THE PETROGRAPHY, GEOCHEMISTRY,
AND PETROGENESIS OF TwO GRANITE
SUITES, CHURCHILL PROVINCE,

THEKULTHILI LAKE, N.W.T.



THE PETROGRAPHY, GEOCHEMISTRY,
AND PETROGENESIS OF TWO GRANITE
SUITES, CHURCHILL PROVINCE,

THEKULTHILI LAKE, N.W.T.

by

D. Keith MacDonald

A Research Paper
Submitted to the Department of Geology
in Partial Fulfillment of the Requirements
for the Degree

Honours Bachelor of Science

McMaster University

April, 1980



BACHELOR OF SCIENCE (1980) McMASTER UNIVERSITY
(Geology) Hamilton, Ontario

TITLE: The Petrography, Geochemistry, and Petrogenesis of two
Granite Suites, Churchill Province, Thekulthili Lake, N.W.T.

AUTHOR: D. Keith MacDonald

SUPERVISOR: Dr. R. H. McNutt

NUMBER OF PAGES: x: 117

SCOPE AND CONTENTS:

A petrographic and geochemical analysis has been carried out
on two granite suites with contrasting morphologies and field
relations. Included is a discussion of their age relationships
relative to the Nonacho Series supracrustal sequence. The re-
spective petrographic and petrochemical features of the two
granitoids is given; followed by a comparison of the two, and a
discussion on their modes of petrogenetic evolution. Petrographic

descriptions of selected Nonacho supplement the granitoid study.

Analytical methods and a discussion of the results are included.

i



"There are granites and granites ..."

(Read, 1948 in "The Granite
Controversy, " Murby, London, 1957)
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CHAPTER I

INTRODUCTION

1. Location and Accessibility

The study area (Figures 1 and 2) is located near the south-
ern reaches of Thekulthili Lake N.W.T. approximately 100 miles
northeast of Fort Smith, at approximately 61°N latitude and 110°W
longitude. This region represents the southern most extent of the
Nonacho Group sedimentary basin, which lies within the Churchill
Province of the Precambrian shield. The region most extensively
studied here covers an area of approximately 25 km (east to west)
by 10km (north to south), or roughly 250 sg. km. (Figure 2). Four
interconnecting Geological Survey of Canada reconnalssance maps
cover the study area, these are 1) 75E/1, 2) 75F/4, 3) 75D/16
and 4) 75C/13; authors of these maps are listed in Figure 2.

This region is virtually uninhabited and is accessible only

by float equipped airplanes or helicopter.

2. Previous Work

Geological studies in this area were initiated by Henderson
in 1937. Following that field season he published the Taltson Lake
and Nonacho Lake reconnaissance maps in GSC Preliminary Report
37-2. Subsequently Wilson (1941) mapped the Fort Smith map area,
which was followed by mapping of the Hill Island Lake map area in

1954 by Mulligan and Taylor (1969).



Figure 1

Figure 2

General location map. Showing position of thesis
area in the Churchill Province of the Precam-
brian shield. (Base map after Baadsgaard and
Godfrey, 1972)

Expanded location map showing latitude-longitude
position of thesis area. The four reconnaissance
maps which adjoin at Thekulthili Lake are also
given.
Map areas:

1. Taltson Lake (Henderson, 1937)

2. Nonacho Lake (Henderson, 1937)

3. Fort Smith (Wilson, 1941)

4. Hill Island Lake (Mulligan and

Taylor, 1969)
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Henderson (1937) noted that along the east shore of Thekul-
thili Lake, Nonacho Gp. sediments showed both unconformable and in-
trusive relations with "older granitic intrusives'" and "younger
granitic intrusives" respectively. He concluded that "Nonacho
sediments rest unconformably on an older granite and are intruded
by a younger granite." Henderson's 1937 map shows the majority of
the "younger" granite intrusive outcropping on the west shore of
Thekulthili, while the "older" granite intrusive sits on the
south and east shores.

In 1958 Burwash (Burwash and Baadsgaard, 1962) traversed the
east-shore contact, and sampled the "older" and '"younger" granitic
rocks previously mapped by Henderson (1937), as well as some Non-
acho Gp. sediments for K-Ar dating. Of the six dates obtained, two
ages were evident; those for the "younger" granites ranged from
1790-1850 m.y. while the "older" granites had an age between 2260
and 2420 m.y.

More recently (1966-1978) extensive work in the area has been
done by McGlynn. His work has concentrated on the geologic mapping
and age dating of Nonacho Gp. sediments and their adjacent plutonic
rocks. McGlynn (1978) recently completed a reconnaissance mapping
of the Nonacho Gp. sedimentary basin, at the scale of 1:50,000.
McGlynn's study of the peripheral plutonic rocks led him to a con-
clusion in opposition to previous authors, McGlynn (1971) states:

Evidence from contact areas on both sides
of the basin indicate that all plutonic rocks

in contact with Nonacho strata are older and
therefore part of the basement in which the



sediments were deposited. Commonly along the
western margins of the basin evidence of un-
conformity has been destroyed or obscured by
faulting.

A petrologic study of the Thekulthili Lake area was carried
out by Thomas Donaghy (University of Alberta, Msc. thesis) from
1975-1977. Much of Donaghy's thesis area covered the same area
studied by the author.

PNC (Power Reactor and Nuclear Fuel Development Corporation)
Exploration (Canada) Co. Ltd. has been involved in an ongoing

uranium exploration project in the Thekulthili Lake Area since

1977,

3. Statement of Problem

In the summer of 1979 the author was employed by PNC Explor-
ation (Canada) and involved with their uranium exploration project.
During the survey it became apparent that two morphologically
different "basement'" granites occur. To the west of the Nonacho
basin, granites appear as a massive, homogeneous, coarse grained
leucocratic body; while the scattered granite and migmatite bodies
to the east are finer grained, weak to moderately foliated and
interlayered with other lithologies (particularly amphibolites and
paragneisses.

Besides its morphological and spatial differences, it is clear
to the author that the leucocratic body west of Thekulthili Lake
is an intrusive granite pluton. Field relations verifying this
include:

1) Several granitic dykes (aplites) seen discordantly trans-



ecting an argillaceous unit in contact with the granite.
One such dyke is shown in Figure 3.

2) Intense deformation of the incompetent argillaceous unit,
particularly at the contact with the pluton. Bedding in
the argillite strikes approximately north-south and dips
nearly vertical. Figure 4 shows the argillite deformed
into a vertical fold.

3) Xenoliths of the argillite, found as enclaves within the
pluton near the contact (Figure 5).

4) The baked appearance of the adjacent argillaceous unit.

None of the above relations are seen to occur between Nonacho
sediments and plutonic rocks on the south and east shores of
Thekulthili Lake. Contacts there are gradational on the most part,
less commonly they are sharp and distinctly unconformable. A sharp
contact is shown in Figure 6, and may be the result of basement
faulting prior to depostion of Nonacho sediments.

In order to accompany and perhaps further substantiate field
relation differences a sample study was undertaken. Approximately
thirty samples were collected from both the eastern and western
granitic bodies, of these nineteen were selected for a detailed
geochemical and petrographic analysis. Furthermore a petrographic
analysis of some Nonacho Gp. sediments was initiated to determine
differences in metamorphic features, adjacent to the western granite
and eastern granites and gneisses respectively (see Figure 7 for

sample location map).



Figure 3

Figure 4

Showing a granitic dyke (aplite) cutting across an
argillaceous unit on the west shore of Thekulthili.
Strike of the argillite is NS (left to right), and
the dyke is trending eastward into the lake. Ham-
mer (12" long) for scale.

Showing deformation of the argillite. This is an
oblique view of a vertical fold in the unit.
Notice the numerous quartz veins and the aplite
(above hammer) which are also folded and shear

fractured.






Figure 5
Two argillaceous xenoliths (outlined in black)
found in the younger intrusive granite.
Lens cap for scale.

Figure 6
Showing a fault contact unconformity from the
east shore of Thekulthili Lake. The scintill-
ometer (10" long) sits on the contact which
separates an undeformed Nonacho Gp. sandstone
(left) from granitic basement rock (right).






CHAPTER II

REGIONAL TOPOGRAPHY AND GEOLOGY

1. Regional Topography and Vegetation

There is a general gradation in topography from northern
Saskatchewan to the Northwest Territories. The trend is towards
a more rugged terrain with gently rolling hills and a thin to non-
existent regolith. There is a significant increase in the number
of lakes and muskeg towards the north. Approximately 40% of the
study area 1is covered by water. Many lakes are enclosed in elon-
gate valleys which are structurally (fault) controlled, and gouged
out by glaciation processes. Further evidence for glaciation is
denoted by large whale-back forms and Roche Moutonee, which in-
dicate a southward ice flow direction. Glacial Striae on outcrops
are quite consistently oriented towards 220°.

Subarctic vegetation covers about 60% of the region and is
predominated by mosses, licken and various coniferous trees. Some
low lying soil covered valleys contain birch, particularly in
areas adjacent to small creeks.

Outcrop exposure in this part of the N.W.T. is approximately
25% with glacially polished hills and ridges having elevations up

to 400 feet.

2. Regional Geology

Figure 7 shows the regional geology of the Thekulthili Lake

area at the scale of 1:125,000. This map shows the basic geology



Figure 7

Regional geology and sample location map.
Showing the geology of the Nonacho Basin in
the Thekulthili Lake area, which encompasses
portions of the GSC map areas 75E/1, 75F/4,
75D/16, and 75C/13. Geology after J.C. McGlynn
(GSC) and G. Crooker (formerly of PNC Explor-
ation) with additions by the author.
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as determined by J.C. McGlynn (1978) of the GSC and G. Crooker
(1978), formerly of PNC Exploration (Canada) Ltd. Some additions
and deletions have been made by the author. The component parts of
the geology are discussed below.

a) Supracrustal Rocks

The Nonacho Gp. sedimentary basin has aielongated NE trend.
It is approximately 160 Km. long, and has a maximum width of about
30 Km. The Thekulthili Lake study area occupies the southern reaches
of the basin. Nonacho Series stratigraphy rests unconformably on
Archean igneous and metamorphic rocks, which outcrop to the south
and east of the basin. McGlynn (1971) describes the series as a
conformable sequence of essentially unmetamorphosed to weakly
metamorphosed clastic sediments. Outcrop distribution of Nonacho
units is very complex, there are many places where beds pinch out,
contacts are obscured by faulting, or portions of the sequence are
missing entirely. As a result the overall depositional sequence
has never been deciphered conclusively (McGlynn, 1978). However
the following unit descriptions are considered to be in at least
partial chronologic order, based on the authors knowledge of the
basin stratigraphy.

Figure 7 outlines the aerial distribution of Nonacho Gp. sed-
iments in the Thekulthili Lake area, a synthesized field descrip-
tion of each unit is given below.

Unit T:
A grey to pink feldspathic sandstone or greywacke with minor

interbeds of siltstones and shales.
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Unit S:i

Predominantly greywackes or feldspathic sandstones rarely
containing thin pebble horizons.
Unit C:

Feldspathic sandstones (or arkoses) and greywackes with inter-
beds of polymictic conglomerate. May contain oligomictic conglo-
merate near the base.

Unit M:

Polymictic conglomerate containing many fining-upward cycles,
eventually grades into interbedded sandstones near the top.
Quartzite clasts predominate in the conglomerate.

Unit E:

Essentially identical to Unit M but other clast lithologies
predominate over quartzite clasts. This unit is much more common
than Unit M in the Thekulthili Lake area.

Unit B3

This is the most common unit to rest unconformably on Archean
basement rocks. It consists of a basal oligomictic conglomerate
(or breccia in fault zones) with cobble sized clasts of basement
granitic rock (up to 15 cm. and more), grading into a coarse ark-
osic sandstone.

Unit A:

This unit was described as an argillite in the field due to
its dark colour and aphanitic grain size. It was only observed
outcropping on the west shore of Thekulthili Lake.

Bedding planes within or between units are often obscured in
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this area of the basin, it is presumed that bedding is frequently
massive and contacts between facies are often gradational. Missing
sections of units, and the great variability in outcrop widths is
likely a result of spatial variations in deposition, variations in
dip, and differential erosion of the basin. As a result, individual
unit thicknesses, and the thickness of the entire sedimentary se-
quence is very difficult to establish, although Burwash and Baads-
gaard (1962) estimate a total thickness of 3,000 M. or more.

b) Basement Rocks

The oldest rocks in the area are the Archean granitic complexes
which outcrop south and east of the basin (P and S in Figure 7),
and underly the Nonacho Series. This basement complex is composed
of paragneiss, granitic gneiss, migmatites, and massive to slightly
foliated granitic rocks (McGlynn 1967, 1970, 1971). Bands of amphi-

bolite and metagabbro occur within the granitoid rocks (McGlynn,
1971), less commonly altered mica-schists are found as well.
Gneissic banding ranges from 10's of centimeters to several meters
or more. Paragneisses occur predominantly south of Thekulthili
Lake and grade laterally into other rocks of the basement complex
(see Figure 7). Near fault zones brecciated gneiss and porphy-
roblastic or flazer gneiss occurs (McGlynn, 1971, 1978).

While mapping the Fort Smith, N.W.T. area (area 3, Figure 2),
Wilson (1941) described gneissic rocks south of Thekulthili Lake
as equivalent to the Tazin Group of NW Saskatchewan. Krupicka and
Sassano (1972) describe the Tazin Gp. north of Lake Athabasca,

Saskatchewan, as an Archean to Aphebian age complex of amphibolite,
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paragnelss, paraschist, and granitic gneiss, containing a high
proportion of cataclastic rocks. The Tazin Gp. of high-grade meta-
morphic rocks (amphibolite facies assemblages) are believed to
derive from metamorphism of a supracrustal and minor plutonic
igneous rock assemblage (Krupicka and Sassano, 1972: Christie,
1953). Tazin Gp. rocks extend from Saskatchewan to an area east

of Thekulthili Lake (Donaghy, 1977).

Baadsgaard and Godfrey (1972) have described and dated sim-
ilar basement rocks approximately 120 Km. south of Thekulthili Lake
in the extreme NE corner of Alberta.

Thus it appears quite viable that basement rocks surrounding
Thekulthili Lake are, at least in part cogenetically related to Arch-
ean rocks elsewhere in the Churchill Province.

c) Intrusive Granite Pluton

This granitic body is designated as Unit W in Figure 7. It is
clearly intrusive in nature with respect to field relations with the
adjacent Nonacho stratigraphy (see Chapter I). Consequently the
pluton is younger than both the Archean basement rocks and the Non-
acho Series sediments.

Henderson (1939) originally mapped the pluton as an elongate
body bordering, and partially truncating the western fringes of the
Nonacho Basin. It extends 115 Km NE (parallel to the basin) from the
SW corner of Thekulthili Lake, gaining a maximum width of 15 Km.
Smaller, scattered intrusions outcropping on the eastern margin of
the basin are shown on Henderson's 1939 map, although these were not
seen during the present study.

The western pluton is composedof massive pink-red, leucocratic,
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coarse grained granitic material. Grain sizes approach pegmatite
proportions (3 cm. or larger) in some localities. The most abundant
mineral is a red potassium feldspar commonly found as megacrysts up
to 7 cm. long. Substantial amounts of quartz and plagioclase are

also seen in hand specimen. Total feldspar content is 60 to 70%.

The only mafic mineral recognized is an altered biotite which occurs
in patches throughout the rock. Biotite composes up to 5% of the rock
and has trace amounts of pyrite associated with it.

