surfaces.




1 Cleaver Diabase
4 Grouard Dikes
w. Animal Andesite
Uranum Point Formation
«White Eagle Tuff
= mesobreccia member
+ Balachey intrusive Complex
1 km

Figure 53. Sketch maps illustrating relations between
White Eagle Tuff and mesobreccia member.
See Map 1 for locations.

___
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Figure 54. Detail of mesobreccia member of White Eagle Tuff
showing angular fragments of Balachey Intrusive
Complex.

Figure 55. Rounded and angular clasts of Balachey Intrusive Complex
in muddy matrix, mesobreccia member, White Eagle Tuff.



Interpretation

The of the member as

thinning wedges coupled with the nearly ubiquitous clasts of Balachey
Pluton which become more common towards the intrusion indicate that the
unnamed breccia was derived from the southwest. The interfingering
relationships of the breccia with the White Eagle Tuff indicate that
deposition of the breccia went on contemporaneously with eruption and
deposition of the tuff.

As mentioned in an earlier section (Balachey Plutom) the uncon-
formity betveen the breccia and the Balachey Pluton is presently a
nearly vertical buttress facing northeast. When the shallow northeast-
ward dips of the breccia are returned to a horizontal position the
unconformity still dips steeply to the northeast indicating that the
contact remained as a steep scarp during deposition of both the breccia
and the White Eagle Tuff. .

The above relations are interpreted to indicate that the meso-
breccia represents material shed from the southwest wall of Clut cauldron
during collapse of the central block of the cauldron. Similar deposits
have been described in Tertiary cauldrons by several workers (Lipman,

1976; Ratté and Steven, 1967; Lambert, 1972).

Uranium Point Formation

This is a unit 1y composed of

siltstone, mudstone, and pyroclastic rocks which conformably overlie
both the mesobreccia and intracauldron facies White Eagle Tuff. It is
overlain by Animal Andesite. The lower contact of the formation is
defined as the first sandstone or siltstone bed above the White Eagle
Tuff or mesobreccia member while the upper contact is placed at the base

of the first lava flow.




The Uranium Point Formation outcrops morth of the Balachey

Pluton (Maps 1 and 2) and is a maximum of 50 m thick. It is not present
outside Clut cauldron.
Beds of sandstone-siltstone range in thickness up to 1 m and ‘
are composed of angular to subangular volcanic debris. They are
generally planar bedded but locally ripple drift and low angle cross-
lamination were seen. Siltstones and sandstones are often draped with

laminations of purplish mudst The ratio varies

from dominantly sandstome to dominantly mudstone. Convolutions are
common where there is abundant mudstone. Beds of mudstone range from
paper-thin laminations to 15 mm thick and are typically continuous on
an outcrop scale.

Some of the sandstones are pebbly with a wide variety of
volcanic clasts, typically subrounded to angular. Angular chips and
flat-pebbles of carbonate are common in some beds (Figure 56). In two
outcrops pebbly conglomerate is found but outcrops were not sufficient
to determine the bed geometry.

Commonly interbedded with the clastic units, especially in the
northwest, are ashstones and devitrified crystal and lapilli tuffs.
These beds are laterally continuous and average about 15 cm thick.
While most are probably bf airfall origin some are crossbedded and
rippled indicating that they were reworked. At the northwest end of
Balachey Lake the top of the unit contains ash-flow tuff with well-
developed eutaxitic structure. The tuff is a simple cooling unit that
veathers orange-red. It is about 30 metres thick. The upper portion

of the tuff is extremely lithic-rich and contains about 50 percent

aphanitic volcanic rock chips.




Figure 56. Crossbedded and ripple-laminated volcanogenic
sandstone holding angular carbonate fragments,
Uranium Point Formatiom.
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Two common features of the finer units, both clastic and pyro-
clastic, are the occurrence of syn-sedimentary normal faults (Figure
57) and slump folds (Figure 58). Measurements of both features indicate
that slumping was toward the southwest, that is, toward the wall of Clut
cauldron (see Figure 60).

Bouldery and cobbly clastic dikes up to 1 m wide and commonly
carrying clasts of Balachey Pluton occur locally. They have a sandy to

muddy matrix.

Interpretation

The abundance of fine clastic detritus coupled with the general
lack of current structures suggests that Uranium Point Formation was
deposited in relatively quiet water. The stratigraphic position of the
unit above and below subaerial units and its local distribution makes a
marine origin unlikely. Thus, a lacustrine environment is favoured for
the deposition of the formation.

The presence of the unit only inside Clut cauldron suggests that

luke(s) developed in the after collapse
of the cauldron. Periodic volcanic eruptions from unknown sources

ionally units within the lake.

‘The of the d slumping and syn-—

sedimentary normal faulting suggests that the central part of the
cauldron was uplifted during or shortly after deposition of the Uranium
Point Formation. This uplift or resurgence is thought to be related to
the emplacement of the Calder Quartz Monzonite more or less in the

central parts of Clut cauldron.




124

Figure 57. Synsedimentary normal faults in interbedded sand-
stone and mudstone of Uranium Point Formation.

Figure 58. Slump fold in alternating mudstone-ashstone,
Uranium Point Formation.



Calder Quartz Monzonite

quartz and minor 1s
exposed 1n a 100 kn’ wedge-shaped area extending west from the Calder
River to Ghosty Lake and south at least as far as Grouard Lake. It is
here named Calder Quart:z Monzonite after its exposures west of the
Calder River.

The southwestern contact of the body is intrusive and roughly
parallels the southvestern margin of Clut cauldron at a distance of
about 8 km. The original extent of the pluton to the north-northeast
1s unknown as it was intruded by the Hooker Megacrystic Granite.

Seriate quartz monzonite is characteristic of the unit (Figure
59). Subhedral tablets of plagioclase (to 5 mm) are surrounded by

pot

{um feldspar, quartz and ferromagnesium minerals. Commonly “he

1 form < clots from 3 to 6
ciystals. Biotite is always more common than hornblende with the com-
bined total ranging from 8 to 15 percent of the rock. Both often form
clots.

Xenoliths of volcanic rocks are geperally sparse but vhere they
do occur they are typically less than 0.5 m across and strongly altered.
Compositionally it is very similar to the White Eagle Tuff and if one
compares the whole rock analyses of the Calder Quartz Monzcnite (Table
12) to those of the White Eagle Tuff (Table 11) one will see a strong

similarity in overall composition.

Interpretation
The compositional similarity of the Calder Quartz Monzenite to
the White Eagle Tuff and the fact that the southwest contact of the

pluton parallels the margin of Clut cauldron suggest that it may be a
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Seriate quartz monzonite of Calder Quartz

Monzonite.

Figure 59.




TABLE 12: Major and trace element content of Calder Quartz Monzonite
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Sarple No. X-80-39  B-80-59 P-80-37 B-80-19
510, 65.4 64.0 64.4 64.0
Ti0, 0.62 0.64 0.68 0.72
Al03 15.2 15.4 15.7 15.7
Fe03%* 3.90 %.22 441 4.63
Mn0 0.07 0.18 0.07 0.08
Hg0 1.91 2.3 2.35 2.80
ca0 3.53 3.2 3.94 2.87
Nay0 3.11 3,22 3.22 2.99
K,0 4.28 4.22 4.10 4.10
¥205 0.11 0.1 0.11 0.15
10T 1.08 1.89 1.06 1.99
Total 99.21 99.48 100.04 100.03
Nb 13 13 15 13

zr 165 179 186 199

Y 35 33 42

sr 313 308 348 325

U nd 3 1

Rb 158 175 184 163
Th 17 20 12 18
Pb 19 42 27 12

GCa

Zn 55 198 60 72
Cu 12 27 26 nd

NL

cr 28 22 18 35

v 65 335 332 69
La 57 50
Ce 79 37 33 84

Ba 79 1042 863 871

**Total Fe as FEZOJ
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subcauldron pluton. The emplacement of the pluton might then be
responsible for the doming or resurgence of the central part of the

cauldron by the of in the Uranium Point

Formation as shown in Figure 60.

Animal Andesite

Animal Andesite is an accumulation of pargasitic and augite
porphyritic andesite (Table 13) lava flows, breccia and tuff which occur
in the cores of two broad synclines north of the Balachey Pluton (Map 1).
The formation overlies the Uranium Point Formation and is overlain by
the "younger ash-flow tuffs.” It is named for exposures north of Animal
Lake.

Lavas of the formation are easily separated from those of the
Camsell River Formation by their stratigraphic position and their lesser
degree of alteration. They are also less plagloclase porphyritic, some-
times nearly aphyric, and have fewer amygdules than andesites of the
Camsell River Formation. In the field, amphibole, clinopyroxene and
plagioclase phenocrysts are commonly visible. Large quartz and potassium
feldspar xenocrysts are also characteristic of some of the lavas.

The lower contact of the formation is often well-exposed and
sedimentary rocks of the Uranium Point Formation are baked and altered.
Sometimes the sedimentary rocks are caught up in the basal few metres
of the lowest flow in the pile.

In general lava flows of Animal Andesite are massive with minor
columar joints, although one flow-banded lava was found (Figure 61).
Platy-jointed bases are common in most flows but some flows have auto-
brecclated margins. The flows are shades of dark-gray and reddish-purple

on fresh surfaces and a light brown or gray on the weathered surfaces.

—-




TABLE 13: Major and trace element analyses of lava flows, Animal Andesite.

Sample No. H-80-91 H-80-81 H-80-108 H-80-89 H-80-85 P-79-~138 H-80-93 P-79-104 P-79-139 P-79-95

8§10 58.0  56.5 56.6 53.9 57.4 58.6 53.6  60.1 60.3 52.8
T10 0.91 0.72 0.71 0.87 0.74 0.72 0.74 0.59 0.63 0.83
Al,03 16.2 15.1 15.2 14,7  15.6  15.9 13.6  15.3 15.6 14.9
Fe Oyt 6.57 6.63 6.92 7.57 7.09 6.47 8.15 5.71 4.86 7.711
MnO 0.12 0.12 0.09 0.17 0.22 0.11 0.18 0.08 0.14 0.18
Mgo 3.58 4.56 4.17 6.32 4.96 3.09 8.38 3.30 3.04 5.66
Ca0 4.68 4.51 3.88 6.37 5.04 4.95 7.08 2.05 4.49 5.08
Na20 3.13 3.27 3.45 2.00 2.31 2.67 1.97 3.42 3.15 3.94
K0 3.68 3.48 3.14 4.08 4.92 3.63 2.65 4.86 3.79 2.66
P05 0.20 0,19  0.23 0.26  0.28  0.16 0.18  0.18 0.19 0.22
Lor 2.09 4.58 5.20 2.33 1.80 3.64 3.29 3.12 2.59 5.49
Total 99.16 99.66  99.59 98.57 100.36 99.94 99.82 98,71 98.78 99.47
Nb 11 10 10 10 10 14 9 12 14 10
Zr 179 185 167 157 167 174 134 189 179 163
Y 24 32 26 26 N 26 29 28 26 1
Sr 587 343 351 579 602 406 442 329 466 523
u 8 0 9 3 3
Rb 99 117 99 109 152 119 77 167 147 77
Th 7 b 4 12 12 12 11 6 18 12 10
Pb 45 19 1 21 82 19 17 16 18 15
Ga 21 21 18 19 23 23 22 20 22
Zn 130 17 90 129 189 125 130 135 119 198
Cu 11 [ 191 33 41 0 0 16
Ny 23 37 32 89 40 16 12 12 54
cr 57 110 81 226 76 22 48 60 32 170
v 138 144 142 170 139 m 160 111 96 157
La 69 65 79 74 72 53 49 57 57 36
Ce 84 79 99 87 82 74 85 71 65 71
Ba 1217 1172 935 1372 1529 880 1025 1305 951 1022

#*Total Fe as Fe203. Oxides in weight percent; trace elements in parts/million.

otT



Figure 61.

Flow banding in Animal Andesite lava flow.
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Due north of Balachey Lake the lava flows are intercalated with
andesitic breccias and tuff. Beds are generally massive to poorly-
graded. Block and bombs within them are often oxidized to a purplish-
red colour and are scoriaceous. An oval shaped pipe of intrusive
andesite, which may represent a feeder for the pyroclastic units and/or

lava flows, is exposed in this area. The entire

emblage probably
constitutes a small, composite cone created by Strombolian eruptions

and quiet effusions of less gas charged lava.