Fine grained granitic dykes (aplites) which emanate from the
pluton in an eastward direction,6 are subvertical and range in thick-
ness from several centimeters to 3M. These dykes are everywhere
discordant to Nonacho sediments.

d) Diabase Dyvkes

These basic dykes are the youngest rocks in the area and are
discordant to both "granites" (Henderson, 1939), and the Nonacho
Series sediments. They are generally narrow (1-6 M wide; McGlynn
et al, 1974) but are occasionally wide enough to be mappable units,
reaching thicknesses of 125 M. Dykes are most numerous around the
margins of the basin. The prevailing strike of the larger dykes 1is
N to NNW and are subvertical (Henderson 1939; McGlynn et al, 1974).
They are fine to medium grained, commonly amygdaloidal and often
contain wall rock inclusions. Medium \grained varieties often display
the distinctive ophitic texture defined by laths of plagioclase -
and pyroxene.

According to McGlynn et al (1974) the dykes are not displaced
by faults but are somewhat fractured, indicating they were intruded

at about the time of the last minor reactivation of marginal basin
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faults. Their 40Ar/39Ar studies of the dykes suggest they were

emplaced at about 1700 m.y.

3. Structural Geology

Nonacho Stratigraphy is folded about steeply dipping axial
surfaces which trend NE in the western part of the basin and ENE
in the eastern parts (McGlynn, 1970; McGlynn et al, 1974). Folding
is symmetrical and open in sandstone and conglomerate lithologies,
and is tighter when shales and siltstones are involved (McGlynn,
1971). On the limbs of folds, dips vary generally from 45° to 60°
but dips up to 80° are not uncommon (Henderson, 1939). Synformal
and antiformal folds plunge gently, usually to the NE (McGlynn,
1970},

Faulting in the area is concentrated along basin margins and
about basement "highs" within the basin (McGlynn, 1974). Faults
truncate both Nonacho Gp. sediments and basement rocks, often
obscuring the unconformable contact. Undoubtedly many of these
faults have had multistage movements, some prior to Nonacho depos-
ition and some during or after sedimentation (McGlynn, 1974).
Evidence for movement prior to deposition are: clasts of cataclas-
tized basement rocks in the basal conglomerates (McGlynn, 1974),
and fault contacts between undeformed Nonacho strata and basement
rocks (see Figure 6). Movement after deposition is evidenced by
breccia zones within Nonacho Gp. sediments. McGlynn (1970, p. 155)
suggests:

These faults probably are boundary faults
that formed the original basin and movement
on these continued during sedimentation and,

at a higher level, after sedimentation both
during and after the folding of Nonacho strata.
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Figure 7 details Nonacho Basin structure in the Thekulthili Lake
area.

Due to the localized nature of this study the only rock seen
in contact with, and deformed by the intrusive pluton is the argi-
llaceous unit (Unit A, Figure 7), outcropping on the west shore of
Thekulthili Lake. This unit strikes approximately NS and dips sub-
vertically. Locally the argillite is vertically folded, shear
fractured, and cut by numerous quartz veins and granitic dykes,
particularly at the intrusive contact (see Figure 4). Similiar
features can likely be seen in other lithologies north of the study
area.

Regional foliation trends in the basement complex run parallel
to the basin, i.e. N-NE. Equivalent trends occur in similar base-
ment rocks described by Baadsgaard and Godfrey (1972) in NE Alberta.

South of Thekulthili Lake a "thermal gneissic dome" has been
described by Donaghy (1977). His studies of this structural feature
are synthesized in the following discussion.

The southern dome consists of two gneissic components, a mono-
metamorphic paragneiss mantle (Unit P, Figure 7) and a polymeta-
morphic core (Unit S, Figure 7). Paragneisses on the flanks and
nose of the dome suggest that the structure plunges north under
Nonacho Gp. strata. Donaghy (1977) contends that foliation trends
in mantle and core gneisses are distinctly different, such that the
change in foliation strike distinguishes a sharp contact between the
two gneiss types. Petrographic contrasts further differentiates
the two.

Gneissic foliation on the western flank of the dome dips west.
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However at the contact with the western intrusive pluton (see
Figure 7) there is an abrupt reversal, with foliation there dip-
ping east. Crossing the contact from dome gneisses, to the granitic
pluton rock fabric changes from foliated to massive.

Doming of the southern gneissic dome is considered to have

occurred after crystallization of the gneisses.

4, Age Relationships

The relative ages of rock units in and around the Nonacho
Basin has been under debate for many years. Discrepancies in part,
stem from differences in interpretation of field relations between
Nonacho strata and adjacent igneous and metamorphic rocks. Con-
flicting interpretations between various authors have been out-
lined in Chapter I.

Prior to 1970, the majority of age dates in the broad area
of the Precambrian shield from northern Saskatchewan to Great
Slave Lake were obtained using the K-Ar dating technique. This
method is notorious for yielding anomalously variable dates from
point to point in geologic regions. It is particularly unsatisfact-
ory in such a high-grade metamorphic and igneous terrain, which has
been subjected to multiple heating events, since 40Ar can escape
from host minerals at temperatures around 200°C or more. Hence
K-Ar dates quoted below should be regarded as minimum dates, and
probably reflect uplift and/or the last thermal event.

Burwash and Baadsgaard (1962) dated four basement gneiss
samples and two granitic cobbles from the basal oligomictic con-

glomerate on the east shore of Thekulthili Lake. Using the K-Ar
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technique they obtained dates ranging from 1790 m.y. to 2260 m.y.

Similar results were obtained by Wanless et al (1967) from
basement rocks in the vicinity of the Nonacho Basin. These gave
K-Ar dates ranging from 1735 m.y. to 2175 m.y.

McGlynn (1974) quotes K-Ar ages of basement rock from 1735 m.y.
to 2555 m.y., with most between 1735 m.y. and 1900 m.y., for the
general region south of Great Slave Lake and north of 60° latitude.

In 1972 Stockwell revised his Precambrian time classification
for the Canadian shield, placing the Kenoran Orogeny between 2500
m.y. and 2700 m.y., and the Hudsonian Orogeny between 1700 m.y.
and 1950 m.y. Thus from the K-Ar dates given above it appears that
the western portion of the Churchill Structural Province was in-
volved in both Kenoran and Hudsonian orogenies.

Burwash and Baadsgaard (1962) and McGlynn (1970) suggest base-
ment complex rocks in this region are in fact Archean (Kenoran),
with younger K-Ar ages resulting from "overprinting'" by the Hud-
sonian Orogeny. Thus since dyke emplacement is postulated at 1700
m.y. (McGlynn et al, 1974), Nonacho sedimentation and folding,
followed by intrusion of the western granitic pluton must have
taken place between 2500 m.y. and 1700 m.y.

To explain the younger K-Ar dates (those younger than 2500 m.y.)
found in the basement complex, McGlynn (1974) suggests the Nonacho
Basin and adjacent basement rocks were buried many thousands of
meters and heated to 100 or ZOOOC; enough to drive off some 40Ar

yet maintain the unmetamorphosed state of the Nonacho Series.

Subsequently, McGlynn (1974) contends the Hudsonian Orogeny mostly
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consisted of regional faulting and folding in this area.

However since it is generally accepted that basement rocks
around Thekulthili Lake are equivalent to the Tazin Group of NW
Saskatchewan, an alternative model is suggested by Krupicka and
Sassano (1972). They suggest that isotopic age dating strongly in-
dicates that part of the Tazin is Kenoran, and part is Aphebian.
They concur with Burwash's (1969) suggestion that the Hudsonian
comprises two distinct orogenic pulses. The first produced the pro-
gressive metamorphism of Aphebian supracrustal rocks(Krupicka and
Sassano, 1972). Between orogenic events in the Hudsonian, erosion
occurred, and the Nonacho Series was deposited in a basement depre-
ssion. Finally the second stage pulse caused regional folding,
faulting, uplift and intrusion of the granitic pluton west of The-
kulthili Lake.

This latter model is preferred as it closely parallels the
development of the Athapuscow Aulacogen of Great Slave Lake, stu-
died by Hoffman et al (1974). He states that during the Aphebian
the Slave and Churchill Provinces occupied a foreland platform to
the Coronation Geosyncline-Athapuscow Aulacogen system. Over this
platform, sediment was transported to the system from an eroding
mountain belt to the east. Depostion within the geosyncline and
aulacogen 1is assumed to have occurred sometime between 2200 m.y.
and 1700 m.y. Sometime during this period, presumably in the Hud-
sonian Orogeny, the Churchill Province was uplifted along its
western margin and displaced relative to the Slave Province. At

this time K-Ar radiometric clocks were reset in the Churchill
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Province basement complex. In the uplift the Churchill was sub-
jected to extensive faulting (mostly in the vertical sense) and
minor plutonism; erosion then deposited great volumes of fanglo-
merate deposits into the intermontane Nonacho Basin and the Atha-
puscow Aulacogen. The fanglomerate phase of the Athapuscow Aulacogen
is a sequence of boulder stone conglomerates and pebbly sandstones,
which is analogous to Nonacho Gp. sediments.

A synthesized geologic history and geochronology of the The-

kulthili Lake-Nonacho Basin area is given in Table I.

5. Method of Sampling

Sample locations and their corresponding rock units are shown
in Figure 7 and in greater detail in Figures 8 to 10.

Having established differences in morphology and age between
"younger'" and "older" granites in the field, the objective of this
sample study is to determine their differences in petrograéhy and
chemistry.

Much of the summer was spent by the author in detailed mapping
of basement rocks east of Thekulthili Lake. In choosing an area for
"older" granite sampling the following criteria was used: 1) the
basement complex must not be cataclastized, and 2) the area should
contain a high proportion of migmatites and scattered, massive
granitic bodies. The area chosen east of Thekulthili Lake (Figure
7 and Figure 10) contained the above characteristics.

Less time was available for sampling the intrusive granite
pluton west of Thekulthili Lake (Figure 7 and Figure 8). Conse-

quently, only the margin of the pluton was sampled and studied by
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GEOLOGIC HISTORY, THEKULTHILI LAKE N.W.T.

GEOLOGIC EVENT TIME DESCRIPTION OF EVENT
Hypabyssal Intrusions Paleohelikian Emplacement of diabase dykes
7y (1700 m.y.)

Late stage plutonism

Folding, Faulting

Basement & supracrustal
erosion - deposition

Upper Hudsonian

Middle Hudsonian
(1800 m.y.)

Intrusion of western granite
pluton.

Nonacho series fold and
faulted.

Nonacho Gp. ("Fanglomerate")
deposited in a fault control-
led basin.

— 1722111222222~ F2Zz+2- UNCONFORMITY —2—2—2—2—2—2—2 2 22—

Regional uplift,
metamorphism, and
faulting

Erosion, Deposition

i §—— APHEBIAN

Lower Hudsonian
(1950)

Lower to Middle
Aphebian

Orogenic Uplift,
high grade metamorph-
ism

Basement Reactivation-Churchill
Province uplifted along westerr
margin. High level faulting
generates an intermontane
quasi-graben basin. Progressive
metamorphism of Aphebian supra-
crustals (Tazin Equivalent) to
upper Amphibolite paragneisses.
Doming of gneissic basement
south of Thekulthili Lake.

Deposition of upper Tazin Groug
supracrustals over Kenoran
(lower Tazin Gp.) basement.

(2500 m.y.)

Kenoran

Depostion

Upper amphibolite-granulite
facies metamorphism of Lower
Tazin Gp. supracrustals in
orogenic core. Uplift of over-
lying strata.

(2700 m.y.)

Pre-Kenoran

Deposition of Lower Tazin Gp.
supracrustals.




Figure 8

Figure 9

Expanded sample location map, showing sample
locations for the younger granite and profile
"A" Nonacho sediments along the western margins
of Thekulthili Lake. Dashed lines are geologic
contacts, irregular lines represent fault zones.
Scale is 1:50,000. (see Figure 7 for the geo-
logy of this area).

Expanded sample location map, showing sample
locations for profile "B" Nonacho sediments in
the area of Big Pine Narrows (south central Thek-
ulthili Lake). Dashed lines denote bedding con-
tacts. Scale is 1:50,000.
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Figure 10

Expanded sample location map, showing sample
locations for basement granitic rocks at the
eastern margin of Thekulthili Lake. Dashed
lines are geologic contacts and irregular
lines denote fault zones. Scale is approx-
imately 1:50,000.
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boat in one day. Due to the homogeneity of the younger granite
relative to basement granites, fewer samples were deemed necessary
to be representative of the former.

Four samples of the argillaceous unit adjacent to the pluton
were taken for petrographic analysis, to determine the effects of
contact metamorphism. Also an xXenolith of what looked to be the
same argillite (see Figure 5) was sampled for comparison.

Two profile lines across Nonacho strata were sampled to deter-
mine the extent of metamorphism the western pluton imparted on
Nonacho sediments. Profile "A" runs 3 km. eastward from the west
shore of Thekulthili Lake (Figure 7 and Figure 8). Profile "B" ex-
tends north of Big Pine Narrows for 1.5 km. (Figure 7 and Figure 9)
and was chosen as a control line, in an area where Nonacho strata
appears essentially unmetamorphosed. Both profiles were chosen in
zones perviously sampled by Donaghy (1977), in order to compare
petrographic analyses.

Sample kult-13 from the extreme SE shore of Thekulthili Lake
(Figure 7) was taken from a small, massive granitic body which
resembled the western pluton. It was sampled to compare its petro-

graphy and chemistry to "younger" and "older" granites.
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CHAPTER III

PETROGRAPHY

l. Introduction

Over the course of the 1979 summer field season a total of 50
samples were collected, 34 of which were chosen for subsequent ana-
lysis. Of these, 19 samples from both granitoid suites were thin
sectioned and crushed for geochemical analysis. The remaining 15
samples of Nonacho sediments and metasediments were thin sectioned
for petrographic analysis. Detailed petrographic descriptions of
the granitoids and some Nonacho sediments are discussed here, the
remaining sections of Nonacho sediments (10) are given in Appendix A.

Following a whole rock geochemical assay for major elements
using the x-ray fluoresence spectrometer (XRF) technique (see
Chapter IV), chemical analyses were recast into a mesonorm compu-
ter program (devised by D. Birk, 1978: based on the mesonorm of
Barth (1962) as modified by Hutchison and Jeacocke, 1971) to deter-
mine the normative mineralogy of the granitoid specimens. Mesonorms
are preferred to standard CIPW norms for granitoid rocks (which
have mineral assemblages analogous to amphibolite facies metamor-
phism, Barth 1962), because in the latter hydrated minerals such as
hornblende and biotite are represented in the norm by such minerals
as diopside, hypersthene, orthoclase and corundum (Nockolds et al,
1978). Consequently, CIPW normative composition can vary widely from

the mode, or actual composition of the rock, since siliceous grani-
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toid rocks rarely contain pyroxenes or corundum. Furthermore meso-
norms, as initially devised by Barth (1959, 1962) for "mesozone"
rocks (those centering around amphibolite facies) are computed from
cation percentages rather than the oxide weight percentages of the
CIPW norm. As a result mesonorm calculations are more compatible
with the volume percentages of the mode.

It is found by petrographic analysis that modal compositions
of the granitoid samples are essentially identical to the calculated
mesonorm compositions (given in Appendix B). As a result a detailed
modal analysis based on point counting of stained rock slabs or thin
sections was deemed unnecessary. In particular, the mesomorm allev-
iated the problems associated with modal analysis of granitic fab-
rics containing myrmekite and perthite (Parslow, 1969).

The only discrepancy between mesonorm and modal compositions
is with respect to the relative proportions of orthoclase (Or),
albite (Ab), and anorthite (An) components. Mesonorms gave cation
percentages of each, and the author estimated by staining tech-
niques the relative proportions of the minerals plagioclase and
potassium feldspar, which contain these components, i.e., the albite
component is not a separate phase, but is part of both plagioclase
and the K-feldspar.