Petrography
Lavas of the Animal Andesite are aphanitic to porphyritic dark

rocks variable of plagioclase, clinopy 5

and smphibole. A summary of the modal composition of various lavas is
given in Table 14.

Every flow is altered to some degree. Some are relatively fresh

with only of feldspar p! ysts. Others are

strongly propylitized with complete saussuritization of plagioclase and

of and/or by and chlorite.
In those rocks original groundmass textures are partially or completely
destroyed by the formation of anhedra of feldspar and quartz.

In less altered samples phenocrysts are commonly set in either
an orthophyric or pilotaxitic matrix. A few flows are microdiktytaxitic
while others are intersertal.

Plagioclase phenocrysts, up to 5 mm long, are commonly zoned
with cores ranging from andesine to medium labradorite (Ang -Ang) and
rims of oligoclase (An)s-Anjs). In many of the altered flous plaglo-
clase may be completely albitized or have albite rims. Several flows

contain poorly plagioclase with tiny
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of chlorite, clinopyroxene, and quartz, perhaps after glass. In some
of the phenocrysts inclusions are so numerous that the phenocrysts

have a skeletal In many rocks distinction between pheno—

crysts and 1s y because crystals inter—
mediate in size are also present.

Pyroxene forms stubby prisms as long as 7 mm and anhedral grains
or subhedral prisms in the groundmass. The phenocrysts are calcic
clinopyroxene, mostly augite (Figure 62). They are dark green to black
1n hand specimen. Round and irregular-shaped crystal clots of subhedral-
anhedral augite are a comson constituent. The lergest one observed was
irregular in shape and 8 mm in diameter. Similar clots have been
described in calc-alkaline andesites by Stewart (1975) and by Garcia
and Jacobson (1979).

Strongly resorbed quartz xenocrysts, up to 5 mm, are commen in
lavas north of Balachey Lake. The xenocrysts are typically armoured
by coronas of augite microphenocrysts (Figure 63). The microphenocrysts
are often arranged so that their long axis is orthogonal to the surface
of the xenocryst. Nests of slender apatite needles are a common acces-
sory in the coronas. Coronas of clinopyroxene are commonly found around
quartz xenocrysts in various regions of the world in both extrusive and
intrusive rocks (Muir, 1953; Kuno, 1950; Doe and others, 1969; Sato, 1975).

Prisms of amphibole (less than 3 mm) are typically pargasitic
(Figure 64) and nearly alvays display some type of reaction relationship
(Figure 65). Some are completely pseudomorphed by opacite and are
highly corroded. In others there is a thin rind of pyroxenes, plagio-
clase, and opaque oxides. In one flow there are opacitic rims around

resorbed which indi that the were

out of equilibrium with the melt prior to eruption. Opacitic amphiboles




MgSiO3 FeSiOg
Animal Andesite

Figure 62. Clinopyroxene compositions of Animal Andesite.
Field of clinopyroxenes from high-K andesites
after Gill (1981).

Figure 63. Clinopyroxene armoured quartz Xenocryst (centre), altered
K-spar xenocryst, and clinopyroxene clots, Animal
Andesite.
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Figure 64. Composition of amphiboles in Animal Andesite expressed
in terms of atoms of tetrahedrally-coordinated aluminum
versus atoms of sodium and potassium (A-site occupancy).

Pigure 65. Photomicrograph of amphibole porphyritic andesite
flow. Note opacitic rims.
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are especially common in calc-alkaline volcanic rocks and are usually
attributed to a drastic reduction in water pressure during, or just

prior to, eruption (Kuno, 1950; Stewart, 1975; Garcia and Jacobson, 1979).

Interpretation
The local accumulations of blocks and bombs, thick sections of

lavas, and lack of 1 lated y Tocks are of

areas of andesiti Animal Andesite is pre-

served both inside and outside Clut cauldron which may indicate that
vents were located in both areas or perhaps that there was little relief
on the cauldron margin during eruption of the andesites.

The most siliceous samples of Animal Andesite have similar silica
contents to the least siliceous samples of White Eagle Tuff yet the lavas
have higher concentrations of Rb, la, Ce, Zr, and Ba. Therefore, the two
units do not appear to have been genetically related by mixing, erystal
fractionation of observed phases, or assizilation of quartz and potassium
feldspar because none of those mechanisms can increase Rb, La, Ce, Zr and
Ba downward in a magma chamber and maintain the same silica value. Soret
diffusion, as advocated by Hildreth (1981), could reproduce the chemical
variation for most of the elements but not for Rb or $10,, both of which
appear to be concentrated upvards by that mechanism. Therefore, magma
erupted as Animal Andesite was probably a different batch than that which

erupted the White Eagle Tuff.

"ounger Ash-Flow Tuffs"
The youngest stratigraphic unit of the area is a compositionally
diverse sequence of apparent simple cooling units of ash-flow tuff and
minor intercalated sedimentary rocks here informally termed the "younger

ash-flow tuffs.” They range in composition from andesite to rhyolite

P
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but the more siliceous compositions dominate (Tables 15a and b). The

younger ash-flow tuffs appear to rest on White Eagle Tuff everywhere

except for a small area on the mainland east of Conjuror Bay where they

overlie Animal Andesite. Nowhere in the map area was the top of this

unit found.

Extensive erosion and folding have left only a fragmentary
record of the distribution of the younger ash-flow tuffs; they outcrop
in just two regions of the map area: on islands in Conjuror Bay and
east of Clut Lake (Map 1). The two areas were not studied in enough
detall to correlate individual cooling units between them but overall
1lithologies and stratigraphic position above the White Eagle Tuff are
generally similar.

In the Conjuror Bay area the thickness of the unit is perhaps
1.5 ku but faulting and lack of continuous exposure due to the water of
Conjuror Bay make exact thickness estimates unreliable. The thickness
of the pile east of Clut Lake is even greater, perhaps 2 km, but there

much of the pile is not very and 1 control

1s lacking. .

Lithologic description

The younger ash-flow tuffs are an assemblage of cooling units
whose individual thicknesses are on the order of 100-250 m. Cooling
units were distinguished in the field on the basis of sedimentary inter-
calations and unvelded zones.

Many of the ash-flow units of the younger ash-flow tuff
generally contain modal potassium feldspar which helps to distinguish

then from White Eagle Tuff which generally does not contain modal




TABLE 15A: Major and trace element analyses of the "younger ash-flow !

tuffs", Conjuror Bay section

Sample No. B-79-137 H-79-138 B-79-129
510, 72.3 2.1 61.5
T10; 0.22 0.31 0.29
A1203 12.2 125 13.7
Fey03 3.49 3.88 3.91
Ma0 0.09 0.11 0.22
¥g0 0.76 111 2.26
ca0 0.60 0.20 0.93
Nay0 2.41 1.68 3.02
Kp0 5.91 6.34 4.83
P505 0.04 0.02 nd
LO1 1.66 2.8 2,38
Total 99.69 100,47 99.04
21 22 17
zr 298 3%0 151
Y 64 64 3
st 9 40 176
U 5 6
Rb 230 194 183
Th 24 2
Pb 6 [ 7
Ga 16 20
Zn 98 98 277
Cu 15 7 19
Ni 3 11
Cr nd nd 16
v 239 1 63
La 63 42 .
Ce 89 130 71
Ba 1009 1040 851

**Total Fe as PBZOS'
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potassius feldspar. Space does not permit & detailed description of

flow tuffs." Therefore,

every cooling unit present in the "younger
only three of the cooling units, and their intercalated sedimentary
rocks, located in the Conjuror Bay area will be discussed here.

The lowest cooling unit in the Conjuror Bay area is a rhyolitic

tuff which has a basal bouldery zone at least 20 m thick. Boulders in

this part of the tuff, range up to 3 or 4 m in diameter and are closely

packed in a tuffaceous matrix (Figure 66). In a recent paper Walker

and others (1981) have attributed basal bouldery zones of ash-flows to

differential settling during flov.
The basal zone grades up into a zone 10-15 m thick which con-

tains large recumbent flow folds (Figure 67). The folds are similar to

the secondary flow folds of Chapin and Lowell (1979) which they interpret
to have originated when ash-flow tuff crept downslope towvards a valley

axis from oversteepened valley valls. Above the flow-folded zone, and

gradational with it, the tuff is brick-red and contains abundant flat-

tened pumice fragments often with a faint lineation. Those parts of
the cooling unit above the flow-folded zone display well developed

pecially evident in upper parts

columnar jointing. This jointing is
of the tuff where it weathers crumbly due to poor welding.

In general, the tuff is lithic-rich with angular chips and
pebbles of a wide variety of rock types locally making up to 10 percent
of the rock except in the aforementioned basal zone vhere lithics are
sore abundant than tuffaceous material.

The top of this tuff is poorly exposed but appears to be covered
by a metre of laminated rhyolitic ashstone, which may represent airfall

material related to the eruption which produced the youngest ash-flow

in the cooling unit.




Figure 66. Large block in basal lag of ash-flow tuff, younger
| ash-flow tuffs, Conjuror Bay.

Figure 67. Secondary flow folds above basal lag breccia, younger
ash-flow tuffs, Conjuror Bay.



One-half kilometre vest, this horizon is represented by
slightly cobbly, planar-bedded, lithic arkose with fine partings, minor
rippled tops, and occasional mudcracks. Beds are generally Scatolm
thick. Ripple crests indicate that these sandstones were derived from
either the morth or the south and the angularity of nearly all grains
suggests that provenance was local.

Overlying the thin sedimentary interval is another cooling unit
of rhyolitic ash flow tuff. This tuff also has a bouldery base but
fragments (less than 0.5 m) are not nearly as large as those of the
lover cooling unit.

Above the unvelded bouldery base the tuff fs incipiently welded
and 1s crystal poor. It weathers light gray. Lapilli, most of which
are pumice constitutes 10 to 20 percent of the unit and pebble-size
lithic fragments make up another 10 percent.

Within 10 m upsection the tuff becomes densely welded and
weathers brick-red with well-developed columnar jointing. Crystal frag-
ments increase in abundance upsection.

The top of this tuff is marked by another epiclastic interval.
At least one large (15 m) intensely fractured block of rhyolitic to
dacitic ashstone and crystal tuffs intercalated with hematitic red mud-
stone beds 10 to 30 cm thick occurs in this interval. Locally there
are minor conglomerates and devitrified ashstone beds. The conglomerates
are clast supported and contain subrounded to rounded boulders and
cobbles of andesite, white chert, and rhyolite in fragmental matrix of
angular sand grains.

One hundred metres to the west are spectacular outcrops of

densely welded ash-flow tuff. This tuff is very eutaxitic with

flattened pumice to 50 cm (Figure 68). Up section black fiammé become




Eutaxitic foliation

Densely welded ash-flow tuff showing dark black fiammé.
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conspicuous (Figure 69) and lithophysael cavities of vapour phase
origin are found beneath lithic fragments. Phenocrysts in this tuff

are quartz, feld h1 blotite and

altered pyroxene. The tuff was folded prior to eruption and deposition
of the next highest cooling unit in the section. However, due to
1limited outcrop, structural relations are unclear and this unit may be
a large block.

The above sequence is unconformsbly overlain by the basal
unvelded zone of the next cooling unit in the sequence. Although the
tuff 1s generally phenocryst poor at the base, quartz appears as the
dominant phenocryst in the field sbout 20 m sbove the lower contact.
It is conspicuous for only a few tens of metres. Biotite sppears in
hand specimen midway through the cooling unft.

The tuff is strongly eutaxitfc except near the base and the top

of the cooling wnit. Lithic fragmeats made up to 15 percent of the bulk.

Pﬁtﬂ)ll’lghz
All of the original glass in the "younger ash-flow tuffs" has

been devitrified to cryptofelsite yet vitroclastic textures are
remarkably vell preserved (Figure 70). Every ash flow of the unit is
porphyritic. Modal analyses of several units are presented in Table 16.
Only the lowest cooling unit in the Conjuror Bay section which is

mineralogically typical of the "younger ash-flow tuffs" will be described

here. The unit contains of quartz, plagioclase,
and altered pyroxene in a reddish oxidized matrix crowded with devitri-
fled shards, many of which are bent around phenocrysts giving the rock

a pronounced fluidal banding. Nearly all shards are rimmed by opaques.