Consequently mineral percentages given in subsequent sections
are estimated in part, from normative compositions and from approx-
imated modal abundances in stained rock slabs.

Figure II is a ternary Quartz-Alkali Feldspar-Plagioclase

(QAP) plot of granitoid specimens, as recommended by the IUGS Sub-



Figure II
Quartz-Alkali Feldspar-Plagioclase
Diagram (after IUGS, 1973).

PHASE FIELDS

1A Quartzolite

1B Quartz-rich granitoids

2 Alkali-feldspar granites

(hypersolvus, one alkali-feldspar granites)

3A Syenogranites

3B Monzogranites (Normal granites)
Granodiorite
Tonalite
Alkali-feldspar quartz syenites
Quartz-syenites
Quartz-monzonites
Quartz-monzodiorites

0 Quartz-diorites

H WO 0 ~o Ul

Symbols used for this and subsequent variation diagrams.
= Basement (01d) Granites
¥ Intrusive (Young) Granite

® Granitic Dykes (Aplites)






Figure 12
Comparative color index.
Quartz-Total Feldspar-Total Mafic
Diagram (after IUGS, 1973).
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commission of the Systematics on Plutonic Igneous Rocks (1973). A
comparative color index 1is given by the Quartz-Total Feldspar-Total
Mafics (QFM) plot in Figure 12. This figure shows that both gran-
itoids are leucocratic (total mafics less than 5%) and are virtually
identical with respect to total Q-F-M content. However, Figure 11
graphically illustrates that the two granites have distinctly differ-
ent feldspar contents. The intrusive granite (monzogranite) falls
near the center of the QAP triangle, which according to Streckeisen
(1973) is typical of most granites. Meanwhile basement granites
(alkali-feldspar granites and syenogranites) have a much higher al-
kali-feldspar content with a plagioclase content less than 10% (ex-
cluding Kult-13 sample which plots in monzogranite field).

Synthesized petrographic descriptions of intrusive granite,
basement granite, and various Nonacho Gp. samples are discussed
below.

2. Basement Granites

a) Essential Minerals

In order of abundance the predominating minerals are micro-
cline-microperthite, microcline, and quartz. Occasionally, as in
CO-2, orthaclase-microperthite is significant as well. Many or most
of the crystals identified as microcline may actually be microcline-
microperthite, but were cut such that perthitic relationships cannot
be seen. Potassium feldspar content ranges from 54 to 65%, and
quartz content is between 28 and 35%.

Microcline and/or microcline-microperthite are anhedral and

display characteristic grid twinning (according to combined albite-
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pericline twin laws). Perthitic K-feldspar contains both stringer
and vein exsolutions. Quartz occurs in two forms, as polycrystal-
line quartz aggregates in the matrix, and as single anhedral quartz
grains up to 4 mm. in size. Undulatory extinction is variable, the
larger monocrystalline grains generally being undeformed (Figures
13 and 14).

Plagioclase content is always less than 10% and is usually
less than 5%. It generally occurs in minute anhedral, highly alter-
ed, masses associated with potassium feldspar. Twinning is rare.

A few grains show albite twinning and were found to have an albite
(An

O—lO) composition (Michel-Levy method).

b) Accessory Minerals

The characterising accessory mineral is biotite, much of which
has subsequently altered to chlorite and iron oxides. These minerals
constitute 1 to 5% of the mode. Green chlorite is distinguished by
its anomalous violet and "Berlin-blue" interference colors. Unalter-
ed biotite has a range of pleochroism from light to dark brown to
intermediate light green to dark green-brown.

Trace amounts (less than 1%) of iron oxides (magnetite, ilmen-
ite) are generally found in close association with biotite and
chlorite.

c) Textures

All samples are holocrystalline and medium to coarse grained,
with the majority of crystal being 1-4 mm in size. The texture in
most cases is massive and allotriomorphic granular. Sometimes a
crude foliation is defined by elongation of quartz and K-feldspar,

and subparallel discontinuous stringers of biotite.



Figure 13

Photomicrograph of basement granite
showing anhedral, unstrained quartz (Q)
and grid twinned microcline-microperthite.

(crossed nicols, magnification 17X).
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Figure 14

Photomicrograph showing the typical
allotriomorphic-granular texture of an
average basement granite. Notice the
predominance of microcline-microperthite
and quartz and the absence of distinct
plagioclase grains.

(crossed nicols, magnification 8X)
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Grain contacts between quartz, microcline and/or microcline-
microperthite are always irregular and embayed (Figures 13-15). These
felsic minerals are all essentially unaltered and fresh looking.

Invariably however, anhedral plagioclase includes and/or fringes
microcline and microcline microperthite in a pseudo-Rapakivi type
texture. This plagioclase is preferrentially sericitized or kaolin-
ized to finely divided micas and/or clays, and is commonly symplecti-
cally intergrown with quartz, in myrmekitic intergrowths (Figure 15).
Rarely, small (1 mm or less) distinct grains of twinned plagioclase
occur with polycrystalline quartz in an interstitial groundmass.

Apart from some strained quartz, most basement granites are
undeformed. Two samples, BO-1 and CO-1 collected near a fault (see
Figure 10) do show cataclastic textures. In these samples breccia-
tion has crushed and milled potassium feldspar and quartz into a fine
grained, to microcrystalline groundmass. Porphyroclasts (augens)
of microcline (and rarely quartz) are large, and rounded from grind-
ing, ranging in size from 3 to 18 mm.

With reference to Figure 11 and their above mineralogy, the
basement granites studied are classified as Biotite Alkali-Feldspar

Granites (type 2) and Leucocratic Biotite Syenogranites (type 3A4).

3. Intrusive Plutonic Granite

a) Essential Minerals

The most common constituents in order of abundance are ortho-
clase-microperthite, quartz, plagioclase and microcline. Potassium
feldspars range from 22 and 40% of the rocks sampled but most contain

between 33 and 35%. Quartz makes up 28 to 35% of the rock, and



Figure 15

Photomicrograph of a basement granite.

Circled areas inclose myrmekitic intergrowths
of quartz and albite growing from microcline-
microperthite. Notice also the unstrained,
anhedral quartz (Q).

(Crossed nicols, magnification 15X).
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plagioclase 25 to 32%.

The most abundant potassium feldspar is orthoclase-microperth-
ite, which occurs mostly in large anhedral to subhedral, equant and
lath shaped grains. The predominant exsolution intergrowths are
string and patch perthites. Their grain size is generally greater
than 3 mm, but megacrysts up to 15 mm in size are not uncommon
(Figure 16). This orthoclase-microperthite is generally untwinned
but rather shows a subtle disuniform extinction pattern. However
simple Carlsbad twinning is quite common (Figure 16). Microcline
is much less abundant than microperthite: when present it occurs
in the groundmass, in small anhedral grains displaying the charac-
teristic grid twinning.

Quartz occurs predominately in polycrystalline, anhedral masses
which are interstitial to other constituents of the mode. Less
commonly quartz appears in monocyrstalline, anhedral grains showing
underlatory extinction. This quartz frequently contains minute fluid
inclusions which are often aligned along preferred crystallographic
directions.

Plagioclase is grown in subhedral laths ranging in size from
2 mm to 8 mm. Twinning according to the albite law is widespread,
less commonly combined Carlsbad-Albite is seen. The plagioclase
composition (Michel-Levy method) is between An_. and An,,.

5 20

b) Accessory Minerals

The characterising accessory mineral is biotite. Most has
been completely altered to chlorite and opaques. Where unaltered,
it ranges in pleochroism from a yellow to green-brown variety to a

pale-dark green variety. Chlorite shows weaker pleochroism and



Figure 16

Photomicrograph showing porphyritic texture
in the younger granite. Things of note in
this picture:

1)

2)

3)

4)

5)

6)

7)

Megacrysts of orthoclase-microperthite
(ol, 0,, O, 04)
Carlsbad twinning in megacryst 02.
Crystallographic alignment of plagioclase
inclusions in O2 megacryst.

Gradational contacts between K-feldspar
megacrysts and the groundmass, particularly
in Ol' O3 and 04.

Zonal nature of biotite, in discrete

patches (large circle).

Pervasive deuteric alteration of plagioclase
(P) to sericite.

Presence of many quartz inclusions in
megacrysts, and one idiomorphic quartz

inclusion in O4 (circled).

(crossed nicols, magnification 6X)
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anomalous violet to "Berlin-blue" interference colours. Together
biotite and chlorite compose 2 to 7% of the rock.

Trace minerals (less than 1%) which are invariably grown in
close association with biotite, include iron oxides (magnetite,
ilmenite and possibly hematite), pyrite and apatite (Figure 17).
Some fluorite was found in a quartz vein in sample YG-5. Zircon,
sphene and rutile were not observed.

c) Textures
All samples are holocrystalline and coarse grained, with
the majority of the grains greater than 3mm in size. The most com-
mon texture is hypidomorphic granular, however some samples like
YG-3 and YG-8 (Figure 16) are better termed porphyritic.

Orthoclase-microperthite is ubiquitous in all sections, both as
large megacrysts, and as part of a medium to coarse grained plagio-
clase, quartz, biotite and potassium feldspar matrix. Grain borders
of the K-feldspar megacrysts are rarely distinct, rather they are
diffuse and grade into adjacent matrix grains (Figure 16). Sometimes
the megacryst perimeters display a symplectic intergrowth of quartz
and feldspar, which resembles myrmekite. Very commonly, K-feldspar
megacrysts are riddled with plagioclase and (especially) quartz
inclusions (Figures 16 and 18). They are anhedral to subhedral and
are commonly aligned preferrentially along crystallographic direc-
tions in the host orthoclase-microperthite (Figure 16). Quartz in-
clusions are unstrained. Rarely one or two grains of biotite may be
found as inclusions in the megacrysts.

Megacrysts twinned on the Carlsbad law are common. Grid twin-

ning is rare and is found only in matrix crystals (microcline) and



Figure 17

Figure 18

Photomicrograph of younger granite, showing

a biotite zone. Notice how biotite forms

both felted, tabular crystals and occupies
minute veinlets between felsic crystals. Note

the associated euhedral pyrite (P), apatite (A),
and iron oxides (F).

(plane polars, magnification 13X).

Photomicrograph of an orthoclase-microperthite
megacryst in younger granite. This megacryst shows
synneusis structure, being a composite of 3
individual crystals (numbered) joined in parallel
along prominent crystal faces. Note the high

density of quartz inclusions particularly in
crystal cores.

(crossed nicols, magnification 18X).
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the outer portions of megacrysts. Occasionally megacrysts display
a subtle oscillatory zoning marked by differential concentrations
of exsolved plagioclase (which is sericitized) and/or variable ex-
tinction angles.

Plagioclase when not present as inclusions or exsolutions in
alkali feldspar, occurs as a major constituent of the matrix.
Groundmass plagioclase crystals are anhedral to subhedral and are
sometimes as large as orthoclase-microperthite megacrysts, parti-
ularly in sections displaying the hypidiomorphic granular texture.
As with K-feldspar megacrysts, plagioclase laths occasionally carry
concentric optical zoning, accentuated by differential sericite al-
teration of zonal composition planes.

A striking textural feature commonly exhibited by the ortho-
clase-microperthite and plagioclase laths (operating together or
separately) is synneusis structure. Vance (1969) defines synneusis
as the drifting together and attachment of individual crystals to
form a group or cluster of crystals (synneusis structure). The
junction between individual components is not random, rather they
are joined in parallel along prominent crystal faces. Synneusis
structure in a K-feldspar megacryst is shown in Figure 18. A var-
iant of synneusis structure and also seen in some sections, is
synneusis twinning, which arises when crystals unite in twinned
orientation (Vance, 1969). Two features which distinguish synneusis
twinning from a single twinned crystal are: 1) Zoning, which may
reveal composite crystal cores, and/or 2) Crystal misfit-uneven
alignment and grain size differences (especially in length) of in-

dividual crystals.
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Chloritized biotite and its associated trace minerals (apatite,
iron oxides, and pyrite) generally occur in distinct patches through-
out the rock (Figures 16 and 17). Rarely, apatite is found with
interstial polycrystalline quartz between other constituents. The
biotite itself occurs both as flakes in felted masses, and in minute
veinlets occupying cracks and interspaces (Figure 17). The trace
constituents either include or are juxtapose to biotite and chlorite.

Sericitization and possibly kaolinization has been restricted
to plagioclase feldspar(s). This alteration has affected plagioclase
inclusions, and exsolutions in microperthites and particularly
"free" plagioclase laths. Figure 16 shows the extent to which many
plagioclase laths have altered to sericite. Deformation effects
displayed in these sections include quartz straining (undulose ex-
tinction), bent twin lamellae in plagioclase, and kink banding in
micas.

Table II lists the essential petrographic features of the plu-

tonic granite and basement granites.

4. Granite Dykes (Aplites)

Two granite dykes which emanate from the intrusive pluton were
sampled for analysis. The Q-A-P plot in Figure 11 illustrates that
the two dyke rocks are widely different with respect to the type of
feldspar they contain. Sample Al-b plots as a monzogranite (3B)
while YD-1 is classed as a syenogranite (3A). The former was sampled
from the center of a0.,5 to 1.0 m thick dyke while the latter was
taken from the margin of a 1 to 3 m wide dyke.

Although the two samples look identical in hand specimen, their



TABLE II

Salient Petrographic Features of the
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Granite Suites

Basement Granites

(Alkali Feldspar Granites,

Essential Minerals
(in order of abundance)

Perthite Classification
(after Barth, 1969)

K-feldspar Content
Quartz Content
Plagioclase Content

Characterising Accessory
Minerals

Trace Minerals

Textures

Twinning (Mineral)

Feldspar Zoning

Myrmekite

Inclusions

Straining Effects

Alteration

Syenogranites)

Microcline-microperthite
(Microcline ?)

Quartz
Orthoclase-microperthite

Plagioclase (AnO—AnlO)
String perthite, vein
perthite
54-65%
28-35%
Less than 10% (mostly
< 5%)

Biotite (+Chlorite),
1-5%

Fe-oxides, magnetite
and/or ilmenite.

Medium grained (1-4 mm)
holocrystalline, allo-
triomorphic granular.

Combined albite-percline
(grid twinning) common
(Microcline-microperth-
ite), Albite twinning
rare (Plagioclase).

Absent

Common, found at the
junction of K-feldspar
and plagioclase.

Rare and inconspicuous,
anhedral "blebs" of
plagioclase in K-feld-
spar. Minor amounts of
quartz in K-feldspar.

Undulatory extinction of
quartz is variable. Two
samples (BO-1, CO-1) are
brecciated and porphyro-
clastic.

Biotite chloritised with
exsolved Fe-oxides.
Sericitization and/or
kaolinization of plagio-
clase to sericite and
clays. K-feldspar un-
altered.

Plutonic Granite
(Monzogranite)

Orthoclase-microperthite
Quartz
Plagioclase
Microcline

(AnS—AnZO)

String perthite,
ite

patch perth-

22-40% (mostly 33-35%)
28-35%
25-32%

Biotite (+Chlorite),
2-7%

Fe-oxides, magnetite and/or
ilmenite (possible hematite.
Apatite, pyrite.

Coarse grained (greater
than 3mm), holocrystalline,
hypidiomorphic granular,
and porphyritic (K-feldspar
megacrysts up to 15mm).

Simple Carlsbad twinning
(Orthoclase-microperthite),
Albite, combined Carlsbad-
albite (Plagioclase), grid
twinning (Microcline).
Synneusis Structures
(K-feldspar, Plagioclase).

Not uncommon in both K-feld-
spar and Plagioclase.

Rare, found around the
margins of K-feldspar
megacryts.

Ubiquitous inclusions of
anhedral to subhedral quartz
(unstrained), and plagioclase
in K-feldspar megacrysts.
Commonly aligned crystall-
ographically.

Polycrystalline, interstial
quartz ubiquitous, kink
banding in biotite, bent

twin lamellae in plagioclase.

Biotite chloritised with
exsolved Fe-oxides.
Exsolution and free plagio-
clase altered to clays and/
or sericite.

K-feldspar unaltered.
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petrography as outlined below is significantly different.

a) Sample Al-b (Monzogranite)

The mineralogy consists of plagioclase (40%), potassium feldspar
(25%), and guartz (32%) with minor amounts of biotite, chlorite,
muscovite and opaques (together make up 3%).

The section is porphyritic and in part glomeroporphyritic
where phenocrysts of subhedral plagioclase laths, 2-4 mm in length,
are gathered in distinct clusters. The plagioclase laths are gener-
ally zoned and highly sericitized (or kaolinized), features that have
obscured twinning. Where albite twinning occured the plagioclase
composition was determined to be An5 to AnZO‘ Rarely some ortho-
clase-microperthite crystals occur as subhedral phenocrysts in this
section (Figure 19).

Quartz, alkali-feldspar and minor micaceous constituents com-
pose an equigranular, aplitic, groundmass having a grain size from
0.1 mm to .2 mm. The alkali-feldspar is untwinned and looks iden-
tical to quartz except the former is significantly altered by
sericitization (or kaolinization). Rock slab staining for K-feld-
spar greatly facilitated the estimation of modal abundance. Quartz
and untwinned K-feldspar in the groundmass is ubiquitously strain-
ed, and displays undulatory extinction.

Due to the porphyritic texture of this rock it is better termed
a porphyritic microgranite (=quartz porphyry) rather than a granite
aplite.

b) Sample YD-1 (Syenogranite)

The major constituents are potassium feldspar (54%), quartz
(27%), and plagioclase (17%). Trace minerals are biotite and magne-

tite which together compose 1 to 2%.



Figure 19

Photomicrograph of a granite dyke (Sample Al-Db).
The groundmass shows the typical aplitic texture,
with phenocysts of plagioclase (P) and ortho-
clase-microperthite (M). Note how phenocrysts

grade into the groundmass, and contain numerous
inclusions.

(crossed nicols, magnification 7.5X).
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The grain size is fine to medium grained averaging 1 mm. This
rock has a distinctly equigranular-aplitic texture. Feldspar, par-
ticularly the potassium feldspar, have the largest grain size, form-
ing crystals up to 4 mm long. Orthoclase-microperthite is the pre-
dominate K-feldspar but small amounts of microcline occur as well.
Inclusions of quartz and plagioclase are ubiquitous in microperth-
ite crystals. Sericitization and/or kaolinization alteration is
much more marked in plagioclase than in the K-feldspar. The plagio-
clase composition 1is AnlO to An25. Many alkali-feldspar grains

closely resemble quartz, consequently slab staining was useful.

5. Argillaceous Nonacho Sediments

These samples were collected from the argillaceous unit found
in contact with the granite pluton along the west shore of Thekul-
thili Lake (Chapters I and II). Samples AR-w, AR-p, AR-g and Al-a
were taken from the unit itself some distance east of the actual
contact (Figures 7 and 8). While the ARG-LENS sample was collected
from an argillaceous xenolith (Figure 5), in the vicinity of the
YG-5 sample point (Figure 8).

The petrography of these rocks is given below.

a) Samples From the Argillite Proper

In the NW corner of the study area the argillite exhibits a
distinct color banding, defined by thin beds (8 cm to 15 cm) alter-
nating in color from buff to pink to grey. The samples were taken
from three juxtaposed color bands to determine: 1) the extent of
contact metamorphism imparted by the pluton, and 2) if the petro-

graphy varied from bed to bed. Sample nomenclature Ar-w, Ar-p, and



45

Ar-g denotes the color of the bed.

Sample Al-a was collected south of the others (see Figure 8),
in an area of uniform color-dark grey. It was collected to compare
its petrography to the samples given above.

The following is a composite petrographic description of the
four argillite samples.

All samples are very fine grained (aphanitic) between 0.01 mm
and 0.1 mm, and the texture is invariably granoblastic (hornfelsic),
as exhibited by an equigranular, interlocking mosiac of welded
quartz (invariably strained) and feldspar. Xenoblastic felsic grains
are generally connected by sutured and irregular contacts. Quartz
and feldspar are the major constituents, together comprising 60 to
75%. Only in samples Ar-w and Ar-p can quartz be distinguished
from feldspar, as the latter is extensively altered to sericite
and/or clays. Due to the aphanitic grain size and absence of twin-
ning the type of feldspar(s) cannot be determined. Staining the rock
slabs for K-feldspar did not prove useful in this regard either,
since the rocks are too fine grained.

Each sample is distinct with respect to the type, and abundance
of mafic and opaque minerals which it contains.

Sample Ar-w contains 15-20% chlorite and 10-15% hematite. In
Ar-p there are two main mafic constituents, a yellow-green epidote
(approx. 2%) and a blue-green pleochroic hornblende (5-10%, see
Figure 20) plus a small amount of chlorite (1-3%). Hematite content
in Ar-p is approximately 5%. Both Ar-w and Ar-p display a crude

microscopic segregation banding, with turbid horizons of hematite,



Figure 20

Photomicrograph of argillite sample Ar-w,
showing a large grain of hornblende (H).
The dark constituents are hornblende and

epidote (dark grey) and opaques (black).

(plane polars, magnification 17X).

Figure 21

Photomicrograph of argillite sample Ar-g.
The picture illustrates the preferred alignment

of biotite grains (dark grey) and opaques
(black).

(plane polars, magnification 50X).
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altered feldspar, and some mafics, alternating with bands of strain-
ed and polycrystalline quartz. Both in thin section and hand spec-
imen, this banding appears compatible with relict, primary bedding
in the argillite.

Samples Ar-g and Al-a are virtually identical in hand specimen,
except the latter has a discernably blacker color. Both specimens
have a felsic (quartz-feldspar) content of 60 to 70%, which is fresh
and unaltered, and in each, the only mafic mineral is a very fresh
looking, dark brown biotite. In addition, each contains the same
opaque, tentatively identified as magnetite. Section Ar-g contains
20-25% biotite and 5-10% magnetite, while Al-a has a higher bio-
tite content (30-35%) and less magnetite (3-5%). The increased
biotite content in Al-a explains its blacker color in hand speci-
men.

Microécopically, flakes of biotite have their long dimensions
preferrentially orientated, they form discontinuous stringers which
crenulate between felsic constituents (see Figure 21). Upon stage
rotation the whole biotite mass displays uniform pleochroism, this
feature verifies their preferred orientation. Biotite alignment
defines a distinct foliation which, when viewed megascopically,
strongly resembles primary bedding.

Sample Al-a is truncated by several quartz-feldspar veins,
one of which contains a large (0.25-0.5 mm) perfectly euhedral
crystal of apatite.

b) Argillite Xenolith (sample ARG-LENS)

This section, like those above, exhibits a hornfelsic texture,
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consisting of a welded equigranular mosiac of sutured gquartz and
feldspar. However the grain size is much coarser, from 0.1 mm to
0.5 mm. The section is cut normal to what looks like bedding.
Figure 22 illustrates that this foliation is seen on a microscopic
scale as well.

Microscopically, a mixed-layering (=segregation banding) is
apparent. Felsic, unaltered layers consist predominantly of sutur-
ed, badly strained quartz. While turbid green and red-brown bands
contain massive and finely disseminated hematite and chlorite (with
trace amounts of magnetite) plus feldspars altered to clays and/or
sericite. Trace apatite is scattered throughout the section.

Modal abundance of the rock constituents is difficult, due to
the fine grain size and the disseminated nature of some components.
Estimated modal percentages are quartz plus feldspar 80 to 90%,

hematite plus chlorite 10 to 20%, and apatite plus magnetite 1-3%.

6. Other Nonacho Series Sediments

Initially a contact metamorphic study was to be done on Nonacho
sediments sampled along profile "A" (Figure 8) using profile "B"
(Figure 9) as a control line. However it was discovered, by petro-
graphic analysis that profile "A" samples all showed some degree of
brecciation. In retrospect such features are expected as the profile
crosses a major fault zone running NS along the west shore of The-
kulthili Lake (Figures 7 and 8).

Dynamic metamorphic effects are gradually damped out eastward
of the fault zone. Cataclasis has obliterated any contact metamor-

phic features which may have been imparted by the western pluton in



Figure 22

Photomicrograph of argillaceous xenolith.

Notice the foliated texture of the section.

Dark grey horizons consist of hematite, chlorite
and sericitized (or kaolinized) feldspar.

Lighter "bands" consist of quartz and trace
apatite.

(plane polars, magnification 8X).
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this area of the basin.
The petrography of the 10 Nonacho sediments collected from both

profiles is outlined in Appendix A.
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CHAPTER IV

GEOCHEMISTRY AND PETROGENETIC INTERPRETATIONS

1. Analytical Methods

All major and minor elements of the granitoid rocks were ana-
lysed using crushed whole rock samples. Two methods were employed.

' For the major elements: Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn, and P
the fusion method was applied. As a fluxing agent 3g of.al:l lith-
ium tetraborate and lithium metaborate mixture was added to 0.5000g
of rock powder. Each sample was fused at 1200°C for several minutes
in a Pt/Au crucible, and then quenched into glass discs. Trace ele-
ment analyses were carried out on powder pellets. Each powder sam-
ple was backed with mowoil and then pressed into a pellet under 20
tons pressure.

All elemental assays were carried out on a Philips, model PWl-
450AHP, x-ray fluorescence spectrometer in the Department of Geolo-
gy, McMaster University. All major elements and the trace elements
Ni and S were analysed using a Cr x-ray tube. The trace elements

Cr, Co, Cu, Pb, As, and Zn were determined using a Mo-tube. The re-

'
maining trace elements U, Th, Rb, Sr, Y, Zr, Nb, Ba, Ce, La, N4, V,
and Ti were assayed with a tungsten x-ray tube. Resulting Rb, Sr

concentrations using this method were anomalous. These two elements
were then re-analysed with a Mo-tube, which yielded more acceptable

values.

XRF data was reduced on McMaster University's CDC 6400 compu-
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tor. Major elements are reported as weight percentages of their re-
spective oxides, and trace elements are given in p.p.m. (see Appen-
dix C).

Mesonorm compositions listed in Appendix B were calculated
using a computor program formulated by Birk (1978), and are based
on major element cation percentages (see Chapter III). However the
program included weight percent conversions of the normative compo-
nents quartz (Qtz), albite (Ab), orthoclase (Or), and anorthite (An)
suitable for plotting ternary petrogenetic phase diagrams (eg.,

Qtz -Ab-Or).

2. Chemical Variation Diagrams

In the study of igneous rocks many geochemical (major and trace
element) variation diagrams have been produced with the underlying
assumption that crystallization differentiation (fractional crysta-
llization) controls magmatic evolution. However Krauskopf's (1979)
view is that a variation diagram is by itself inconclusive proof
that a rock (or group of rocks) has differentiated from a single
magma. He suggests that if a group of rocks are related by dif-
ferentiation then they should form a smooth trend on a variation
diagram, but if the group are derived from seperate intrusives then
smooth curves may or may not result. Green and Poldervaart (1958)
suggest that a scatter of points on a chemical variation diagram
is indicative of "locally operative processes" predominating over
fractionation. In this study nothing is implied about the correct-
ness of the differentiation hypothesis except when variation dia-
grams are used 1in conjunction with other lines of evidence; be it

petrographic, petrochemical or field oriented.
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Perhaps the most useful function of variation diagrams is to
graphically differentiate between rock types whose differences are
not obvious from whole rock analyses alone.

3. Major Elements

Several linear and ternary variation diagrams were employed in
this study. These were constructed using elemental oxide and cation

weight percentages, as well as the salic components Qtz, Or, Ab

’ 7

and An of the mesonorm.

a) Linear Variation Diagrams

The various indices utilized here in constructing linear
variation diagrams are defined below:
(1) Modified Larsen Index=1/3 Si + K - Ca - Mg

Used principally to show the variation of minor elements
in relation to the major components.

(Nockolds and Allen, 1953)

(2) Felsic Index = (NaZO + KZO) x 100

NaZO + KZO + CaO
Suggested to show alkali enrichment at the expense of
Ca during fractional crystallization of felsic minerals.

(Simpson, 1954)

(3) Mafic Index = (FeO + Fe203) x 100

MgO + FeO + Fe

273
To possibly illustrate how mafic fractionation leads to
iron enrichment at the expense of magnesium.

(Wager and Deer, 1939; Simpson, 1954)
(4) Alkalinity Ratio = Al,0; + Ca0 + total alkalis

A1203 + Ca0 - total alkalis

(When SiO, exceeds 50% and K,0: Na,0>1<2.5, then 2(NaZO)
is substi%uted for total alk&alis)
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To distinguish different degrees of alkaline or calc-alkaline
affinity between a variable igneous suite.

(Wright, 1969)
To supplement the Alkalinity Ratio in determining if both alkaline
and calc-alkaline granites existed in the area, several other plots
were attempted. For instance the Peacock Alkali-Lime index (the

weight percentage of SiO, at which the weigh* percentages of CaO

2
and (NaZO - KZO) are equal on a (NaZO + KZO)’ Ca0 vs SiO2 plot),
the AFM (NaZO + K,0, Fe,0,, MgO) ternary and the Differentiation

Index (sum of the normative salic components quartz (Qtz), albite
(Ab), orthoclase (Or), nepheline (Ne), leucite (Lc), and kalsilite
(Kp) in weight percent) were discarded, as a full silica range
suite (eg. the Skaergaard intrusion) is required to distingiush an
alkaline or calc-alkaline trend. The granitoid as plotted using the
latter three parameters showed little contrast from one another.

However, the weight percent SiO, vs alkalinity ratio plot sug-

2
gested by Wright, 1969) in Figure 23 illustrates that the younger
granite has a higher calc-alkaline affinity than the more alkaline
basement granites. The author stresses here a feature common to this
and all subsequent variation diagrams. That is, the low degree of
scatter the younger granite samples display relative to basement
granites. Clearly the younger granite is more homogenous geochemi-
cally,

Binary plots of mafic index vs alkalinity ratio and felsic
index vs mafic index are given in Figures 24 and 25 respectively.
These serve to illustrate the possibility that, biotite in the

younger granite is more fractionated (greater Fe enrichment) than

that occuring in basement granites. The Fe enrichment in the young-



Figure 23
Semi-log plot of Weight%of SiO, vs Alkalinity Ratio.
The dashed field contains the fMajority of younger
granite samples.
Lines separating alkalinity fields after Wright,

1969.
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Figure 24
Mafic Index vs Alkalinity Ratio.
Dashed lines delineate younger granite
and basement granite fields.
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Figure 25
Felsic Index vs Mafic Index,
(after Simpson, 1954)
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er granite is exemplified by its higher biotite content. Plotting
Mg/Fe percent ratio in biotite (listed in mesonorm tables, Appen-
dixB) vs mafic index (Figure 26) appears to substantiate the hypo-
thesis that biotites in the younger granite have undergone dgreater
iron enrichment. This is not to say however that the two granitoids
were derived from the same magma source, and that the younger gran-
ite has undergone greater mafic fractionation. On the contrary the
granitoids may be totally unrelated and Figures 23 to 25 only serve
to indicate the younger granite has a higher mafic index and a low-
er biotite Mg/Fe value.