Approximately 5 percent of the tuff is made up of shattered, cracked




ire 70.

Photomicrograph of densely welded ash-flow tuff
showing well preserved vitroclastic texture.
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end embayed bipyramidal euhedra of quartz, some of which reach 5 mm

across. Tabular pi ysts of to3m
cracked, corroded and make up sbout 10 percent by volume. Broken and
twinned tabular plagioclase from minute specks to chips measuring 4 mm,
constitute 5 percent of the bulk and contain tiny red euhedra of hema-
tite. Relict pyroxenes (less than 2 m) make up less than 1 percent of
the rock. All are replaced by chlorite and opaque oxides.

Io the middle part of the cooling uait quartz is slightly more
abundant and orthoclase phenocryst fragments are larger (4 m). The
matrix is cospletely recrystallized to microfelsite dusted with hematite.

Altered mafic minerals increase in number upwards in the tuff
and reach & percent in the stratigraphically highest thin section
examined. The percentage of small crystal chips increases to about 30

percent of the bulk.

!nteggreuuon
The "younger ash-flow tuffs" are all simple cooling units of

medium thickness. Therefore, they are likely remmants of outflow facies
tuff. The tuffs appear to fill topographic depressions, probably stream

valleys, as evidenced by the intercalated sandstome and conglomerate.

Most cooling units are mineralogically-zoned and probably
erupted fron compositionally-zoned magma chambers but the chemical
variations within single cooling units were not studied. The sources

for the tuffs are unknown and probably lay outside the map area.

’KQP" Porphyry

This is a porphyritic intrusion comprising potassium feldspar,

quartz, and plagioclase in a pinkish aphanitic matrix. It

1s a sill-like body that intrudes the base of the Moose Bay Tuff from
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Black Bear Lake to Conjuror Bay. The sill is also present or islands
in Conjuror Bay where it intrudes the "younger ash-flow tuffs." There,
the body follows the topographic margin of Mule Bay cauldron. The
porphyry itself is intruded by the tonalite-diorite suite and is
therefore older.

On islands in Conjuror Bay the intrusion contains abundant
xenoliths of Bloom Basalt. Most of the basalt blocks are intensely
brecciated and altered.

Examination of thin seccions of the porphyry show it to contain

rounded and embayed quartz phenocrysts (5 mm), chloritized biotite (1 =),

euhedral to and euh 1
in a of quartz and alkali feldspar.
Both the plagioclase and te tend to form

clots up to 6 mm in diameter.

Interpretation
The granophyric groundmass of the intrusion indicates that it
vas emplaced relatively mear the surface. The intrusion follows the
topographic margin of Mule Bay cauldron and might be considered a ring
pluton genetically related to the Moose Bay Tuff. Hovever, it is
clearly younger than even the Clut cauldron and therefore not likely
related to the older Mule Bay cauldron. This indicates that extreme
caution must be exercised vhen interpreting ring dikes or plutons ts
be related to even a spatially related cauldron for here is a case where

the only relation between the two appears to be that the cauldron pro-

vided a zone of weakness for a much younger intrusion.
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Quartz Diorite
These intrusive bodies are ovoid to laccolith-shaped quartz
dtorites generally less than & ka in dismeter. They occur south of
the Balachey Pluton (Map 1). If all members of the suite are the same

age then their emplacement must be later than the younger ash-flow

tuffs because one member of the suite intrudes the potassium feldspar-
quartz-plagioclase porphyry (Map 1) which itself cuts the younger ash-
flow tuffs. As the quartz diorites are intruded by the morth-south
porphyry dike svarm they must predate the late biotite granites and
thus are not part of the hornblende tonalite suite (G4) of Hoffsan and

McGlynn (1977).

Plagioclase Porphyry
Intruding the diorite above the roof of the Rainy Lake Intru-
sive Complex is a pink to flesh coloured plagioclase porphyry that is
exposed in cross section. It is roughly oval in shape with semi-
concordant roof and floor. Contacts with all country rocks are razor
sharp.
This unit was mapped by Badham (1972) as an extrusive but con-

tact relati such as local which cut and metamorphose the

country rocks, clearly indicate its intrusive nature (Map 1). Further-
more, country rocks, including the diorites are often brecciated
adjacent to the contacts.

The body 1s texturally homogeneous. It consists throughout of
albitized plagioclase euhedra 1-3 mm in length and irregular mafic

clots, now altered to assemblages of chlorite, epidote, sphene, opaques,

and sitting 1in a £ 8! d mosaic of

albite, orthoclase, and quartz.
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Both the map pattern (Map 1) and evidence at individual out-
crops indicate that the porphyry postdates the diorite bodies. Since,

as argued earlier, the diorites postdate the Rainy Lake Intrusive Com—

plex, then the porphyry must also postdate the emplacement of the Rainy

Lake Extrusive Complex.

Grouard Dikes

h trending dikes occur the map
area and are here termed the Grouard dikes after exposures at the north
end of Grouard Lake. They postdate folding and cut all rock types
except Cleaver Disbase and syenogranite plutons.

The dikes vary in vidth from 1 m to many tens of metres and are
often continuous along strike for several kilometres. Variable amounts
of plagioclase, hornblende, biotite, quartz, and potassiua feldspar

phenocrys

in a pink to brick-red aphanitic matrix characterize the
dikes. Some contain all five phases while others contain only two or
three. In some the margins are plagioclase-hornblende porphyritic

while the more interior portions contain all five phases.

In some specimens ehedral bipyramids of quartz (5 mm) comstitute
10-15 percent of the rock while in others they are rounded and eabayed
by resorption. Plagioclase (to 10 percent), often completely serici-
tized, forms subhedral to euhedral crystals up to 5 mm across. Micro-
perthitic alkali feldspars (<2 cm) are subhedral-euhedral but are often
broken. Prisms of hornblende (<2 mm) are occasionally fresh but more .
typically are altcred to assemblages of sphene, chlorites, epidote,
carbonate, and opaque oxides. Biotite, occurring as subhedral flakes

up to 2 mm across, is partly or wholly altered to chlorite. Ina few

dikes, phenocrysts of magnetite occur as anhedral grains less than 1 mm




TABLE 17: Major and trace element analyses of diorites.

Sample No. H-79-60 H-79-202 P-79-171
5107 59.1 55.9 8.1
T10, 0.60 0.96 0.51
A1,03 16.6 17.2 7.1
FegO3** 7,53 5.06 7.61

0 0,41 0.33 0.42

Hg0 2,61 3.93 3.40
ca0 4.60 6.62 1.86
Nag0 2.64 4.94 4.14
%0 2.53 2.49 2.99
P505 0,27 0.26 0.21
101 2.74 2.12 2.98
Total 99.63 99.81 99.32
Nb 8
zr 110 139 136
¥ 20 28 18
st 438 271 296
U 2 nd 3
Rb 93 97 95
Th nd 4
b 1 173 7
ca 2 20
zn 251 402 375
Cu 12 48 9
N 3 4
cr nd 9 nd
v 98 155 104
La 20 32 30
ce 45 27 62
Ba 1098 864 1247

**Total Fe as l’ezos,
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in diameter. The groundmass is typically cryptocrystalline felsite
which sometimes displays a mottled texture.

Available chemical analyses (Table 18) indicate that the dikes |
contain between 65 and 70 percent S10,. With respect to other cheaical | -
crzponents they appear little different from many other rocks of the

belt.

North-South Trending Mafic Dikes
These fine-grained dikes occur mainly west of Smalluood Lake

north and south of Rainy Lake. They trend nearly north-south and post-
date the intrusion of the Grouard dikes. Their age relation relative
to the Cleaver dikes is unknown but they are considerably more altered
than those dikes and therefore probably older. While these dikes are
mostly less than 3 or 4 metres across and mot especially numerous they
are mentioned here because one of them cuts mineralized veins at Norex
mine, located between Smallwood and Rainy Lakes. This is an important
relationship because this dike is not of the same age as diabase on
Arden Peninsula and because the vein it cuts contains Ni-Co arsenides

on both sides of the dike yet is silver-bearing on only one side.

Hooker Megacrystic Granite
Hornblende-biotite-alkali feldspar megacrystic syenogranite
which postdates folding in the area, underlies mearly 200 km in the
northeastern corner of the White Eagle Falls 1:50,000 sheet. It is
here named Hooker Megacrystic Granite after its exposures at Hooker
Lake, which lies out of the map area to the north.
The contacts with wall rocks are alvays sharp. Adjacent to
the contact there is comonly a border phase several metres wide con-

sisting of patches of quartz-potassium feldspar porphyry, aplite,




e

TABLE 18: Major and trace element analyses, Grouard Dikes

Sample No.  P-79-140 P-79-23 B-79-197
510, 65.6 68.5 70.8
10, 0.53 0.32 0.22
A1203 14,6 4.4 12.5
FegO3** 3.53 2.79 3.54
0 0.07 0.05 0.08
¥g0 1.85 0.98 0.41
a0 3.07 1.56 1.15
Nay0 3.55 3.63 3.16
K20 4.00 4.35 5.39
2505 0.04 0.09 0.12
10T 2.47 2.69 1.71
Total 99.31 99.36 99.08
1) 13 13 22
zr 174 168 319
Y 28 22 49
st 301 97 102
U 9 8
® 163 159 179
Th 23 26 21
Pb 21 12 33
Ga 21
Zn 84 62 9
cu 24 25 70
N 0 [ [
cr 30 9 0
v 57 37 7
La 52 56 60
ce 88 104 82
851 1237

Ba 847
#*Total Fe as Fe203. Oxides in weight percent; trace
elements in parts/million.
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pegmatite, and graphic granite. Calder Quartz Monzonite appears

1little-altered at the contact but is intruded by aplite dikes. Other
rock types, such as White Eagle Tuff und Animal Andesite are visibly
altered within 3 or 4 metres of the contact and tend to weather a
pinkish colour, probably due to albitization. The dip of the contact

is variable. In places it dips gently avay from the pluton at about

30° whiie in others it is nearly vertical. Locally the contact is
horizontal and Hooker overlies Calder Quartz Monzonite.

The presence of potassium feldspar megacrysts up to 5 cm long is
distinctive. They constitute from as little as 5, to as much as 40 per-
cent of the rock. Quartz (15-20 percent) commonly occurs as irregular
blobs and clots 8-10 mm across. Anhedral flakes of biotite also tend
to form clots (<10 mm) and make up 8-16 percent of the bulk. Subhedral
plagioclase to 10 mn is heavily seriticized and subhedral.

Locally near the margins of the intrusion prismatic green
amphibole to 7 mm predominates over biotite. A pecular feature Gf the
amphiboles is the occurrence of lenticular zones of quartz parallel to
longitudinal cleavage traces. Chlorite and opaque oxides have a similar

occurrence but do not occur together vith the quartz. In places with

abundant granophyric of quartz and microcline make

up to 5 percent of the rock. Locally the amphibole is intimately inter-

grown vith the granop which 11y has finely

hematite along the boundaries between the feldspar and quartz.

Interpretation

The Hooker Megacrystic Granite, like other syenogranite plutons
of the Great Bear Magmatic Zone (Hoffman and McGlynn, 1976) postdates

folding in the area. As many of the folds elsevhere in the zone have

steep, ncarly vertical, limbs the crust was significantly shortened by
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this event. 1y, it was also Such an event could

vell have thickened the crust enough so that its base was partially
melted. This could have given rise to the Hooker megacrystic granite
and the other G-3 plutons of the Great Bear Magmatic Zone. The pos=
sibilicy that the G-3 plutons were merely slow rising bodies related to
the rest of the Great Bear Magmatic Zone is effectively ruled out by the
maguatic gap of 10 to 20 nmillion years (S. Bovring, personal comunica~
tion, 1982) betveen most of the Great Bear magnatisn and the emplacement
of the G-3 plutons. Crustal thickening by folding is, at present, the

only mechanism known which could have genmerated the G-3 plutons.

Other Plutons

Only brief mention will be made regarding other granitoid
plutons of the area.
Richardson (G-3): Mainly coarse-grained biotite-homblende monzo-
granite characterized by centimetre-size clots of quartz and locally by
megacrysts of potassium feldspar.
Unnamed_syenogranites (G-3): Typically coarse-grained biotite syeno=

granite with only minor hornblende.

Yen (G-2): This pluton is a composite body of mediun-grained hornblende-

biotite and bioti! d te, quartz and
sonzogranite. It generally contains 20-25 percent ferromagnesium

ninerals, often forming clots.

Ila (c-3): This intrusive is also composite. It comprises medium-
grained bioti te and quartz ite often with
fine-grained patches p fum feldspar megacrysts. In

general ferromagnesium minerals are much smaller than those in the Yen.
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Transcurrent Faults

Numerous trending faults,
typical of those found throughout the Great Bear Magmatic Zcne and the
rest of the Circum-Slave Province area, postdate all pre idusly dis-
cussed rocks. The faults are nearly always vertical and are reason-
ably straight for long distances (Map 1). They are commonly
linked to one another by east-west trending faults which have much
smaller separations. It is the east-west faults that host the
economic ore veins of the area.

The fault zones themselves are nearly always filled with quartz
veins and stockwork, some of which zre 50 m wide, Brecciation and
annealing relationships of the quartz in the stockworks indicate that
most faults had several periods of movement (see Furnival, 1935).

Wall rocks adjacent to the fault zones are intensely altered to dis-
tances up to 150 metres away from the fault zones.

It may have been this hydrothermal alteration that played
havoc with the Rb-Sr systematics of the area (Appendix 3) as much
smaller veins and faults, possibly related to the transcurrent faults,
are present in nearly every outcrop. As the transcurrent fault system
occurs throughout Wopmay Orogen and Athapuscow Aulacogen it is
interesting to speculate even further and suggest that such a process
has operated over a much wider area because Rb-Sr systematics from
rocks inboth areas have been disturbed. Nearly all rocks analyzed
from Wopmay Orogen and Athapuscow Aulacogen yield points which form
reasonably good linear arrays whose regression lines have slopes about
100 my younger than U-Pb zircon ages (Baadsgaard and others, 1973;

Goff and others, 1982; Easton, personal communication, 1982;

Van Schmus and Bowring, 1980; personal communication) implying




large-scale, low-grade alteration over huge areas.

Cleaver Disbase

An east-west swam of diabase dikes which postdate trans-
current faulting was mapped by Hildebrand (1982) in the Echo Bay area
(Map 3). Hoffman (1982) termed them Cleaver Disbase. Similar disbass
dikes vith similar trends also occur in the Camsell River area
and are much more nuserous there than in the Echo Bay belt.

They are considered to also be of the same suite and so the name
Cleaver Diabase 1s also used.

The dikes are variably altered; nome are fresh. They have an
ophitic to subophitic texture with 35 to 40 percent subhedral to
anhedral augite, typically partially altered to mixtures of green
amphibole, chlorites, opaque oxides, and plagioclase. Plagioclase

phenocrysts a

typically euhedral luths of labradorite which may make
up as much as 50 perceat of the bulk. The remainder of the rock is
interstitial material comprising alteration products such as epidote,
carbonate and sphene, and primary materlal (granophyre, magnetite).

Many of the dikes contain euhedral cubes of pyrite.

Gunbarrel Gabbro
This intrusion is a large sheet-like body which slices through
all rocks of the area including Cleaver Diabase. It is exposed from
the mouth of the Camsell River to the north end of Yen Lake (Map 1).
Badham (1972) mapped this unit as an esker, perhaps due to its sinuous
appearance on air photographs, but the coarsely crystalline mosaic of

pyroxene and plagioclase can hardly be mistaken for unconsolidated

sediment 1in outcrop.
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TABLE 19: Major and trace element analys

» Hooker Megacrystic

Granite.

Semple No. H-80-58 P-80-36 P-80-38 J-80-12 J-80-14 N
510, 65.9 73.7 717 74.9 72.3
T10, 0.57 0.34 0.14 0.28 0.20
Al203 13.6 12.7 13.0 12.5 13.1
Fep03rx 5.90 2.21 2.95 2.40 2.71
M0 0.44 0.03 0.07 0.04 0.06
g0 1.39 0.35 0.88 0.32 0.72
ca0 1.31 1.34 0.28 1723 0.40
Raz0 2.52 2.61 2.37 2.72 2.43
K20 .10 5.63 6.08 4.86 5.45
P05 0.14 0.08 0.07 0.12 0.12
LOI 1.45 0.92 1.40 0.64 1.14
Total 98.32 99.61  98.9%  100.01 98.63
N 27 22 18 29 30
zr 211 23 203 278
Y 7 7% 68 83 80
st 13 84 69 47 63
U [] 14 13 13
Rb 211 307 217 428 289
Th 43 51 75 5
1) 64 41 2 43 22
Ga 19 19 18
zn 311 43 53 30 50
Cu 5 1 1 [ [
N 2 0 0
cr 0 0 0 [ 0
v 40 1 18 6 13
La 82 123 153 86 130
Ce 142 208 254 147 186
Ba 1448 518 660 180 413

**Total Fe as Fe03. Oxides in we

ight percent; trace
elements in parts/million.




Figure 71,

Hooker Megacrystic Granite.
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The gabbro is a coarsely crystalline rock with well-developed
ophitic texture comprising 50-60 percent labradorite to andesine phieno—
crysts and 35-40 percent subhedral to anhedral augite. Anhedral grains
of opaque iron-titanium oxides constitute another 3 to 5 percent of
the rock. Interstitial material comprises feldspar, granophyra and

opaques.
SUMMARY OF CEOLOGIC HISTORY

Mature, crossbedded quartz arenite, 30 metres thick, vas

deposited unconformably on the Hottah Terrane. As subsidence continued,

finer-grained sediments accumulated below wave base and periodic erup-
tions of pyroclastic ejects, from unknown sources, deposited lapilli
tuff into the basin.

Later, perhaps during a period of extension, large volumes of

pillov basalt, iated breccias and tuff were erupted and

lated to thi 2 kilometres. Subsidence kept
pace with volcanism and in places patch reefs developed where piles of
basalt built up close to sea level. These rozks were intruded by
porphyritic sills and dikes of & siliceous nature, and still later by
a svarm of gabbro and diabase sheets.
A period of uplift ensued and subaerial ash-fiow eruptions of
rhyolite led to collapse of Mule Bay cauldron, inwhich 2 km of tuff
ponded (Figure 72a). The topographically low-standing core of the
cauldron then became the locus for fluvial and lacustrine sedimentation |
as streams drained nearby highlands (72b). Silicic volcanism, perhaps

erupted from the same magna body responsible for the earlier ash-flows,

and flovs and are now found intercalated !

vith the sedimentary rocks.




Figure 72. Cartoon illustrating evolution of the LaBine Group in
the map area.
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Shortly thereafter, at least one large stratovolcamo of

gl 1 porp! andesite near the 14

and large amounts of andesite spilled into the depression (72c). The
large compositional gap between the ash-flow tuff and the andesite
suggest that the two were not erupted from the same magma chamber.

Instead, they are two magma batches.

i e quartz sheet-like plutons,
similar to the magma bodies likely to have fed the andesitic eruptions,
were emplaced at shallow levels into the andesite pile (Figure 72d).
They intensely altered themselves and their wall rocks as they cooled,
mainly by hydrothermal convection.

Younger ash-flow eruptions of crystal-rich dacite caused col-
lapse of Clut cauldron, which was accompanied by landsliding and
avalanching of the steep cauldron walls. This resulted in coarse
breccias of andesite and intrusive debris which intertongue with
the propylitized intracauldron facies tuff adjacent to the walls
(Figure 72e).

Clut cauldron also became the site for fluvio-lacustrine sedi-
mentation (Figure 72f) after ash-flow eruptions had ceased but periodic
pyroclastic eruptions from unknown sources deposited material into the

shallow lakes. Emplacement of a large quartz monzonite pluton into

the central part of the cauldron p caused nce of the
central block (Figure 72f)., During this uplift unconsolidated
lacustrine sediments slumped away from the domed corc toward the
cauldron margins.

Volcances of augite and pargasite-bearing andesite developed
after collapse (Figure 72g). The timing of this volcanism relative to

resurgence of Clut cauldron is unknown. They could have been erupted

_
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from a deeper level of the same magma chamber as the White Eagle tuff
or Calder quartz monzonite but this is not likely as they are richer
in elemerts likely to be concentrated towards the roof of a magma
chamber. Sy

Shortly after andesitic ceased, 1ly

varied

h-flows were erupted frow unknown sources and filled topographic
depressions (Figure 72h). Next, varied high-level intrusions, ranging
from small ovoid bodies of diorite and plagioclase porphyry to pseudo-
ring dikes were emplaced into the volcanic piles.

There was a pause in igneous activity and the entire belt was
folded about northwest-southeast trending axes. This folding resulted

in severe crustal and probably d the crust so that

its base was partially melted and as a consequence large bodies of
granitic melt rose nearly to the surface. Just prior to their final
emplacement, during a period of east-west extension swarms of siliceous
porphyry dikes were intruded.

After solidification of the dikes and the granite plutons the

area was subjected to 1 which resulted

in brittle fracturing at high structural levels. The end result was

the myriad of nort trending rent faults that cut
the entire Great Bear Magmatic Zone. The fault zones acted as conduits
for hydrothermal fluids, and rocks within and adjacent to the faults
were intensely altered.

Much younger events include intrusion of east-west trending

diabase dikes and large sheets of gabbro.

_
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CHEMISTRY

Volcanic rock petrochemistry is highly complicated by post-
eruptive processes which modify the original magmatic composition.

These processes include devitrification, deuteric processes, vapour
phase transport and crystallization, fumarolic alteration, and hydration
through interaction with ground water (Smith, 1960; Keith and Muffler,
1978; Lipman, 1965). Contact metamorphism and hydrothermal systems,
related to contemporaneous or later events, may further modify earlier
alteration making it difficult to determine the original magmatic com-
position.

Nevertheless, the general agreement between the classification
based on phenocryst proportions and :he‘ bulk rock chemistry suggests
that in most rocks there have been only minor changes in 5101 contents
during alteration. In general, the LaBine Group is of intermediate
composition with most 5102 values clustering between 55 and 72 percent
(Figure 73), a chemical characteristic of calc-alkaline volcanic rocks
(Green, 1980). Alkali and alkaline-earth variations indicate that these
elements were extremely mobile during alteration and cannot be used for
classifications although the suite shows no Fe enrichment trend on an
AMF diagram (Figure 74).

Titanium, while certainly mobile to some degree under appropriate
conditions, may be less mobile than most other elements (Pearce and Camn,
1973). Ti(]2 values for all rocks analyzed are less than 1.0 percent.
Intermediate rocks with low Ti0, (<1.75 percent) dominate Tertiary-Revent
volcanic provinces classified as orogenic (i.e. volcanic arcs) by Bwvart

and LeMaitre (1980). Green (1980) believed that typical Ti()z values for

island arc and continental arc rock series are less than 1.2 percent.
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Figure 74, AFM diagram for all analyzed rocks frox the study area
except the Rainy Lake Incrusive Complex. Calc-alkalines

Tholeiitic dividing line from Irvine and Barangar (1971).
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calc-alkaline rocks of arcs such as
the Taupo Zone of New Zealand (Ewart and others, 1977; Cole, 1978, 1979),
the Andes (for example: Kussmaul and others, 1977; Deruelle, 1978),
Papua (MacKenzie, 1976) and the Pontid arc (Egin and others, 1979)
nearly alvays have Ti0, less than 1.0 percent.

Rare earth element (REE) anmalyses of rocks from the LaBine Croup
exhibit light REE enrichment patterns and the high overall abundances
typical of high-K continental voleanic arcs such as the Chilean Andes
(Thorpe and others, 1976, 1979), the Taupo Zone (Ewart and others, 1977;
Cole, 1979), and Sardinia (Dupuy and others, 1979).