All major elements (cation weight percentages) were plotted
against the Modified Larson Index. The majority of these only ill-
ustrated that the two granitoids have approximately equivalent major
element geochemistry relative to the Larson Index. However Figure 27
shows that basement granites have lower Ti and P contents, while
Figure 28 indicates they have a higher Si content (average of 2 wt.
% greater) relative to the younger granite. The fact that P concen-
trations in most basement granites is below the level of detection
is reflected in their petrography by the absence of apatite.

The major oxides of Daly's (1933, p. 9) average calc-alkaline
granite (546 analyses) were compared to the averages of the two
granitoids. It was discovered that both granites were significantly

richer in SiO K,O etc., detected by loss

2r 277 2

on ignition) but poorer in all other major oxides. The younger gran-

and volatiles (HZO’ co

ite contains 2.7% and 1.7% more SiO2 and KZO respectively, while

basement granites are 4.6% and 2.0% richer in these oxides.

The author suspected that the granitoids were approaching alka-



Figure 26

Mesonorm biotite Mg/Fe percent ration vs Mafic Index.
Dashed line delineates younger granite field.



BIOTITE Mg/Fe RATIO

59




Figure 27
Weight percent Ti vs Modified Larsen Index.
and
Weight percent P vs Modified Larsen Index.
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Figure 28
Weight percent Si vs Modified Larsen Index.
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li granite composition, so they were compared to the average alkali
granite (48 analyses) listed by Nockolds (1978, p.31). It was found
that basement granites approximate an average alkali granite while
the younger granite is intermediate between calc-alkaline and alka-
line compositions. This substantiates the plot of SiO2 vs alkalin-
ity ratio (Figure 22) as an indicator of alkaline affinity. Fur-
thermore, petrographic analyses (Chapter III) agree with the sug-
gestion that basement granites are alkaline while the younger gran-

ites is more calc-alkaline (refer particularly to Figure II).

b) Ternary Variation Diagrams

In Figure 29 the granitoids are plotted on a K-Na-Ca ionic
weight percent diagram. Superimposed on the diagram is the igneous
trend line of Green and Poldervaart (1958) and the delineated
field for "magmatic granitic rocks'" suggested by Raju and Rao
(1972). In their studies a large number of analyses were utilized
from different parts of the world, including the data of Daly (1933)
and Nockolds (1954). Consequently the present author considers their
conclusions at least statistically justified. Green and Polder-
vaart's (1958) igneous trend line runs from, the Ca apex to the
point which bisects the K-Na side, and is meant to indicate the ideal
fractionation trend from mafic to felsic rocks. The greater the devi-
ation of plots from this line the more likely "locally operative
processes" have dominated over ideal fractionation in the petrogen-
esis of the rock suite. Clearly,froh Figure 29,processes other than
simple fractional crystallization have caused the granitoid suites

to plot on the potassic side of the line.



Figure 29
Plot of the K-Na-Ca ternary system.
The irregular line delineates the field
for magmatic granites (after Raju and Rao,
1972). The igneous trend line of Green
and Poldervaart (1958) separates K and Na
fields.
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Tne delineated field of Raju and Rao (1972) in Figure 29 is
postulated to seperate '"magmatic granites" from '"replacement gran-
ites". The two types are of "proved origin" and presumably were ini-
tially distinguished on the basis of field relations and/or petro-
graphic distinctions. The term "replacement" here is used in the con-
text of metamorphic and/or metasomatic '"granitization" of pre-exist-
ing rock types, and is not meant to suggest that a magmatic phase
was not involved (Raju and Rao, 1972). All but three granitoid sam-
ples (over 80%) in Figure 29 would be defined as replacement gran-
ites. Further discussion of the K-Na-Ca system is reserved until
later.

Extensive experimental studies by Tuttle and Bowen (1958) have
been done in the gquaternary system NaAlSi_,O,(Ab) - KA1Si, O_(Or)-

3°8 3°8

SiOZ(Qtz) - H_ O. The granitoids are plotted in Figure 29 on the

2

approximated Qtz-Ab-Or ternary, as projected from the H_ O apex.

2
Superimposed on this diagram are curves for water saturated liquids
(PHZO isobars) in equilibrium with quartz and alkali feldspar. These
curves can be considered as cotectic boundaries (or lines of liquid
descent) which seperate the crystallization fields of quartz and
alkali feldspar. Centered about these boundaries are thermal "troughs"
into which granitic liquids move, towards the isobaric minima (m,

in Figure 30 , upon continued cooling and fractionation (Tuttle

and Bowen, 1958). The principle effect of water in a granite sys-

tem is as a fluxing agent which lowers the melting point of granitic
rock (Clapeyron effect). The amount of water held in the melt is a

function of pressure. On the Qtz-Ab-Or diagram increasing pressure

lowers the isobaric minima and shifts it towards the Ab apex. Accor-



Figure 30

Plot of the Qtz-Ab-Or ternary,

showing the curves for water saturated
liquids in equilibrium with quartz and
alkali feldspar at water pressures of

0.5, 1.0, 3.0, and 5.0 kb. Isobaric minima
are labeled m up to 5.0 kb where a ternary
eutectic, e, is generated. Arrows indicate
direction of liquid descent upon cooling
and fractionation. The inner triangle con-
tains rocks with greater than 80% Qtz-Ab-
Or (true granites). The oval field is the
4% contour for 571 plutonic granites list-
ed in Washington's (1917) tables.

(Data from Tuttle and Bowen, 1958,
and Carmichael et al, 1974).
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ding to Carmichael et al (1974) at water pressures above 4 kb‘(or
the equivalent of approximately 9 weight percent HZO) the liquidus
surface temperature of the melt is depressed to the point where it
intersects the alkali feldspar solvus and a ternary eutectic re-
places the isobaric minima (see Figure 30).

The oval field delineated in Figure 30 indicates the area
where the majority of 571 granites analysed in Washington's (1917)
tables concentrate. The position of this field is closer to the
Qtz-Ab side line than that originally shown by Tuttle and Bowen
(1958). This modification follows the suggestion of Parslow (1969)
that mesonorm compositions are better suited to this ternary then

are CIPW norms, as the latter tend to over estimate Or (due to kt

in micas), and underestimate Qtz in granitic rocks. In any case the
present position of the "maximum granite" field appears to strength-
en the statement of Tuttle and Bowen (1958, p.77):

The coincidence between the maxima for granites
and the thermal deep (trough) of the isobaric
equilibrium diagram for lower water vapor pres-
sures is far too strong to be fortuitous. There
can be little doubt that magmatic liquids are
involved in the genesis of granitic rocks, and
those who propose that granites are formed pri-
marily by solid diffusion, hydrothermal replace-
ment, or by any other mechanism not involving a
magma must demonstrate an alternative method of
controlling, to such a strong degree, the comp-
osition of granites.

Assuming for the moment that this statement is valid then does this
imply that most of the granites studied here (65% of which plot out-
side the maximum granite field in Figure 30) never crystallized

from a magma? or alternatively,did they completely crystallize at
temperatures significantly above the isobaric minima? Other viable

explanations are those previously cited from Green and Poldervaart
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(1958) and Raju and Rao (1972) for the K-Na-Ca system, i.e., these
granite suites are the end result of "locally operative processes"
and/or "replacements of prexisting rocks".

Before drawing any conclusions the author would like to dis-
cuss the merit of Tuttle and Bowen's (1958) Qzt-Ab-Or ternary as
a petrogenetic indicator in this study. Several authors (Kleeman,
1965, Carmichael et al, 1974, Winkler, 1976, Krauskopf, 1979, among
others) have criticized the validity of the diagram as it ignores
the importance of anorthite (An) component in the granite system
(senso stricto) Qtz-Ab-Or-An-H,0 . Both Winkler (1976, p.293) and
Krauskopf (1979, p.329 Figure 14-4) have stressed that in granite
systems where Ab/An ratios are less than about 8.0 the simple Qtz-
Ab-Or system is invalid. Figure 3l1-a shows that as An content in-
creases two things happen to the Qtz-Ab-Or ternary diagram (proj-
ected from the An apex): 1) the isobaric minima becomes a triple
point (ternary eutectic) to the fields of quartz, plagioclase,
and feldspar, and 2) the "minimum melting" temperature is increas-

ed, as evidenced by an increasing field of plagioclase.

Only four granite samples in this study have Ab/An ratios
less than 8.0, thus it would appear that the Qtz-Ab-Or ternary is
a viable approximation of the granite system(s) in this case. How-
ever on the suggestion of Carmichael et al (1974, p.235) that even
small amounts of An are important in describing the crystallization
histories of natural acid magmas, an alternative diagram was sought.
The ternary diagram of An-Ab-Or (projected from the quartz

apex) suggested by Kleeman (1965, Figure 4A) is given in Figure 31-

b. On this diagram the position of the low temperate trough axes



Figure 31-a

Figure 31-Db

Variation in field boundaries with decreasing
Ab/An ratios at 2 kb. water pressure in the
Qtz-Ab-0Or ternary as projected from the H,O
apex. Points E and M are ternary eutectics
representing the "minimum melt" composition
at Ab/An = 7.8 and Ab/An = 1.8 respectively.

(after Krauskopf, 1979, p.329)

Plot of the An-Ab-Or ternary system as projected
from the quartz apex. Solid straight lines are
the low temperature trough axes at 1 kb and+9 kb
water pressure. Dashed lines represent the -3%
analytical error limits of trough positions.
Irregular solid line denotes the 2% contour for
1269 rocks with greater than 80% normative

Qtz + Ab + Or list in Washington's (1917) tables.
Solid curved line represents the solidus-solvus
intersection for the ternary feldspars. Points
my and m2 are isobaric minima at 1 kb and 9 kb

water pressures respectively.

(data from Tuttle and Bowen, 1958,
Kleeman, 1965, and Deer et al, 1966)
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(=plagioclase to K-feldspar cotectic) at 1 kb and 9 kb water pres-
sure are superimposed upon the "average granite" field shown by
Tuttle and Bowen (1958, Figure 67). Modification of the average
granite field position is unnecessary in this diagram because Or

is the only component which varies between mesomorms and CIPW norms,
thus only a dramatic difference in calculations would change the
position of data relative to the trough (Parslow, 1969).

Figure 30 illustrates that the younger granite and basement
granite samples both show a strong correlation with the low temper-
ature trough (within the *3% error limits) and the average granite
composition. The majority of samples center around the 1 kb trough
axis and cluster along the Or side of the average granite field.
This diagram strongly suggests that both granite suites crystall-
ized from a liquid phase. The position of the isobaric minima on
the Ab-Or edge varies from Ab_,Or at PH,O = 9 kb to Ab__Or at

68 732 2 557745
PH,O = 1 kb. As in Figure 30 the granitoids plot on the Or side of

2
the minima suggesting they completely crystallized above the "min-
imum melt" temperature. Note also that all samples plot below the
solidus-solvus intersection curve postulated for the ternary feld-
spar system (Deer et al, 1966) in a zone common to perthitic feld-

spars (Kerr, 1977, Figure 13-13).

4, Trace Elements

The most extensive trace element work has been done on volcan-
ic rather than plutonic igneous rocks (Carmichael et al, 1974). As
a result much less is known about trace element distributions and
their significance as petrogenetic indicators in plutonic rock evol-

ution.
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This study will be restricted predominately to the analysis

of three trace elements-Rb, Sr, and Ba. These are considered to be

most useful in the study of granitic systems, as they concentrate
only in the major silicate phases and not in accessory minerals

(McCarthy and Hasty, 1976). Rb, Sr, and Ba enter the crystal stru-

ture of silicates either as isomorphic substitutions of a major
element, or as random inclusions in crystal lattice vacancies
(Krauskopf, 1979). Trace elements generally substitute for major
element cations according to similarities in ionic radii and ionic
charge, based on the empirical "rules" of Goldschmidt (1954). Pre-
dictions based on these rules are in good agreement with observa-
tions made concerning elements comprising the first three groups
of the periodic table, i.e. alkali metals, alkali earth metals,

Y and rare earth elements (Krauskopf, 1979).

As it is generally assumed that magmatic differentiation con-
trols the distribution of major element geochemistry, then it foll-
ows that the same process dictates trace element concentrations.
According to Carmichael et al (1974, p.62) the chemical pattern of
progressive fractionation is successive enrichment of silica and
alkalis in residual ligquids. Due to ionic incompatibility, elements
such as Li, Na, K, Rb, Ba, Y (and rare earths), Nb, and Zr (among
others) are not accomodated in early crystalline phases (Birk, 1978,
Carmichael et al, 1974). The most common substitutions in residual
phases are: Ba and Rb for K; and Sr with a radius intermediate to
Ca and K substitutes for both. Ba tends to concentrate in early K
minerals (eg. biotite) while Rb is enriched in the later K-feldspars.

Sr tends to remain fairly constant during fractionation as it sub-



71

stitutes in early Ca minerals and later K minerals but tends to be
lower in K-feldspar rich rocks (i.e. granites) than in plagioclase
rich ones (Krauskopf, 1979). Zirconium due to its large ionic size
and ionic charge does not enter any common mineral phases but rath-
er is usually contained in the seperate phase of zircon (Mason,
1958) . However the absence of zircon in the granitoids studied here
could be used as a measure of magmatic alkalinity (Birk, 1978), be-
cause under alkaline conditions Zr tends to be incorporated in mafic
minerals and will not crystallize as zircon (Eowden, 1966).

The method of trace element study adopted here is the use of
ratio /variation of similar elements. The ratios listed in Appendix
C are K/Na, K/Rb, K/Ba, Ba/Rb, Sr/Ba, Ca/Ba, Ca/Sr, Rb/Sr, and Ti/
Zzr. Of these Rb/Sr, Ti/Zr, Ba/Rb, and K/Rb occur in subsequent lin-
ear variation diagrams. The others are not given as such since they
do not distinguish between the two granite suites.

Sixteen trace elements which were analysed but are not listed
above are given in Appendix C. They were discarded from further
study for one of two reasons: 1) their abundance was near the level
of XRF detection and thus their concentrations are only semi-quant-
itative (eg. base metals, U, Th), and/or 2) they do not show appre-
ciable substitution in residual salic phases.

However there are some important distinctions between the two
granite suites based on some of these trace element averages. The

younger granite has on average: 2 2,6, 1.5, and 2.2 times

more Pb, La, Ce, Nd, Nb, and Ni respectively than do basement gran-
ites. Smith (1974, p.117) found that in rocks containing coexisting

plagioclase and K-feldspar, the plagioclase contains several times
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more rare earth elements than K-feldspar. Since the younger granite
contains much more plagioclase than basement granites this could
explain its higher La, Ce, Nd, and Y contents. Alternatively con-
trasting rare earth contents may indicate the two granitoids were
derived from different sources. Furthermore, since rare earth ele-
ments tend to preferentially concentrate in residual liquids during
fractionation rather than enter crystalline phases (Carmichael et

al, 1974, p.632) their greater abundance in the younger granite

'
could indicate it is more differentiated than the basement suite.

It has also been shown by Nagasawa and Schnetzler (1971) and Hanson
(1978) that apatite contains high rare earth concentrations. This
mineral is contained in the younger granite but 1is absent in base-
ment granites.Log—logpﬂots of Rb vs‘Sr, wt. % K vs Rb and Ba vs

Rb for the two granite suites are given in Figures 32, 33, and 34
respectively. All three clearly indicate the younger granite has a
significantly greater concentration of Rb. In addition Figure 34
shows it has higher Ba abundance.

These concentrations seem anomalous since both Rb and Ba substi-
tute for K, yet both granitoids contain approximately equivalent
amounts of K (see Figure 33 ). One solution to this paradox is that
the granites crystallized from different source magmas, with the
younger granite melt carrying more Rb than the other. Or alterna-
tively as Carmichael et al (1974, p.361) contend, large regions
of continental shields have been depleted in the radiometric ele-
ments U, Th, and Rb due to prolonged solution by high-grade meta-

morphic fluids. This may be true of the basement rocks studied here.

Superimposed on Figure 33 are the "R-lines" (R = wt.% K x 104



Figure 32
Log-log plot of Rb vs Sr based on ppm.
Dashed lines separate younger and older granite
fields.
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Figure 33
Log-log plot of wt. % K vs Rb ppm.
Superimposed are the "R-lines" of Shaw (1968).
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Figure 34
Log-log plot of Ba vs Rb based on ppm.
Dashed and solid lines delineate younger granite
and basement granite fields respectively.
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p.p.m. Rb) given by Shaw (1968). The granite suite of the basement
complex center about the "main trend line" (R=230) determined for

a wide variety of continental and oceanic rock types. Meanwhile
most of the younger granite samples plot about the R=130 line which
is approaching the '"pegmatite-hydrothermal trend" (R less than 100)
for alkali-rich granites, syenites, pegmatites and related rocks
(Shaw, 1968). The usefulness of K/Rb ratios in petrogenic studies
of igneous rocks is uncertain. Many authors contend that decreas-
ing R values are representative of increasing fractionation. Others
such as Carmichael et al (1974) suggest that the widespread use of
K/Rb ratios as an index of magmatic evolution is unwarranted.

Whether or not K/Rb ratios are important petrogenetically is
not the concern of this study, what is important however, 1is that
the two granites are distinct in the concentrations of Rb they con-
tain.

Perhaps a better method of tracing differentation trends in
granitic rocks is the Rb-Ba Sr ternary diagram proposed by Bouseily
and Sokkary (1975). They claim that interpretation of fractionation
trends based solely on absolute values of Rb, Ba, and Sr or on bin-
ary relations between any two of them are unreliable.

Figure 35 shows the granitoid samples as they plot on the Rb-
Ba-Sr diagram. The criteria Bouseily and Sokkary (1975) used in
selecting the various fields in the diagram are somewhat arbitrary
and overgeneralized. Their criteria in choosing the "strongly differ-
entiated granite'" field is based on the assumption that "at the very
late stages" of fractionation Rb is enriched and Ba impoverished

in the ridual K-minerals. In particular the merit of the "anomalous



Figure 35
Rb-Ba-Sr ternary diagram.
Delineated fields and nomenclature after
Bouseily and Sokkary (1975).
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granite" field is questionable.

The majority of granite samples plot in the normal and anomalous
granite fields, and almost all cluster about the line seperating the
two (dashed line in Figure 35). The line is significant in that it
shows the two granite suites have near equivalent Sr contents. It
also indicates that Sr plays a passive role in differentiation rela-
tive to Ba and Rb.

Figure 36 shows a plot of Ti vs Zr. This is included to illus-
trate that the two granites contain contrasting amounts of these two
elements. The intrusive granite contains more of these elements than
those of the basement complex. Ti and Zr are both large ions having
high ionic charges, as such they generally do not substitute in
any major silicate phase but rather form their own minerals-sphene
and ziron respectively-during the latest stages of crystallization.
However both sphene and zircon are absent from the petrographic ana-
lysis of the granite pluton. Thus the Ti is likely contained in ilmen-
ite and biotite, with the latter probably hosting the majority of
Zzr as well, in either minute inclusions or lattice vacancies.

It was concluded earlier (major elements section) that the base-
ment granites are alkali granites while the younger granite is more
calc-alkaline. Thus if it is assumed for the moment that both grani-
toids derived from fractional crystallization, then it could be said
the basement granites are the most fractionated. Now assuming both
granite magmas were generated from the same source rock, then logic-
ally the basement granites, not the intrusive granite, would contain
the greater abundance of Ti and Zr. Thus Figure 36 could be used as

evidence arguing against a single magma source. Significant contrasts



Figure 36
Log-log plot of wt. % Ti vs Zr ppm.
Solid and dashed lines delineate the basement
granite and younger granite fields respectively.
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in other trace element concentrations previously given appear to
suggest the same conclusion.

5. Significance of the migmatite—-granite association

In Chapter II reference was made about the close association
of paragneisses, migmatites and granitic rocks seen in the basement
complex around Thekulthili Lake. A pertinent statement given by
Winkler (1976, p.280) is worth noting here:

This world wide observation suggests that the
spatial association of these rock types is due to
processes occurring at similar temperature and
pressure conditions in the deeper part of the
crust and giving rise to high-grade metamorphic
rocks, as well as to migmatites and granites.

The origin of granites and migmatites in deep-
seated parts of orogenic belts must be considered
as directly connected with high grade metamor-
phism.

Based on the world wide petrographic observation that musco--
vite does not appear in migmatites, Winkler (1976, p.82) chooses
the breakdown of muscovite in the presence of plagioclase and
quartz to mark the transition from medium to high-grade metamor-
phism. It is therefore petrogenically significant that the migma-
tites and granites studied here do not contain any muscovite and
are thus located in the highest temperature terrain of regional
metamorphism. Assuming of course that muscovite, or the compos-
itions necessary for its formation originally existed.

Mehnert (1968) distinguishes between two types of migmatites,
injection migmatites, and "in-situ" migmatites. Of these, in-situ
migmatites are the most common and are derived in-situ within a

high grade metamorphic terrain. The component parts of in-situ

migmatites as defined by Mehnert (1968) are:
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1) The paleosome: the unaltered or somewhat modified parent
rock, generally a paragneiss oOr gneissic granite.

2) The neosome: the portion formed during metamorphism and
consisting of two parts:

a) The leucosome, contains mostly felsic minerals (quartz
and/or feldspar), and has a fabric consistent with magma-
tic crystallization.

b) The melanosome, forms shistose layers surrounding the
leucosome and is composed predominantely of mafic miner-
als (eg. biotite, hornblende, garnet, sillimanite etc.).

Sampling in this study was restricted to leucosome layers and the
scattered granitic bodies into which the migmatites graded. Rocks
compatible with the paleosome are the paragneisses and granitic
gneisses outcropping on the south shore of Thekulthili Lake (Figure
7). Donaghy (1977) studied the petrography of these paragneisses
and found they contain a granodioritic composition with a high An
(An3o) plagioclase much in excess of K-feldspar. According to Wink-
ler (1976) this is a common paragneiss composition which has de-
rived from the high-grade metamorphism of an average shale.
Anatexis

Anatexis 1is defined as the generation of magma by the partial
melting of pre-existing rocks. After many years of debate it is
now generally accepted that anatexis is the predominate physico-
chemical process which generates large regions of migmatic and
granitic rock types. Opposing views of large scale metsomatic
"granitization" of sediments are much less conclusive.

During a prograde metamorphic event paragneisses as described
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above remain unchanged until a certain pressure-temperature thres-
hold is reached and anatexis sets in. Partial melting can occur at

temperatures as low as 700°C when PH_0=2.0 kb, and even lower at

2
higher water pressures (Winkler, 1976). It must be emphasized
however that since plagioclase rich gneisses are involved in ana-
texis, then the Ab/An ratio is also important in determining the
temperature at which anatexis begins.

Assuming for the moment that the Ab/An ratio for the bulk com-
position of the gneissic protolith is 1.8 then at PHZO = 2 kb the
"minimum melting" temperature would be 7050C, at the resulting melt
composition Qtz45 - Ab15 - Or40 (based on experimental data listed
by Winkler, 1976, p.293). This corresponds to point M in Figure 30-
a. From Figure 30-a it is clear that as the Ab/An ratio decreases,
there is a corresponding increase in Qtz and Or content and a de-
crease in Ab in the "minimum melt" composition. Furthermore, lower-
ing the Ab/An ratio increases the minimum melting temperature for
any given water pressure.

Therefore it is expected that Ab-rich gneisses are the first
to begin melting during anatexis. Thus in a high grade migmatite
complex the composition of leucosomes is greatly dependant on the
original An content of the parent gneiss, and even anatexis of the
same gneiss can produce melts of different composition, depending
on the temperature reached at various places.

During anatexis a phase differentiation takes place whereby
the parent gneiss is split into a melt portion of granitic compo-

sition (quartz and feldspar), and a Mg, Fe, Al and possibly Ca rich

crystalline residue (Winkler, 1976). The granitic portion corresponds
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to the leucosome while the mafic crystalline residue is the melan-
osome. The amount of water which is present is important in deter-
mining the amount of melt produced but has no effect on the temper-
ature at which melting begins. If all available water is used up,
then anatexis stops and a paleosome parent gneiss will remain, if
anatexis has not gone to completion.

All granitic basement rocks studied here are very potassium
feldspar rich, and carry less than 10% plagioclase. It appears at
first paradoxical that such a rock can be derived from a gneiss
carrying only subordinate amounts of K-feldspar. But from the pre-
vious discussion of experimental results, parent gneisses with the
highest plagioclase and An contents are actually the most likely
to produce K-feldspar rich leucosomes. Furthermore, if the parent
gneiss contains only biotite, plagioclase, and quartz (the mineral
assemblage common in high-grade paragneisses) then the only source
of K is biotite (Winkler, 1976). The amount of biotite preserved
during anatexis diminishes as the temperature increases, yet even
at temperatures well above those at the beginning of melting; con-
siderable biotite remains in the leucosome and continues to react
with other minerals to form K-feldspar. Winkler (1976) contends
that the granitic composition produced at the beginning of anatexis
will be maintained even with increasing temperature. Simply more
melt will be produced.

The above discussion is a viable petrologic explanation for
the crystallization of the biotite alkali-feldspar granites and
biotite syenogranites of the basement complex studied here. As a

corollary, the anatectic interpretation explains the intimate co-
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existence of migmatites, granite bodies, and high-grade gneisses.

6. Hypersolvus and Subsolvus Granites and the Orthoclase to Micro-
cline Transformation

Tuttle and Bowen (1958) define hypersolvus granites as gran-
ites in which sodium feldspar is, or was, held in solid solution
with a perthitic potassium feldspar, where as in subsolvus granites
a sodium-rich plagioclase coexists with the perthitic K-feldspar.
Thus, it is implict that the one feldspar hypersolvus granites crys-
tallize as a mixed alkali feldspar at temperatures above the albite-
orthoclase solvus; the maximum temperature of which was experiment-
ally determined as approximately 660° (Tuttle and Bowen, 1958) at

the composition Ab Meanwhile subsolvus granites are pre-

509%50°
sumed to crystallize at lower temperatures and higher water pres-
sure in the "two-feldspar" subsolvus field.

The perthitic‘nature of the K-feldspar in both hypersolvus and
subsolvus types is postulated to result from one of three process-
es: 1) unmixing of a homogeneous alkali (mixed) feldspar, 2) simul-
taneous crystallization of sodium rich and potassium rich feld-
spars, or 3) replacement of potassium by sodium feldspar (Deer et
al, 1966). On the basis of experimental evidence (Tuttle and Bowen,
1958; Deer et al, 1966) the unmixing mechanism appears most viable,
particularly in explaining microperthitic intergrowths. Microperth-
ites appear to be restricted to alkali feldspars in the Or20 - Or85
compositional range (Deer et al, 1966).

From petrographic analysis (Chapter III) it is clear that the

two granitoids studied have drastically different feldspar contents

(see Figure II). The majority of basement granites are one feld-
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spar, alkali feldspar granites, which conform to the hypersolvus
classification, while the younger intrusive granite is the common
two feldspar, subsolvus variety. Yet normatively the two grani-
toids are similar in their Ab-Or-An proportions. This means that,
in the basement granites, the majority of plagioclase is held in
solid solution in alkali feldspar (microcline-microperthite).
Solid solution in alkali feldspars of granites is favoured in
high temperature, monoclinic orthoclase as opposed to lower temp-
erature, triclinic microcline. Thus if the migmatites and granites
of the basement complex are indeed hypersolvus one would expect
the feldspar to be orthoclase rather than microcline. However,
several authors (Goldsmith and Laves, 1954; Deer et al, 1966;
Smith, 1974) consider the combined albite-pericline (grid) twin-
ning, characteristic of microcline, as evidence that microcline
originally crystallizes at higher temperatures as orthoclase. Deer
et al (1966) and Smith (1974, p.384) contend that in the orthclase/
microcline transformation sodium feldspar is exsolved from the
microcline and forms microperthite while some may rim the K-feld-
spar or yield myrmekite. These textural relationships are display-
ed by the basement granites studied here (see Chapter III).
Mehnert (1968, p.l106) suggests that the idea that microcline
has transformed from orthoclase is genetically significant "since
granites and migmatites, especially those of Precambrian areas,
typically contain cross-hatched (grid) twinning", and maybe indic-
ative of a former high temperature stage. The conversion of mono-
clinic orthoclase into microcline is extremely complex, involving

exsolution of albite and rearrangement of Al and Si (Smith, 1974,
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p.382). The kinetics involved are very slow. For this reason,
Mehnert (1968) and Mohr (1980, personal communication) suggest
the transformation is favoured in slowly cooled rocks. Such a
condition is conceivable in this basement complex, postulated as
a remnant orogenic core, which may have taken up to 100 m.y. to
cool (Mohr, 1980 personal communication).

However it is found experimentally, that in the presence of
water, homogeneous alkali feldspars crystallized at hypersolvus
temperatures readily unmix upon cooling. Thus if the unmixing hypo-
thesis is accepted for the formation of perthites and subsolQus
granites, it is petrogenetically significant that the basement gran-
ites studied here have maintained their hypersolvus nature, since
their crystallization in the Precambrian. Tuttle and Bowen (1958,
p. 139) explain:

If all the volatile materials are used, or escape,
during crystallization, slow cooling will not pro-
duce complete unmixing. Unmixing will proceed to
the cryptoperthite or perthite stage, but the hyp-
ersolvus character of the granite will be preserved.

This strongly suggests that the alkali feldspar phase in base-
ment granites crystallized at high temperatures and low water pres-
sures, and were then slowly cooled such that complete unmixing was

prevented.

7. Significance of Myrmekite in Basement Granites

In Chapter III it was noted that myrmekitic intergrowths of
quartz and plagioclase are common around the embayed contacts be-
tween microcline microperthite and albite (See Figure 15).

Theories on the formation of myrmekite are numerous, and

there appears to be no single origin. Most authors contend that
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myrmekite grows outwards from plagioclase as it replaces K-feld-

spar (Smith, 1974). Many others (including Hubbard, 1967) advocate
that myrmekite is developed as a result of unmixing of high temp-
erature alkali feldspars.

The former hypothesis is discredited in this case because it
is K-feldspar which has replaced plagioclase in the original gneiss-
es. Meanwhile the second hypothesis appears most conceivable, since
from the textural evidence it appears plagioclase and quartz is
growing from microcline-microperthite. Nockolds (1978, p.353) sug-
gests the following ionic exchange reaction in the formatioﬁ of
myrmekite form K-feldspar:

4KAL1Si_O. + Ca?t & 2NaT — (2NaAlsSi_O. + CaAl_Si Og) + 4Si0, + ax*

%igrocline pfagioclase2 2 quartz
Smith (1974, p.58l) concurs here, that exsolution from K-feldspar
is at least a major feature for many occurrences of myrmekite.

8. Significance of K-Feldspar megacrysts and Synneusis
Relationships in the Younger Granite

Several petrographic features associated with the orthoclase-
microperthite megacrysts strongly suggest the younger granite is
of magmatic origin.