INTERPRETATION

Although alkali and alkaline earth metals were mobile during
hydrothernal alteration, the original phenocryst mineralogy (quartz,
potassium feldspar, biotite, hornblende, augite, and plagioclase) coupled
with §10,, Ti0,, and REE values indicate that the LaBine volcanic field
is a high-K, calc-alkaline belt of mainly intermediate composition rocks
that fall within the broad class of orogenic volcanic rocks (Ewart and
LeMaitre, 1980). In detail, they are chemically similar to continental
arcs related to subduction such as the Andes. Furthermore, microprobe
analyses show that calcic clinopyroxenes and amphiboles found in LaBine
Group andesites are similar to those occurring in younger high-, calc—
alkaline andesites (Jakes and White, 1972; Ujike and Onuki, 1976; Ujike,
1977; Gill, 1981). Similarly, pyroxene clots and opacitic amphiboles
found in Animal Andesite are also commonly observed in calc-alkaline
andesites (see Carcia and Jacobson, 1979).

In overall stratigraphy, mode of eruption, and mineralogy the

LaBine Group resembles Cenozoic volcanic fields of the western United

e




h

170
States such as the San Juan volcanic field (Steven and Lipman, 1976),
the Datil-Mogollon volcanic field (Elston and others, 1976), and the
Elkhorn Mountain volcanic field (Klepper and others, 1971). Cogent
arguments have been made by several authors that the calc-slkaline
volcanic rocks in those fields were related to oblique, low-angle sub-
duction of the Farallon plate beneath the North American continent dur—

1971, 1972; Elston, 1976;

ing the Eocene-Oligocene (Lipman and other:
Coney and Reynolds, 1977; Lipman, 1980).
Although genetic details of volcanic arc magmatism are still
controversial, there seems little doubt that arc magmatism is a multi-
stage product of lithospheric subduction (Marsh, 1979). I see no com—
pelling reason to invoke an ad hoc model to explain the origin of LaBine
Group volcanic rocks as they have readily identifiable Cenozoic analogs.
Therefore,1 conclude that the LaBine Group represents a remnant of an
early Proterozoic continental volcanic arc and that subduction, which
may be the principal driving mechanism of plate tectonics (Forsyth and
Uyeda, 1975; Richter, 1977; Chapple and Tullis, 1977), vas occurring at
least by about 1.9 Ga ago.

TECTONIC MODEL

The tectonic model presented here is similar to that presented
by Hoffman (1980a) but some refinements and modifications have been made
in light of new geochronological and field data. The model is shown
schematically in Figure 75.

In this model the Hottah Terrane is considered to be alloch-—
thonous with respect to the Slave Craton and to be the remnant of a
microcontinent or arc which collided with the Slave Craton over a

westward-dipping Benioff zone (Figure 75a). The collision resulted in




model for the origin of the LaBine
See text for explanation.

Figure 75. Proposed tectonic
Group and related rocks.
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and on of the and, on of the
western edge of the Slave Craton with its westward-facing passive ¢
margin sequence (Figure 75b). B
or collisions are by no :

means rare in the geologic record. Excellent examples of more recent
continent-small plate collisfons are present along the northwestern edge
of the Australian continent where the edge of the Australian-New Guinea
shelf is presently colliding with the Banda arc (Von der Borch, 1979).
During the Miocene, an early Tertiary arc was accreted to the continent
at New Guinea (Hamilton, 1979). Other examples of continent-micro-
continent collision occur in the Eastern European Alpine System (Burch—
fiel, 1980) where several collisions are believed to have occurred from
mid-Cretaceous to the Recent. In the northern Canadian Cordillera

Tempelman-Kluit (1979) interpreted geologic relations in terms of a Late

5 1 5 1 collision.

In Wopmay Orogen the age of the collision is interpreted to have

i
{

occurred between about 1.92 and 1.89 Ga. Metamorphic isograds, which

postdate the major pulse of thrusting in the deformed passive margin

sequence (Hoffman and others, 1980), are related to mesozonal S-type

plutons (St-Onge and Carmichael, 1979) whose mean age is 1.89 + 0.1 cal

(Van Schmus and Bowring, 1980). Deformation of the Hottah Terrane must

postdate a deformed pluton found at Hottah Lake dated at 1.92 + 0.01 Ga

(Van Schous and Bowring, 1980). If deformation in both belts was

related to the same event, as postulated here, then the age of deforma- ¥

tion is bracketed between 1.92 % 0.01 Ga and 1.89 * 0.01 Ga.

pge deterninations by Van Schuus and Bowring are U-Pb zircon
ages.
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The LaBine Group, which rests unconformably on the Hottsh
Terrane and lacks its penetrative fabric, must be younger than the
microcontinent-continent collision. If the LaBine Group is a volcanic
arc related to subduction, then it must have developed over an
eastwardly-dipping subduction zone, as the ocean east of the micro-
continent had already closed. This interpretation requires that

following collision changed from dipping on the

east side of the to dipping on the west side

(Pigure 75¢).

Many ples of or collisions
appear to have involved a reversal of subduction direction following

collision. Hamilton (1979) for incipient

reversal north of the island of Alor, as a result of collision between

the Banda Arc and the He also that

reversal of after collision

at New Guinea. The Miocene collision of the Apulian fragment with
Euro-Russian continental crust was along a southward-dipping subduction
zone while present day subduction under the Hellenic Arc is northward
(Burchfiel, 1980). In the northern Canadian Cordilleran example of
continent-microcontinent collision subduction is also believed to have
stepped outward of the accreted terrane and reversed direction
(Tempelman-Kluit, 1979).

Independent support for an eastward-dipping subduction zone
following collision in Wopmay orogen occurs in the East Arm Thrust Belt,
located 300 km southeast of Port -K.idmm~ (Figure 1). There a group of
calc-alkaline laccoliths, strikingly similar in composition, alteration
and metalliferous deposits to the Mystery Island Intrusive Suite, are

distributed axially over the length of the aulacogen, which trends

h—




normal to the Wopmay continental margin. The laccoliths exhibit com-

positional changes ranging from diorite in the west to quartz monzonite
1n the east (Hoffsan and others, 1977). Badham (1978) considered this
to be an oversisplification but stated that both potassium feldspa: and
biotite content in the lacroliths increased eastward.

The compositional trend in these laccoliths is similar to those
of magmatic arcs (Moore, 1959, 1961; Ninkovitch and Hays, 1972; Kistler,
1974; Dickinson, 1975)—-a similarity first pointed out by Hoffman and
others (1977) who suggested that the intrusions might be a result of
subduction.

The laccoliths postdate westerly-derived orogenic molasse
presumably produced during collision and have an apparent age of 1.86
Ga * .02 Ga (Van Schaus and Bowring, personal comunication)--the same
age or slightly younger than the LaBine Group. Thus, they support the
concept of an eastward-dipping subduction zone that postdated the micro—
continent-continent collision.

At the present time magmatisa occurs above Benioff zones where
they are about 100-200 kn below the surface (see for example: Isacks
and Barazangi, 1977). If this was also the case during the early
Proterozoic then the Benioff zonme postulated to have generated the
laccoliths must have been fairly shallow, for they occur up to 250 km
from the trench believed to have existed west of the accreted micro-
continent.

A shallow Benioff zone might explain the conspicuous absence
of sinilar magmatisa in the Slave craton which should have resulted if
2 lithospheric slab vas being subducted in an eastward direction.

Perhaps the dip of the slab was so shallow that there was no
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asthenospheric wedge sbove the Benioff zome except under the aulacogen,

where it presumably had upwelled during the initial rifting which

created the Wopmay continental margin. The possibility that the

presence of asthenospheric mantle above a Benioff zone is necessary
for arc sagaatisa to occur has been proposed by Lipman (1580) and
Dewey (1980).

in the Peruvian Andes is related to extreme flattening of the Benioff

They both believed that extincti-n of magmatic activity

zone such that there is no asthenospheric mantle wedge present above it.
If this hypothesis is correct then why was there magmatism of
the LaBine Group? I suggest that it may have been for one of three

reasons: (1) possibly the 1 slab vas

in much the same manner as modern slabs (Carr and others, 1979; Isacks
and Barazangi, 1977) so that the segment dipping under the aulacogen
was dipping at a shallower angle than the segment descending beneath
the LaBine region, or; (2) 1if LaBine volcanism is slightly older than
the laccoliths in the aulacoges, the dip of the downgoing slab could
have decreased with time or; (3) the presence of thin lithosphere in

the suture zone, which the LaBine Group likely buries.
ORIGIN OF LABINE GROUP MAGMATISM

The mineral styles of and y of the

LaBine Group are so similar tomodern and Tertiary orogenic rocks that
they are likely to have originated in a similar manner. As outlined by .
Green (1980) there are four basic models for the generation of orogenic
nagmas.
(1) Deep fractionation of lov $10, amphibole fron mantle
derived mafic magma (Creen and Ringwood, 1968; Cawthorn and O'Hara, 1973;

Hollaway and Burnham, 1972; Allen and Boettcher, 1978).




(2) Melting of mantle peridotite by infusion of slab-derived

water at depths of 60-100 kn. Melts produced in this fashion then
Teach the composition of basaltic andesite by olivine fractionation
(Nicholls and Ringwood, 1973).

(3) Partial melting of subducted oceanic crust at depths of
100-200 km to produce (a) basaltic andesite (Graenwood and Ringwood,
1908; Marsh and Carmichael, 1974; Marsh, 1979a, b), or (b) silica
enriched magmas which migrate upwards and melt mantle peridotite
(Ringwood, 1974, 1975; Nicholls, 1974).

(4) Melting of continental crust by influx of H,0 or by under-
plating with mafic sagmas (Pichler and Zeil, 1972).

Furthermore, during their asceat through the crust, magmas
generated by any of the above mechanisus can be further modified by
fractionation (Carr and others, 1981), mixing (Eichelberger, 1975;

Anderson, 1976) or assimilation (Myers and Marsh, 1981).

In models (1) and (2), vater, presuably derived from the sub-
ducted oceanic slab, rises into the mantle where it lowers the solidus
of peridotite enough for partial melting to ensue. The major objection
to this idea is that high contents of H,0 (10-20 percent) are mecessary
to get andesitic liquids from mantle peridotite (Wyllie and others,

1976) and the dominance of plagioclase as a liquidus phase in andesites

of the LaBine Group suggests that they had low water contents (Ewart,
1976; Marsh, 1976; Gill, 1981; Green, 1972). Low water contents have
been reported for many orogenic andesites (Eggler, 1972; Eggler and
Burnham, 1973; Garcia and Jacobson, 1979; Sekine and others, 1979;
Marsh, 1976). Furthermore, based on experimental work by Shaw (1974)
there is some doubt vhether water could diffuse quickly enough to

generate arc magmas in the mantle wedge within the necessary time frame




(Marsh, 1976, 1979).

Even 1f andesites could be primary peridotite melts, pos-
sibility (1) is unlikely to have been responsible for generating
LaBine Group andesites because REE data from the LaBine Group is

with

for HREE are 0.3-0.4 (Schnetzler and Philipots, 1970) and therefore
amphibole fractionation would incresse HREE abundance in the remaining
melt. One characteristic of LaBine Group andesites is their consistent
contents of HREE at about ten times chrondrite (Figure 77. Rocks of
the LaBine Group do not show the concave upward pattern characteristic
of amphibole fractionation. Likewise, the moderate contents (10-50 ppm)
of nickel in LaBine Group rocks rules out model 2 because fractionation
of olivine vill severely deplete the remaining l1iquid in nickel (Duke,
1976).

Model 4 could yield many of the magmas found in continental
volcanic arcs, such as the LaBine Croup, but the occurrence of arcs on
oceanfc crust (i.e., Aleutians, Marianas, etc.) indicates that magmas

derived from continental crust are mot the primary magmas of arc

volcanism. Also, the y to derive melts
with about 2 percent water from the lower crust (30-50 km depth) are
on the order of 1100°C (Wyllie and others, 1976). Thus in order to
generate low 520 andesitic melts from the lower crust there must be
addition of magma from below or else the crust must be substantially
thickened by shortening.