The common crystallographic orientation of subhedral plagio-
clase laths in the megacrysts (Figure 16) is taken as conclusive
proof of magmatic origin by Vance (1969) and Hibbard (1965). They
contend that these are synneusis structures formed by the joining
of plagioclase and K-feldspar crystals along their broad faces,
when they are suspended in a turbulent melt. The plagioclase then
becomes incorporated and aligned crystallographically in the more

rapidly growing K-feldspar host. Although alignment of plagioclase
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and quartz is common in the megacrysts they are considered here
as exceptions rather than the norm. More of the inclusions are
randomly oriented (Figure 18). This may exemplify porphyroblast-
ic growth of the alkali feldspar megacrysts during late stage
deuteric, metasomatic processes (Hibbard, 1965).

Other evidence of magmatic origin, is the occurrence of
oscillatory zoning of plagioclase laths and K-feldspar megacrysts,
Carlsbad twins, and the rare appearance of euhedral to subhedral
quartz inclusions in the K-feldspar megacrysts. Tuttle and Bowen
(1958, p.63) claim that zoning is unequivocal evidence of frac-
tional crystallization from a melt. Euhedral quartz in K-megacry-
sts have been reported by Hibbard (1965, p.251) and Mehnert (1968,
p.111) to suggest that idiomorphic high temp quartz crystallized
previous to the host megacrysts. As well intergranular synneusis
structures in alkali feldspars (Figure 18), and plagioclase of the
intrusive granite support the process of drifting together, and
attachment of crystals during magmatic consolidation (Vance, 1969).

In Chapter III petrographic evidence indicated that in the
younger granite trace minerals of magnetite (and/or ilmenite),.
euhedral apatite, and euhedral pyrite all showed a marked prefer-
ence for biotite "patches" as sites for accumulation (see Figure
17), Schermerhorn (1958, p.218), in his discussion on the para-
genesis of accessory minerals in igneous rocks cited this common
textural relationship as a '"criteria for magmatic crystallization".
He explains that accessory minerals crystallize early and then
migrate through the magma and become successively incorporated with

the early mafic constituents, such as biotite and hornblende in
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granites. Once in contact the accessories tend to adhere to the
growing surfaces of the mafic phases. Vance (1969, p.22) agrees
with this hypothesis, and suggests this is a preferential synn-
eusis mechanism controlling the distribution of early accessory
minerals in the rock fabric.

9. Deuteric Alteration and Metasomatic Relationships
of the Younger Granite

From the above discussion many textural relationships indi-
cate the younger granite crystallized from a magma. However, recall
the discuséion of the K-Na-Ca system (Figure 28) which indicated
that processes other than simple fractional crystallization had
affected the younger granite, i.e. it plotted to the K side of
the magmatic field of Raju and Rao (1972) and the igneous trend
line of Green and Poldervaart (1958). This high K content of the
intrusive granite was further substantiated in the Qtz-Ab-Or tern-
ary system (Figure 29), where it plotted towards the Or apex away
from the minimum melt composition of the average granite.

A possible solution to this problem, and one which is well
founded texturally, is that the granitoid underwent autometasom-
atism. Hyndman (1972, p.84) explains that during the latest stages
of crystallization magma derived hydrothermal solutions can effect-
ively alter the rock constituents. Changes induced by deuteric
solutions include: The alteration of plagioclase to sericite.and/
or epidote, and the chloritisation of biotite. These effects are
clearly observed in the younger granite, with the alteration of
plagioclase to sericite being particularly pervasive (see Chapter

III and Figure 16). It is petrogenetically significant that only
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the plagioclase phase is altered, all potassium feldspar contained
in the groundmass or as megacrysts is completely fresh.

Metasomatism is considered to consist of two mechanisms -
diffusion and infiltration (Birk, 1978), with the latter generally
be most effective on a regional scale. The growth of deuteric min-
erals by infiltration metasomatism is controlled by pressure and
temperature gradients. Orville (1963) carried out metasomatic ex-
- NaAlSi_ O, - NaCl - Kcl - H,O.

3% 5% 2

He discovered that in the presence of a thermal gradient, alkali

periments in the system KAlSi

ions in a two feldspar rock migrate in response to the gradient.
He concluded that at differential temperatures K will move to low
temperature zones while Na moves to high temperature ones. This
phenomenon he attributed to the porphyroblastic growth of K-feld-
spar megacrysts which are commonly found in granitic plutons. The
author considers this a most viable explanation for explaining not
only textural relationships of the younger granite but also its

K enrichment and Na impoverishment relative to average granites
plotted in the K-Na-Ca system.

Evidence here that K-feldspar megacrysts are porphyroblastic
in nature is their typically gradational contacts with groundmass
constituents. In some instances a myrmekitic rim borders the mega-
crysts (Figure 16). Similar relationships have been studied by
Phillips and Carr (1973), they suggest that myrmekite rims '"may
be due to an interaction between exsolution and metasomatic pro-
cesses." Hyndman (1972, p.84) also contends that myrmekite is a

late stage, deuteric replacement phenomenon.
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10. Contact Metamorphism

From the petrographic analysis of the argillaceous unit in
intrusive contact with the younger granite, it is clear the unit
was contact metamorphosed by the pluton (see Chapter III). All
samples show a distinct hornfelsic texture. The combined silicate
mineralogy of the samples is epidote, hornblende, biotite, chlor-
ite, plagioclase, and quartz. Although the feldspar could not be
positively identified as plagioclase it is assumed that the argi-
llite is deficient in K,0 as Deer et al (1966, p.28l) state that
all argillaceous sediments carry predominantly non-potassic clays.
This mineral assemblage is compatible with the Albite-Epidote-
Amphibolite Facies given by Turner and Verhoogen (1951, p.464).
This corresponds to hornblende hornfels grade of contact metamor-
phism, which occurs at low pressures (probably less than 2 kb) and
temperatures between 500 and 650°¢C (Hyndman, 1972).

The fact that the argillaceous unit dips subvertically and
strikes NS, parallel to the young granite pluton, is good evidence
that intrusion was of a forceful nature (Pitcher, 1979). This is
also indicated by the presence of augular, non-assimilated, xeno-

liths of argillite near the intrusive contact (Didier, 1973).
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CHAPTER V

CONCLUSIONS

Field relationships with the Nonacho Series sediments prove
conclusively that two granites of different ages occur around the
periphery of the Nonacho Basin. Petrographically the granitoids
are distinguished on the basis of their feldspar contents. The
basements granites are hypersolvus, one alkali feldspar granites,
while the younger intrusive granite is a normal two feldspar, sub-
solvus granite. Geochemically the granitoids have similar major
element contents, yet the younger granite is more homogeneous, and
shows a higher calc-alkaline affinity than do the granites of the
basement complex. Both granite types are enriched in potassium rel-
ative to "the average granite" but each derives this characteristic
from different processes. Basement granites and migmatites have
evolved from in situ anatexis (during the Kenoran Orogeny) of high
grade plagioclase rich gneisses. Meanwhile the younger granite plu-
ton was intruded (during the later phase of the Hudsonian Orgeny)
into the country rocks from some depth. Late stage autometasomatism
caused a depletion of Na and an enrichment of K along the margin of

the pluton.

K enrichment in basement rocks is by no means restricted to
the marginal basement rocks of Thekulthili Lake. Burwash and Krup-
icka (1969, 1970) have shown that in the broad area of the Western

Canadian Shield designated as the "Athabasco Mobile Zone",
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basement rocks contain "by far the highest KZO content relative
to all the present estimates for the crust, and for the Shields,
as wéll as for the whole of the Canadian Shield and its parts."
Trace elements ratios and rare earth element concentrations
suggest the two granitoids were derived from different source
rocks. Younger granites appear compatible with the homogeneous
late - kinematic (late tectonic) potassium rich-granites descri-
bed by Marmo (1971, p.26). This chemical homogenity is improbable
in granites of anatectic origin (Pitcher, 1979, p.643). Due to its
massive fabric, large size, and chemical homogeneity the young gran-
ite pluton is likely the latest stage differentiate of a magma de-
rived from partial melting of lower crustal material. Its diapiric
emplacement appears to have been controlled by deep marginal basin
faults. Chemically inhomogeneous granites and migmatites of the
basement complex, on the other hand, occupy a very complex geolo-
gical terrain. They typify the synkinematic (syntectonic) granite
description of Marmo (1971, p.26). These granites are concordant
with high grade country rock gneisses and are thus postulated to

represent the end result of multiple, in-situ, prograding metamor-

phic and anatextic events, in sedimentary supracrustal sequences.
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APPENDIX A

Petrographic descriptions of ten
Nonacho Gp. sediments sampled
from Profile "A" (Figure B) and
Profile "B" (Figure 9).
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Unit descriptions are outlined in Chapter II and are given
on the regional geology map in Figure 7.

Profile "A" Samples

A-2 (Unit Ps)

An extemely deformed rock with a micro to cryptocrystalline
grain size. Although the sections shows signs of intense granul-
ation, the texture shows no preferred orientation. Polycrystalline
aggregates (porphyroclasts) of quartz and feldspar are set in mass-
ive quartzofeldspathic matrix. The proportion of matrix in the mode
is 50-70%, and thus the rock is classed as a cataclastic "B", accor-
ding to the Higgins (1971) classification for cataclastic rocks
used in this study. The absence of fluxion and foliated structures
indicate the rock has not reached a mylonitic state of dynamic meta-
morphism.

Trace amounts of epidote and hematite are disseminated through-
out the section.

A-3 (Unit Ps)

This sample was taken from a mafic band found on a small island
which predominantly consisted of metaguartzite. The rock has a very
fine grain size and a schistose texture. The mafic phases chlorite
and epidote compose 60-70% of the mode with the remainder consist-
ing of Xxenoblastic quartz and plagioclase. The mafic minerals de-
fine the schistosity, forming stringers which braid across the slide
around zones of quartzofeldspathic material. This mineral assemblage
and texture is compatible with greenschist facies metamorphism

(Williams et al, 1954).
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A-4 (Unit Ps)

This rock displays a marked deformation texture. Chlorite
and epidote (together = 15-20%) are segregated into discontinuous
bands which weave about porphyroclasts of quartzofeldspathic mat-
erial. Then porphyroclasts reach several millimeters in size, com-
monly show flaser structures, and are invariably polycrystalline.
Slab staining indicates porphyroclasts consist predominantly of
K-feldspar, which is marked petrographically by its extensive al-
teration to clays and/or sericite. Rarely grains of plagioclase
occur which have lost their distinctive lath shape and/or have
bent twin lamellae. Quartzofeldspathic material makes up 70-80%
of the mode. Substantial amounts of muscovite occur (3-5%), as
well as some trace apatite (less than 1%).

A-5 (Unit C)

This 1is a poorly sorted sandstone with a clastic texture con-
sisting of subrounded to rounded particles (0.1-0.5 mm size) set
in a fine grained (0.01-0.1 mm) matrix of felsic and micaceous mat-
erial. The rock contains little or no cement. Particle sized mater-
ial is predominantly feldspar (40-45%) and quartz (35-40%), with
some epidote and an opaque mineral (magnetite or ilmenite) occuring
in minor amounts. There are no rock particles contained in the slide.

All quartz particles are strained and many are polycrystalline
indicating possibly a metamorphic source’rock. However the section
itself is essentially undeformed.

By Williams et al (1954, p.292) classifacation for impure sand-
stones, this rock is classed as an Arkosic Wacke; owing to its: 1)

poor sorting, 2) matrix content of great than 10% argillaceous sized
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material, and 3) feldspar particle content of more than 25%.

A-6 (Unit C)

Mineralogically this section is much the same as A-5, but it
contains some rock particles and some calcite cement. Texturally
however A-6 shows evidence of deformation and it also contains
some pebble sized particles. In hand specimen the rock is best des-
cribed as a polymictic, pebble conglomerate. In thin section the
larger particles are usually identified as polycrystalline quartz.
Other pebbles which are fractured and have pseud-fluxion structures
associated with them are better termed porphyroclasts.

It is the matrix between pebble clasts which resembles the A-5
sandstone, but the former shows deformation effects and a higher

particle density.

A-7 (Unit Ps)

Petrographic analysis indicates this section has been
dynamically metamorphased. The texture is strongly cataclastic,
consisting of a massive, very fine grained felsic matrix surround-
ing porphyroclasts of quartz and feldspar. The distinction between
porphyroclasts and matrix can only be made under crossed polar-
ized light, which shows that the two are both polycrystalline,
yet the former is less so.

Chlorite, hematite, and epidote occur in trace amounts, to-
gether they compose less than 1% of the mode.

The 50-70% content of the matrix classifies this rock as a
cataclasite "B" according to Higgins (1971) scheme.

Profile "B" Samples

B-1 (Unit C)
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This section looks similar to A-5 in most respects. It
has a clastic texture consisting of subrounded to rounded sand
sized (0.1-0.5mm) particles of quartz (65-70%) and feldspar (30-
35%) in a fine grained (0.05-0.lmm) quartzofeldspathic and mica-
ceous (sericite, clays) matrix. The particle density and clay con-
tent is greater in this section than in A-5., Furthermore, unlike
A-5, the quartz particles are all monocrystalline and the major-
ity show uniform extinction.

A foliation is defined in the argillaceous matrix by the sub-
parallel alignment of micas and clays.

The mode contains trace amounts of granular chlorite, hema-
tite, and epidote. Some (less than 1%) authigenic calcite cement
is present as well.

Like A-5 this sandstone is classified as an Arkosic Wacke.

B-2a (Unit E)

This sample was collected from a sandy layer of Unit E which
is composed of polymictic conglomerate and interbedded sandstones.

The section displays a well sorted clastic texture consist-
ing of subrounded to rounded felsic particles (0.5-1.0mm in size)
set in a fine grained micaceous matrix. Particle grains are al-
most exclusively quartz (80 90%) with feldspar and lithic fragments
forming the remainder. This quartz generally is unstrained, but
some polycrystalline quartz does occur. Particles of feldspar
generally have diffuse, gradational contacts with the sericitic
and clay matrix. As in B-1 the constituents of the micaceous
matrix displays a preferred orientation.

Chlorite and epidote granules occur in trace amounts. Min-
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ute veins and vugs of authigenic calcite and euhedral quartz are
common cementing features.

This sandstone 1is classified as something between a Quartz
Wacke and a Feldspathic Wacke (see Williams et al, 1954, p.292).

B-2b(Unit E)

This sample was taken from a polymictic conglomerate inter-
bed. Megascopically the thin section consists of two large peb-
ble clasts and numerous smaller ones. Microscopically, one of the
large pebbles consists of quartz and feldspar displaying a gran-
itic (hypidiomorphic) texture, while the other is essentially
polycrystalline quartz. Sample B-2a resembles the matrix of the
section, but here there is more lithic fragments and a more abun-
dant micaceous matrix. Authigenic calcite and quartz cement is
common,

Substantial amounts of chlorite (and to a lesser extent epi-
dote) occur in the matrix, and is particularly prevalent around
pebble clast perimeters.

Undulose extinction in quartz is ubiquitos in this section.

B-3 (Unit C)

This section is essentially identical to B-1. However par-
ticles are more angular, and much more abundant than in the latter.
Particle density is such that point contacts between particles
are common. In thin section the absence of twinning indicates there
is little or no feldspar. However a stained slab study discovered
a 30 to 40% alkali feldspar content, the remaining 60-70% of par-
ticles are quartz.

Unlike many of the other sandstones studied here B-3 lacks
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any preferred orientation, due to its high particle density in-
conjunction with a reduced micaceous matrix content.

This sandstone is classified as an Arkosic Wacke.
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APPENDIX B

MESONORM TABLES

NORMATIVE MINERAL ABBREVIATION

Quartz Qtz
Orthoclase or
Albite Ab
Anorthite An
Corundum Cor
Biotite Bi
Wollastonite Wo
Magnetite Mt
Titanite Tn
Apatite Ap
D.I. = Mesonorm Differentiation Index

Only the normative minerals listed above were
calculated to be in these rocks.