Yet there can be little doubt that batholiths are generated in
continental crust, for in voleanic arcs built on oceanic crust there
are small intrusions of tonalite, trondhjemite, and plagiogranite but

no batholiths comparable to those of western North and South America
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(Vaters, 1948; Bateman, 1981). 1n this regard the Kurile-Kamchatka

and Aleutian-Alaskan Peninsula arcs are particularly instructive because
both pass longitudinally from oceanic to continental crust. Where
developed on oceanic crust they are very narrov (<10 km) and comprise
mostly stratovolcanoes of basaltic andesite with only subordinate
volumes of more siliceous rocks. Yet as soon as continental crust is
encountered the arcs widen to about 100 ku, volcanism becomes much

richer in silica and 1 t

materials are erupted in the form of ash-flows, and large composite
batholiths are emplaced into the volcanic suprastructure. These are
fundamental differences which clearly indicate that continental crust

1s involved in the generation of batholiths and their related eruptive
products. A similar conclusion is reached from consideration of isotopic
data from continental arce (Zartman, 1974; Carter and others, 1978;
Tilton and Barreiro, 1980; DePaolo, 1981b; James, 1981), as well as
experimental phase petrology (Wyllie and others, 1976; Wyllie, 1977).
Furthermore, REE data from the LaBine Group suggests that the magmas
vere never in equilibrius with more than a percent or two garnet (Figure
76). As gamet is almost certainly present in quartz eclogite (Green
and Ringwood, 1968; Stern and Wyllie, 1978; Sekine and others, 1981),
rocks of the LaBine Group were not likely to have been derived directly
from the subducted slab.

Thus, somevhat of a paradox emerges: magmas of the continental
crust are not the primary magmas of arcs yet continental arcs are gener-
ated in the crust. The paradox can be easily resolved if slab-generated
melts rise into or beneath continental crust and cause widespread partial
melting of crustal material. This mechanism is similar to that recently

proposed by Hildreth (1981), McCourt (1980) and DePaolo (1981) and
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Figure 75.

Chondrite normalized Ce versus Yb plot for analyzed
samples from the LaBine Group. Partial melting models
of mixtures of garnet and clinopyroxene are from Thorpe
and others (1979).




earlier by Pichler and Zeil (1972), Bvart and othera (1977).

If rocks of the LaBine Group were gemerated in the crust then it

s to the of their whether the
ash-flow tuffs, plutons, and andesites are related to one another by

crystal fractionation, varisble degrees of partial melting in the sourcs

region, or different degrees of mixing and/or assimilation. All analyzed
rocks of the LaBine Group, as vell as younger granitoid rocks, form
smooth variation trends of the major elements vhich might suggest that
they are genetically related. However, field and chronological arguments
suggest that it is highly unlikely that the rock suites are related to
one another by simple crystal fractionation. For example, there is at

and the

least a 15 million year time gap between LaBine Group volcanis
emplacement of the younger syenogranite plutons (Bowring, personal com-
munication, 1982). Furthermore, the similar abundances and fractiona-
tion trends for the REE indicate that the ash-flow tuffs of the LaBine
Group were not derived from andesitic melts similar to those erupted as
lavas occurring in the Camsell River, Animal, and Echo Bay andesites by
any type of crystal fractionation (Figure 7). This does mot mean that
crystal fractionation was mot an important process, for the compositional
zoning found in several major ash-flow tuff sheets suggests that within
individual magma chambers it may have occurred, but merely that it is
not possible to derive all ash-flow tuffs of the belt from one magna
type by crystal fractionation.

Assimilation of upper crustal rocks provides a simple mechanism
for enriching magmas in incompatible elements such as K, Rb, U, and Th.
The role of this mechanism is difficult to evaluate for the following
reasons: (1) little is known of the chemical and isotopic character-

istics of the basement to the group; (2) rubidium-strontium isotopic
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Figure 77.

REE analyses normalized to chondrite for some strati-
graphic units of the LaBine Group in their relative
stratigraphic positions. Lines on plots of ash-flow
tuffs indicate field of Echo Bay Andesite.
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systematics of rocks of the group have been severely disturbed; and (3)
sssimilation can produce trends parallel to differentiation trends.
However, Animal Andesite is the only rock type of the Labine Group for
vhich evidence of high-level contamination is found.

Therefore, I conclude that most rocks of the Labine Group and
associated plutons were probably generated by partial fusion of lower
crustal material and possibly mixing of those melts with slab-derived
basaltic andesite.

While it appears likely that continental crust is fnvolved in
the generation of batholiths in general, and specifically the LaBine
Group and associated plutons, there are major uncertai.ties which pre-
clude accurate modeling of the melting and/or mixing processes that take
place during their creation. For example, we know from the work of many
(Moorbath, 1975; Pride and Muecke, 1980, 1981; Green and others, 1972;
Bridgevater and others, 1978; Weaver and others, 1978; Sighinolfi, 1971;
0'Nions and Pankhurst, 1978) that old lower continentsl crust is depleted
in U, K, Rb, and Th, some of the elements in which continental arc
volcanisa s typically enriched, but we know virtually nothing about the
composition of juvenile lower continental crust. Furthersore, even if
the composition and nature of the lower crust were known, partition
coefficients are not known with enough accuracy to quantitatively
evaluate partial melting and mixing models. Among the uwnknowns, most of
which are known to affect partitioning of elements, are the effects of
changing mineral composition, varying bulk composition (see Hildreth,
1981), effects of oxygen fugacity, pressure and temperature changes,

volatile complexing, presence or absence of trace minerals, phase

effects, and g effects on wall rocks (Shaw, 1977;

DePaolo, 1981a).
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Overall, the entire body of geological and geochemical evidence

clearly suggests that the Great Bear Magmatic Zone is a continmental
arc. This brief section will attempt to demonmstrate, by ruling out
other possibilities, that a magmatic arc is the most reasomable inter-
pretation of the availsble data. Other possible tectonic enviromments
for volcanic belts fall into 2 basic classes: (1) rift-type (eg.
Afar. reglon of Ethiopia or Basin and Range reglon of the southwestern

U.S.) or (2) collisional (i.e. Tibetan Plateau of China).

@ a Yt 1s 'y because rift
volcanism is typically bimodal (basalt-high silica
rhyolite) while the Great Bear Magmatic Zone is
clearly compositionally continuous from low silica
andesite to rhyolite with intermediate compositions
predominating (for a complete and illuminating
discussion of rift-type volcanism see Easton, 1982).

(2) Continental collision might be able to generate
rocks with similar compositions to those of *“e Great
Bear Magmatic Zone, by crustal fusion related to
collisional thickening of the crust. . However, such

belts (i.e. Tibetan Plateau) are topographically

higt ng features and it 1s unlikely
that the huge volumes of high-level plutonic and
volcanic rocks characteristic of the Great Bear
Magmatic Zone would be preserved in the geologic record

1f they were generated by continental collision.




DISCUSSION

The of and other h vol-

canic rocks in the LaBine Group, and in the Creat Bear Magmatic Zome gg
a whole, suggest that the region was subsiding during volcanisa for
othervise the normally high-standisg volcanoes would have been quickly
eroded. The hypothesis that the Great Bear Volcano-Plutonic Belt was a
region of subsidence during volcanism was first put forth by Hoffman
and McGlynn (1977) who argued that the belt subsided in response to
bending of a strike-slip fault.

Volcanic arcs often containbasins of various kinds. For example,
grabens presently being filled with volcanics and related sediments are
well-developed in the Cascades (Fyfe and McBirney, 1975), Mcaragua
(McBirney, 1969), Ecuador (Williams and McBirney, 1979), and New Zealand
(Ewart and others, 1977; Cole, 1979; Reyners, 1980). The Central
American arc contains other types of basins besides grabens. In
Honduras, "intermontane tectonic troughs” developed during and after
eruption of andesitic to basaltic lavas and breccias of the early
Tertiary Matagalpa Formation, and many Miocene ash-flow sheets filled
those, as vell as other, broad, shallow basins (Williams and McBirney,
1969). Williams and McBirney (1969) also described a series of morth-
south trending, en echelon basins such as the Sula basin, and the huge
Comayagua Valley of Honduras. Furthermore, many individual Central
American volcances, such as those found in Gautemala (Williass and
others, 1964), are located within sags or depressions.

Hovever, the volcanism and structure of the entire Great Bear
Magmatic Belt displays remarksble similarities to another type of

depression found in several continmental volcanic arcs. This class of
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depressions is much larger than the average wrench basin and is exempli-

fied by the E of Chile (Zeil, 1980;

Levi and Aguirre, 1981) and the coastal lowlands of eastern Hokkaido,

Japan (Oide, 1968). These which lie at close

to sea level, are about 100 km across, several hundreds of kilometres

long, and appear to serve

loci for voluminous pyroclastic eruptions
and cauldrons.

These depressions are not grabens in the classical sense, for
vhile there is often evidence for block faulting, there is little, if
any, for the listric normal faulting and concomitant rotation of crustal
blocks that seem to characterize continental rifts (i.e., western Basin
and Range Province, Wright and Troxel, 1973; Anderson, 1971; Afar,
Morton and Black, 1975). Instead their regional structure is that of a
huge syncline where sections of volcanic and sedimentary rocks tems of
thousands of metres thick are exposed. In the Longitudinal Depression
of Chile, these sections comprise series of overlapping lenses (Levi
and Aguirre, 1981).

By comparison, the Great Bear Magmatic Zome is startling in its
similarities. For example, the overall pre-folding structure is crudely
synclinal; tems of thousands of metres of section occur in series of
overlapping lenses (Hoffman and McGlynn, 1976); and cataclysmic erup—
tions of ash-flow tuff dominated the volcanism.

Another example of this class of depressions may be the "graben-
synclines" of Kamchatka, in which cauldrons and ash-flow tuffs are
concentrated (Erlich, 1968). Yet another may be the Nicaraguan Depres-
sion (Weyl, 1980), which also contains numerous cauldrons (Carr and

others, 1981).
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If these basins do indeed form a distinct class of basins formed
in continental arcs, and they did not originate by extension, to what do
they owe their origin? I suggest that the mechanisa may be crustal
sagging, or downwarping, due mostly to loss of material out of the
immediate vicinity by airfall associated with the voluminous ash-flow
tuff eruptions.

Consider that the volume of ash-flow tuff present in the syn-
clines is on the order of tems of thousands, perhaps even hundreds of
thousands, of cubic kilometres, for the average centre may erupt some-
where between 50 and 500 ku’ of material and each basin contains many
such centres. Consider also that during ash-flow eruptions as much as

half the erupted volume occurs as fine vitric ash which rises to great

heights as a turb cloud and 1s widely by high-

level wind (Sparks and Walker, 1977; Lipman, 1975; Flood and others,
1980; Walker, 1972; Fisher, 1966b; Izett, 1981; Walter, 1981). There-
fore depending on the relative volume of material added to the crust

from below, there could be a net loss of crustal material from the area
of the surface volcanism, itself leading to subsidence.

The crust may also sink if its overall demsity is increased
either by adding denser material, or by removing more siliceous material.
If one accepts earlier arguments that it is mafic magma that migrates
upvards and fuses continental crust then it is necessary to know whether
or not the mafic magua can gemerate an equivalent volume of more sili-
ceous magma. Calculations by Marsh (unpublished manuscript, 1981), sug-
gest that under most conditions basalt emplaced into the lower crust
does contain enough energy to generate an equivalent volume of

siliceous magma.




If the volumes of material added to the crust were much larger
than those created in the crust by the infusion then the crust vould be
thickened and thus tend to rise isostatically because basalt is less
dense than mantle periodotite. The fact that the synclinal basins vader

1y ing features located

here are
close to sea-level, and remain so for many millions of years aftervards
indicates that the crust was not thickened by underplating. Thus, in
the same elevation with

order for the area to remain at more or le

respect to sea level the folloving equality must apply:
(density)y oy a0dMbas and = (42519500 2on@yie soh

where Vi ang 299 Vg0 oo ©qual the volume of basaltic andesite added
to the crust and the volume of vitric ash erupted out of the immediate

area, respectively. Approximate values for the density of basaltic
andesite are about 2.5 g/em’ in the temperature range of 1200-1400°C
while those for rhyolitic melts at 800°C are about 2,3 g/cm’ (Murase and
McBirney, 1973). The density difference between the two is only about
8 percent and therefore the two volumes must be approximately equal.
The lower crust will, in all likeiihood, become denser as the
basaltic andesite crystallizes to mafic granulite--a rock denser than
partial melts generated by the influx of bns.nltlc andesite. However,
the upper and middle crust may become less dense as a result of the
migration and crystallization of less dense magmas generated in the deep
crust, Without knowing the composition of the crustal column it is
inpossible to quantitatively evaluate these effects. Nevertheless, the
mass of material added to the crust must still approximate the mass of

material lost if the region is to remain in isostatic equilibrium.




Figure 78.

70-75% Si0,

a952% eogronnatc
S0,

bosaltic andesite.

Cartoon illustrating a model for the origin of synclinal
basins in continental volcanic arcs. Note that material
1s constantly being removed from the lower crust and
brought to the surface. Because new, slab-derived
basaltic andesite, roughly equivalent to the mass of
vitric ssh leaving the region, is added to the crust,
the area 1s one of subsidence, yet the entire crustal
colum 1is able to maintain crude isostatic equilibrium.
This process tends to reorganize the continental crust.
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By looking at the volumes of magua erupted and intruded fn
modern oceanic island arcs it is possible to approximate the amount of
magma arriving at the base of the crust in continental arcs. Estimates
for this volume range between 1 and 10 ku’ per million years per kn of
arc (Marsh, 1979).

The volune of magma erupted in a typical continental arc has to

be Ve are only 1n the volume of pyroclastic

material erupted because lava flows and intrusions do mot generate

vitric ash. Smith (1979) has shown that there is a crude linear relation—
ship between ash-flow volume and caldera area. For example, a volune of
erupted materfal equal to 500 km will have originated from a caldera
nearly 30 ku in diameter.

Because there does not appear to be a characteristic spacing of

1d in arcs it is to assume a spacing for
the purposes of calculation. For the sake of simplicity, calderas with
diameters of 30 km are spaced with their centres 30 km apart. This is
thought to be a reasonable assumption considering that some areas will

have no while in others 1d; will overlap.

The frequency of cauldron formation is assumed to be 1 per
million years based on their frequency of occurrence in the Datil-
Mogollon volcanic field of New Mexico (Bowring, personal communication,
1982). If the above approxinations are correct then about 17 km® of
pyroclastic material are erupted per km every million years of which
about half will be erupted as fine vitric ash and be removed from the
area. Thus the estimate for the volume of vitric ash erupted is about
8.5 kn® my_l ka2, a volume comparable to those estimated for eruption
and intrusion in island arcs.

This can be further tested, without the assumptions of caldera

diameter and spacing used above, by examination of the pyroclastic




eruption rates in vell-mapped volcanic fields such as the San Juan

volcanic field, southwestern Colorado. There Steven and Lipman (1976)

estimate that about 9000 km:‘ of pyroclastic material was erupted

between 30 my and 22 my ago. That is equivalent to a rate of about 1100 -
hl3 per million years. As the San Juan volcanic field is approximately

100 km by 100 kn this equals 11 ka’ per km of length. Therefore 5.5

kn® of vitric ash were erupted out of the region for every kn per million

years. This approximation is also vell within the estimated range of

eruption and intrusion in island arcs developed on oceanic crust.

Francis and Rundle (1976) estimated the volume of

~£low tutf
Ppresent in a 115 ka long section of the central Andes to be 1.5x10° kn’
and arrived at a rate of production per 1 km length of 1.3 cublc kilo-
metres per million years. Although they were aware that ash-flows may
lose 50 percent of their material by high-level atmospheric transport,
their calculations were based only on the volume of tuff preserved.
Thus, the rate at which vitric ash was erupted and removed from the area

was probably also about 1.3 km®

per million years per kilometre of
length--again a volume of similar magnitude to those suggested for island
arc maguatisa.
AlL Of the above estimates are consistent and of the same magni-
tude as estinates for intrusion and extrusion rates in arcs built on
oceanic crust. This suggests that the model presented here for the
origin of the synclinal basins and the volcanics which fill them is .
plausible.

The above calculations can also be used to place constraints on

the origin of magmatism in continental volcanic arcs. For example,

since the volume of magma erupted and intruded in oceanic arcs is

roughly equal to, or less than, the volume of magma erupted or intruded
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1in continental arcs it is not possible for continental arc magmatism to
be derived from the mafic magmas by any type of differentistion for

perhaps 10 volumes of mafic magma are needed to generate 2 volumes of

granodiorite. This argunent and the consistent lack of batholiths
where there 1s no continental crust virtually demand that they be the
product of continental crust.

Yet ever since it was recognized that parts of the continental
87,

crust are enriched in radiogenic -~ Sr relative to the upper mantle

(Faure and Hurley, 1963) some geologlsts have argued that batholiths of
continental arcs with low initial ®'5r/%®sr vere mantle derived. They

de this even though low fnitial Sr ratics do mt by themselves indicate

a direct mantle origin. For example, it is widely known, but perhaps

not widely enough, that there are several ways other than directly from
the mantle from which to derive rocks with low initial Sr ratios:

1. juvenile continental crust ultimately derived from the mantle;

2. rocks with low Rb-Sr ratios such as depleted granulites
(Tarney and Windley, 1977);

3. mixtures of crustal and mantle material;

4. lover continental crust that has isotopically re-equilibrated,
perhaps with the aid of a fluid phase, with the large mantle
reservoir (Armstrong, 1968; Collerson and Fryer, 1978; Bell,
1981).

Therefore, in light of the above arguments, I find it difficult to accept
recent clains, based mainly on strontiun isotoplc data, that batholiths
of continental arcs and their consanguinous volcanic rocks are generated
directly in the mantle (Brown and Hennessy, 1978; Atherton and others,

1979; Thorpe and others, 1979; Cobbing and Demis, 1982). In support of




this conclusion, the Holocene Edgecumbe volcanic field, S.E. Alaska

displays an excellent example of hybrid melts generated by the influx
of mantle-derived basalt into sialic crust; partial melting of that
crust, and subsequently mixing to produce rhyodacite, andesite, and

dacite--all with inicial ®7sr/%C;

St ratios less than .7048 (Myers and
Marsh, 1981).

By using Sm-Nd isotopes inconjunction with Rb-Sr isotopes one
can apparently rule out the possibility that batholiths of continental
arcs are derived from old continental crust with low Rb-Sr ratios (see
DePaolo, 1981) but they do not rule out possibilities (1), (3), and (4)
as sources. Even the much-heralded Lu-Hf isotopic system apparently
cannot rule out possibilities (1) and (3) if the juvenile crust is less

than 150 my old (Patchett and others, 1981).
CONCLUSIONS

In conclusion, work to date in the western part of the Great Bear
Magmatic Belt suggests the following:

(1) Sheet-1like quartz monzanite and monzodiorite plutons with
wide alteration haloes are intimately associated with andesitic strato-
voleanoes while more siliceous dome-shaped quartz monzonite and grano-
diorite plutons are associated with voluminous ash-flow tuff eruptions
and cauldrons. Ring complexes were not seen although cauldrons are

common. .

(2) I-type batholiths and associated calc-alkaline to shoshonitic
voleanic rocks are poorly understood, multistage products of subduction-

related slab-melting and subsequent partial fusion of lower continental

crust.




(3) subduction, which is the main driving force for plate

tectonics, has been active since at least the early Proterozoic.

(4) The LaBine Group over an dipping
1 zone which developed after accretion of the Hottah Terrane to the west

side of the Slave Plate.
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APPENDIX 4
Clinopyroxene H-79-131
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Clinopyroxene H-80-93
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APPENDIX 5o

Hajor element analyses were performed by standard atomic ebsorption

techriqées. One half of one gram of rock powder vas dissolved in a

solution of 5 ml HF, 50 ml H3B03, and 145 ml Hp0 and vas heated on

a steam bath.

Oictde Range ' No of ssmples Mean Std. Dev
510,  76,0-76.6 8 6.4 2976
T,  0.12-0.22 8 0.17  l0366
‘Alp0s  11.8-11.9 8 1.9 063
Fez0yt%  1.06-1.13 8 1.08 0301
a0 0.01-0.01 8 0.61  .0000
¥g0 0.24-0.28 8 0.26 .0167
ca0 0.40-0.50 8 0.45  l03s4
Naz0  2.67-2.75 8 2.1 Lo
20 4.22-4.34 8 428 lo3s1
510 62.2-63.1 8 62.7 2973
Ti0,  0.20-0.40 8 0.31 0674
Al20y  14.4-14.8 8 1.6 1458
Fex0;  4.49-4.80 8 4.68 178
a0 0.10-0.10 8 0.10 0000
¥go 40 8 2.37  lojo
cao 86 8 3.78 o83
Naz0 19 8 2.18 0160
K20 4.10-4.28 8 415 032 ¢

Accuracy: spo1

Oxide  Pub. Val. No ofRullyses Mean Std. pev
510, 3 7 ©8.65 0.60
Ti0; 0.60 0.08
AL90, 1.7 0.2
Fep0344 4.22 0.07
cad 1.9 0.07
}go 0.9 0.03
Naz0 2.74 0.08
K0 5.4 0012
WO a0 B L 0.04 0.01
s10, 3 59.63 0.90
T102 1.06 3 1.08 0.11
203 1701 4 17.13 0.23
FepO3#* 6.73 4 6.70 0.33

0 4.9 4 478 0.16
¥g0 1.53 4 1.47 0.07
Nay0 4.26 4 4.06 0.12
K0 2.86 3 2.88 0.10
o 010 4 0.10 0.00
Published values from Abbey, 1970

T ———
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APPENDIX Sb

For trace elements, pellets comprising 10 g of rock powder and
1.4-1.5 g of phenol formaldehyde were pressed to 50 MPa and
analyzed on a Phillips 1450 X-ray flouresence spectrometer. Inter-
national standards were used for calibration purposes. Estimates
of analytical uncertainty are 3-5 percent or 1 ppm, whichever is
the larger (Easton, 1982). Easton (1982) has shown that the effects
o in outcrop

sample geneity, or
are within the analytical uncertainty of the method.

For REE, calibration of the XRF was by using international standards
and spec pure samples of the REE. Estimated analytical uncertainty
s ¥ 10 percent. Easton (1982) has compared the XRF thin film method
vith Intrumental Neutron Activation Analysis and has demonstrated
that any variation is within analytical wncertainty. Precision, or
repeatability, of the XRF method 1s also well within the analytical
uncertainty.
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LEGEND TO ACCOMPANY RAINY LAKE AND WHITE I

Gunbarrel Gabbro, coarse-grained g
Cleaver Disbase, northwest-southec

altered.

unnamed syenogranite plutons, most
biotite syenogranite, minor
ite; medium-grained biotite

Richardson Granite, coarse-grained
ite and syenogranite; often
cally contains 20% large qu

Tla Granite, medium to coarse-grai
often k-spar porphyritic,

Hooker Megacrystic Granite, k-spar
ite, hornblende-bearing nea

hornblende porphyritic dikes, typi
east-west but occassionally

biotite-quartz porphyry, age unkno

granite porphyry, mostly quartz an:
microphenocrysts in a pink :

potassium feldspar porphyry

fine-grained, k-spar porphyritic m
unknown.

Grouard Dikes, mostly north-south 1
1able amounts of plagioclasc
and potassiun feldspar phenc
coloured matrix. Locally hol

plagioclase porphyry

diorite and tonalite, mostly fine-g
ovoid-shaped bodies

potassium feldspar-quartz-plagiocla
ic margin of Mule Bay cauldr

Yen Intrusive Suite, medium-grained
monzonite(2Y1); medium-grain

medium-grained

all members of

magnesiun minerals(up to 25%




| WHITE EAGLE FALLS GEOLOGICAL MAPS
_—

rained gabbro
~-southeast trending diabase dikes,

ns, mostly coarse-grained hornblende-
€, minor hornblende-biotite monzogran-
biotite granite(s').

-grained biotite-hornblende monzogran-
©; often k-spar porphyritic, and typi-
large quartz blebs.

rse-grained hornblende-biotite granite,
ditic,

+ k-spar megacrystic biotite syenogran-
ring near margins.

:8, typlcally metre-wide and trending
1onally north-south trending,

te unknown,

1artz and blotite phenocrysts and

a pink aphanitic matrix,

ritic wonzonite and monzogranite, age

=-south trending dikes containing var-
gloclase, hornblende, quartz, biotite,
ar phenocrysts in a flesh to brick-red
ally holocrystalline.

lagioclase porphyry, intrudes topograph-
y cauldron,

-grained biotite-hornblende quartz
am-grained biotite-hornblende grano-
-grained biotite-hornblende monzo-
thers of the suite are rich in ferro-

> to 25%).