TABLE III

ME SONORMS
' Biotite %
SAMPLE Qtz Or Ab An Cor Bi Wo Mt Tn Ap D,1. Mg/Fe Ratio
BASEMENT GRANITES
KULT-13 29.79 24.07 37.61 2.54 0.98 3.90 -- 0.78 0.33 - 91.5 17/23
AO-2 32.75 24.82 36.52 212 1,02 2.06 -- 0.40 0.32 -— 94.1 76/24
BO-1 29,086 53.43 10.90 4.51 0.50 1.14 -- 0.25 0.21 -— 93.4 72/28
BO-2 32.:26 48.15 1552 2.72 0.33 0.82 -- 0.13 0.06 - 95.9 77/23
BO-3 35.37 32.64 26.13 0.89 1.36 2,31 -- 1.03 0.27 -= 94.1 50/50
Co-1 31.39 40.65 20.19 2.20 0.67 4.13 -- 0.54 0.23 - 92.2 85/15
CO-2 34.49 36.82 22.:45 3.10 0.36 2.40 -- 0.31 0.08 - 93.8 83/17
Cco-4 35.34 27.01 29.08 279 1.46 3. 22 -- 0.74 0.33 0.02 91.4 72/28
DO-1 33.10 31.33 25.54 4.74 1.40 3.07 -- 0.62 0. 21 —-= 90.0 75/25
DO-2 31.34 32.76 26.65 3437 1+27 3. 70 -~ 0.68 0,23 - 90, 7 78/22
EO-1 28.13 3617 28.51 1.94 0.86 3.49 -- 0.51 0:27 0.13 92.8 82/18
YOUNGER GRANITE
YG-3 30.85 32,175 27.37 3.30 0.55 3.90 -- 0.79 0.48 0.02 91..0 76/24
YG-4 30.77 35:15 26,37 1.87 0.86 3.14 -- 1.03 0.66 0.15 92.3 62/3877
YG-5 35.05 20.39 28.95 3.35 1.42 6.66 -- 2.04 1.62 051 84.4 65/35
YG-6 27.86 40.41 23,15 1,65 2.69 2.56 -- 0.83 0.65 Uis 21 91.4 62/38
YG-7 31,72 33.82 25,02 3 61 0.95 3,20 -- 0.85 0.68 0.15 90.6 69/31
YG-8 28.54 34.04 29.12 0.76 1.72 3.70 -- 1.06 0.82 0.23 97 67/33
GRANITE DYKES (APLITES)
YD-1 26.72 48.66 21 .25 0.52 - 1.30 1.09 0.28 017 - 96.6 74/26

Al-b 31.71 23.22 31.65 6.59 1:561 4.45 -- 0.46 0.40 0.02 86.6 87/13

mni
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APPENDIX C

GEOCHEMICAL WHOLE ROCK DATA
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Accuracy of XRF Determinations

1. Major Oxides (Fusion Method)

The accuracy of XRF determinations was checked by running
standards as unknowns and comparing them to recommended literature
values (Abbey, 1975). The four international standards used in this

SY-3, NIM-G

1 14

analysis were: NIM-S and G-1.

The following results were obtained from running the standards
NIM-S and SY-3 as unknowns.

OXIDES - STANDARD, WT. %

NIM-S

(recommended)

NIM-S
{unknown)

SY-3

(recommended)

SY-3

{unknown)

5102 63.65 64.53 59.68 59.%94
AlZO3 17.35 17.72 11.80 11.12
Fe203 1.40 1.23 6.44 6.22
MgO 0.46 0.51 2.64 2.50
Cao 0.66 0.67 8.26 8.22
Na20 0.42 0.51 4.15 3.93
KZO 15.38 15.50 4.24 4.16
TiO2 0.04 0.05 0.15 0.15
MnO 0.01 0.01 0.38 0.32
P205 0.12 0.11 0.54 0.56

This data indicates the errors involved using the XRF fusion
method are negligible in this study.

2. Trace Elements {(Powder Method)

The principle of running standards as unknowns was employed to
check the accuracy the trace element analyses. Again they were com-

pared to literature values listed by Abbey(1975).
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a) For the trace elements Rb, Sr, Y, Zr, and Nb, the standards

1 ’

NIM-G, GSP-1, NIM-S, SY-1, BCR-1, W-1, NIM-L, JG-1, QLO-1, AGV-1,

STM-1, SDC-1, MAG-1, G-2, and BHVO-1l were run as unknowns. The re-
sults for two of these are below.

STANDARDS, PPM

ELEMENTS GSP-1 GSP-1 BCR-1 BCR-1
(recommended) (unknown) (recommended) . (unknown)

Rb 250 252 47 f 49

Sr 230 231 330 333

Y | 32 28 46 39

Zr 500 517 not given 196

Nb 29 30 14 12

Errors are negligible.
b) For the trace elements Cr, Co, Pb, Cu, Zn, and As the stand-
ards GSP-1, W-1, BCR-1, AGV-1, NIM-G, NIM-L, Jé-l, JG-1, NIM-D, SY-
1, S8Y-2, and SY-3 were ran as unknowns. The following results were

obtained for standards JB-1 and NIM-D.

STANDARDS, PPM

ELEMENTS JB-1 - JB-1 NIM-D NIM-D
(recommended) (unknown) (recommended) (unknown)
Cr 400 402 2900 2900
Co 39 35 210 210
Pk 12 17 2 10
Cu 56 41 10 20
zZn 84 84 91 93
As 1 0 1 0

A high degree of accuracy resulted from these standards. Great-

er errors resulted from most of the other standards, as their base

metal contents were near the level of XRF detection.
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c) For the trace elements Ce, Nd, V, La, and Ba the following

standards were run as unknowns: NIM-D, W-1, BCR-1, AGV-1, GSP-1

’ 7

NIM-S, and G-2. The standards AGV-1 and GSP-1 gave the following
results for Ba and Ce,

STANDARDS, PPM

ELEMENTS AGV-1 AGV-1 GSP-1 GSP-1
(recommended) (unknown) (recommended) (unknown)
Ba 1200 1154 1300 1398

Ce 63 63 390 382
Error is not significant.
d) With the trace elements Ni and S the standards NIM-P, BR, NIM-

N, W-1, SY-1, BCR-1], NIM-D, MRG-1, BHVO-1, and QLO-1 were used as

r ’

unknowns. Of these BR and NIM-N yielded the following results for

Ni.
STANDARDS, PPM
ELEMENT BR BR NIM-N NIM-N
(recommended) (unknown) (recommended) (unknown)
Ni 270 284 120 96

Similar results were obtained with the other standards. Error
here suggests these results may be only semi-quantitive.
e) U and Th were analysed with the standards STM-1, SDC—l; MAG-1,

BHVO-1, SY-3, SY-2, NIM-L, GSP-1, NIM-G, JG-1, G-2, and W-1 used as

’ 7 ’

unknowns. Standards STM-1 and G-2 gave the below results.

STANDARDS, PPM

ELEMENTS STM-1 STM~-1 G-2 G-2
(recommended) (unknown) (recommended) (unknown)
U 9 20 11 8

Th 26 9 24 2
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The errors involved here are extreme. These results should not
be considered as strictly quantitative. Three pellets of an homo-
geneous aplite (sample YD-1) were run in this XRF analysis with the

following results.

PELLET 9) Th
YD-1(A) 28 66
YD-1(B) 14 29
YD-1(C) 9 46

This variability substantiates the inaccuracy of these results.
In conclusion, U and Th concentrations are at or below the level of
detection, of this XRF technique, i.e. concentrations are reasonably

assumed to be less than 15 ppm.



BIOTITE ALKALI-FELDSPAR GRANITE/SYENOGRANITE (BASEMENT GRANITE)

SAMPLE 5102 A1203 FeZO3l Mgo Ca0 Na20 KZO TiO2 MnO P
KULT-13 73.88 13.9 1.47 0.80 0.61 4.13 4,43 0.15 0.03 n.d.
AO-2 75.77 12.98 0.76 0.41 0.53 4,00 4.35 0.15 0.03 n.d.
BO-1 73.44 13,63 0.47 0.22 0.95 1.18 8.91 0.10 0.02 n.d.
BO-2 75.64 12.72 0.25 0.16 0.55 1.69 8.03 0.03 0.02 n.d.
BO-3 75.75 12.29 1.93 0.30 0.26 k 2.84 5.63 0.13 0.02 n.d.
Cco-1 74.50 12.78 1.00 0.93 0.51 2.20 7.17 0.11 0.02 n.d.
CO-2 76.03 12.29 0.58 0.52 0.63 2.44 6.33 0.04 0.03 n.d.
Cco-4 75.84 12.79 1.40 0.62 0.68 3.18 4.84 0.16 0.05 0.01
DO-1 74.56 13.54 1.16 0.61 1.01 2.79 5.53 0.10 0.05 n.d.
3DO—2 74.13 13.50 1.29 0.53 0.75 2.85 5.78 0.12 0.04 n.d.
EO-1 73.7L 13.58 0.96 0.78 0.55 3.14 6.41 0.13 0.02 0.06
AVERAGE 74.8 13.1 1.0 0.5 0.6 2.8 6.1 0.1 0.03
BIOTITE LEUCOCRATIC MONZOGRANITE (INTRUSIVE PLUTON GRANITE)
SAMPLE SiO2 AlZO3 Fe203 MgO Ca0 Na20 KZO TiO2 MnO PO
YG-3 73.99 12.92 1.48 0.79 0.83 2.99 5.84 0.22 0.03 0.01
YG~4 73.50 12.78 1.93 0.52 0.68 2.87 6.12 0.31 0.03 0.07
YG-5 71.93 11.91 3.76 1.14 1.49 3.11 4.01 0.75 0.05 0.23
YG~6 71.81 14.72 1.55 0.43 0.67 2.53 6.97 0.31 0;03 0.09
3v6-7 73.69 13.03 1.60 0.52 0.99 2.88 5.84 0.32 0.04 0.07
YG-8 72.48 13.59 1.98 0.66 0.56 3.19 6.04 0.39 0.03 0.11
AVERAGE 72.9 13.2 2.0 0.7 0.9 2.1 5.8 0.4 0.04 0.10
GRANITE DYKES (APLITES)

YD-1 74.23 12.92 0.52 0.25 0.70 2.33 8.23 0.07 0.02 n.d.
Al-b 73.58 14.16 0.87 1.04 1.46 3.47 4,35 0.19 0.03 0.01
1 Total Fe expressed as Fe203 2 Loss on Ignition n.d. Not detected

Mean of 3 fusion discs

1
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TABLE V

TRACE ELEMENT ANALYSES (P.P.M.)

BASEMENT GRANITES

SAMPLE Rb Sr Y zr Nb U Th
Kult-13 126 489 21 137 21 12 6
AO-2 1802 1367 24 100 31 22 202
BO-1 198 438 18 36 22 n.d.
BO-2 274% 752 23 36 31 12 n.d.?
BO-3 2322 722 29 134 32 32 322
co-1 2332 243% 23 80 24 107 1012
co-2 176 162 23 93 20 -- —
co-4 197 82 25 146 31 n.d. 6
DO-1 247 166 29 101 31 6 29
DO-2 223 190 28 104 26  n.d. n.d.
EO-1 2523 1483 282 94 282 n.d. 3.43
YOUNGER GRANITE
SAMPLE Rb Sr Y zr Nb U Th
YG-3 409 126 28 206 40 1 144
YG-4 392 127 29 231 41  n.d. 922
YG-5 247 195 40 378 49  n.d. 65
YG-6 428 167 31 211 40 15 102
YG-7 392 117 31 235 40 15 99
vG-8 326 198 30 248 37 1 84
APLITES
3yp-1 569 109 39 76 65 17 47
Al-b 319 212 23 155 33 n.d. 30
2 Average of 2 powder pellets Average of 3 powder pellets
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TABLE VI

TRACE ELEMENT ANALYSES (P.P.M.)

BASEMENT GRANITES

SAMPLE As v cr Co Ni Cu Zn

Kult—-13 7 19 6 45 1 n.d. 26 39
AO-2 12 34 2 49 7 n.d. 20 n.d.
BO-1 14 20 6 65 5 n.d. 18  n.d.
BO-2 25 18 5 63 10 n.d. 16  n.d.
BO-3 14 38 7 104 13 n.d. 18 122
co-1 5 37 1 43 8 n.d. 20 72
CO-2 7 24 7 56 4 n.d. 14  n.d.
co-4 9 22 8 66 6 n.d. 31 n.d.
DO-1 n.d. 35 8 45 12 n.d. 28  n.d.
DO-2 10 40 3 50 10 n.d. 36 n.d.
2E0-1 5 28 7 56 10 n.d. 26  n.d.

YOUNGER GRANITE

SAMPLE As \% Cr Co Ni Cu Zn

YG-3 2 21 8 29 19 n.d. 30

YG-4 5 29 11 51 19 20 34 67
YG-5 1 64 12 50 15 n.d. 76 70
YG-6 n.d. 31 5 17 ‘18 n.d. 33 n.d.
YG-7 n.d. 27 7 34 17 n.d. 38 25
YG-8 n.d. 34 9 36 15 n.d. 43 77

APLITES

3vyp-1 6 8 9 45 30 n.d. 16  n.d.
Al-b 24 19 3 33 15 n.d. 21 n.a.

2 Average of 2 powder pellets 3 Average of 3 powder pellets



SAMPLE

Kult-13

AO-2
BO-1
BO-2
BO-3
COo-1
CO-2

CO-4

SAMPLE

YG-3

YG-4

YG-5

YG-6

YG-7

YG-8

YD-1

Al-b

TABLE VII

TRACE ELEMENT ANALYSES (P.P.M.)

Ba

3273

646

2614

230

324

803

993

259

380

477

761

Ba

564

865

1035

1226

858

1143

221

795

Pb

13

23

54

30

16

39

25

18

27

25

25

BASEMENT GRANITES

La

66

108

57

62

90

106

60

69

90

101

84

YOUNGER GRANITE

Pb

59

60

32

46

49

39

APLITES

59

30

2 Average of 2 pellets

La

167

212

345

161

181

198

84

88

Ce

38

90

30

23

94

98

52

49

87

66

Ce

189

238

451

181

216

236

66

78

Nad

19

34

20

18

38

37

24

22

35

40

28

Nd

55

69

130

57

66

75

26

28

3 Average of 3 pellets

116



SAMPLE

Kult-13

AO-2

BO-1

BO-2

BO-3

CO-1

CO-2

CO-4

SAMPLE

YG-3

YG-4

YD-1

Al-b

K/Rb
283
200
370
248
203
259
292
201
184
218

213

K/Rb
118
130
133
135
124

152

120

113

TABLE Vit

ELEMENT RATIOS BASED ON P.P.M.

BASEMENT GRANITES

K/Ba Ba/Rb Sr/Ba
11 25.9 0.15
56 3.6 0.21
28 13.2 0.17

290 0.8 0.33

144 1.4 0.22
74 3.4 0.30
53 5.6 0.16

155 1.3 0.32

121 1.5 0.44

101 2.1 0.40
70 3.0 0.20

YOUNGER GRANITES

K/Ba Ba/Rb Sr/Ba
86 1.4 0.22
59 2.2 0.15
32 4.2 0.19
47 2.9 0.14
56 2.2 0.14
44 3.5 0.17

APLITES

309 0.4 0.49

45 2.5 0.27

11.2

Ca/Ba

22.6

13.1

Ca/Sr

9.0
27.1
15.5
48.8
27.1
15.0
28.1
60.8
42.5
28.2

26,0

Ca/Sr

45.4
37.4
53.0
28.2
59.2

20.0

45.4

49.5

Rb/Sr

Rb/Sr

3.24

Ti/zr

pANN
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