LABINE GROUP
Ly "younger ash-flow tuffs", simple
containing 10-40X phenocry
rocks (Lys).
Laa  Animal Andesite, Lavas and brecci

oxene bearing andesite. Ma
xenocrysts of quartz and/o
centre occurs north of Bal
Cqn  (Calder Quartz Monzonite, hornblen
minor monzogranite. It is
pluton predates Animal And
related to Clut cauldron a
Lt unnamed ash-flow tuff, typically
Lu Uraniun Point Formation, mudstone
stone, ash-flow tuff, crys
1w White Eagle Tuff, mostly crystal-
flow tuff. Dominant phenoc
and plagioclase. Contains
Phenocryst content up to 3
intensely propylitized; ou
and vitric tuff at base of
lvm mesobreccia member, t

e

interfingers with int
Tuff; contains angule
sive Conplex, sulphi¢
foclase-quartz porphy
——eeeeecee—==J N C O N F 0 R M
Bic Balachey Intrusive Complex, medit
monzonite and monzodiorite
R Rainy Lake Intrusive Complex, hor
monzonite(Rn), syenite(Rs)
(Rd). Both the Rainy Lake
have undergone intense sut
. and have wide alteration t
A augite intrusions, augite porphyr
Camsell River Formation.
Q quartz porphyry, found only east

&



simple cooling units of ash-flow tuff
phenocrysts. Intercalated sedimentary

W breccias of amphibole and/or clinopyr-

isite. Many flows contain conspicuous

‘tz and/or k-spar. A possible eruptive

h of Balachey Lake.

hornblende-bioite quartz monzonite,

:. It 1s not known whether or not this

imal Andesite but it is thought to be

wldron and therefore included here.

rpically very lithic rich.

mudstone, siltstone, sandstone, ash-

iff, crystal tuff, minor conglomerate.

crystal-lithic and lithic-crystal ash

it phenocrysts are biotite, amphibole, i
Sontains minor quartz in basal zones.

t up to 35%. Intracauldron facies(Lwt)

tized; outflow facies(lwto); crystal

t base of outflow sheet(Lwx);

member, breccia and conglomerate which

with intracauldron factes White Eagle

18 angular fragments of Balachey Intru-

, sulphides, altered andesite, and plag-

tz porphyry.
DR M I T Yoo

medium-grained hornblende quartz

zodiorite

plex, hornblende monzodiorite(Rmd),
anite(Rs), porphyritic border monzonite
iny Lake and Balachey Intrusive Complexes
tense subsolidus hydrothermal alteration
eration haloes.

e porphyritic bodies intrusive into the
nation.

aly east of Rainy Lake, intensely altered.




. Le Cansell River Formation, lava flows

conglomerate and laharic brc

(Lce), sandstone, ashstone,
erate (Les), monzonite(Lem),

of ity of the Camsell River Fo:
y La Arden Formation, interbedded rhyol:
5 breccia(lab), rebrecciated |
(Lac), wmudstone(Lam), 1ithic
5 n Moose Bay Tuff, upper member: lihi
) (Lat.
esite
i lower member: sandi
a ande:
¢ tuff
N sand:
w—===== N C O N F O RM I
o g gabbro and diabase sheets, sometim
" cm-size plagioclase phenoc
B s porphyritic dikes and sills, plagl
" B Bloon Basalt, dominantly pillow la
i interpillov sedimentary ro
dolomite(Bd).
e ! Cb Conjuror Bay Formation, upper memb
i
o lover memb
U N CONFORMI
Hg gabbro, diabase, clinopyroxenite,
o Hd quartz diorite and quartz monzonit
: porphyritic phases(Hdp).
of Hhl Holly Lake metamorphic suite, meta

tary and volcanic rocks.

¥

ﬁu Pb ages obtained from zircons are prelim
d by S. A, Bowring and R. Van Schuus, 198

~ strike and dip of bedding
< SREiks ma aip of taccouss fotterion

PRt

T e P e ——




flows(Lcl),ash-flow tuff(Lca),
te breccia(lec), explosion breccia

tone, 1apilli tuff, minor conglom-
.cm), diorite(Led). The vast major-

r Formation 1s andesitic.

chyolitic ashstone-dolomite(Lad),

ated breccia(Lab'), conglomerate
lithic arkose and conglomerate(Las).
1lihic-rich rhyolite ash-flow tuff
(Lut), andesitic tuff(Lmat), and-
esite flows(Lmaf), sandstone(Lms).
sandstone(Lmls), breccia(Lmlb),
andesite flows(Lmla), mudstone(Lalm),
tuff(Lmlt), conglomerate with minor
sandstone and mudstone(Lnlc).
MITY
netimes containing conspicuous

henocrysts.
plagioclase-quartz-k-spar porphyritic.
ow lavas, minor aquagene tuff, and
ty rocks, stromatolitic and ocolitic

member: sandstone, ashstone, silt-
stone, chert, lapilli tuff,
conglomerate and breccia(Chm).

menber: crossbedded quartz arenite,
winor vein quartz pebble con-

glomerate(Cba).

ite, variably deformed.
zonite, typically foliated, k-spar
dp).

metanorphosed and deformed sedimen-
cks.

relininary and vere graciously provid-
» 1982,
« strike and dip of eutaxitic follstion
tion










	001_Cover
	002_Inside Cover
	003_Notice
	005_Title Page
	006_Authorization
	008_Quote
	009_Frontispiece
	010_Abstract
	011_Abstract v
	012_Resume
	013_Resume vii
	014_Table of Contents
	015_Table of Contents ix
	016_Table of Contents x
	017_Table of Contents xi
	018_List of Tables
	019_List of Tables xiii
	020_List of Figures
	021_List of Figures xv
	022_List of Figures xvi
	023_List of Figures xvii
	024_Geological Maps
	025_Introduction
	026_Page 2
	027_Page 3
	028_Page 4
	029_Page 5
	030_Page 6
	031_Page 7
	032_Page 8
	033_Page 9
	034_Page 10
	035_Page 11
	036_Page 12
	037_Page 13
	038_Page 14
	039_Page 15
	040_Page 16
	041_Page 17
	042_Page 18
	043_Page 19
	044_Page 20
	045_Page 21
	046_Page 22
	047_Page 23
	048_Page 24
	049_Page 25
	050_Page 26
	051_Page 27
	052_Page 28
	053_Page 29
	054_Page 30
	055_Page 31
	056_Page 32
	057_Page 33
	058_Page 34
	059_Page 35
	060_Page 36
	061_Page 37
	062_Page 38
	063_Page 39
	064_Page 40
	065_Page 41
	066_Page 42
	067_Page 43
	068_Page 44
	069_Page 45
	070_Page 46
	071_Page 47
	072_Page 48
	073_Page 49
	074_Page 50
	075_Page 51
	076_Page 52
	077_Page 53
	078_Page 54
	079_Page 55
	080_Page 56
	081_Page 57
	082_Page 58
	083_Page 59
	084_Page 60
	085_Page 61
	086_Page 62
	087_Page 63
	088_Page 64
	089_Page 65
	090_Page 66
	091_Page 67
	092_Page 68
	093_Page 69
	094_Page 70
	095_Page 71
	096_Page 72
	097_Page 73
	098_Page 74
	099_Page 75
	100_Page 76
	101_Page 77
	102_Page 78
	103_Page 79
	104_Page 80
	105_Page 81
	106_Page 82
	107_Page 83
	108_Page 84
	109_Page 85
	110_Page 86
	111_Page 87
	112_Page 88
	113_Page 89
	114_Page 90
	115_Page 91
	116_Page 92
	117_Page 93
	118_Page 94
	119_Page 95
	120_Page 96
	121_Page 97
	122_Page 98
	123_Page 99
	124_Page 100
	125_Page 101
	126_Page 102
	127_Page 103
	128_Page 104
	129_Page 105
	130_Page 106
	131_Page 107
	132_Page 108
	133_Page 109
	134_Page 110
	135_Page 111
	136_Page 112
	137_Page 113
	138_Page 114
	139_Page 115
	140_Page 116
	141_Page 117
	142_Page 118
	143_Page 119
	144_Page 120
	145_Page 121
	146_Page 122
	147_Page 123
	148_Page 124
	149_Page 125
	150_Page 126
	151_Page 127
	152_Page 128
	153_Page 129
	154_Page 130
	155_Page 131
	156_Page 132
	157_Page 133
	158_Page 134
	159_Page 135
	160_Page 136
	161_Page 137
	162_Page 138
	163_Page 139
	164_Page 140
	165_Page 141
	166_Page 142
	167_Page 143
	168_Page 144
	169_Page 145
	170_Page 146
	171_Page 147
	172_Page 148
	173_Page 149
	174_Page 150
	175_Page 151
	176_Page 152
	177_Page 153
	178_Page 154
	179_Page 155
	180_Page 156
	181_Page 157
	182_Page 158
	183_Page 159
	184_Page 160
	185_Page 161
	186_Page 162
	187_Page 163
	188_Page 164
	189_Page 165
	190_Page 166
	191_Page 167
	192_Page 168
	193_Page 169
	194_Page 170
	195_Page 171
	196_Page 172
	197_Page 173
	198_Page 174
	199_Page 175
	200_Page 176
	201_Page 177
	202_Page 178
	203_Page 179
	204_Page 180
	205_Page 181
	206_Page 182
	207_Page 183
	208_Discussion
	209_Page 185
	210_Page 186
	211_Page 187
	212_Page 188
	213_Page 189
	214_Page 190
	215_Page 191
	216_Conclusions
	218_Page 193
	219_References Cited
	220_Page 195
	221_Page 196
	222_Page 197
	223_Page 198
	224_Page 199
	225_Page 200
	226_Page 201
	227_Page 202
	228_Page 203
	229_Page 204
	230_Page 205
	231_Page 206
	232_Page 207
	233_Page 208
	234_Page 209
	235_Page 210
	236_Page 211
	237_Page 212
	238_Page 213
	239_Page 214
	240_Page 215
	241_Page 216
	242_Page 217
	243_Page 218
	244_Appendix 1
	245_Page 220
	246_Page 221
	247_Page 222
	248_Appendix 2
	249_Appendix 3
	250_Page 225
	251_Appendix 4
	252_Page 227
	253_Page 228
	254_Page 229
	255_Page 230
	256_Page 231
	257_Page 232
	258_Page 233
	259_Page 234
	260_Page 235
	261_Page 236
	263_Page 237
	264_Page 238
	265_Appendix 5a
	266_Appendix 5b
	267_Maps  1
	268_Maps  2
	269_Maps  3
	270_Maps  4
	271_Maps  5
	272_Maps  6
	273_Maps  7
	274_Maps  8
	275_Maps  9
	276_Maps  10
	277_Maps  11
	278_Maps  12
	279_Maps  13
	280_Maps  14
	281_Maps  15
	282_Maps  16
	283_Maps  17
	284_Maps  18
	285_Maps  19
	286_Maps  20
	287_Maps  21
	288_Maps  22
	289_Maps  23
	290_Maps  24
	291_Maps  25
	292_Maps  26
	293_Maps  27
	294_Maps  28
	295_Maps  29
	296_Maps  30
	297_Maps  31
	298_Maps  32
	299_Maps  33
	300_Maps  34
	301_Maps  35
	302_Maps  36
	303_Maps  37
	304_Maps  38
	305_Maps  39
	306_Maps  40
	307_Maps  41
	308_Maps  42
	309_Maps  43
	310_Maps  44
	311_Maps  45
	312_Maps  46
	313_Maps  47
	314_Maps  48
	315_Maps  49
	316_Maps  50
	317_Maps  51
	318_Maps  52
	319_Maps  53
	320_Maps  54
	321_Maps  55
	322_Maps  56
	323_Maps  57
	324_Maps  58
	325_Maps  59
	326_Maps  60
	327_Maps  61
	328_Maps  62
	329_Maps  63
	330_Maps  64
	331_Maps  65
	332_Maps  66
	333_Maps  67
	334_Maps  68
	335_Maps  69
	336_Maps  70
	337_Maps  71
	338_Maps  72
	339_Maps  73
	340_Maps  74
	341_Maps  75
	342_Maps  76
	343_Maps  77
	344_Maps  78
	345_Maps  79
	346_Maps  80
	347_Back Cover

